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We propose that the dark matter problem may have a geometric origin within general rel-
ativity: ordinary baryonic matter residing in spatial regions connected to ours only through
narrow geometric throats would be electromagnetically invisible (due to strong sub-barrier
suppression of electromagnetic modes with ℓ ≥ 1) while remaining gravitationally coupled
(through the ℓ = 0 monopole of the Poisson equation, which encounters no centrifugal bar-
rier). This constraint-wave transmission asymmetry is derived from the four-dimensional
field equations on a throat background in a companion paper (Riley 2026 [1]), and is a
universal feature of static, spherically symmetric spacetimes with minimal-area two-spheres,
provided the lapse remains nonzero at the throat. The proposal is conditional: it presup-
poses the existence of submicron throat geometries in the spatial fabric of the universe—a
question we do not resolve here—and assesses the cosmological consequences that follow
if such geometries exist. We identify the necessary conditions for consistency with Big
Bang Nucleosynthesis, the cosmic microwave background, and large-scale structure: the se-
questered regions must have radiation temperatures below ∼39% of the visible sector’s at
recombination, achievable if spatial bottlenecks form before reheating. Sequestered baryons
are pressureless and non-relativistic at late times (like CDM), retaining a Jeans scale set
by their internal temperature. A self-consistent implementation in the Boltzmann code
CLASS— in which the sequestered component is evolved as an interacting dark matter fluid
with constant sound speed c2s = kBTseq/(mpc

2)— shows that the CMB power spectrum is
indistinguishable from ΛCDM at the 5× 10−5 numerical precision of our modified code
for Tseq ≤ 1000 K. The minimal scenario, in which the sequestered diffuse phase is heated
only by the primordial dark-photon bath via residual-electron Compton coupling, predicts
a present-epoch diffuse-phase temperature in the millikelvin range and is indistinguishable
from ΛCDM at all observable scales—P (k)/PΛCDM > 0.999 at the Lyman-α pivot and CMB
residuals at the 5× 10−5 numerical precision floor of our modified Boltzmann code, verified
by self-consistent CLASS evolution of the time-dependent thermal history. We show that
gravitational and electromagnetic radiation from sequestered regions are strongly suppressed
for submicron throats, that the gravitational coupling between sectors is dominated by the
static monopole at all observable wavenumbers, and that microlensing constraints place the
per-throat mass in the asteroid-mass window (M ∼ 5× 10−18–5× 10−11M⊙, corresponding
to N ≳ 2× 1022 throats per Milky-Way-like halo). The scenario constitutes a well-defined
research programme rather than a finished theory: its viability rests on the open question of
whether throat geometries can be sustained by physics within or near the Standard Model,
and we organise the outstanding questions as five concrete work packages.

I. Introduction

More than four decades of direct searches for par-
ticle dark matter have yielded no confirmed detec-
tion [2, 3], despite increasingly sensitive experiments
spanning weakly interacting massive particles, axions,
sterile neutrinos, and other candidates. The gravitational
evidence for dark matter—galaxy rotation curves [4, 5],
gravitational lensing [6], the cosmic microwave back-
ground (CMB) power spectrum [7], and large-scale struc-
ture [8]—is overwhelming, but it constrains only the
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gravitational properties of the dark sector: its spatial
distribution, its equation of state, and its abundance.
No electromagnetic, strong, or weak, interaction of dark
matter has been observed.

This motivates the question: could the “darkness” of
dark matter be a geometric property of spacetime, rather
than a property of the matter itself?

In a companion paper [1], we demonstrate a struc-
tural asymmetry in field propagation through geo-
metric throats—electromagnetic modes with angular
momentum ℓ ≥ 1 encounter a centrifugal poten-
tial barrier Vℓ = ℓ(ℓ+ 1)/a2 at the throat, and are
strongly suppressed below the barrier-top frequency
ωmax =

√
ℓ(ℓ+ 1)/r0, while the static gravitational

monopole (ℓ = 0) satisfies a conservation law (a2Φ′)′ = 0
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with no barrier, transmitting through the throat with
only polynomial attenuation. This constraint–wave
asymmetry is a mathematical property of the field equa-
tions on any spherically symmetric background with a
minimal-area two-sphere, independent of the matter con-
tent sourcing the geometry.

In this paper we explore the consequences of this asym-
metry for cosmology. We propose that if the spatial
geometry of the universe contains a network of narrow
throats— regions where the areal radius a drops to a
minimum value r0 —then baryonic matter on the far
side of these throats would be gravitationally coupled to
our region, but electromagnetically invisible. Such mat-
ter would exhibit precisely the observational signature of
dark matter.

For the purposes of this paper we assume the exis-
tence of narrow throats in the spatial geometry of our
universe. Static throats require null energy condition
(NEC) violation, which may be sourced by semiclassical,
quantum-gravitational, or modified-gravity effects. We
adopt the Ellis-Bronnikov wormhole as a fiducial geome-
try, and work within an explicitly conditional framework.

We demonstrate the cosmological viability of our pro-
posal (consistency with BBN, CMB, large-scale struc-
ture)—given the existence of throats, we show quanti-
tative consistency with precision cosmological data using
a self-consistent Boltzmann code implementation. The
constraint-wave asymmetry derived in [1] underpins this
work.

Our proposal is distinct from several related ideas in
the literature. Kirillov and Savelova [9, 10] have pro-
posed that dark matter phenomenology arises from a cos-
mological “gas of wormholes” inherited from the space-
time foam— in their framework, the wormholes them-
selves modify the gravitational potential through topo-
logical polarisation, and the dark matter effect is a prop-
erty of the wormhole distribution rather than of mat-
ter residing behind the throats. In contrast, our sce-
nario places ordinary baryonic matter behind the throats
and invokes the constraint–wave transmission asymmetry
to render it electromagnetically dark while gravitation-
ally coupled. Mirror dark matter models [11] achieve
electromagnetic decoupling through a discrete Z2 sym-
metry between visible and hidden copies of the Stan-
dard Model—our mechanism is geometric rather than
particle-physics in origin. String-theoretic warped throat
constructions [12, 13] suppress energy transfer into se-
questered sectors via warp factors in extra dimensions—
our proposal operates entirely within four-dimensional
general relativity. Dai and Stojkovic [14] showed that
the gravitational monopole of a mass on one side of a
traversable wormhole is detectable on the other side,
with higher multipoles geometrically suppressed, and
proposed tests using stellar orbits near Sgr A*. Our sce-
nario builds on the same monopole-transmission physics
but replaces their static thin-shell matching with the
frequency-dependent centrifugal-barrier analysis of [1],
which establishes the wave-propagation suppression that

renders the sequestered matter electromagnetically dark.
The remainder of this paper is organised as follows: in

Section II we summarise the constraint–wave asymmetry;
the energy conditions for throat geometries are analysed
in Section III; Section IV addresses Big Bang Nucleosyn-
thesis constraints; we discuss the CMB and large-scale
structure implications in Section V; Section VI analyses
structure formation with sequestered baryons; in Sec-
tion VII we identify observational signatures and falsi-
fiable predictions; Section VIII lists the open problems
that must be solved to establish or rule out the proposal
and organises them as a research programme; and we
present our summary and conclusions in Section IX.

II. The constraint-wave asymmetry

Following we summarise the constraint-wave asymme-
try derived by Riley in [1] (we refer interested readers to
the paper for complete details).
Consider a static, spherically symmetric spacetime

with metric

ds2 = −e2α(σ)dt2 + dσ2 + a(σ)2 dΩ2, (1)

where σ is the proper radial coordinate and a(σ) has a
local minimum at σ = 0 (the “throat”) with a(0) = r0.
The four-dimensional Maxwell equations on this back-
ground yield, for each electromagnetic multipole ℓ, a
Schrödinger-type equation with effective potential

V
(EM)
ℓ = e2α

ℓ(ℓ+ 1)

a(σ)2
. (2)

This potential has a maximum at the throat. For fre-

quencies ω < ω
(ℓ)
max =

√
e2α(0)ℓ(ℓ+ 1)/r0, the electro-

magnetic mode must tunnel through the barrier, giving
strong sub-barrier suppression. On the ultrastatic Ellis-
Bronnikov (EB) throat (e2α = 1, a(σ) =

√
σ2 + r20), the

EB barrier has a 1/σ2 tail that produces power-law sup-
pression at low frequencies [1]:

TEM(ω) ∼ K (ωr0)
ν , ωr0 ≪ 1, (3)

where ν and K depend on the barrier shape. The sup-
pression is extremely strong— for the lowest EM mode
(ℓ = 1) at ωr0 = 0.1, TEM ≈ 10−8 [1].
The static gravitational potential Φ (the Newtonian

potential in the weak-field limit) satisfies, in the source-
free region,

1

a2
d

dσ

(
a2e2α

dΦ

dσ

)
= 0, (4)

which is a conservation law: the flux F = a2e2αΦ′ is
constant. There is no potential barrier and no sub-barrier
suppression, provided e2α > 0 at the throat [1]. The
monopole transmits through the throat smoothly.
On the EB throat, the exact solution is

Φ = (C/r0) arctan(σ/r0), and the numerical trans-
mission coefficients confirm the asymmetry— for
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ωr0 = 0.1, the EM transmission is TEM ≈ 10−8 while
the gravitational monopole transmits with O(r0/d)
corrections. The constraint-wave asymmetry is not
specific to the EB profile: universality is established
across a parametric family of throat profiles and across
the non-ultrastatic reflected-Schwarzschild (Damour–
Solodukhin) wormhole [1], demonstrating that the
qualitative asymmetry—unsuppressed ℓ = 0 constraint
sector versus strongly suppressed ℓ ≥ 1 propagating and
static multipoles—holds on any static, spherically sym-
metric throat background with e2α(0) > 0. Quantitative
barrier heights and sub-barrier exponents depend on the
specific profile, but the qualitative kinematic structure
that underlies the cosmological application below is
universal.

A central point for the cosmological application below
is that the constraint-wave asymmetry is not simply a
contrast between gravity and radiation— it distinguishes
the ℓ = 0 gravitational monopole from all higher multi-
poles, including the static ℓ ≥ 1 components of the grav-
itational field. On the spatial metric dσ2 + a(σ)2 dΩ2,
the source-free ℓ ≥ 1 Poisson equation can be written in
Schrödinger form via ψℓ = aΦℓ as

ψ′′
ℓ −

[
ℓ(ℓ+ 1)

a2
+
a′′

a

]
ψℓ = 0, (5)

in which the centrifugal term dominates near the throat
and creates a positive-definite barrier analogous to the
wave case [1]. These modes are not propagating (the
equation is elliptic), but they still decay through the
throat region. A source of gravitational multipole ℓ at
far-side distance d ≫ r0 induces, on the near side, an
amplitude suppressed by the scaling

Φℓ(near)

Φℓ(source)
∼

(r0
d

)2ℓ+1

, (6)

which follows from matching the near-throat solution
Φℓ ∼ rℓ0/d

ℓ+1 (source-side decay) to the far-side growing
mode σℓ with connection coefficient Cℓ = O(1) [1]. For
ℓ = 1 (tidal field) at d = 10 r0, the suppression is 10−3,
and 10−5 for ℓ = 2 (quadrupole). These suppressions are
polynomial rather than exponential, but they are dra-
matically stronger than the O(r0/d) monopole correc-
tion.

A compact source on the far side of a throat projects
a clean, nearly pointlike Newtonian monopole onto our
sector, while its dipole, tidal, and higher static multipoles
are geometrically filtered by the same centrifugal mech-
anism that suppresses propagating radiation. The in-
ternal structure of sequestered objects—disks, compact
objects, density profiles— is invisible beyond its contri-
bution to the total enclosed mass. This is the mathemat-
ical basis for the point-mass lensing approximation used
in Sec. VII E, and the effective monopole coupling used
throughout the cosmological analysis.

Gravitational radiation, (ℓ ≥ 2 tensor modes), is also a
propagating field, and sees a barrier qualitatively similar

to the EM one— for submicron throats, all astrophysical
GW frequencies lie below the barrier top and are strongly
suppressed (Sec. VII). The constraint-wave asymmetry
is therefore specifically between the static gravitational
potential (a constraint/elliptic equation) and the prop-
agating radiation of any spin. The electric Coulomb
field (the ℓ = 0 mode of the Maxwell equations) satisfies
a Gauss-law conservation identical in structure to the
gravitational monopole: (a2E′)′ = 4πρe —the electric
monopole therefore also transmits through the throat.
However, baryonic matter is electrically neutral, so the
net ℓ = 0 electric flux is zero and no electromagnetic
monopole signal is expected.
The monopole conservation law (4) was derived on a

strictly static background, yet we will apply it to pertur-
bations in an FLRW spacetime with a time-dependent
expansion rate. The regime in which the static deriva-
tion continues to hold is controlled by a clean hierar-
chy of scales. For a throat embedded in an FLRW
region with Hubble rate H and throat crossing time
τthroat ∼ r0/c, the static approximation is accurate when-
ever Hτthroat ∼ Hr0/c≪ 1, which for submicron throats
(r0 ≲ 10−6 m) and any cosmological epoch after infla-
tion gives Hr0/c ≲ 10−31. The monopole configuration
across the throat therefore adjusts essentially instanta-
neously on cosmological timescales, and the static deriva-
tion applies with corrections at O(Hr0/c), far below any
observable effect.
The derivation additionally assumes three conditions:

(i) the lapse remains bounded away from zero at the
throat, e2α(0) > 0, so that the conserved flux
F = a2e2αΦ′ gives a bounded Φ′ and hence a smooth
monopole potential across the throat [1];

(ii) no event horizons intervene between the source and
the point of observation, so that the elliptic problem
is globally well-posed on the constant-t slice; and

(iii) the throat geometry is itself slowly varying,
ṙ0/r0 ≪ H, so that the throat can be treated as qua-
sistatic on the timescale of structure growth.

The first condition excludes the λ→ 0 limit of the
Damour-Solodukhin construction (where e2α vanishes at
the throat, recovering the Schwarzschild horizon and ren-
dering the monopole non-transmissive [1]) and is the
physical reason we restrict the cosmological analysis to
non-ultrastatic throats with e2α > 0 throughout. The
second condition is automatically satisfied for any geom-
etry without a classical horizon. The third condition is
satisfied by any stabilised throat and by the coexpand-
ing Lemâıtre-Tolman-Bondi (LTB) throats of Sec. III E
(which have ṙ0/r0 = H, formally marginal— the condi-
tion then becomes an equality rather than a strict in-
equality, and corrections are first-order in the ratio rather
than suppressed). Under these conditions, the monopole
conservation law and the coupling kernel W (k, r0) de-
rived in Appendix A hold in the FLRW-embedded set-
ting, and the static derivation supports treating the static



4

analysis as the leading approximation of the gravitational
coupling between sectors on cosmological scales. A full
derivation is deferred to future work (Sec. VIII).

We return to the gravitational wave implications in
Sec. VII.

III. Energy conditions and the fiducial throat
geometry

A. The energy condition problem

A static, spherically symmetric throat in general rel-
ativity generically violates the null energy condition
(NEC) [15–17]. The Hamiltonian constraint on a time-
symmetric (Kij = 0) spatial slice with the EB throat

profile a(σ) =
√
σ2 + r20 gives

R(3) = −2r20/(σ
2 + r20)

2 < 0,

requiring ρ < 0 [17]. This is the well-known wormhole en-
ergy condition problem. The field-propagation asymme-
try derived in [1] is a kinematic result— it depends only
on the background geometry, not on the stress-energy
sourcing it. The energy condition question constrains the
dynamical realisability of the geometry, not the transmis-
sion properties.

B. Fiducial geometry: the Ellis-Bronnikov throat

As noted, we adopt the Ellis-Bronnikov (EB) worm-
hole as our fiducial throat geometry. The EB solution is
an exact solution of the Einstein equations coupled to a
massless phantom scalar field φ with wrong-sign kinetic
term (L = − 1

2 (∇φ)
2), yielding the ultrastatic metric

ds2 = −dt2 + dσ2 + (σ2 + r20) dΩ
2, (7)

where σ ∈ (−∞,+∞) and the throat at σ = 0 connects
two asymptotically flat regions. The spatial manifold has
topology R× S2 (not R3)— the two-sphere at σ = 0 has
finite area 4πr20 and is a genuine minimal surface, not a
regular centre (where a→ 0).

The phantom field violates the NEC. The required neg-
ative energy density is localised within ∼r0 of the throat:

ρNEC = − c4

8πG

r20
(σ2 + r20)

2
, (8)

with total negative energy per throat

ENEC =

∫
ρNEC

√
γ d3x = −πc

4r0
4G

. (9)

For r0 ∼ 10−13 m,

|ENEC| ∼ 1031 J ∼ 1014 kg c2.

This is substantial, but finite and localised. For submi-
cron throats (r0 ∼ 10−7 m), the per-throat exotic energy
is

|ENEC| ∼ πc4r0/(4G) ≈ 1037 J,

equivalent to a negative mass of ∼ 1020 kg per
throat— for sub-nanometre throats (r0 ∼ 10−9 m),
|ENEC| ∼ 1035 J, and so on in proportion to r0. The
unifying scaling is |ENEC|/(MPlc

2) ∼ r0/ℓPl, which
evaluates to ∼ 1027 for r0 = 10−7 m and ∼ 1021 for
r0 = 10−13 m—the values quoted above are mutually
consistent under this single scaling, with the per-throat
exotic energy growing linearly with the throat radius
across the entire viable window.
The cumulative exotic-energy budget across a galactic

halo depends on the product Nthroat · r0, where Nthroat is
the number of throats per halo. Requiring that the inte-
grated negative energy not exceed the halo rest mass—
|Ehalo

NEC|/Mhaloc
2 ≲ 1, the natural bound for the back-

reaction on averaged cosmological expansion and halo-
scale curvature to remain non-catastrophic—gives, for
Mhalo = 1012M⊙,

|Ehalo
NEC| ∼ Nthroat

πc4r0
4G

, Nthroat r0 ≲ 2× 1015 m.

(10)
This provides a positive consistency check for our sce-
nario—because the per-throat exotic energy scales only
linearly with r0, even very large throat populations
(N ∼ 1022–1029, as required by the lensing analysis of
Sec. VII E) can be accommodated by correspondingly
small throat radii without producing catastrophic back-
reaction. We adopt the natural bound |Ehalo

NEC| ≲Mhaloc
2

rather than a more aggressive fractional criterion: the
appropriate criterion for the scenario’s viability is that
the integrated exotic energy not exceed the halo rest
mass, since a smaller fractional bound would amount to
an additional, unstated, requirement on the cosmological
backreaction whose physical motivation we cannot derive
from first principles. Tighter fractional bounds, if even-
tually justified by a quantitative backreaction analysis,
would simply rescale the constraint (10) accordingly.
Scenarios with vastly larger throat counts— for ex-

ample, a phase-transition formation mechanism at the
QCD scale producing N ∼ 1075 throats per halo at
r0 ∼ 10−7 m—would instead require |Ehalo

NEC| ∼ 1093 J,
roughly fifty-three orders of magnitude above the halo
rest-mass energy, and are excluded by the exotic-energy
budget alone, independently of their lensing predic-
tions. The lensing constraint (52) and the exotic-energy
bound (10) therefore jointly determine the (Nthroat, r0)
viable window, with throat radii required to span
roughly seven orders of magnitude from r0 ∼ 10−7 m
at the lower-count edge of the lensing window down to
r0 ∼ 10−14 m at the upper-count edge.
Whether submicron throat geometries can be sustained

by known physics is an open question. Several mecha-
nisms have been proposed:
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(i) semiclassical effects (Casimir energy, vacuum polar-
isation) produce localised negative energy densities
in confined geometries [17, 18], with the Casimir en-
ergy density scaling as ρCas ∼ −ℏc/d4 —any such
realisation must also respect the quantum inequal-
ities of Ford and Roman [19, 20], which place in-
tegrated bounds on the magnitude and duration
of negative energy accessible to any observer, and
which therefore constrain the radius r0 and life-
time of the throats compatible with a semiclassi-
cal source. Recent work by Kontou [21] reviews
the state of the art in this area and works through
the smeared and double-smeared null energy con-
ditions (SNEC and DSNEC) for the Maldacena–
Milekhin–Popov long-wormhole construction [22],
finding that even this most conservative semiclassi-
cal wormhole—sourced entirely by Casimir energy
from Standard Model fermions, with no exotic mat-
ter— faces severe tension with the DSNEC unless
an unphysically large number of field species, or a
departure from standard semiclassical effective field
theory, is invoked. A quantitative confrontation of
these bounds, with the per-throat exotic-energy bud-
get of Eq. (9) and the cumulative budget of Eq. (10)
for the geometric-sequestration scenario, is deferred
to future work (Sec. VIII)—we note only that the
bounds depend on the assumed UV cutoff, field con-
tent, and effective-action contributions, and that the
submicron throat radii selected by the lensing anal-
ysis of Sec. VII E differ qualitatively from the long-
wormhole regime where the DSNEC tension is most
acute—moreover, for submicron r0 the per-throat
exotic energy |ENEC| ∼ c4r0/G lies at or below the
nuclear energy scale, precisely the regime where
semiclassical estimates of negative-energy bounds
are least reliable and where quantum-gravitational
corrections to the effective stress-energy are most
likely to operate;

(ii) modified gravity theories— including Einstein-
Gauss-Bonnet constructions [23, 24], non-minimal
gravitational-gauge couplings [25], f(R) gravity [26],
and scalar-tensor extensions [27]—can support
traversable and non-traversable throat geometries
with localised or absent classical NEC violation, by
sourcing the required effective stress-energy from
higher-curvature terms or non-minimal gauge cou-
plings rather than from a phantom scalar;

(iii) quantum gravity effects at scales r0 ≲ ℓPl are ex-
pected to modify the classical energy conditions, and
may permit throat-supporting stress-energy distri-
butions that are forbidden in the classical theory—
loop quantum gravity, asymptotic-safety, and string-
theoretic approaches each provide qualitatively dif-
ferent routes to such modifications, none of which
has been worked out in detail for the throat geome-
tries considered here.

A separate question from whether any of the mech-

anisms (i)–(iii) can sustain a throat is whether the
constraint-wave asymmetry of [1], derived for general rel-
ativity with a phantom-scalar source, continues to hold
on the modified backgrounds these mechanisms produce.
The effective potentials (2) and (4) depend only on the
background geometry and should persist on any throat
background with e2α > 0 at the throat, so the qualita-
tive asymmetry is expected to survive. The equations
of motion for propagating tensor modes, however, and
the corresponding barrier heights, could receive correc-
tions at order O(r20/ℓ

2
mg), where ℓmg is the modification

scale of the gravitational sector. For submicron throats
and modification scales well above r0, such corrections
are negligible and the asymmetry carries over directly.
For modification scales comparable to or below r0, the
question is open, and discussed in (Sec. VIII).
We do not resolve either of these questions here. In-

stead, we adopt the following conditional framework: if
throat geometries of the form (7) exist in the spatial ge-
ometry of our universe— sustained by whatever mech-
anism—then the cosmological consequences derived in
the remainder of this paper follow from the constraint-
wave asymmetry and standard cosmological physics.
This conditional status is shared by all dark matter

proposals: WIMP models assume the existence of par-
ticles not yet detected, axion models require a Peccei-
Quinn symmetry not yet confirmed, and primordial black
hole models require a specific inflationary power spec-
trum not yet measured. Our assumption—that submi-
cron geometric throats exist— is speculative, but leads
to definite, testable predictions.
Adopting the EB metric is a computational choice, not

a commitment to phantom-scalar matter as the underly-
ing support mechanism. The EB profile is the simplest
analytically tractable throat geometry with a minimal
two-sphere, and serves as a fiducial template on which
the field-propagation analysis of [1], and the cosmological
consequences derived below can be computed in closed
form. Any of the candidate support mechanisms iden-
tified in items (i)–(iii) above— if successful in produc-
ing a stable submicron throat—would yield a geometry
of qualitatively similar form, and the conclusions of this
paper are expected to carry over to leading order, with
corrections discussed in Sec. VIII.

C. Topological censorship

Topological censorship theorems [28, 29] prohibit
traversable wormholes (spacetimes with non-trivial fun-
damental group) under the averaged NEC (ANEC) and
global hyperbolicity. Our scenario does not require
traversal—no matter, light, or information, needs to
pass through the throat. The throat functions as a grav-
itational conduit for the static monopole (a constraint
equation, not a propagating signal), while all propagat-
ing modes are blocked. Whether a non-traversable throat
connecting two regions can persist under ANEC is a ques-
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tion distinct from traversability, and has not been ad-
dressed in the topological censorship literature.

If the spatial topology is simply connected (π1 = 0),
the topological censorship theorems do not directly apply.
A geometric constriction where the areal radius reaches a
minimum without a topological handle—what we term
a “sub-topological bottleneck”—may evade these theo-
rems entirely. The null expansions at the minimal sur-
face satisfy θ+ > 0, θ− < 0, distinguishing it from both a
trapped surface and a marginally outer trapped surface.

D. Dynamical evolution in a cosmological setting

To assess the persistence of a throat in an expanding
universe, we embed the EB spatial geometry

γij dx
idxj = dσ2 + (σ2 + r20) dΩ

2 (11)

in a cosmological spacetime with uniform Hubble expan-
sion:

Kij = H γij , K = 3H = const. (12)

The Hamiltonian constraint gives the energy density

16πGρ = R(3) + 6H2 = − 2r20
(σ2 + r20)

2
+ 6H2. (13)

For H > 1/(r0
√
3), this is positive everywhere— the ex-

pansion contributes sufficient positive energy to overcome
the negative spatial curvature at the throat. The result-
ing LTB dust evolution (Sec. III E) demonstrates that
the throat persists and coexpands, but this construction
does not avoid the fundamental NEC issue—the posi-
tive ρ comes from the extrinsic curvature (expansion),
not from the spatial geometry, which still has R(3) < 0
at the throat. A static (H = 0) throat would require
ρ < 0 there. The LTB evolution demonstrates dynami-
cal persistence of the throat shape, not the existence of
a matter model that sources it from first principles.

E. Illustrative LTB evolution with throat initial
data

As an illustration of how throat geometry behaves in
a cosmological setting, we consider the LTB dust evo-
lution of initial data with the EB spatial profile. This
construction demonstrates compatibility with the Hamil-
tonian constraint (positive energy density on the initial
slice), but does not constitute a complete spacetime con-
struction—the global properties, causal structure, and
consistency with topological censorship theorems remain
to be established. We present it as motivation, not proof,
that throat geometries could persist in an expanding uni-
verse.

The solution is of LTB type—a spherically symmetric
dust spacetime with the radial coordinate σ ∈ (−∞,+∞)

and metric

ds2 = −dt2 + [∂a/∂σ]2

1 + 2E(σ)
dσ2 + a(t, σ)2 dΩ2, (14)

where the areal radius a(t, σ) satisfies(
∂a

∂t

)2

=
2M(σ)

a
+ 2E(σ), (15)

andM(σ) (the Misner-Sharp mass) and E(σ) (the energy
function) are determined by the initial data (11)–(12).
Note that σ = 0 is not a regular centre—at a regular
centre, a → 0 and the two-sphere shrinks to a point,
while here a(t, 0) = r0 > 0 and the two-sphere has finite
area 4πr20. The domain σ ∈ (−∞,+∞) represents two
asymptotic regions (σ → ±∞, each approaching FLRW)
connected through a minimal-area two-sphere at σ = 0.
The solution is symmetric under σ → −σ by construc-
tion. The stress-energy is that of pressureless dust:

Tµν = ρ(t, σ)uµuν , ρ =
M ′(σ)

4π a2 ∂a/∂σ
, (16)

with uµ = (1, 0, 0, 0) in comoving coordinates. The lapse
is N = 1 (geodesic slicing), nonvanishing everywhere.
On the initial slice, ρ ≥ 0 and p = 0, so the dust stress-

energy satisfies all classical energy conditions. However,
this does not resolve the fundamental NEC issue for the
throat geometry itself (Sec. III B)—the positive ρ arises
from the extrinsic curvature contribution, and a static
(H = 0) version of this geometry would require ρ < 0 at
the throat. We verify numerically that M ′(σ) ≥ 0 every-
where (equivalent to ρ ≥ 0), and that no trapped surfaces
form—at the throat (σ = 0), ∂a/∂σ = 0 but ∂a/∂t > 0,
giving null expansions θ+ > 0, θ− < 0 (a minimal surface,
not a marginally trapped surface).
Although both M ′(σ) and ∂a/∂σ vanish at σ = 0, the

density ρ = M ′/(4πa2 ∂a/∂σ) remains finite. Taylor-
expanding the initial data near σ = 0:

M ′(σ) = 4πρ0r0 σ +O(σ3), (17)

∂a

∂σ
(t, σ) = aσσ(t)σ +O(σ3), (18)

where ρ0 = (6H2−2/r20)/(16πG) is the background den-
sity at the throat, and aσσ(t) > 0 is the second derivative
of the areal radius (positive because the throat minimum
persists). Both numerator and denominator vanish lin-
early in σ. By L’Hôpital’s rule:

ρ(t, 0) =
ρ0 r0

a(t, 0)2 aσσ(t)
, (19)

which is finite for all t. We verify this numerically—
at t = 0, 1, 2, 5, 10/H0, ρ(t, 0) decreases smoothly with
expansion and remains positive throughout.
Shell crossing occurs when ∂a/∂σ changes sign. Near

the throat, ∂a/∂σ = aσσ(t)σ + O(σ3), which has the
same sign as σ for all t (since aσσ > 0). No shell crossing
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occurs near the throat. Each radial shell evolves inde-
pendently via Eq. (15)— for dust, M and E are time-
independent.

We compute M(σ) and E(σ) from our initial
data (11)–(12), and evolve all shells numerically. The
results (Fig. 1) show:

1. The throat minimum at σ = 0 persists throughout
the evolution: a(t, 0) remains the global minimum
of a(t, σ) at all times. The throat does not col-
lapse, does not form a trapped surface, and does
not disappear.

2. The throat coexpands with the Hubble flow: the
physical throat radius grows as rthroat(t) ≈ r0 ·S(t),
where S(t) is the background scale factor. In fact,
the throat expands slightly faster than the back-
ground because the energy function E(σ = 0) > 0
(the throat centre is “unbound” in LTB language).

3. The throat becomes shallower over time: the ratio
a(0)/a(σfar) increases, meaning the bottleneck be-
comes less constricted relative to its surroundings.

F. Implications for throat radius and formation
epoch

The coexpansion result has an important implication:
the present-day physical throat radius is

rthroat(t0) ≈ r0,form · a(t0)

a(tform)
= r0,form · (1+zform), (20)

where r0,form is the throat radius at formation and zform
is the formation redshift. For the throat to remain elec-
tromagnetically opaque at the present epoch (requiring
rthroat(t0) ≲ 10−13 m for gamma-ray opacity), the for-
mation parameters must satisfy

r0,form ≲
10−13 m

1 + zform
. (21)

Table I shows this constraint for several formation
epochs.

TABLE I. Required initial throat radius for present-day
gamma-ray opacity (rthroat(t0) < 10−13 m), assuming
coexpansion with the Hubble flow.

zform r0,form (m) Epoch

10 10−14 Structure formation

103 10−16 Recombination

106 10−19 Post-BBN

109 10−22 QCD transition

1013 10−26 Electroweak

1030 10−43 ∼ ℓPl Planck epoch

Formation during the Planck epoch (z ∼ 1030) requires
r0 ∼ ℓPl, which is natural for quantum-gravitational
structures. Formation during the structure-formation
epoch (z ∼ 10) requires r0 ∼ 10−14 m, comparable to
the nuclear scale. Intermediate epochs are also viable.
If the EM opacity requirement is relaxed to optical

(rthroat(t0) < 10−7 m), the constraints loosen by six or-
ders of magnitude, and formation at z ∼ 103 (recombi-
nation) with r0 ∼ 10−10 m is sufficient.
Alternatively, if a stabilisation mechanism prevents

coexpansion—such as quantum-gravitational effects for
Planck-scale throats, or string-theoretic moduli stabil-
isation for warped-throat geometries— the throat ra-
dius can remain fixed independently of the formation
epoch. The LTB analysis shows that classical dust
dynamics alone cannot provide this stabilisation—a
non-dust equation of state (specifically, radial tension
|pr| ∼ c4/(8πGr20)) would be required. For submicron
throats, this tension exceeds Casimir-type quantum vac-
uum stresses, indicating that stabilisation, if it occurs,
involves physics beyond semiclassical gravity.

G. Stability under radial perturbations

We test the stability of the throat geometry by evolv-
ing perturbed initial profiles— throats 20% narrower and
wider, and profiles with localised bumps and dips at the
throat. In all cases the throat minimum persists and the
perturbation amplitudes remain bounded (Fig. 2).
The stability follows from a general property of LTB

dynamics: each radial shell evolves independently ac-
cording to Eq. (15), with frozen mass functionM(σ) and
energy function E(σ). A perturbation to the initial pro-
file changes M and E for each shell, but the perturbed
shells then evolve on their own trajectories without cou-
pling to neighbouring shells. The fractional perturbation
ϵ(t, σ) = δa/a at the throat (σ = 0, where M = 0)
satisfies ϵ = const exactly— the throat perturbation is
marginally stable (neither growing nor decaying). Away
from the throat, the perturbation evolves as the growing
mode of the local density contrast (ϵ ∝ a in matter dom-
ination), but this is simply the standard gravitational
instability of the overdensity near the throat and does
not affect the persistence of the throat minimum.
This means that no instability destroys the throat.

The throat does not pinch off, does not develop trapped
surfaces, and does not lose its character as a local mini-
mum of the areal radius. In the dust model, the throat
is an exact solution that persists indefinitely.
The coexpansion result, while constraining, does not

invalidate the proposal. It sharpens the requirement—
the scenario is most natural for throats that either

(a) form at high redshift with sub-Planckian initial ra-
dius and are stabilised by quantum gravity, or

(b) form at modest redshift (z ∼ 10–103) with initial
radius at nuclear to atomic scales.
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FIG. 1. LTB evolution of the throat geometry for H0r0 = 1.
Panel (a): Throat profile a(t, σ) normalised by the background scale factor, at several times. The profile flattens as
the throat coexpands.
Panel (b): Throat radius R(t) = a(t, 0) compared to the coexpanding reference r0S(t).
Panel (c): Ratio R/[r0S] showing the throat expands faster than the background.
Panel (d): Energy density at the throat (blue) and in the background (black dashed). Both decrease with expansion
but the throat overdensity dilutes faster.

In either case, the constraint-wave asymmetry oper-
ates as derived in [1] on the present-day throat geometry,
and the cosmological viability analysis of the preceding
sections applies with r0 interpreted as the present-day
physical throat radius.

IV. Big Bang Nucleosynthesis constraints

If the sequestered matter is baryonic, the total baryon
density is

Ωtotal
b ≈ Ωvis

b +ΩDM ≈ 0.05 + 0.27 ≈ 0.31.

BBN constrains the baryon-to-photon ratio η = nb/nγ
through the primordial abundances of 4He, D, 3He, and
7Li [30]. We consider three epochs for bottleneck forma-
tion and analyse each.

A. Late formation (after BBN)

If throats form after nucleosynthesis (t > 3 min), all
baryons participate in BBN with

η10 ≈ 6.1× (Ωtotal
b /Ωvis

b ) ≈ 39.

The predicted deuterium abundance D/H ≈ 1.3 × 10−6

disagrees with the observed (2.527±0.030)×10−5 [31] by
more than 80σ. This scenario is definitively ruled out.

B. Early formation (before BBN)

If throats form before BBN (t < 3 min), the visible and
sequestered regions undergo independent nucleosynthe-
sis. The visible region has η10 = 6.1 (the observed value)
and produces the correct abundances. The sequestered
regions have their own η and produce their own (unob-
servable) abundances.
The critical question is whether the sequestered

baryons affect our BBN through their gravitational con-
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FIG. 2. Stability of the throat under radial perturbations.
Panel (a): Initial profiles: unperturbed EB and four perturbations (20% narrower/wider, bump/dip at throat).
Panel (b): Evolved profiles at t = 10/H0 normalised by the background scale factor.
Panel (c): Ratio of perturbed to unperturbed profile. Perturbation amplitudes remain bounded—the throat is stable
in LTB dust. Black lines show t = 10/H0; grey lines show t = 0.

tribution to the expansion rate H. At BBN temperatures
(T ∼ 1 MeV), the energy density is radiation-dominated:
ρrad ≫ ρmatter. Quantitatively:

ρmatter

ρrad

∣∣∣∣
T=1 MeV

∼ 3× 10−7. (22)

Adding 5× more matter (the sequestered baryons)
changes the expansion rate by ∆H/H ∼ 10−6. The se-
questered matter does not affect BBN through the Fried-
mann equation.

C. The radiation constraint: Neff

The sequestered regions, however, may also contain ra-
diation—photons, neutrinos, and e± pairs at BBN tem-
peratures. This radiation gravitates and contributes to
the expansion rate. The effective number of neutrino
species is constrained by Planck to Neff = 2.99±0.17 [7].
The mechanism by which sequestered radiation affects

the visible sector’s expansion rate follows from the Hamil-
tonian constraint integrated over a spatial domain D that
contains both the visible region and the throats connect-
ing to sequestered regions. Using the Buchert averaging
framework [32], the spatially averaged Hamiltonian con-
straint gives an effective Friedmann equation

3H2
D = 8πG⟨ρ⟩D − 1

2 ⟨R
(3)⟩D − 1

2QD, (23)

where HD = ⟨θ⟩D/3 is the domain-averaged expansion
rate, ⟨ρ⟩D is the volume-averaged energy density (includ-
ing both visible and sequestered contributions), and QD
is the kinematic backreaction. For a domain much larger
than the throat scale (LD ≫ r0), the per-throat back-
reaction is volume-suppressed: Qthroat ∼ (r0/LD)

3, the

standard scaling for a localised inhomogeneity of comov-
ing size r0 in an averaging volume L3

D [32]. For submicron
r0 and LD ∼ H−1:

Qthroat ∼ (10−7/1026)3 ∼ 10−99.

For a halo with N ∼ 1029 throats (the upper end of the
lensing window of Sec. VII E), the cumulative backre-
action N Qthroat ∼ 10−70 remains negligible by tens of
orders of magnitude. The effective Friedmann equation
therefore reduces to the standard form with ⟨ρ⟩ including
both sectors.
If the sequestered regions have the same radiation

temperature and composition as ours, and the total se-
questered baryon density is Ωseq

b ≈ 5Ωvis
b , the additional

radiation contributes

∆Neff ≈ 5× 3.046 ≈ 16,

which is ruled out at > 40σ.
This imposes a necessary condition on the proposal:

the sequestered regions must have significantly less radi-
ation per unit volume than our region. Specifically, if the
sequestered radiation is at temperature Tseq = f ·Tvis, the
Neff constraint requires

f4 <
0.34

5× 3.046
≈ 0.022, f < 0.39. (24)

The sequestered radiation temperature must be below
∼ 39% of the visible sector’s temperature at recombi-
nation. We note that the numerical coefficient in (24)
depends on the standard model-agnostic ∆Neff fit to
Planck, and that recent work [33] has emphasised that
consistent weak-rate and neutrino-decoupling treatments
can shift the inferred allowed range in scenarios that
alter the neutrino-to-photon temperature ratio. The
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sequestered-baryon scenario considered here adds a sec-
tor that is entirely decoupled from the visible weak inter-
actions, so the standard ∆Neff framework applies without
modification, but a more refined analysis along the lines
of [33] would be appropriate for precision fits.

This is achievable if throats form before or during re-
heating after inflation, so that the sequestered regions re-
ceive less reheating energy than our region. In this case,
the sequestered regions would be colder and more baryon-
dominated (higher η), with less radiation per baryon.

A quantitative precedent exists in string-theory com-
pactifications with warped throats [12, 13], where en-
ergy transfer from the inflationary sector into sequestered
throats during reheating is exponentially suppressed by
the warp factor. In those models, the temperature ra-
tio between the visible sector and a sequestered throat
scales as Tseq/Tvis ∼ (r0/R)

1/2, where R is the bulk cur-
vature scale. While the geometric details differ from our
proposal, the physical mechanism—geometric suppres-
sion of energy transfer into a constricted region— is the
same, and the resulting temperature ratios f ≪ 1 are
naturally achieved.

D. Reheating asymmetry: mechanisms for ξ ≪ 1

Achieving ξ = Tseq/Tvis ≪ 1 requires that the
sequestered regions receive significantly less energy
than the visible sector during reheating. A spatially
homogeneous inflaton condensate ϕ(t) = ϕ0(t) cos(mϕt)
oscillating coherently after inflation decays at rate
Γ = g2/(8πmϕ) everywhere simultaneously. If the infla-
ton field has the same amplitude on both sides of the
throat, the energy deposition is symmetric and ξ = 1.
Asymmetric reheating therefore requires that the infla-
ton condensate is either absent, attenuated, or differently
coupled on the sequestered side. We identify three con-
crete mechanisms:

(i) Inflaton decoherence at narrow throats.
The inflaton has Compton wavelength λϕ = ℏc/mϕ.
For a throat with r0 < λϕ, the zero-mode of the in-
flaton field cannot maintain spatial coherence across
the throat—the ℓ = 0 mode of a massive scalar
on the EB background encounters an effective po-
tential V0(σ) = m2

ϕ + r20/(σ
2 + r20)

2 with barrier

height V0(0) = m2
ϕ + 1/r20. When r0 < λϕ (equiva-

lently 1/r0 > mϕ in natural units), the geometric
barrier dominates and the inflaton’s zero-mode is
exponentially suppressed at the throat. The infla-
ton condensates on the two sides evolve as indepen-
dent fields with potentially different amplitudes—
the sequestered side’s amplitude is set by inflation-
ary quantum fluctuations (δϕ ∼ Hinf/(2π)), which is
generically much smaller than the coherent oscilla-
tion amplitude ϕ0. For mϕ ∼ 1013 GeV (chaotic
inflation): λϕ ∼ 10−29 m. For mϕ ∼ 106 GeV
(intermediate-scale inflation): λϕ ∼ 10−22 m. The

required r0 < λϕ is consistent with the coexpansion
constraint (Table I) for early-forming throats.

(ii) Post-reheating throat formation.
If throats form after the visible sector has reheated
and begun cooling, the sequestered regions are
“pinched off” from matter that has already cooled
below the reheating temperature. The sequestered
temperature is then set by the cosmic temperature
at the time of throat formation: Tseq ∼ Tvis(zform).
For throat formation at zform ∼ 109 (the QCD tran-
sition):

Tseq ∼ 0.1 GeV ≪ Treh ,

giving ξ ∼ Tseq/Treh ≪ 1. This mechanism requires
that the subsequent cooling of the sequestered re-
gion outpaces that of the visible sector, or that
the throat blocks photon exchange and prevents re-
equilibration.

(iii) Geometric suppression of preheating.
In preheating via parametric resonance [34], the res-
onance band depends on the local value of the infla-
ton amplitude and on the effective mass of the de-
cay products. Near a narrow throat, the curvature-
induced effective mass m2

eff ∼ 1/r20 can shift the res-
onance parameter q = g2ϕ20/(4m

2
ϕ) out of the insta-

bility bands, suppressing particle production on the
sequestered side. This mechanism operates even for
a spatially coherent inflaton and does not require
r0 < λϕ.

The three mechanisms described above show how an
asymmetry ξ ≪ 1 might be established during reheating,
but they do not, on their own, guarantee that this asym-
metry survives. Adshead, Cui, and Shelton [35] have
shown, in the context of asymmetrically reheated dark
sectors more generally, that inflaton-mediated scattering
between sectors can efficiently equilibrate their temper-
atures unless the cross-sector transfer rate is parametri-
cally below the Hubble rate at reheating. Their analysis
identifies a characteristic washout condition of the form
Γtransfer/H|reh ≲ 1, where Γtransfer depends on the infla-
ton mass, branching ratios, and sector couplings—when
this is violated, resonant preheating channels and pertur-
bative scattering drive ξ → 1 independently of the initial
asymmetry. Applied to our geometric scenario, the same
issue arises: even if mechanism (i), (ii), or (iii) estab-
lishes ξ ≪ 1 at the end of inflation, inflaton-mediated
processes through (or around) the throat network could
in principle re-equilibrate the sectors before BBN.
Although we do not build an explicit inflaton model,

we can estimate the washout suppression provided by
the throat geometry itself. The central observation is
that the constraint-wave asymmetry of Sec. II applies not
only to electromagnetic and gravitational radiation, but
to all fields with ℓ ≥ 1 modes on the throat background—
including the decay products of inflaton-mediated scat-
tering. Any energy transfer process that deposits Stan-
dard Model quanta (photons, fermions, gauge bosons)
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into the sequestered sector requires those quanta to tra-
verse the throat, where they encounter the centrifugal
barrier and are suppressed by the sub-barrier transmis-
sion factor.

The resulting suppression has a remarkable prop-
erty: for a coexpanding throat, it is independent of
the reheating temperature. The physical throat radius
at the reheating epoch is r0(zreh) = r0(t0)/(1 + zreh),
where r0(t0) is the present-day radius. The peak ther-
mal frequency of the radiation bath at reheating is
ωpeak ∼ 2.8 kBTreh/ℏ, and the reheating redshift satis-
fies 1 + zreh ≈ Treh/TCMB. The dimensionless parameter
controlling the barrier suppression is therefore

ωpeak r0(zreh)

c
=

2.8 kBTreh
ℏc

r0(t0)

1 + zreh
≈ 2.8 kBTCMB r0(t0)

ℏc
,

(25)
which depends only on the present-day throat radius
and the CMB temperature, not on Treh. The cancella-
tion occurs because a hotter reheating epoch produces
higher-frequency radiation, but also implies an earlier
epoch at which the coexpanding throat was proportion-
ally smaller— the two effects compensate exactly.

For the fiducial throat radius r0(t0) = 10−13 m
(the gamma-ray opacity threshold), Eq. (25) gives
ωpeakr0/c ≈ 3× 10−10, the least-suppressed Standard
Model channel— the Dirac j = 1

2 s-wave, analysed
in Sec. VIIB 2—gives a washout suppression of
T ∼ (ωr0/c)

4.2 ∼ 10−40, using the numerically calibrated
power-law exponent from the EB throat (Table V). For
submicron present-day throats (r0 ≲ 10−7 m), the sup-
pression is at least ∼10−15. All other Standard Model
channels (EM ℓ ≥ 1, GW ℓ ≥ 2, higher fermionic par-
tial waves) are more strongly suppressed. These factors
render the direct energy transfer rate through the throat
negligible compared to the Hubble rate at any reheating
epoch. This estimate follows from the linearity of field
propagation on a fixed background: the thermal radia-
tion bath decomposes into independent monochromatic
modes, each of which sees the same centrifugal barrier
and transmits with the same frequency-dependent fac-
tor T (ω), so the total transmitted power is the integral
of the incident spectral flux weighted by T (ω) mode by
mode—no collective or nonlinear enhancement operates.

The argument has two independent layers. First, in
the regime r0 < λϕ = ℏc/mϕ (the inflaton decoherence
regime identified in mechanism (i) above), the inflaton
condensate itself cannot maintain coherence across the
throat, so the Adshead-Cui-Shelton inflaton-mediated
washout channel [35]—which requires a shared conden-
sate to mediate 2 → 2 scattering between sectors— is
structurally absent: the two condensates evolve as inde-
pendent fields with no mutual coupling. Second, even if
some other process could transfer energy (for example, if
the inflaton is coherent but its decay products must phys-
ically cross the throat), the centrifugal barrier suppresses
all ℓ ≥ 1 transmission by the factor (25), which is below
10−18 for all submicron throats. The two layers are com-
plementary—the first eliminates the dominant (inflaton-

mediated) washout channel, and the second bounds the
residual (direct-transmission) channel.
As a concrete illustration, consider m2ϕ2 chaotic

inflation with a Yukawa coupling gϕψ̄ψ to Standard
Model fermions and inflaton mass mϕ ∼ 1013 GeV. The
Adshead-Cui-Shelton [35] washout rate for inflaton-
mediated 2 → 2 scattering (without geometric suppres-
sion) is

Γtransfer

H

∣∣∣∣
ACS

∼ g4 TrehMPl

16πm2
ϕ

. (26)

For g = 0.1 and instantaneous reheating at
Treh ∼ 1015 GeV, this gives Γ/H|ACS ∼ 200—washout
proceeds efficiently, and the ACS analysis would predict
ξ → 1. With the geometric suppression from the j = 1

2
s-wave barrier (Sec. VIIB 2), the effective rate becomes

Γtransfer

H

∣∣∣∣
geom

=
Γtransfer

H

∣∣∣∣
ACS

× TDirac

∼ 200× 10−40

∼ 10−38

(27)

for r0(t0) = 10−13 m (using the universal washout
parameter (25) and the j = 1

2 power-law exponent
ν ≈ 4.2 from Table V). For submicron throats
(r0 ≲ 10−7 m), the suppression is TDirac ∼ 10−15, giving
Γ/H|geom ∼ 10−13. In both cases, washout is negligible
by tens of orders of magnitude. The geometric suppres-
sion overwhelms the ACS rate for any coupling g ≲ O(1),
any inflaton mass, and any reheating temperature—no
fine-tuning of couplings is required.
We emphasise that this estimate assumes the coexpan-

sion scaling r0 ∝ a established by the LTB analysis of
Sec. III E. If a stabilisation mechanism holds the throat
at a fixed physical radius r0, the barrier suppression at re-
heating would depend on r0 and Treh independently, and
could in principle be weaker for very small stabilised radii
at very high reheating temperatures. However, the sta-
bilised case is more favourable for the scenario on other
grounds (no coexpansion constraint on formation epoch),
and a quantitative treatment requires specifying the sta-
bilisation mechanism, which is beyond the scope of this
paper.
With these estimates in hand, we can sharpen the sta-

tus of the washout question: for coexpanding throats
with present-day radii in the range selected by the lens-
ing analysis of Sec. VII E (r0 ≲ 10−7 m), the geometric
barrier provides a suppression of at least ∼10−18 on the
direct energy transfer rate through the throat, indepen-
dent of the reheating temperature. Combined with infla-
ton decoherence for early-forming throats with r0 < λϕ,
this makes re-equilibration of the sectors structurally im-
plausible— the asymmetry ξ ≪ 1, once established, is
protected by the same centrifugal barrier that renders
the sequestered matter electromagnetically dark. A fully
rigorous demonstration would still require specifying an
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inflaton model and computing the transfer rate in a con-
crete setup, which we defer to future work (Sec. VIII).

We proceed with the quantitative cosmological analy-
sis assuming that some mechanism—or combination—
yields ξ ≲ 0.39 at recombination, and focus on the obser-
vational consequences of such a sector. The constraint-
wave asymmetry and the coupling kernel analysis are
independent of the radiation content—the asymmetric-
reheating question concerns whether the required initial
conditions can be arranged, not whether the mechanism
operates given those conditions.

V. CMB and large-scale structure

A. How sequestered baryons enter the Boltzmann
equations

The CMB anisotropy power spectrum is computed by
solving the coupled Boltzmann equations for photons,
baryons, neutrinos, and dark matter, in the presence
of metric perturbations [36]. The key physical distinc-
tion between baryons and CDM in this framework is that
baryons couple to photons through Thomson scattering
(tight coupling before recombination), while CDM cou-
ples only gravitationally.

Sequestered baryons, by construction, do not couple
electromagnetically to the visible photon-baryon fluid.
They therefore enter the Boltzmann hierarchy in the
same way as CDM—as a pressureless component that
sources gravitational potentials but does not participate
in the acoustic oscillations of the photon-baryon fluid.
Specifically, the sequestered baryons contribute to the
Poisson equation

k2Φ = −4πGa2(ρbδb + ρseqδseq + ργδγ + ρνδν), (28)

where δseq is the density contrast of the sequestered
baryons, but they do not appear in the photon collision
term or the baryon-photon momentum coupling.

B. Acoustic peak structure

The CMB acoustic peaks depend on two quantities:
the baryon loading Rb ∝ Ωb (which determines baryon-
photon pressure coupling and the odd/even peak height
ratio), and the gravitational potential depth (which de-
pends on the total matter density).

If the sequestered baryons are electromagnetically de-
coupled from the photon-baryon fluid—which is the con-
tent of the EM suppression mechanism—they contribute
gravitationally, but not through pressure coupling. The
CMB would therefore measure:

• Ω
(CMB)
b = Ωvis

b ≈ 0.049 from the acoustic peak
heights (EM-coupled baryons only);

• Ω
(CMB)
c = Ωseq

b ≈ 0.265 from the gravita-
tional potential wells (gravitationally coupled, EM-
decoupled).

This is qualitatively consistent with the Planck re-
sults [7].

C. Integrated Sachs-Wolfe effect

The late-time integrated Sachs-Wolfe (ISW) effect
arises from the time evolution of gravitational potentials
during the dark-energy-dominated epoch. In ΛCDM, the
ISW contribution to the CMB power spectrum at low
multipoles (ℓ ≲ 20) is determined by the growth rate of
perturbations, which depends on Ωm and ΩΛ.

In the geometric sequestration scenario, the total mat-
ter density (visible plus sequestered) is Ωm ≈ 0.31, the
same as in ΛCDM. The ISW effect depends on the to-
tal gravitational potential, to which sequestered baryons
contribute through the monopole channel. At the linear
level, the ISW contribution should be indistinguishable
from ΛCDM, since the sequestered baryons cluster grav-
itationally like CDM on large scales.

D. Baryon acoustic oscillations

Baryon acoustic oscillations (BAO) provide a stan-
dard ruler at the sound horizon scale rs ≈ 147 Mpc.
In the geometric sequestration scenario, only the visible
baryons participate in the acoustic oscillations (since the
sequestered baryons do not couple to visible-sector pho-
tons). The BAO feature in the galaxy correlation func-
tion is therefore determined by Ωvis

b , not Ωtotal
b . Since

Ωvis
b ≈ 0.049 matches the value inferred from the CMB,

the BAO scale is consistent with observations. The se-
questered baryons contribute to the matter field in which
the BAO feature is measured (through their gravitational
clustering), but they do not imprint their own acoustic
feature because they lack pressure coupling to photons.
This is indistinguishable from the CDM contribution to
the BAO signal in ΛCDM.

The low-redshift baryon census— including FRB
dispersion-measure constraints on the total ionised
baryon content and Sunyaev–Zel’dovich detections of fila-
mentary gas—applies only to visible-sector baryons and
is consistent with Ωvis

b ≈ 0.049. The sequestered baryons
do not contribute to FRB dispersion measures, X-ray
cluster gas fractions, or any other electromagnetic baryon
census, because their free electrons are behind throats
and not along visible-sector lines of sight. The scenario
is therefore consistent with recent confirmations that the
visible-sector baryon budget matches the CMB and BBN
predictions, and the sequestered population is observa-
tionally distinct from the “missing baryons” of the warm-
hot intergalactic medium.
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E. The matter-radiation equality epoch

A critical epoch in the standard cosmological model is
matter-radiation equality, zeq ≈ 3400, which determines
the horizon scale at equality and affects the shape of the
matter power spectrum (the “turnover” scale). In the
geometric sequestration scenario, the total matter den-
sity is Ωmh

2 ≈ 0.143 (visible baryons plus sequestered
baryons), which gives the same zeq as ΛCDM. The acous-
tic horizon at equality, rs(zeq), depends on the sound
speed in the photon-baryon fluid, which involves only
the visible baryon density—consistent with the standard
value.

F. CMB power spectrum: quantitative comparison
with ΛCDM

The Jeans scale of the sequestered baryons maps to an
angular multipole ℓJ = kJ ·rrec, where rrec ≈ 14,000 Mpc
is the comoving distance to the last scattering sur-
face. For Tseq = 1 K, ℓJ ∼ 6× 106; for Tseq = 10 K,
ℓJ ∼ 2× 106; for Tseq = 100 K, ℓJ ∼ 6× 105. All of these
are far beyond the Planck measurement range (ℓ ≲ 2500).

We compute the CMB temperature power spectrum
CTT

ℓ , the polarisation spectra CTE
ℓ and CEE

ℓ , and the
matter power spectrum P (k) using the Boltzmann code
CLASS [37] with Planck 2018 best-fit parameters [7].
The sequestered-baryon modification enters through the
growth equation. For each Fourier mode k, the linear
growth factor D(k, a) is computed by solving

d2δ

d(ln a)2
+

(
2 +

d lnH

d ln a

)
dδ

d ln a
=

3

2

ΩmH
2
0

a3H2
δ − k2c2s

a2H2
δ,

(29)
where the last term is the Jeans pressure. The ratio
Dseq(k)/DCDM gives the Jeans suppression factor, which
modifies both P (k) and the CMB source function. The
Cℓ are computed via line-of-sight integration with spher-
ical Bessel functions over 500 logarithmically spaced k
modes.

The result confirms that CTT
ℓ is identical to ΛCDM

at all measured multipoles (ℓ ≤ 2500), for any
Tseq ≤ 1000 K (Fig. 3). The growth-factor ratio
Dseq(k)/DCDM(k), computed by solving Eq. (29) exactly,
deviates from unity by at most 0.006% at k < 0.3 h/Mpc
for Tseq = 1000 K. Since the CMB source function de-
pends on the growth factor only through the late-time
ISW effect (which contributes at ℓ < 30), the resulting
CTT

ℓ deviation is below 0.001% across the Planck mul-
tipole range—nearly three orders of magnitude below
Planck’s precision of ∼ 0.5%. For Tseq ≤ 100 K, the de-
viation is below 3 × 10−4%. The CMB spectra shown
in Fig. 3(a,b) are the full CLASS output with proper
HyRec recombination, Silk damping, and CMB lensing.
The sequestered-baryon CMB prediction is identical to
this CLASS output because the modification acts only
at k > kJ ≫ kCMB

max . The matter power spectrum P (k) is

simultaneously computed (Fig. 3c,d), and it is identical
to ΛCDM at k < 1 h/Mpc, with Jeans suppression ap-
pearing only at k ≳ kJ . At k = 10 h/Mpc (the Lyman-α
range), the suppression is 1.2% for Tseq = 100 K and 11%
for Tseq = 1000 K.
This establishes a key structural result— the Lyman-α

forest is the binding observational constraint on the
sequestered-baryon scenario, not the CMB. The pre-
cise numerical bound depends on how the Lyman-α
flux-power measurement is mapped onto our model:
a half-mode-to-WDM translation gives a conservative
Tseq ≲ 100 K, while the direct P (k) criterion at the Ly-
man-α pivot is satisfied up to Tseq ∼ 103 K (Sec. VIB 1).
For any temperature satisfying either bound, the CMB
power spectrum is automatically consistent with Planck.
CMB lensing, which probes the matter power spec-

trum at k ∼ 0.01–1 h/Mpc through the lens-

ing convergence Cϕϕ
ℓ , provides a complementary con-

straint. However, even the most aggressive CMB lens-
ing scales (k ∼ 1 h/Mpc) are a factor of ∼50 below kJ
for Tseq = 100 K. The lensing power spectrum is there-
fore also unaffected, and CMB lensing does not provide
a stronger constraint than the Lyman-α forest in this
scenario.

G. Caveats

The sequestered-baryon component is implemented
self-consistently in the Boltzmann code CLASS [37] by
modifying the interacting dark matter (IDM) module to
use a constant sound speed c2s = kBTseq/(mpc

2) rather
than the default redshift-dependent IDM thermal his-
tory. The sequestered component replaces CDM entirely
(fidm = 1) and is evolved as a fluid with perturbation
equations

δ′seq = −(θseq + h′/2), (30)

θ′seq = −a
′

a
θseq + k2c2s δseq, (31)

in synchronous gauge (conformal time), with adiabatic
initial conditions δseq = δcdm, θseq = θcdm. The se-
questered component couples to photons, baryons, and
neutrinos through the Poisson equation and metric per-
turbations, and its contribution to CMB lensing, the ISW
effect, and the matter power spectrum is computed self-
consistently within the full Einstein-Boltzmann hierar-
chy.
We verify that setting c2s = 0 reproduces ΛCDM to

the numerical precision of our modified CLASS code—
the fractional disagreement between the c2s = 0 IDM run
and a pure-CDM run with the same cosmology is below
5 × 10−5 at all multipoles and at all plotted wavenum-
bers, which sets the precision floor of our comparison.
At this precision, the measured CMB temperature power
spectrum difference between the sequestered-baryon run
and the c2s = 0 reference is consistent with zero for all
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FIG. 3. Self-consistent CLASS Boltzmann computation for sequestered baryons evolved as an interacting dark matter
fluid with constant sound speed c2s = kBTseq/(mpc

2), for three reference temperatures Tseq ∈ {10, 100, 1000} K. The
ΛCDM reference curve is the same code with c2s set to zero, isolating the effect of the Jeans pressure term.
Panels (a–c): Pseq(k)/PΛCDM(k) at z = 0, 3, and 5: the Jeans suppression weakens at higher redshift because the
sequestered baryons have had less time to fall below the Jeans scale. The dash-dot horizontal line marks the Iršič et
al. [38] Lyman-α reference level P/PΛCDM = 0.9.
Panel (d): Fractional CMB TT residuals (in percent) for the three sequestered-baryon temperatures relative to ΛCDM.
All residuals lie within ±10−3%—more than two orders of magnitude below Planck’s ∼ 0.5% per-multipole sensi-
tivity near the acoustic peaks—so the model is observationally indistinguishable from ΛCDM in the CMB primary
anisotropies.
Panel (e): Absolute P (k) at z = 3: the Tseq = 10 K curve is indistinguishable from ΛCDM across the plotted range.
Panel (f): P (k=10h/Mpc)/PΛCDM versus redshift: all three temperatures satisfy the Iršič bound at Lyman-α red-
shifts z = 2–5, with Tseq = 1000 K lying at the bound at z = 0. The dash-dot horizontal line marks the Iršič et al. [38]
Lyman-α reference level P/PΛCDM = 0.9.

Tseq ≤ 1000 K: i.e., the physical effect of the Jeans pres-
sure term on CTT

ℓ is below our numerical noise floor of
∼ 5×10−5, which is itself two orders of magnitude below
Planck’s sensitivity of ∼ 5 × 10−3 (0.5%). The polari-
sation spectra CEE

ℓ and CTE
ℓ are similarly unaffected at

the same precision level. This is expected on physical
grounds—the Jeans wavenumber kJ for Tseq ≤ 1000 K

lies at k ≳ 15 Mpc−1, far above the multipoles probed
by the CMB (k ≲ 0.2 h/Mpc at the last-scattering sur-
face), so sequestered-baryon pressure cannot feed back
on the CMB at any scale currently or prospectively
measurable. The conclusion—that the CMB is insen-
sitive to the Jeans-scale cutoff in the sequestered-baryon
P (k)— is robust to the numerical precision of our mod-
ified CLASS code. The matter power spectrum shows

the Jeans-pressure cutoff at high k, with the ampli-
tude half-mode scale k1/2 (where Pseq/PΛCDM = 1/2) at
k1/2 ≈ 85 h/Mpc for Tseq = 100 K and k1/2 ≈ 27 h/Mpc
for Tseq = 1000 K. The single free parameter is Tseq (or
equivalently c2s).

1. On the use of a constant sound speed

A decoupled non-relativistic gas in an expanding back-
ground cools adiabatically as T ∝ a−2, so a strictly free-
streaming implementation would use a time-dependent
c2s(a) ∝ a−2 anchored to a decoupling epoch. To test the
impact of this scaling, we have repeated the full CLASS
computation with c2s(a) = c2s,0/a

2 (capped at c2/3 at the
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relativistic threshold), for the same three reference tem-
peratures T0 ∈ {10, 100, 1000} K. This parameterisation
describes a sequestered sector that is at temperature T0
today and was correspondingly hotter in the past— for
T0 = 100 K, the implied gas temperature at matter-
radiation equality is T (zeq) ∼ 109 K. The result is unam-
biguous: this branch of the adiabatic family is excluded
at all temperatures. Because c2s/a

2 is large throughout
the matter-dominated era—at matter-radiation equal-
ity, c2s(zeq) ≈ 107 c2s,0, regardless of T0 —the Jeans scale
extends to wavenumbers well inside the galaxy-survey
and Lyman-α regime, suppressing P (k) by orders of mag-
nitude at k ≳ 1 h/Mpc (half-mode scales of 1.4, 0.47, and
0.19 h/Mpc for T0 = 10, 100, and 1000 K respectively)
and producing CMB residuals of up to ∼2% at high ℓ—
detectable by Planck. The analytic estimate of Sec. VI,
which predicted a modest tightening of the Lyman-α
bound to T0 ≲ O(10) K, underestimated the effect be-
cause it captured only the instantaneous Jeans-scale shift
at a single redshift, not the accumulated growth deficit
over the full matter-dominated era.

Excluding the warm-today/hot-in-the-past branch
sharpens the question of what thermal history the se-
questered sector actually realises. The sequestered
medium that contributes to the linear matter power spec-
trum is two-phase. A diffuse component, comprising es-
sentially all of the sequestered baryon mass at the red-
shifts probed by the Lyman-α forest (z ∼ 2–5), occupies
regions of mean and below-mean density. A halo compo-
nent, comprising the sequestered analogue of the warm-
hot phase, occupies the small fraction of the volume in
collapsed structures (δ ≳ 200). The two phases face very
different thermal environments, and the effective c2s en-
tering the linear perturbation equations is set primarily
by the diffuse phase, which fills the volume.

a. The diffuse phase At cosmic mean density, the
sequestered sector lacks every astrophysical heating chan-
nel that maintains the visible IGM at ∼104 K. There
is no stellar UV background (the sequestered sector has
no stars—Sec. VIF), no metal-line photoheating, and
no cosmic-ray heating. The sequestered photon bath, if
present, is constrained by the Neff bound (24) to satisfy
Tseq,γ < 0.39Tvis,γ , so Compton coupling drives the gas
towards a cold equilibrium rather than a hot one. Grav-
itational shock heating, which dominates in the visible
warm-hot intergalactic medium, operates against den-
sity gradients in collapsing or virialising structures and
has no analogue in the diffuse phase. We therefore sepa-
rate two qualitatively distinct possibilities for the diffuse-
phase thermal history.

b. Scenario A (passive) If the sequestered sector de-

couples from its own (cold) photon bath at z ∼ 103

saturating the Neff bound (Tseq,dec ≲ 1170 K) and has
no subsequent heating mechanism in the diffuse phase,
the gas evolves adiabatically as T ∝ a−2 from decou-
pling onwards, reaching Tseq ∼ 1 mK by the present
epoch (a quantitative calculation is given in Sec. VG2).
The constant-c2s implementation at Tseq = 100 K used

throughout this section then overstates the deviation
from ΛCDM by many orders of magnitude—the actual
Pseq/PΛCDM the actual Pseq/PΛCDM is unity to within
the numerical precision floor of CLASS at every observ-
able scale, with the eventual high-k turnover from the
brief Compton-coupled epoch occurring at k ≳ 30h/Mpc
(verified by the self-consistent CLASS run of Sec. VG2
and Fig. 4), well above any current or planned observa-
tion. The trade-off is that Scenario A does not produce a
Jeans cutoff at galactic scales and so does not, on its own,
address the small-scale tensions of ΛCDM (Sec. VIC);
any small-scale signature in this scenario must come from
the in-halo phase alone.
c. Scenario B (active) If a heating mechanism oper-

ates in the diffuse phase and maintains Tseq ∼ 10–103 K
throughout the matter-dominated era, the constant-c2s
implementation applies directly. The required heating
rate follows from energy balance: the internal energy per
unit mass is u = 3

2kBTseq/mp, Hubble cooling extracts
u̇cool = −2Hu, and a balancing heating rate is

u̇heat = 3
kBTseq
mp

H(z) ≈ 5×10−12

(
Tseq
100 K

)(
H

H0

)
W/kg.

(32)
The H2 radiative cooling rate at T ∼ 100 K and the cos-
mic mean dark-matter density (u̇H2

∼ 4× 10−22 W/kg,
derived from the cooling time of Eq. (42)) is ten orders
of magnitude smaller than (32), so cooling cannot drain
the injected heat regardless of source. The source of
the heating is, however, currently unspecified: candidate
mechanisms include a sequestered-sector dark-radiation
background coupling to the gas through processes anal-
ogous to Compton scattering at a temperature floor,
intrinsic baryon-baryon self-interactions that thermalise
residual kinetic energy, or tidal energy transfer through
throats from visible-sector structure formation. None of
these has been worked out quantitatively, and identifying
which (if any) operates is the central open question for
the late-time thermal history (WP4 of Sec. VIII).
d. The halo phase In collapsed structures, gravi-

tational shock heating during virialisation deposits en-
ergy at the rate u̇shock ∼ v2virH ∼ 2× 10−8 W/kg for
halo virial velocities vvir ∼ 100 km/s, exceeding Eq. (32)
by four orders of magnitude. The halo phase therefore
reaches the virial temperature Tvir ∼ 103–105 K regard-
less of the diffuse-phase scenario. This is the appropriate
temperature for the in-halo Jeans physics that controls
substructure formation, and is potentially relevant to the
small-scale tensions of ΛCDM (Sec. VIC) under either
scenario.
e. Implications for the constant-c2s implementation

The constant-c2s CLASS results presented in this sec-
tion apply directly under Scenario B with Tseq identified
with the diffuse-phase temperature, and are conservative
under Scenario A. In either case the cosmological con-
straints are satisfied: the bounds Tseq ≲ 100 K from the
half-mode mapping and ≲ 103 K from the direct-pivot
criterion should be read as upper bounds on a constant-c2s
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component, not as a literal claim about the microphysi-
cal temperature of every fluid element. The small-scale-
tension narrative of Sec. VIC is contingent on Scenario B
(or on the in-halo phase under Scenario A); we do not
adjudicate between the two scenarios in this paper. The
question of which is realised reduces to whether a diffuse-
phase heating mechanism operates, and is part of WP4
in the research programme of Sec. VIII. We address the
quantitative status of candidate Scenario-B mechanisms
in the next subsection.

2. Quantitative status of Scenario-B candidates

The Scenario-A/B framing of Sec. VG1 leaves open
which scenario the universe actually realises. Resolving
this requires identifying a specific diffuse-phase heating
mechanism and computing whether it sustains the gas
at Tseq ∼ 10–103 K against Hubble cooling. We address
two preliminary questions here: a quantitative statement
of the energy-balance threshold against natural reference
rates, and a worked example of the most natural can-
didate mechanism—thermal coupling to a sequestered
dark-photon bath via residual-electron Compton scatter-
ing. The example is illustrative, not exhaustive, but it
bounds the parameter space from below in a useful way.

a. Energy-balance threshold and reference rates
Eq. (32) sets the diffuse-phase heating power required to
maintain Tseq = 100 K at u̇heat ≈ 5× 10−12 W/kg at the
present epoch. Two reference rates frame this require-
ment. Gravitational shock heating in collapsed struc-
tures gives u̇shock ∼ 2× 10−8 W/kg for vvir ∼ 100 km/s,
exceeding the requirement by four orders of magnitude—
but operating only in collapsed structures, not in the
diffuse phase that fills the volume at the redshifts of
interest. The H2 radiative cooling rate at T ∼ 100 K
and cosmic mean density is u̇H2

∼ 4× 10−22 W/kg, ten
orders of magnitude below the requirement, confirming
that cooling cannot deplete any heating that does oper-
ate. The qualitative picture—shock heating ample but
localised in halos, cooling negligible everywhere—means
that whether Scenario B is realised reduces to whether a
diffuse-phase heating mechanism exists at all.

b. Compton coupling to a sequestered dark-photon
bath The most physically motivated candidate diffuse-
phase heating mechanism—and the one closest to stan-
dard IGM thermodynamics— is Compton coupling be-
tween sequestered residual electrons and a sequestered
photon bath. We consider the case in which throats
form before reheating and the visible and sequestered
sectors share a common primordial radiation content
that subsequently redshifts independently, with the se-
questered photon temperature constrained by (24) to sat-
isfy T seq

γ (z) = fT · TCMB(z) with fT ≤ 0.39.
Sequestered hydrogen recombines when T seq

γ ∼ 0.3 eV,
corresponding to 1 + zseqrec ∼ 1100/fT . For fT = 0.39
(saturating the Neff bound), 1 + zseqrec ∼ 2800. The
post-recombination free-electron fraction freezes out at

xe ∼ 10−4, the standard value. Compton scattering off
this residual electron population drives the gas tempera-
ture toward T seq

γ at rate

ΓC(z) =
8σT aR (T seq

γ )4

3mec
· xe
1 + xe + fHe

, (33)

where σT is the Thomson cross-section, aR is the
radiation constant, and fHe is the helium fraction.
Evaluating (33) just after sequestered recombination
gives ΓC ∼ 7× 10−12 s−1, while the cosmological Hub-
ble rate at the corresponding visible-sector redshift
is H ∼ 2× 10−13 s−1, so ΓC/H ∼ 30 and Compton
coupling is initially efficient. Subsequently ΓC ∝
(1 + z)4 and H ∝ (1 + z)3/2 in matter domination, so
ΓC/H ∝ (1 + z)5/2 and Compton decoupling occurs
at 1 + zseqdec ∼ 850. After decoupling, the gas cools
adiabatically as T ∝ (1 + z)2 from initial temperature
Te(z

seq
dec) ∼ fT · 2.73 K · (1 + zseqdec) ∼ 900 K, reaching

T seq
e (z = 0) ∼ 900 K ·

(
1

1 + zseqdec

)2

∼ 1 mK (34)

at the present epoch. The result is dominated by the
post-decoupling adiabatic cooling and is robust to the
precise decoupling redshift—decoupling at 1+zseqdec = 400
instead of 850 would give T seq

e (0) ∼ 4 mK, in the same
regime.
c. Implication The most natural Scenario-B mech-

anism—a sequestered photon bath at the maximum
temperature consistent with Neff , coupled to residual
electrons via Compton scattering—delivers a diffuse-
phase temperature that is observationally indistinguish-
able from passive Scenario A. The reason is structural:
the dark-photon bath redshifts in lock-step with the vis-
ible CMB, the present-epoch dark-photon temperature
is bounded by fT · TCMB ≤ 1.06 K, and after Compton
decoupling the gas cools faster than the bath. There is
no way to use a once-thermalised dark-radiation reser-
voir to maintain the diffuse phase at T ∼ 10–103 K at
low redshift.
A successful Scenario B therefore requires a low-

redshift energy-injection mechanism that is not a ther-
malised primordial radiation bath: candidates include
impulsive gravitational scattering off visible-sector sub-
structure (with the open question of whether bulk-
velocity kicks thermalise in a collisional gas with mean
free path ∼ 30 pc at cosmic mean density), tidal energy
transfer through throats from visible-sector structure for-
mation, or a slowly-decaying sequestered relic. None of
these has been worked through quantitatively, and identi-
fying which (if any) operates is the substantive open ques-
tion for the late-time thermal history (WP4 of Sec. VIII).
What we have shown here is that the question is not
whether the diffuse phase has any heating mechanism,
but whether it has one beyond the natural radiation-bath
baseline—the baseline itself produces a Scenario-A-like
outcome, which is consistent with all current observa-
tions but does not, on its own, generate galactic-scale
Jeans physics.
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d. Quantitative verification: Scenario A ther-
mal history To verify the indistinguishability
claim quantitatively, we have re-run the modified
CLASS module with the time-dependent sound speed
c2s(a) = kBT

seq
e (a)/(mpc

2) corresponding to the Scenario
A thermal history derived above. Two values of fT are
run: the maximally-warm case fT = 0.39 (saturating the
Neff bound) with zseqdec = 850, and the deeper-asymmetry
case fT = 0.10 with zseqdec = 7500. The results are shown
in Fig. 4.

The CMB temperature power spectrum residuals rel-
ative to ΛCDM are below the 5× 10−5 numerical preci-
sion floor of the modified code at all multipoles ℓ ≤ 2500
for both runs (Fig. 4b)—visually indistinguishable from
the c2s = 0 reference and from each other, and well be-
low the 0.5% Planck per-multipole sensitivity. The
matter power spectrum is also indistinguishable from
ΛCDM through the cosmologically observable range:
Pseq(k)/PΛCDM(k) exceeds 0.999 at k ≤ 10h/Mpc for
fT = 0.39 (Fig. 4c), comfortably above the Iršič et al. [38]
bound of 0.9, and exceeds 0.99999 for fT = 0.10. Onset
of percent-level suppression occurs only at k ≳ 30h/Mpc
for fT = 0.39 and k ≳ 100h/Mpc for fT = 0.10 (Fig. 4d),
arising from the brief Compton-coupled epoch in which
the sequestered gas was at T ∼ 103 K. These wavenum-
bers are far above any current or planned observation.

The constant-c2s runs of Sec. VF therefore consti-
tute conservative bracketing bounds—the realistic Sce-
nario A thermal history produces deviations from ΛCDM
that are smaller, by orders of magnitude, than the con-
stant-c2s estimate at the corresponding present-day tem-
perature would suggest. The half-mode wavenumber
k1/2 at which Pseq/PΛCDM = 0.5 lies above 200h/Mpc
for fT = 0.39 and is not reached within the computed
range for fT = 0.10—compared with k1/2 ≈ 27h/Mpc

for the constant-c2s run at Tseq = 1000 K. The minimal
Scenario A is therefore observationally viable across the
entire physically motivated fT range; the bounds quoted
in the abstract and Sec. VF as constraints on Tseq in the
constant-c2s approximation are upper bounds that the re-
alistic thermal history satisfies with enormous margin.

The effective coupling kernel W (k, r0)—which speci-
fies how a cosmological density perturbation δseq(k) in
the sequestered sector sources the gravitational poten-
tial Φ(k) in our sector— is derived in Appendix A. For
a plane-wave perturbation with wavelength λ = 2π/k,
much larger than the throat radius r0, the perturbation
is almost entirely in the ℓ = 0 multipole as seen by the
throat (the Rayleigh expansion gives f0 = 1−O((kr0)

2)),
and therefore transmits fully. Quantitatively,

W (k, r0) = 1−O
(
(kr0)

2
)
, (35)

independent of the higher-multipole transmission factors.
For submicron throats and any cosmological wavenumber
(k ≲ 10 h/Mpc), kr0 < 10−28 and 1 −W < 10−56. The
coupling is indistinguishable from unity at all observable
scales (Table II).

TABLE II. Coupling kernel W (k, r0) for representative
throat radii and cosmological wavenumbers. All entries
satisfy 1−W < 10−50.

r0 k (h/Mpc) kr0 1−W Status

10−13 m 0.1 2× 10−37 < 10−73 exact CDM

10−13 m 10 2× 10−35 < 10−69 exact CDM

10−7 m 0.1 2× 10−31 < 10−61 exact CDM

10−7 m 10 2× 10−29 < 10−57 exact CDM

1 mm 10 2× 10−25 < 10−49 exact CDM

3. Equation of state

The sequestered baryons are non-relativistic (w ≈ 0)
at all post-BBN epochs and thus pressureless on cosmo-
logical scales (like CDM), but their internal dynamics
differ from CDM at the microphysical level. This af-
fects perturbation growth on small scales (see Sec. VI)
but not on CMB or BAO scales. The gravitational cou-
pling between sectors is addressed by the coupling kernel
derivation (Appendix A): W (k, r0) = 1−O((kr0)

2) ≈ 1
at all observable scales, confirming that the coupling is
indistinguishable from CDM.

4. Isocurvature perturbations

If the visible and sequestered sectors underwent in-
dependent thermal histories, their initial perturbations
could in principle be uncorrelated, generating baryon-
dark-sector isocurvature modes. The Planck CMB power
spectrum analysis constrains such modes to βiso < 0.038
(95% CL) for the uncorrelated baryon-isocurvature
mode [7], where βiso ≡ PII(k∗)/[PRR(k∗) + PII(k∗)] is
the primordial power-spectrum ratio at the Planck pivot
scale k∗ = 0.05Mpc−1. We argue that the geometric-
sequestration scenario is naturally consistent with this
bound, refine the argument quantitatively for each of
the three asymmetric-reheating mechanisms of Sec. IVD,
and verify the conclusion by direct CLASS computation.
a. Adiabaticity by construction First, if both sectors

share the same inflationary origin—the same inflaton
field generates the primordial curvature perturbation on
both sides of each throat— then the comoving curvature
perturbation R is a single scalar degree of freedom de-
fined on the shared slicing of spacetime during inflation,
before the throats decouple dynamically. The resulting
initial condition is adiabatic by construction: δseq/δb = 1,
with no isocurvature component at the time when both
sectors emerge from inflation on the same FLRW back-
ground.
Second, the asymmetric reheating scenario required for

ξ ≪ 1 does not destroy this adiabaticity at the level of
the homogeneous expansion. Asymmetric reheating af-
fects the post-inflationary energy density per sector—
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FIG. 4. Self-consistent CLASS Boltzmann computation for the realistic Scenario A thermal history.
Panel (a): the piecewise sequestered-sector temperature T seq

e (z) for fT = 0.39 (solid; saturating the Neff bound) and
fT = 0.10 (dashed; deeper asymmetric reheating), with the constant T = 100 K and T = 1000 K reference levels of
Fig. 3 shown as horizontal lines. Both Scenario A trajectories are Compton-coupled at high z and adiabatic at low z,
with the kink at the corresponding zseqdec.
Panel (b): CMB TT residuals relative to ΛCDM. All four curves (two Scenario A, two constant-c2s reference) lie within
the ±5× 10−5 numerical precision floor of the modified CLASS code (grey band), more than two orders of magnitude
below Planck’s per-multipole sensitivity.
Panel (c): matter power spectrum ratio Pseq(k)/PΛCDM(k) at z = 3 on a linear vertical scale near unity, showing
that Scenario A is indistinguishable from ΛCDM through k ∼ 10h/Mpc, while the constant-c2s run at T = 1000 K
has visibly suppressed power at the Lyman-α pivot.
Panel (d): same ratio across the full computed k range. Scenario A turns over only at high k (≳ 30h/Mpc for
fT = 0.39, ≳ 100h/Mpc for fT = 0.10) due to the brief high-z Compton-coupled phase, but remains comfortably
above the Iršič et al. [38] bound (dot-dashed line) at all cosmologically observable wavenumbers.

the two sides receive different effective reheating temper-
atures—but, at linear order, it does not disturb the com-
mon comoving curvature perturbation R. This follows
from the standard result that R is conserved on super-
horizon scales for single-field inflation irrespective of the
subsequent decay channel [39, 40]: the conservation law
for R on super-horizon scales depends only on the exis-
tence of a well-defined adiabatic mode in the two-fluid
system, which in turn requires only that the two sectors
share the same expansion history at leading order—a
condition guaranteed by our scale-separation argument
(Hr0/c≪ 1, Sec. II). Isocurvature contamination can
only be generated by sources that correlate with spatial
position in a way the homogeneous-expansion argument
cannot capture; we now examine each candidate source
in turn.

b. Mechanism (i): inflaton decoherence at nar-
row throats This mechanism is intrinsically position-
dependent: the branching ratio between visible-sector
and sequestered-sector decay products differs only inside
throat regions, and is uniform elsewhere. The result-
ing baryon-vs-sequestered density ratio therefore varies
across the universe with a spatial pattern set by the
throat distribution. The amplitude of this position de-
pendence is bounded by the volume fraction of throat
regions:

fthroat ∼
N r30
Vhalo

. (36)

For the upper-count edge of the lensing win-
dow of Sec. VII E (N ∼ 2× 1029, r0 ∼ 10−13 m,
Vhalo ≈ 1066 m3), fthroat ∼ 2× 10−76; for the
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lower-count edge (N ∼ 2× 1022, r0 ∼ 10−7 m),
fthroat ∼ 2× 10−65. The position-dependent isocur-
vature amplitude is bounded by this fraction at every
scale.

A finer analysis recognises that the isocurvature con-
tribution is a Poisson shot-noise term with a char-
acteristic correlation scale set by the inter-throat
spacing d̄ = (Vhalo/N)1/3, which spans approximately
1012–1015 m (10−3–100 kpc) across the viable window—
always microscopic compared to cosmological scales. At
wavenumbers kd̄≪ 1— i.e., all cosmologically observable
scales, where k ≲ 1h/Mpc and kd̄ ≲ 10−7 —the Poisson
shot-noise power is further suppressed by (kd̄)3, giving

β
(i)
iso(kCMB) ≲ fthroat (kCMBd̄)

3 ∼ 10−107 (upper-count edge),
(37)

with the lower-count edge bounded similarly to ∼ 10−89.
The volume-fraction bound is therefore many orders
of magnitude weaker than the actual cosmological-scale
isocurvature contribution from this mechanism, and both
are vastly below the Planck constraint.

c. Mechanism (ii): post-reheating throat formation
If throats form after reheating, the sequestered sector
temperature is set globally by the cosmic temperature
at the formation epoch. Two sub-cases of this mech-
anism arise. In the spatially-uniform sub-case (throat
formation uncorrelated with primordial density), there
is no isocurvature contribution at any wavenumber: the
asymmetry ξ is global, like the photon-to-baryon ratio.
In the density-correlated sub-case (throat formation trig-
gered by primordial overdensity peaks above a thresh-
old δc), the throat density correlates with R on the co-
moving scales of the trigger, and the resulting baryon-
vs-sequestered ratio inherits the same correlation. The
fractional contribution to βiso at a CMB-relevant scale k
is bounded by the same volume-fraction times an O(1)
peak-bias enhancement [41]— for bthresh ∼ O(1)–O(10),
the prefactor remains fthroat b

2
thresh ≲ 10−63, and the re-

sulting βiso is again far below the Planck bound at all
CMB-relevant wavenumbers.

d. Mechanism (iii): geometric suppression of pre-
heating The curvature-induced effective mass shift op-
erates within a curvature-perturbed region near each
throat, not strictly inside the throat. The width of
this region is set by the inflaton wavelength λϕ. For
mechanism (iii) to produce isocurvature contamination, a
spatially-varying suppression of preheating must imprint
differently on different regions; the effective “volume frac-
tion” of suppressed regions is

feff ∼
N λ3ϕ
Vhalo

.

For chaotic inflation with mϕ ∼ 1013 GeV,
λϕ ∼ 10−29 m, and feff ∼ 10−123 at the upper-count
edge of the throat number distribution. The combined
Poisson-suppressed bound at CMB scales is

β
(iii)
iso (kCMB) ≲ feff (kCMBd̄)

3 ≲ 10−154 ,

many orders of magnitude smaller than mechanism (i).
e. Quantitative verification: isocurvature amplitude

To verify the analytic conclusions concretely, we com-
pute the resulting CMB and matter-power spectra
using the modified CLASS module under primor-
dial baryon-isocurvature initial conditions (ic = ad,bi),
at four amplitudes spanning seven orders of mag-
nitude in primordial βiso. In the CLASS imple-
mentation used here, the primordial spectra ratio is
parametrised as PII(k)/PRR(k) = f2bi (scale-invariant,
with nbi = ns), so the standard Planck primordial βiso
maps to fbi =

√
βiso/(1− βiso). This convention was

verified empirically by ratio comparison between calibra-
tion runs at fbi = 0.5 and fbi = 1.0 (BI-mode CL ratio =
4.0000 at every multipole, confirming the f2bi scaling to
all decimal places).
Four production runs were performed: (08) Planck-

saturating βiso = 0.038; (09) intermediate βiso = 10−3;
(10) precision-floor anchor βiso = 10−5; and (11) the
same precision-floor amplitude run together with the Sce-
nario A thermal history of Sec. VG2. The results are
shown in Fig. 5. Three robustness checks emerge from
the runs:
Adiabatic-mode preservation. The adiabatic CL spec-

trum is bit-identical across runs (08), (09), and (10),
demonstrating that the fbi parameter affects only the BI-
mode power without spurious cross-coupling to the adi-
abatic sector. The cross-correlation parameter αbi = 0
(uncorrelated isocurvature) is honoured exactly across
three orders of magnitude in fbi.
f2bi scaling. The BI-mode CL spectra at

the three different fbi values are perfectly par-
allel curves (Fig. 5b), separated by the ex-
act f2bi ratios (0.1987/0.0316)2 = 39.5386 and
(0.1987/0.00316)2 = 3953.86, reproduced to all dec-
imal places at every multipole.
Scenario A and isocurvature compose orthogonally.

Run (11) gives AD- and BI-mode residuals identical to
run (10) to better than 10−5 fractionally at any multipole
(Fig. 5d), demonstrating that the modified Scenario A
thermal-history evolution and the standard primordial-
mode initial conditions do not produce spurious cross-
terms in the modified perturbation equations.
The CMB TT residuals scale linearly in βiso from

the Planck-saturation value ∼ 0.4% at low ℓ down to
the ∼ 5× 10−5 numerical precision floor of the modi-
fied code at βiso = 10−5 (Fig. 5c). Extrapolating the lin-
ear scaling to the analytic prediction of mechanism (i)—
βiso ≲ 10−65 as a volume-fraction upper bound, or 10−107

once Poisson suppression is accounted for—gives a CMB
residual of ≲ 10−65%, vastly below any conceivable de-
tector sensitivity. The geometric-sequestration scenario
is therefore essentially indistinguishable from ΛCDM in
any conceivable isocurvature observation.

f. Forecast against future-survey sensitivities
Future-survey sensitivities improve the bound mod-
estly: CMB-S4 forecasts βiso ∼ 0.005 [42], LiteBIRD
comparable [43], both still leaving a residual margin
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of dozens of orders of magnitude over the predicted
values. No conceivable extension of CMB sensitivity, by
any of the experiments currently planned or proposed,
would approach the predicted geometric-sequestration
βiso. The conclusion is robust: the scenario satisfies
isocurvature constraints with margin so large that this
is not a meaningful test of the model.

H. Reproducibility of the modified Boltzmann code

The CLASS modifications are summarised here for
reproducibility. The full source, the seven .ini files
driving the runs of Fig. 3 and Fig. 4, and the analy-
sis scripts producing the figures, are publicly available at
https://github.com/jeffriley/class sequestered baryons, tagged as
seq-baryon-paper-v1.

The modifications are confined to three source files:
the perturbation module (perturbations.c), the in-
put parser (input.c), and the background structure
(background.h). The sequestered-baryon fluid is im-
plemented within the existing interacting dark matter
(IDM) framework as a pressureful non-relativistic com-
ponent with sound speed c2s(a) computed in one of three
mutually exclusive modes selected by the input parame-
ter cs2 idm mode: (i) constant, with c2s = kBTseq/(mpc

2)
fixed at all redshifts (parameter cs2 seq); (ii) adia-
batic, with c2s(a) = c2s,0/a

2 capped at c2/3 at the relativis-
tic threshold (this mode produces the warm-today/hot-
in-the-past family of Sec. VG1, which is excluded);
and (iii) scenarioA, with the time-dependent piece-
wise thermal history of Sec. VG2 (parameters f T and
z dec seq), Compton-coupled at high z and adiabatic
at low z. The three modes share the same cs2-to-
perturbation-equation interface and an explicit mutual-
exclusion error trap at module-init time. The syn-
chronous gauge is used throughout; the gauge-invariant
pressure perturbation is treated to leading order in the
equilibrium approximation δp = c2s δρ, which is exact for
the constant-c2s and adiabatic modes and accurate to sub-
percent in the matter-dominated era for Scenario A.

Numerical validation comprises four checks: (a) the
IDM c2s = 0 run reproduces the standard ΛCDM CTT

ℓ to
within 7× 10−5 at all multipoles ℓ ≤ 2500, defining the
precision floor of the modified module; (b) the existing
constant-c2s runs at Tseq ∈ {10, 100, 1000} K reproduce
P (k=10h/Mpc)/PΛCDM at z = 0, 3, 5 to four significant
figures across regression boundaries; (c) the adiabatic-
cooling runs reproduce the half-mode wavenumbers
k1/2 ≈ 1.4, 0.47, 0.19 h/Mpc for the three temperatures,
in agreement with independent semi-analytic estimates;
and (d) unitarity/energy-conservation checks built into
CLASS pass at standard precision settings for all twelve
runs. The CLASS precision settings used for all produc-
tion runs are l max scalars=3000, P k max h/Mpc=100,
default HyRec recombination, and halofit non-linear
corrections (irrelevant at the relevant scales but enabled
for completeness). Convergence under doubling of l max

and P k max is verified for the Scenario A runs at the
10−5 level. The README in the repository provides the
exact command-line invocation reproducing each figure.

VI. Structure formation with sequestered baryons

A. The CDM transfer function and its
sequestered-baryon analogue

In ΛCDM, the matter power spectrum P (k) is shaped
by the transfer function T (k), which encodes the suppres-
sion of perturbation growth on scales that enter the hori-
zon during radiation domination. CDM perturbations
grow logarithmically during radiation domination (the
Mészáros effect [44]) and as δ ∝ a during matter domina-
tion. The transfer function transitions from T (k) → 1 on
large scales (k ≪ keq) to T (k) ∝ k−2 ln k on small scales
(k ≫ keq), where keq is the wavenumber corresponding
to the horizon at matter-radiation equality.
Sequestered baryons behave identically to CDM on

scales λ ≫ λJ , where λJ is the Jeans length of the
sequestered medium. On these scales, the sequestered
baryons are pressureless and cluster gravitationally, pro-
ducing a transfer function indistinguishable from CDM.
On scales λ ≲ λJ , the sequestered baryons have residual
pressure that prevents gravitational collapse, suppressing
the power spectrum below the Jeans scale.

B. The Jeans scale of sequestered baryons

The Jeans length for a non-relativistic fluid at temper-
ature T and density ρ is

λJ = cs

√
π

Gρ
, (38)

where cs =
√
kBT/mp is the sound speed for a hydrogen

gas. The Jeans scale of the sequestered baryons depends
on their temperature and density, which are determined
by the thermal history of the sequestered regions. As
with the CMB analysis of Sec. VF, we use a constant
sound speed throughout—this is an effective description
appropriate to a sequestered sector maintained at tem-
perature Tseq by its own internal thermodynamics. We
can, however, bound the effect of a redshift-dependent
sound speed analytically.
For a non-relativistic monatomic ideal gas expand-

ing adiabatically with the Hubble flow (γ = 5/3), the
temperature scales as T (z) = T0(1 + z)2, giving a sound
speed cs(z) = cs,0(1 + z), where T0 and cs,0 are the
present-day values. The comoving Jeans wavenumber in
this case evolves as

kcomJ (z) =

√
4πGρ(z)

cs(z)

1

1 + z
= kcomJ (0) (1+z)−1/2, (39)
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FIG. 5. Empirical CLASS verification of the analytic isocurvature analysis (Sec. VG4).
Panel (a): fractional CMB TT residuals (absolute value) relative to ΛCDM at three primordial isocurvature am-
plitudes, demonstrating the linear scaling in βiso and the residual at βiso = 10−5 sitting at the 5× 10−5 numerical
precision floor of the modified code.
Panel (b): per-mode baryon-isocurvature CL contributions for the three production runs. The three curves are par-
allel, separated by the exact ratios (0.1987/0.0316)2 and (0.1987/0.00316)2, confirming the f2bi scaling to all decimal
places.
Panel (c): linear scaling of maximum |CMB residual| at low ℓ versus primordial βiso. The shaded region indicates the
geometric-sequestration prediction range from the volume-fraction upper bound (Sec. VG4, Eq. 37)—many tens of
orders of magnitude below the precision floor, and below the Planck constraint by sixty-three orders of magnitude.
Panel (d): orthogonality verification. Per-mode AD and BI fractional differences between the Scenario A + isocurva-
ture run (11) and the isocurvature-only run (10) lie at 10−7–10−9 at all multipoles, far below the 5× 10−5 numerical
precision floor. The two extensions of the CLASS module compose with no detectable cross-terms.

where we have used ρ(z) = ρ0(1 + z)3. By contrast, the
constant-cs approximation used in our CLASS implemen-
tation gives

kcomJ (z)
∣∣
cs=const

= kcomJ (0) (1 + z)+1/2. (40)

The ratio between the two cases is
kadiabJ /kconstJ = 1/(1 + z), independent of T0. At the Ly-
man-α epoch (z ≈ 3), the adiabatic Jeans wavenumber is
a factor of four smaller than the constant-T value—the
comoving Jeans scale is correspondingly four times
larger, and modes at four times smaller wavenumber are
suppressed. For T0 = 100 K, kconstJ (z=3) ≈ 94 h/Mpc
(well above the Lyman-α constraint region), while
kadiabJ (z=3) ≈ 24 h/Mpc (marginal at the Iršič pivot).
For T0 = 1000 K, the adiabatic Jeans wavenumber at
z = 3 falls to kJ ≈ 7.5 h/Mpc, well inside the Lyman-α
exclusion region.

The physical origin of the difference is that
adiabatically cooling gas was hotter in the past
(T (z=3) = 16T0 vs. T0 in the constant case), so its
sound speed and Jeans length were larger at the redshifts
where the Lyman-α forest is most sensitive. Modes that
are comfortably above kJ today were below kJ at earlier
times and experienced Jeans-pressure suppression during
the epoch of most rapid perturbation growth (z ∼ 1–10),
accumulating a growth deficit that persists to z = 0.

However, this analytic estimate captures only the in-
stantaneous Jeans-scale shift at a single redshift and sub-
stantially underestimates the full effect. A self-consistent
CLASS computation with c2s(a) = c2s,0/a

2 (capped at

c2/3 at the relativistic threshold) shows that the accu-
mulated growth deficit over the entire matter-dominated
era is far larger than the single-redshift estimate sug-
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FIG. 6. Matter transfer function for the sequestered-baryon scenario.
Panel (a): T 2(k) normalised to unity at k → 0. The CDM baseline (black) and Tseq = 1–10 K (dots, dash-dot) are
indistinguishable. Tseq = 100 K (dashed) shows mild suppression at k ≳ 30 h/Mpc. Tseq = 1000 K (dots-dash) is
suppressed in the Lyman-α constraint region (shaded).
Panel (b): Ratio to CDM, showing the onset and depth of suppression. The Jeans pressure produces a sharper cutoff
than WDM free-streaming.

gests— the half-mode scale falls to k1/2 ≈ 1.4 h/Mpc
(T0 = 10 K), 0.47 h/Mpc (T0 = 100 K), and 0.19 h/Mpc
(T0 = 1000 K), deep inside the galaxy-survey and BAO
regime. At the Lyman-α pivot (k = 10 h/Mpc, z = 3),
P/PΛCDM < 10−4 for all three temperatures. CMB resid-
uals reach up to ∼2% at high ℓ, which is detectable by
Planck. The pure adiabatic limit is excluded at every
temperature.

The reason the CLASS result is so much stronger than
the analytic estimate is that the sound speed c2s/a

2 at
matter-radiation equality (z ≈ 3400) is ∼107 times the
present-day value c2s,0, regardless of T0. This makes the
Jeans scale enormous during the entire epoch when per-
turbation growth is fastest (z ∼ 10–3400), suppressing
growth on all scales above k ∼ 0.1–1 h/Mpc—not just
the small-scale Jeans cutoff that the analytic bracket tar-
geted.

The constant-cs results reported throughout this sec-
tion apply directly under Scenario B of Sec. VG1 (ac-
tive diffuse-phase heating, with Tseq identified with the
diffuse-phase temperature) and are conservative under
Scenario A (passive diffuse phase, with the actual devi-
ation from ΛCDM smaller than reported by many or-
ders of magnitude). In either case the Lyman-α bounds
quoted in this paper (Tseq ≲ 100 K from the half-mode
mapping, ≲ 103 K from the direct-pivot criterion) ap-
ply without the adiabatic correction, since the excluded
branch (warm today, hot in the past) is the one that
fails. Quantifying how close the diffuse-phase thermal
history is to either scenario—and in particular whether
the small-scale-tension implications of Sec. VIC follow—
requires identifying the diffuse-phase heating mechanism
(if any), which we defer to future work (Sec. VIII).

Table III shows the Jeans length, Jeans wavenumber,
and half-mode mass (the mass enclosed in a sphere of
radius λJ/2) for several values of Tseq.

TABLE III. Jeans scale of sequestered baryons at z = 0
for ρseq = Ωcρcrit.

Tseq (K) λJ (kpc) kJ (Mpc−1) Mhm (M⊙)

1 13 470 4× 104

10 42 150 106

100 130 47 4× 107

1 000 420 15 109

10 000 1 300 4.7 4× 1010

To verify these estimates, we solve the coupled pertur-
bation equations (Eq. (29)) numerically using a purpose-
built Boltzmann solver in the quasi-static approxima-
tion (valid for sub-horizon modes kτ ≫ 1). Fig-
ure 6 shows the resulting matter transfer function
T 2(k) for the sequestered-baryon component at sev-
eral temperatures, compared with the CDM baseline
(cs = 0). The numerical results confirm the ana-
lytic estimates: for Tseq ≤ 10 K, the transfer function
is indistinguishable from CDM across the entire range
k = 0.001–100 h/Mpc, for Tseq = 100 K a small suppres-
sion appears at k ≳ 30 h/Mpc, for Tseq = 1000 K the
suppression reaches the boundary of the Lyman-α con-
straint region at the Iršič pivot (Pseq/PΛCDM = 0.968 at
k = 10h/Mpc, z = 3, and 0.899 at z = 0), placing this
temperature in tension with current bounds, but not
firmly excluded without a full flux-power likelihood anal-
ysis.

Current Lyman-α forest constraints on warm
dark matter require the thermal-relic mass
mWDM ≳ 4–5 keV [38, 45], corresponding to a half-
mode scale khm ∼ 10–30 h/Mpc and a half-mode mass
Mhm ∼ 108–109 M⊙. Comparing with Table III, consis-
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tency with Lyman-α constraints requires Tseq ≲ 100 K,

corresponding to λJ ≲ 130 kpc and kJ ≳ 47 Mpc−1.
This is comfortably below the Lyman-α exclusion region.

For Tseq ≳ 103 K, the Jeans scale enters the range
probed by the Lyman-α forest (k ∼ 1–10 h/Mpc) and
the scenario would be in tension with observations. This
places an upper bound on the temperature of the se-
questered regions at late times:

Tseq(z = 0) ≲ 100 K (Lyman-α constraint). (41)

The constraint is robust across the redshift range probed
by the Lyman-α forest (z ∼ 2–5). At higher redshifts,
the sequestered baryon density increases as (1 + z)3, so
the Jeans length decreases as (1 + z)−3/2 and kJ in-
creases. For Tseq = 100 K at z = 3, kJ ≈ 550 Mpc−1

(compared to 47 Mpc−1 at z = 0), corresponding to
mequiv ≈ 36 keV—far above the Lyman-α exclusion re-
gion. The constraint at the relevant redshifts is therefore
weaker than the z = 0 estimate in Table III, making the
bound Tseq ≲ 100 K conservative.

To compare more quantitatively with published Ly-
man-α bounds, we compute the half-mode wavenumber
k1/2 (where (Dseq/DCDM)2 = 1/2) from the growth equa-
tion (29) and map it to an equivalent WDM thermal-
relic mass using the transfer function of Viel et al. [46].
For Tseq = 100 K, k1/2 ≈ 74 h/Mpc, correspond-
ing to mequiv ≈ 6 keV. The currently accepted ex-
clusion is mWDM > 5.3 keV (k1/2 ≈ 29 h/Mpc) [38], so
Tseq = 100 K is comfortably allowed. For Tseq = 1000 K,
k1/2 ≈ 24 h/Mpc, mequiv ≈ 2 keV—below the exclusion
and ruled out.

It is important to note that the Jeans-pressure cut-
off is sharper than the WDM free-streaming cutoff. At
k = 50 h/Mpc, the WDM 5.3 keV model suppresses
power by ∼87%, while Tseq = 100 K suppresses by only
∼27%. The Jeans cutoff preserves more power at inter-
mediate k and cuts off more steeply at high k.

1. Mapping Lyman-α flux power to Tseq

This means the Lyman-α constraint on Tseq is likely
weaker than a näıve WDM mass mapping would sug-
gest, because the Lyman-α flux power is most sensitive to
the intermediate-k regime where the Jeans model retains
more power than WDM. To assess compatibility with
Lyman-α flux-power analyses more directly, we compute
the compressed linear power parameters used by mod-
ern emulators [47]: the dimensionless amplitude ∆2

p and
slope np of the linear power spectrum at the pivot scale
kp = 0.7 Mpc−1. At z = 3, the fractional change in ∆2

p

relative to ΛCDM is −0.0005% (Tseq = 10 K), −0.004%
(Tseq = 100 K), and −0.035% (Tseq = 1000 K). These
are two orders of magnitude below the ∼5% sensitivity of
current Lyman-α analyses [38, 48]. The reason is that the
Jeans cutoff occurs at k ≫ kp: the Lyman-α pivot scale
lies entirely within the regime where the sequestered-
baryon P (k) is indistinguishable from ΛCDM. The direct

P (k) suppression at k = 10 h/Mpc (Table III) is satisfied
comfortably for Tseq ≲ 100 K in our constant-c2s imple-
mentation, and remains above the Iršič reference level
P/PΛCDM = 0.9 at the Lyman-α pivot for temperatures
up to Tseq ≈ 3 × 103 K, extrapolated linearly in T from
our three-temperature numerical grid.
Combined with the Neff constraint (24), this requires

the sequestered regions to be both radiation-poor and
cold, consistent with a picture where throats form early
and the sequestered regions expand and cool with limited
energy input.

C. Small-scale structure and ΛCDM tensions

The discussion that follows is conditional on Sce-
nario B of Sec. VG1 (or on the in-halo phase under Sce-
nario A)—under Scenario A the diffuse-phase percent-
level suppression in P (k) occurs only at k ≳ 30h/Mpc
(Fig. 4) and does not, by itself, modify galactic-scale
structure.
The ΛCDMmodel predicts structure on all scales down

to the free-streaming length of the CDM particle, which
is negligibly small for cold WIMPs or axions. This pre-
diction is in tension with several observations at galac-
tic and sub-galactic scales [49]— the cusp-core problem
(simulated CDM halos have cuspy density profiles, while
observed dwarf galaxies have cores), the missing satel-
lites problem (simulations predict many more small halos
than observed satellites), and the too-big-to-fail problem
(the most massive simulated subhalos are denser than
any observed dwarf galaxy).
Sequestered baryons with a Jeans scale

λJ ∼ 10–100 kpc would naturally suppress struc-
ture below this scale, qualitatively similar to warm dark
matter (WDM) models [50]. However, unlike WDM,
the suppression mechanism is not free-streaming but
pressure support— the sequestered baryons have a
sound speed and resist collapse below the Jeans scale.
This produces a sharper cutoff in the matter power
spectrum than the gradual free-streaming damping
of WDM, which is potentially distinguishable in the
Lyman-α forest power spectrum [45].
A quantitative comparison with the observed matter

power spectrum, halo mass function, and Lyman-α forest
constraints requires a detailed calculation of the modified
transfer function with a Jeans-scale cutoff, which has not
been performed and is an open problem.

D. Self-interactions of sequestered baryons

An important distinction between CDM and se-
questered baryons is that the latter interact with each
other through electromagnetic and strong nuclear forces
within the sequestered region. The sequestered baryons
are not collisionless— they form a gas or plasma within
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their own region, with a mean free path determined by
their internal density and temperature.

This is analogous to self-interacting dark matter
(SIDM) models [51, 52], which have been proposed to
address the small-scale problems of ΛCDM. The self-
interaction cross section per unit mass for baryonic mat-
ter is σ/m ∼ 1024 cm2/g for Thomson scattering at typ-
ical temperatures—many orders of magnitude larger
than the SIDM cross sections considered in the litera-
ture (σ/m ∼ 0.1–10 cm2/g). However, the effective self-
interaction cross section for the sequestered baryons as
perceived by the visible sector depends on how the inter-
nal dynamics of the sequestered region project onto the
gravitational potential in our region. If the sequestered
baryons thermalise internally, but interact with us only
gravitationally, the effective “self-interaction” is medi-
ated by the throat geometry and may be very differ-
ent from the microscopic baryon-baryon cross section.
A detailed analysis of this “effective self-interaction”
is an important open problem. We note that current
SIDM constraints from cluster observations and halo
shapes require σ/m ≲ 1 cm2/g on cluster scales, and al-
low σ/m ∼ 1–10 cm2/g on dwarf galaxy scales [52]. If
the effective cross section of sequestered baryons (as pro-
jected through throats) is velocity-dependent— larger at
low velocities (dwarf galaxies) and smaller at high ve-
locities (clusters)— this could naturally reproduce the
velocity-dependent SIDM phenomenology that has been
proposed to resolve small-scale CDM tensions.

E. Halo formation and galaxy-halo correlation

A challenge for any dark matter proposal is explaining
the observed tight correlation between luminous galax-
ies and their dark matter halos. In ΛCDM, CDM ha-
los form first from gravitational collapse seeded by pri-
mordial density fluctuations, and visible baryons subse-
quently fall into these potential wells, cool radiatively,
and form galaxies. The correlation is a consequence of
the shared gravitational dynamics: galaxies form where
the dark matter density is highest.

In the geometric-sequestration scenario, the same
causal chain operates. The sequestered baryons con-
tribute to the gravitational potential through the
monopole channel, producing potential wells that are
indistinguishable from CDM halos at scales r ≫ r0
(Sec. II). Visible baryons fall into these wells, cool, and
form galaxies in the standard way. The galaxy–halo cor-
relation is therefore inherited directly from the gravita-
tional dynamics, just as in ΛCDM—the only difference
is the physical origin of the potential well (sequestered
baryonic mass behind throats, rather than non-baryonic
CDM particles).

What must be explained is why the throat spatial
distribution tracks the large-scale density field. If the
throat network formed from primordial density fluctu-
ations—as would be the case for any formation mech-

anism tied to a cosmological phase transition or to the
primordial curvature perturbation spectrum—then over-
dense regions naturally acquire more throats and deeper
potential wells, while underdense regions acquire fewer.
The galaxy-halo correlation then follows from the same
shared-primordial-origin argument as in ΛCDM: galaxies
and “dark matter halos” both trace the same primordial
density peaks, because the throats that constitute the
halos were seeded by those peaks. A quantitative test of
this argument requires a specific formation model (the
subject of WP5 in the research programme of Sec. VIII)
that predicts the spatial correlations, mass function, and
radial profile of the throat population and allows com-
parison with observed halo profiles, galaxy correlation
functions, and abundance-matching constraints.

F. Dissipative dynamics within sequestered regions

An important consequence of the sequestered matter
being baryonic is that it can undergo dissipative pro-
cesses within its own region: radiative cooling, fragmen-
tation, star formation, and supernova feedback. If the se-
questered baryons cool efficiently, they could form disk-
like structures within their sequestered volume, analo-
gous to dissipative dark matter models [53]. The grav-
itational potential of such a disk, transmitted through
the monopole channel, would be distinguishable from a
spherical halo— it would produce oblate (rather than
prolate or spherical) gravitational potential contours in
our region, potentially affecting halo shapes inferred from
gravitational lensing and satellite dynamics.
Current constraints on dissipative dark matter require

that no more than ∼ 5% of the dark matter can reside
in a thin disk component [53]. In the geometric seques-
tration scenario, whether the sequestered baryons form
disks depends on their cooling rate, which is determined
by their internal temperature, density, and composition.
If the sequestered regions are cold (Tseq ≲ 100 K, as re-
quired by the Lyman-α constraint (41)), the cooling rate
is strongly suppressed. For a hydrogen gas at the mean
cosmological dark-matter density

n = Ωcρcrit/mp ≈ 1.4× 10−6 cm−3

at z = 0, the dominant cooling mechanism at T ∼ 100 K
is molecular hydrogen (H2) line emission. We assume
the sequestered sector is chemically unprocessed— it has
no stellar nucleosynthesis history, no metals, and no
dust grains, so the cooling channels available to enriched
gas (metal-line cooling, dust thermal emission, molecular
cooling beyond H2) are absent. Under this assumption,
H2 is the only relevant cooling channel below 104 K, and
atomic hydrogen line cooling becomes available only for
T ≳ 104 K [54]. The H2 cooling function for a molecular
fraction fH2

∼ 10−3 gives a volumetric cooling rate [55]:

Λ ∼ fH2
n2 ΛH2

(T ) ∼ 10−47 erg cm−3 s−1,
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and a cooling time

tcool =
3
2nkBT

Λ
∼ 9× 1010 Gyr ≫ tHubble. (42)

At the cosmic mean density, the cooling time exceeds the
Hubble time by ten orders of magnitude. This means
sequestered baryons at mean density cannot cool, frag-
ment, or form disk-like structures, eliminating the “dark
disk” concern [53].

Cooling becomes efficient only in overdense regions
(δ ≳ 103, where tcool < tHubble), i.e., within collapsed
halos. If sequestered baryons participate in gravita-
tional collapse (which they do, since they couple gravi-
tationally), the resulting dense cores could in principle
cool to lower temperatures, fragment, and form com-
pact objects within the sequestered volume. The collapse
physics is potentially richer than the atomic-hydrogen
threshold treatment used here—three-body H2 forma-
tion, HD cooling, fine-structure transitions in light el-
ements produced during BBN, and gravitational insta-
bility in marginally cooling gas can each open additional
pathways. A quantitative treatment of which sequestered
halos cool and what fraction of their mass collapses to
compact objects depends on the halo mass function, the
internal density profile, and the detailed cooling chem-
istry of a metal-free sector, none of which are modelled
here. We expect, on the basis of analogous calculations
for primordial-gas collapse in the visible sector, that the
cooled fraction is small but nonzero. Compact objects
formed by sequestered cooling would project onto our sec-
tor as localised mass concentrations at the corresponding
throat mouths, and would be subject to the microlens-
ing constraints of Sec. VII E. A complete quantitative
treatment of dissipative dynamics within the sequestered
sector is deferred to future work (Sec. VIII).

VII. Observational signatures and falsifiable
predictions

A. Electromagnetic opacity as a function of
frequency

The EM suppression is frequency-dependent: TEM(ω)
decreases as a power law below the barrier-top frequency
ωmax =

√
2/r0. High-frequency photons (ω ≫ ωmax)

propagate freely through the throat—only ω < ωmax is
suppressed. Complete electromagnetic invisibility across
the observed spectrum (from radio to gamma-ray) re-

quires r0 ≲
√
2λmin/(2π), where λmin is the shortest

wavelength of interest (the condition ω < ωmax in SI

units becomes 2πc/λ <
√
2 c/r0). The required throat

radius is r0 ≲ 2× 10−13 m for gamma rays (λ ∼ 1 pm),
≲ 10−7 m for optical (λ ∼ 500 nm), and ≲ 0.2 m for ra-
dio (λ ∼ 1 m).

If r0 is not sufficiently small, there would be a
frequency-dependent leakage—high-frequency photons

would be partially transmitted while low-frequency pho-
tons are blocked. This would produce a distinctive spec-
tral signature—suppression increasing toward lower fre-
quencies— that is in principle detectable and would dis-
tinguish this scenario from particulate dark matter.

B. Gravitational wave suppression

Two distinct physical questions arise for gravitational
waves in this scenario, and we treat them separately.
First, can GWs propagate through a throat from the
sequestered side to the visible side? This is the cross-
throat transmission question studied in [1], which estab-
lishes that the ℓ = 2 tensor modes face the same cen-
trifugal barrier as the ℓ ≥ 1 EM modes, and are there-
fore strongly suppressed at all astrophysically relevant
frequencies. Second, are visible-sector GWs from astro-
physical sources attenuated by scattering off intervening
throats as they propagate through a throat-populated
universe? This is a different process—Rayleigh scatter-
ing off compact obstacles much smaller than the wave-
length—and has a different answer, derived below.
Gravitational waves are ℓ ≥ 2 tensor perturbations

and see a barrier similar to the EM one, with a cur-
vature correction that lowers the barrier height [1]. For
ℓ = 2 on the EB throat, the barrier-top frequency is

f
(GW)
max =

√
3 c/(2πr0). Modes with frequency below fmax

are in the sub-barrier regime and are strongly suppressed,
whereas modes above fmax propagate freely.
For r0 ∼ 10−13 m (the gamma-ray constraint),

f
(GW)
max ∼ 8× 1020 Hz. All astrophysical GW frequen-
cies— including the band probed by the ground-based
LIGO [56], Virgo [57], and KAGRA [58] interferom-
eters (∼ 10–103 Hz) and the band targeted by the
planned space-based Laser Interferometer Space An-
tenna (LISA) [59] (∼ 10−4–1 Hz)—are far below this
barrier top and are therefore strongly suppressed, just
like EM radiation.
For submicron throats, the sequestered matter is in-

visible in all propagating channels (EM and GW) across
the entire astrophysically observed spectrum. Only the
static gravitational monopole (ℓ = 0) transmits. Grav-
itational wave signals from mergers, inspirals, or super-
novae occurring in the sequestered sector would not be
detectable by any current or planned GW observatory.
We show below (Sec. VIIB 2) that this conclusion ex-
tends to fermionic fields, including the j = 1

2 s-wave
channel.

1. Quantitative GW transmission at astrophysical
frequencies

For each detector band and throat radius in the
viable window, the relevant dimensionless frequency
is ωr0/c = 2πfr0/c. In the deep sub-barrier regime
(ωr0/c ≪ 1), the GW ℓ = 2 transmission follows the
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asymptotic scaling TGW ∼ K(ωr0/c)
2ℓ+1 = K(ωr0/c)

5,
set by Bessel-function matching for the centrifugal 1/σ2

tail of the EB barrier (Appendix B). The empiri-
cal exponent ν ≈ 6 fitted in the WKB-dominated range
ωr0/c ∈ [0.003, 0.1] [1] is steeper than the asymptotic
value; the strict ν = 5 scaling controls the deep sub-
barrier regime relevant to astrophysical frequencies,
where ωr0/c ≲ 10−12. We adopt ν = 5 as the con-
servative (less-suppressed) estimate, with the prefactor
K ∼ O(1) bounded above by the throat-profile constant
from the parametric family in [1].

TABLE IV. Estimated GW ℓ = 2 transmission across as-
trophysical frequency bands and throat radii in the viable
window, using the asymptotic scaling TGW ∼ K(ωr0/c)

5

with K ∼ O(1). The viable window for r0 spans roughly
seven orders of magnitude (Sec. III): 10−13 m (gamma-
ray opacity edge) to 10−7 m (lower-count microlensing
edge).

Detector f (Hz) r0 = 10−13 m r0 = 10−9 m r0 = 10−7 m

PTA 10−9 10−148 10−128 10−118

LISA 10−2 10−113 10−93 10−83

LIGO/Virgo 103 10−88 10−68 10−58

The transmission is far below any conceivable ob-
servational sensitivity across the entire (f, r0) plane
spanned by current and planned GW observatories and
the throat radii admitted by the lensing and exotic-
energy bounds. The least-suppressed entry, T ∼ 10−58 at
LIGO/Virgo frequencies for r0 = 10−7 m, is some forty
orders of magnitude below any plausible detector sensi-
tivity. Sequestered-sector merger or inspiral signals are
therefore undetectable in any propagating GW channel;
the only gravitational signature available is the static
monopole field of the enclosed total mass, captured by
lensing and dynamical observables.

2. Fermion transmission: the j = 1
2
s-wave

Standard Model neutrinos are spin- 12 fermions. The
Dirac equation on a spherically symmetric background
decomposes into partial waves with total angular mo-
mentum j = 1

2 ,
3
2 , . . .. The j ≥ 3

2 channels encounter
centrifugal barriers analogous to the EM case and are
suppressed. The critical question is whether the j = 1

2
channel— the lowest fermionic partial wave, which con-
tains the ℓ = 0 (s-wave) orbital angular momentum com-
ponent— is also suppressed, or whether it provides an
unsuppressed energy-exchange route across the throat.

We show here that the j = 1
2 mode is barrier-

suppressed on the EB throat, with power-law transmis-
sion qualitatively similar to (but quantitatively weaker
than) the EM ℓ = 1 mode. The result follows from the
structure of the radial Dirac equation on the ultrastatic
EB background.

On the metric ds2 = −dt2 + dσ2 + a(σ)2 dΩ2 with

a(σ) =
√
σ2 + r20, the Dirac equation for a fermion of

mass m separates into radial and angular parts. For
a mode with energy ω and angular quantum number
κ = ±(j + 1

2 ), the two radial spinor components F and
G satisfy the coupled first-order system

F ′ +
κ

a
F = (ω +m)G, (43)

G′ − κ

a
G = −(ω −m)F. (44)

For j = 1
2 , the two parity channels are κ = −1 (ℓ = 0,

the s-wave) and κ = +1 (ℓ = 1). The s-wave channel κ =
−1 is the one that might, a priori, evade the centrifugal
barrier because its orbital angular momentum is zero.
Eliminating G from the coupled system (43)–(44)

yields a second-order Schrödinger-form equation for F :

F ′′ +
[
ω2 −m2 − VF (σ)

]
F = 0, (45)

with effective potential

VF (σ) =
κ2

a2
+
κ a′

a2
. (46)

Eliminating F instead gives a Schrödinger-form equation
for G with the partner potential

VG(σ) =
κ2

a2
− κ a′

a2
. (47)

These are supersymmetric partner potentials related by
the superpotential W (σ) = κ/a(σ):

VF =W 2 +W ′, VG =W 2 −W ′. (48)

A standard result of supersymmetric quantum mechan-
ics is that partner potentials have identical transmission
spectra, TF (ω) = TG(ω), for all ω [60]. The physical
power transmission coefficient of the coupled Dirac sys-
tem can therefore be computed from either equation.
For the s-wave channel κ = −1 on the EB throat

(a′ = σ/a), the two potentials are

VF
∣∣
κ=−1

=
1− σ/a

a2
, VG

∣∣
κ=−1

=
1 + σ/a

a2
. (49)

At the throat (σ = 0), both equal 1/r20. Their asymp-
totic behaviours differ: VF ∼ r20/(2σ

4) (fast decay), while
VG ∼ 2/σ2 (the same 1/σ2 centrifugal tail that governs
the EM ℓ = 1 mode). The SUSY equivalence TF = TG
ensures that the physical transmission is controlled by
the 1/σ2 tail regardless of which component equation
is used for the computation—the s-wave fermion sees
an effective centrifugal barrier with the same long-range
structure as the EM dipole.
We compute the transmission coefficient by Numerov

integration of Eq. (45) (equivalently G) for massless
fermions (m = 0), using the same numerical method as
the EM and GW computations in [1]. The integration
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domain is σ ∈ [−Lmax,+Lmax] with Lmax = 50 r0–400 r0
(scaled with ω to ensure convergence), and the transmis-
sion coefficient is extracted from the asymptotic plane-
wave decomposition at σ = ±Lmax. We verify that
TF = TG to better than 10−4 at every tabulated fre-
quency, confirming the SUSY partner-potential identity
numerically.

The results are shown in Table V. In the sub-barrier
regime (ωr0 ≲ 0.5), the transmission follows a power
law T ∼ K (ωr0)

ν with best-fit exponent ν ≈ 4.2 and
prefactor K ≈ 0.4. For comparison, the EM ℓ = 1
mode on the same background has ν ≈ 6.0 [1]. The
s-wave fermion is therefore less strongly suppressed
than the EM dipole—by approximately three orders
of magnitude at ωr0 = 0.1—but is still strongly sup-
pressed: T ≈ 3× 10−5 at ωr0 = 0.1, falling to ∼10−6 at
ωr0 = 0.05.

TABLE V. Power transmission coefficient for the Dirac
j = 1

2 s-wave (κ = −1, massless) on the EB throat, com-
pared with the EM ℓ = 1 mode. Numerov integration,
r0 = 1.

ω r0 T
(j=1/2)
Dirac T

(ℓ=1)
EM

1.5 9.7× 10−1 7.9× 10−1

1.0 5.9× 10−1 8.8× 10−2

0.5 2.8× 10−2 5.4× 10−4

0.3 2.7× 10−3 1.9× 10−5

0.1 2.6× 10−5 2.1× 10−8

0.05 1.6× 10−6 3.2× 10−10

The barrier height for the s-wave fermion is VF (0) =
VG(0) = 1/r20, which is half the EM ℓ = 1 barrier height

V
(ℓ=1)
EM (0) = 2/r20. This accounts for the weaker suppres-

sion: the barrier-top frequency is ωmax = 1/r0 (fermion)

versus
√
2/r0 (EM ℓ = 1), so the fermion enters the sub-

barrier regime at a lower frequency and accumulates less
WKB tunnelling action at any given ω < ωmax. The dif-
ference in the power-law exponent (ν ≈ 4.2 versus 6.0)
reflects both the lower barrier and the different shape
of the partner potential VG relative to the EM potential
VEM = 2/a2 —although both have 1/σ2 tails, the coeffi-
cients differ (2 for VG versus 2 for VEM at leading order),
and the sub-leading structure near the throat core con-
tributes differently to the WKB action.

The physical consequence is that the j = 1
2 s-wave

is the least suppressed channel for any Standard Model
field on the EB throat. It sets the floor for the bar-
rier suppression. All other channels—EM (ℓ ≥ 1), GW
(ℓ ≥ 2), massive scalars (ℓ ≥ 0 with additional mass
barrier), and higher fermionic partial waves (j ≥ 3

2 )—
are more strongly suppressed. For the washout estimate
of Sec. IVD, the s-wave fermion transmission should
therefore replace the EM ℓ = 1 value as the control-
ling channel: the universal washout parameter (25) gives
ωr0/c ≈ 3 × 10−10 for r0(t0) = 10−13 m, at which the

s-wave transmission factor is T ∼ (3×10−10)4.2 ∼ 10−40.
For submicron throats (r0 ≲ 10−7 m), ωr0/c ∼ 3× 10−4

and T ∼ 10−15. The washout suppression is weakened
relative to the EM-based estimate but remains far below
any level at which re-equilibration could operate.
We note that for massive fermions (m > 0), the effec-

tive potential (46) acquires an additional mass term m2

that raises the barrier and strengthens the suppression.
For Standard Model neutrinos (mν ≲ 0.1 eV), the mass
contribution is negligible compared to the geometric bar-
rier 1/r20 for all submicron throat radii, so the massless
result above applies directly. For heavier fermions (elec-
trons, quarks), the mass term further suppresses trans-
mission, making the massless s-wave neutrino the most
conservative (least-suppressed) case.
Even in the hypothetical limit where the j = 1

2 mode
transmitted freely (T = 1), the cosmological impact
would be bounded by the Neff constraint (Sec. IV)—
any transmitted neutrino flux from the sequestered sector
contributes at most ∆Neff ∼ (Tseq/Tvis)

4 × 3.046, which
is already constrained to be < 0.34. The actual trans-
mission factor (∼10−15 or below for submicron throats)
renders this channel negligible by a further fifteen or more
orders of magnitude.
This strengthens the proposal— sequestered baryons

are completely dark to all propagating radiation, cou-
pling to our sector exclusively through the static gravi-
tational potential. The only possible exception arises for

very large throats (r0 ≳ 10 km, giving f
(GW)
max ≲ 103 Hz),

where some GW frequencies could exceed the barrier
top and propagate through. However, such large throats
would also transmit optical and radio EM radiation, mak-
ing the sequestered matter visible.

3. Propagation of visible-sector GWs through a
throat-populated universe

A separate question is whether visible-sector GWs—
for instance, those from binary mergers observed by
LIGO-Virgo-KAGRA, or the stochastic background from
cosmological sources—are attenuated as they propagate
through a universe populated by submicron throats along
their path. The answer is that they are not, to any ob-
servationally relevant precision. A wave of wavelength
λ is effectively insensitive to scatterers of size r0 ≪ λ—
the differential scattering cross-section of a compact ob-
stacle in this regime is Rayleigh-suppressed by a factor
(r0/λ)

4 relative to the geometric cross-section [61]. For
LIGO-band GWs (λ ∼ 3000 km) and submicron throats
(r0 ∼ 10−7 m), (r0/λ)

4 ∼ 10−54, giving a per-throat scat-
tering cross-section of order r20(r0/λ)

4 ∼ 10−68 m2. The
cosmological-average throat number density is

nthroat ∼ ρDM/Mthroat ∼ 2× 10−47 m−3

for the favoured asteroid-mass regime of Sec. VII E
(Mthroat ≲ 5× 10−11M⊙), giving an inverse mean free
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path of order 3× 10−115 m−1 and a mean free path of or-
der 3× 10114 m, more than 88 orders of magnitude larger
than the Hubble radius. The corresponding optical depth
to scattering across a Hubble volume is τ ∼ 4× 10−89,
far below any conceivable detection threshold. A throat-
populated universe is optically thin to the entire as-
trophysical and cosmological GW spectrum—stochastic
GW background measurements by LIGO, LISA, and pul-
sar timing arrays place no useful constraint on the sce-
nario and are unaffected by the presence of submicron
throats along propagation paths.

4. Non-appearance of sequestered compact-object mergers

The scenario also predicts no GW detection from merg-
ers occurring within the sequestered sector, but this
prediction has two independent structural origins and
is not by itself a distinguishing signature of the pro-
posal. First, as established above, GWs emitted in
the sequestered sector cannot propagate through sub-
micron throats to reach a visible-sector detector— the
axial ℓ = 2 mode faces the same centrifugal barrier as
EM modes, and the sub-barrier suppression is essentially
complete at LIGO and LISA frequencies. Second, and
independently, the bulk of the sequestered matter is ex-
pected to be too cold to form compact objects. At the
cosmic mean density, the cooling time exceeds the Hub-
ble time by ten orders of magnitude (Sec. VI F), and the
sequestered gas remains diffuse and pressure-supported.
Compact-object formation is not excluded in overdense
regions where cooling becomes efficient (δ ≳ 103), but
the fraction of sequestered mass affected is expected to
be small (Sec. VIF). With sequestered-sector temper-
atures Tseq ≲ 100 K (Sec. VI), the sequestered gas is
well below the hydrogen cooling threshold (∼104 K at
which atomic hydrogen radiative transitions become ef-
ficient [54]), and the dissipative cooling required to form
stars, neutron stars, or black holes through gravitational
collapse is severely suppressed. The sequestered matter is
expected to remain diffuse and pressure-supported rather
than forming stellar or compact remnants (Sec. VI F).
Both effects—barrier suppression of GW transmission
and absence of compact-object formation—predict a null
result in the “GW from the dark sector” channel, and
both are structural consequences of the scenario rather
than phenomenological claims about small event rates.

However, this null prediction is not a distinguishing
signature against standard cold dark matter candidates.
Particle CDM (WIMPs, axions, sterile neutrinos) like-
wise predicts no compact-object mergers and no dark-
sector GW background, because particle dark matter
does not form compact objects either. The GW chan-
nel therefore cannot be used to discriminate between the
sequestered-baryon scenario and particle CDM—both
predict the same null result, albeit for very different
structural reasons. The scenario’s observationally distin-
guishing signatures lie instead in the structural gravita-

tional observables discussed in the remainder of this sec-
tion—the Jeans-scale cutoff in small-scale clustering, the
absence of dark-sector substructure, the smooth halo pro-
files, and the polynomial lensing correction at the throat
scale.

C. The Bullet Cluster

The Bullet Cluster (1E 0657-56) [6] exhibits a spatial
offset of order ∼200 kpc between the gravitational lens-
ing signal (tracing total mass) and the X-ray emission
(tracing hot gas), establishing that the dominant com-
ponent of the cluster mass is collisionless on Mpc scales.
In our scenario, the sequestered baryons satisfy this con-
straint structurally rather than through a small interac-
tion cross-section. Two effects are responsible.
First, sequestered baryons in different clusters can-

not interact electromagnetically with one another: the
constraint-wave asymmetry blocks all ℓ ≥ 1 propagation
through the throat, so the sequestered components of two
colliding clusters cannot exchange momentum via radi-
ation pressure or Coulomb scattering. The only sector-
to-sector coupling is the static gravitational monopole,
which carries no momentum flux.
Second, sequestered baryons in different clusters are

also gravitationally collisionless on the relevant scales.
The sequestered population associated with each cluster
sits behind that cluster’s own throat network; sector-to-
sector gravitational coupling is mediated by the O(r0/d)
monopole transmission of Sec. II, which for submicron
throats and any astrophysical separation d is fractionally
below 10−19. The two sequestered populations therefore
pass through each other with no measurable interaction
during the ∼200 Myr crossing time of the collision—
exactly the behaviour expected of CDM, and consistent
with the observed lensing-vs-gas offset.
The argument requires that each cluster’s sequestered

baryons be gravitationally bound to the throats asso-
ciated with that cluster, rather than being distributed
across a globally shared network. This is the natural ex-
pectation for any throat-formation mechanism that im-
prints throats from primordial density peaks (Sec. VIE),
but a quantitative analysis of the throat topology of
merging clusters—and the corresponding lensing-vs-gas
offset prediction—would require the formation model of
WP5 (Sec. VIII) and is left to future work. Within the
conditional framework of this paper, the Bullet Cluster
offset is reproduced by the same structural collisionless-
ness that yields the CDM phenomenology elsewhere.

D. 21-cm cosmology

The 21-cm hyperfine transition of neutral hydrogen
provides a probe of the dark ages (z ∼ 30–200) and the
epoch of reionisation (z ∼ 6–20) [62]. In the geometric-
sequestration scenario, the sequestered baryons include
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neutral hydrogen that emits 21-cm radiation—but this
radiation cannot cross the throat. The 21-cm signal ob-
served by experiments (e.g. HERA [63], SKA [64], and
EDGES [65]) would therefore reflect only the visible hy-
drogen, with the gravitational effects of the sequestered
baryons appearing as enhanced structure in the 21-cm
fluctuation power spectrum.

If the sequestered baryons have a different thermal
history from the visible sector (as required by the Neff

constraint, Sec. IV), their 21-cm emission would be at
a different frequency (redshifted differently by the local
expansion rate within the sequestered region) and would
not contribute to the observed 21-cm signal. This is con-
sistent with current upper limits on extra-galactic 21-cm
backgrounds.

E. Gravitational lensing and microlensing
constraints

Each throat mouth acts as a point-mass gravitational
lens. We derive this from the weak-field deflection inte-
gral. The gravitational potential of total mass M behind
the throat is

Φ(σ) = −GM/a(σ) = −GM/
√
σ2 + r20,

which reduces to −GM/r at r ≫ r0, but is regularised
at the throat. For a null geodesic at impact parameter
b in the weak-field regime, the deflection angle from the
standard integral α = (2/c2)

∫
∇⊥Φ dℓ (doubled for the

spatial metric contribution) evaluates to

α =
4GM b

c2(b2 + r20)
. (50)

The ratio to the point-mass result αPM = 4GM/(bc2) is

α

αPM
=

1

1 + (r0/b)2
, (51)

which approaches unity for b ≫ r0. For submicron r0
and astrophysical impact parameters (b ∼ AU for mi-
crolensing), r0/b ∼ 10−24 and the correction is negligible
at ∼ 10−48. Eq. (50) also shows that the deflection is
bounded at the throat (b→ r0), avoiding the point-mass
divergence, but this regime is irrelevant for astrophysical
lensing.

1. Robustness beyond the Ellis-Bronnikov model

Although Eq. (50) was derived on the specific EB pro-

file a(σ) =
√
σ2 + r20, its leading behaviour in the as-

trophysically relevant regime b ≫ r0 is universal across
throat geometries. This follows from matched asymp-
totics combined with the multipole structure established
in Sec. II. At distances b ≫ r0, the gravitational field

on our side of the throat is dominated by its ℓ = 0 com-
ponent, because the source-side multipoles with ℓ ≥ 1
are suppressed by the scaling (6), (r0/b)

2ℓ+1, relative
to the monopole. The monopole itself is determined by
Gauss’s law, and on any throat background with e2α > 0
at the throat the conserved flux gives Φ(r) → −GM/r
at r ≫ r0, with corrections of order r0/r [1]. Substi-
tuting this far-field form into the standard weak-field
deflection integral then reproduces the point-mass re-
sult αPM = 4GM/(bc2) with fractional corrections of or-
der (r0/b)

2, regardless of the specific profile a(σ). The
1/(1+(r0/b)

2) resummation visible in Eq. (50) is an EB-
specific feature of the all-orders matching but is irrelevant
at astrophysical impact parameters where r0/b is many
orders of magnitude below any detectable threshold. The
matched-asymptotics argument also makes explicit that
the lensing formula is insensitive to the detailed structure
of the sequestered source— the sequestered sector could
contain disks, compact objects, dense substructure, or
any other matter configuration, and only its total en-
closed mass contributes to the lensing signal at astro-
physical impact parameters.

2. Internal structure of sequestered sources

The same multipole suppression implies a qualita-
tive prediction about the shape of dark-matter lensing
and dynamical signals. Within a single sequestered re-
gion, baryonic matter can organise itself dissipatively
into structures with nontrivial multipole moments—
for example, rotating disks, globular-cluster-like conden-
sations, or compact remnants—but the higher multi-
poles of these structures are filtered by Eq. (6) before
they reach our sector. A sequestered rotating disk of
quadrupole moment Q projects onto our side a frac-
tional amplitude (r0/d)

5 relative to its monopole, which
for r0 ≲ 10−6 m and any astrophysical source distance
d ≳ 1 AU is below 10−130. The sequestered sector there-
fore appears to us, via the gravitational channel alone,
as a collection of pointlike monopoles located at the cen-
tres of the throat mouths, even if the sequestered matter
has elaborate internal structure. This is a feature of the
scenario: it is the reason smooth Navarro-Frenk-White
(NFW)-like halo profiles and scale-free lensing predic-
tions survive the sequestered-baryon hypothesis even if
sequestered galaxies are internally clumpy. It also sug-
gests a distinguishing observational test— sequestered
matter cannot produce the tidal or higher-multipole lens-
ing signatures that internally structured luminous matter
would, so any robust detection of galaxy-scale anisotropic
lensing shear tracing clumpy dark substructure would
rule out geometric sequestration as the dominant dark
matter channel.
The mass per throat mouth isMthroat =Mhalo/Nthroat,

where Nthroat is the number of throats per halo. Mi-
crolensing surveys (EROS [66], MACHO, OGLE [67],
Subaru/HSC [68]) and quasar microlensing/millilensing
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studies constrain the fraction of dark matter in com-
pact objects as a function of mass. The compos-
ite constraints [69] leave only two allowed windows for
fDM = 1: the asteroid-mass window at M ∼ 5× 10−18

to 5× 10−11M⊙, and a high-mass window at M ∼ 1014

to 5× 1018M⊙ that corresponds to less than one object
per MW-scale halo and is therefore not physically realised
for halo-bound throats (Fig. 7).

The scenario requires Mthroat to lie within one of
the allowed windows of Fig. 7. The high-mass window
(M ∼ 1014 to 5× 1018M⊙) corresponds to fewer than
one object per MW-scale halo and is not physically re-
alised for halo-bound throats. The asteroid-mass win-
dow (M ∼ 5× 10−18 to 5× 10−11M⊙) spans seven or-
ders of magnitude in throat mass and corresponds to
throat numbers

2×1022 ≲ Nthroat ≲ 2×1029 (per MW-like halo). (52)

The viable regime is therefore a “many light throats”
scenario with per-throat mass below the Subaru/HSC
microlensing limit and above the Hawking-evaporation
edge. Scenarios with smallerNthroat —including the “few
massive throats” regime (N ∼ 106, Mthroat ∼ 106M⊙)
sometimes considered for strongly-lensed dark-matter
populations—are excluded by background-effects con-
straints (CMB µ-distortion, second-order gravitational
waves, and BBN) by more than ten orders of magnitude
in fDM, and are not viable within the geometric dark-
matter scenario.

Combining the microlensing lower bound (52) with the
exotic-energy budget (10) of Sec. III places a non-trivial
joint constraint on the throat radius:

r0 ≲ 10−7 m for Nthroat = 2× 1022, (53)

tightening for larger N : r0 ≲ 2× 10−10 m at
Nthroat = 1025 and r0 ≲ 2× 10−13 m at Nthroat = 1028.
The microlensing constraint therefore selects throat
radii spanning roughly seven orders of magnitude, from
r0 ∼ 10−7 m (submicron) at Nthroat = 2× 1022 down
to r0 ∼ 10−14 m (sub-picometre) at Nthroat ∼ 2× 1029,
still many orders of magnitude above the Planck length
and mapping onto distinct formation scales from near
the submicron range down to well above the electroweak
epoch. This gives a concrete, falsifiable prediction:
any future tightening of the Subaru/HSC microlensing
bound, the femtolensing limit, or the evaporation edge
that closes the asteroid-mass window would rule out the
geometric dark-matter hypothesis entirely.

The inter-throat spacing across the halo in this regime
is d ∼ (N/Vhalo)

−1/3 ∼ 10−5–10−2 pc, small compared to
galactic scale-heights, so the sequestered mass distribu-
tion is effectively smooth on all scales probed by current
lensing and dynamical observations.

3. Event rates and timescales: quantitative comparison
with surveys

The Carr et al. [69] composite plot summarises the
bounds derived by individual surveys; here we recast
the analysis in terms of the directly observed quantities
(event rate and event timescale) for the throat scenario,
and confront the result with the published rate limits
from each survey separately. The standard microlensing
optical depth toward a source at distance Ds is

τ =
4πG

c2

∫ Ds

0

ρ(Dl)
Dl(Ds −Dl)

Ds
dDl , (54)

which depends only on the dark-matter mass density
ρ along the line of sight and is independent of the
per-throat mass Mthroat —a generic feature of point-
mass lensing that holds equally well for our throat-
mouth lenses, by the matched-asymptotics argument of
Sec. VII E. For the canonical Milky-Way halo and the
Large Magellanic Cloud line of sight (Ds ≈ 50 kpc), the
standard result is τLMC ≈ 5× 10−7 [70]; HSC observa-
tions toward M31 yield a similar value. The mean event
rate per source is then

Γ =
2 τ

π ⟨tE⟩
, tE =

RE

⟨vT ⟩
, RE =

√
4GMthroat

c2
Dl(Ds −Dl)

Ds
,

(55)
with the Einstein radius RE and characteristic transverse
velocity ⟨vT ⟩ ∼ 200 km/s evaluated at the canonical lens
distance Dl = Ds/2. The event rate per source therefore

scales as Γ ∝M
−1/2
throat, and the timescale as tE ∝M

1/2
throat.

Table VI evaluates these quantities at three mass
points spanning the asteroid-mass window from (52), as-
suming fDM = 1 and the LMC line of sight.

TABLE VI. Predicted microlensing event timescales
and rates for sequestered-baryon throats across the
asteroid-mass window (fDM = 1, LMC line of sight,
Dl = Ds/2 = 25 kpc, ⟨vT ⟩ = 200 km/s). The rate per
107 stars per year is for direct comparison with EROS-
2 (∼7× 106 stars) and OGLE (∼107 stars). All three
mass points produce predicted event timescales be-
low the cadence of any current ground-based survey
(1 day) and below the HSC fast-cadence limit of 90 s
for Mthroat < 1.4× 10−10M⊙, so although the predicted
rates are large, the events are not detectable.

Mthroat (M⊙) RE (m) tE (s) Γ (10−7 src−1 yr−1)

5× 10−18 3.4× 103 1.7× 10−2 6.0× 109

1× 10−14 1.5× 105 7.5× 10−1 1.3× 108

5× 10−11 1.1× 107 5.3× 101 1.9× 106

The numbers show that the asteroid-mass window is
unconstrained for the kinematic reason often emphasised
in the PBH literature: the predicted event rates per
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source are large for fDM = 1, but the predicted timescales
are below the temporal sensitivity of all current sur-
veys. EROS-2 [66], MACHO [71], OGLE-IV [67], and
Subaru/HSC [68] all become insensitive to events with
tE shorter than their respective sampling cadences—
typically one day for ground-based surveys (correspond-
ing to Mthroat ≳ 1.3× 10−4M⊙) and 90 s for HSC fast-
cadence M31 monitoring (Mthroat ≳ 1.4× 10−10M⊙).
The throat scenario predicts no detectable events at any
of the three tabulated mass points, in agreement with the
non-detection by every survey at M ≲ 5× 10−11M⊙ —
which is precisely the upper edge of the asteroid window.
Future cadence improvements (Roman Space Telescope
at ∼ 15-min cadence, or proposed millisecond-cadence
GRB-monitoring instruments) would directly probe the
upper end of the asteroid window from below.

a. Wave-optics regime A sharper observation is
that the entire asteroid-mass window lies in the wave-
optics regime at optical wavelengths. The dimensionless
wave-optics parameter is

w ≡ 8πGMthroat νphot
c3

,

with νphot ∼ 6 × 1014 Hz at visible wavelengths.
Geometric optics applies for w ≫ 1; wave optics
dominates for w ≪ 1. At our three mass points,
w ≈ 4× 10−7, 7× 10−4, and 4 respectively. Only the
upper edge of the asteroid window approaches the
geometric-optics limit; the bulk of the window is in the
deep wave-optics regime, where the on-axis magnification
is bounded by [72]

µmax − 1 ≈ (πw)2

3
for w ≪ 1 ,

giving µmax − 1 ≈ 5× 10−13 at M = 5× 10−18M⊙ and
≈ 2× 10−6 at M = 10−14M⊙. These deviations from
unit magnification are far below the photometric sen-
sitivity of any current or planned imaging survey, so
even if the cadence were short enough to resolve the
predicted timescale, the events at the lower and mid-
dle parts of the asteroid window would be photomet-
rically undetectable. Only at the upper edge of the
window (M ∼ 5× 10−11M⊙, w ∼ 4) does the magnifica-
tion reach O(1)— the regime where, by construction, the
HSC cadence becomes the binding constraint.

b. Throat-specific effects Two features distinguish
throat lenses from idealised PBH lenses, neither of which
strengthens the constraint:

• The deflection-angle cap of Eq. (50) matters only
when the impact parameter b is comparable to r0.
For all of RE ≳ 103 m (Table VI) and viable
throat radii r0 ≤ 10−7 m, the ratio r0/RE is at
most 10−10, and the correction to the deflection at
b ∼ RE is below 10−20. The cap is observationally
irrelevant for microlensing.

• Finite-throat-radius corrections to the wave-optics
magnification become relevant when r0 is compa-

rable to the optical wavelength. For the largest vi-
able throats (r0 ∼ 10−7 m), r0 approaches λphot ∼
5× 10−7 m, and an additional finite-extent diffrac-
tion correction of order (r0/λ)

2 ∼ 0.04 enters the
magnification calculation. For smaller throats this
correction vanishes. Crucially, this is a small modu-
lation of an already-undetectable signal (the wave-
optics magnification at this mass scale is already
∼ 1 + w ∼ 5, marginal to detect even with infinite
cadence): the throat-specific correction does not
produce a new observational signature within cur-
rent survey sensitivities.

The microlensing analysis therefore confirms the
asteroid-mass window of Eq. (52) as the viable pa-
rameter space, with the conclusion robust against both
the kinematic argument (timescale below cadence) and
the wave-optics argument (magnification below detection
threshold). Quantitative confrontation with future short-
cadence surveys remains an important falsifiability test
of the scenario; we identify this as the single most di-
rect observational route to ruling out (or detecting) the
geometric dark-matter hypothesis (Sec. VIII, WP5).
c. Halo granularity constraints A distributed popu-

lation of Nthroat ≳ 2 × 1022 point masses per halo could
in principle produce observable stochastic signatures—
Poisson fluctuations in the local dark matter density, dy-
namical heating of stellar populations, and timing noise
in pulsar timing arrays— that are absent in a genuinely
smooth CDM distribution. We estimate each of these
in turn and find that all are comfortably below current
sensitivities for the regime (52).
d. Poisson density fluctuations The fractional shot-

noise variance in the sequestered mass density, averaged
over a coarse-graining volume Vsmooth, is

σρ/ρ = 1/
√
nthroat Vsmooth,

where nthroat = Nthroat/Vhalo is the halo-averaged
throat number density. For the lower-count bound
Nthroat = 2× 1022 in a MW-like halo (Vhalo ≈ 1066 m3),
the mean throat density is nthroat ≈ 2× 10−44 m−3, and

σρ/ρ ≈ 1× 10−3 (Vsmooth = 1 pc3),

σρ/ρ ≈ 4× 10−4 (Vsmooth = 10 pc3),

σρ/ρ ≈ 1× 10−4 (Vsmooth = 100 pc3). (56)

At stellar-stream coarse-graining scales (∼ 10–100 pc,
the widths of observed cold streams such as GD-1),
density fluctuations are at the 10−4 level, comfortably
below the few-percent sensitivity of current stream-
perturbation analyses [73, 74]. For the upper-count
bound Nthroat = 2× 1029, the fluctuations are smaller
still by a factor of

√
107 ≈ 3000.

e. Dynamical heating The energy injection rate into
a stellar population from encounters with dark per-
turbers of mass Mpert and number density npert scales
as dE/dt ∝ G2M2

pertnpert ln Λ/vrel [75]. Comparing to
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FIG. 7. Observational constraints on the compact dark-matter fraction fDM as a function of individual object mass
M , based on Figure 10 of Carr, Kohri, Sendouda, and Yokoyama (2021) [69]. The shaded region is excluded by the
combined bounds from evaporation (EGB, Voyager), microlensing (Subaru/HSC, OGLE, EROS, MACHO, Kepler),
gravitational waves (LIGO-Virgo-KAGRA), CMB µ-distortions from FIRAS, second-order gravitational waves, the
BBN neutron-to-proton ratio, CMB accretion anisotropies, dynamical constraints on stars and clusters, and large-
scale structure. Two allowed windows are visible: the asteroid-mass window (M ∼ 5× 10−18 to 5× 10−11M⊙) and a
high-mass window between the background-effects and CMB-accretion bounds (M ∼ 1014 to 5× 1018M⊙). Markers
show the mass per throat mouth M/throat = Mhalo/N for a Milky-Way-like halo (Mhalo = 1012M⊙) at several
values of the throat number N . Scenarios with N ≲ 1018 lie in the excluded region; scenarios with N ≳ 2 × 1022

fall within the asteroid-mass window and are observationally allowed. The incredulity limit of Carr et al., which
corresponds to fewer than one object per Hubble volume, is not shown: it is a geometric cosmological limit rather
than an observational constraint, and does not apply to geometric dark-matter throats, which are bound to individual
halos with integer multiplicity N .

the heating rate expected from the ∼ 105 subhalos of
mass ∼ 108M⊙ predicted by ΛCDM simulations in a
MW-like halo, we find the ratio

(dE/dt)throats
(dE/dt)108M⊙ subhalos

∼ NthroatM
2
throat

NsubhaloM2
subhalo

=
MhaloMthroat

NsubhaloM2
subhalo

≲ 5× 10−20

(57)

for the microlensing upper boundMthroat ∼ 5×10−11M⊙
from (52), with the ratio decreasing monotonically for
smaller per-throat masses (larger Nthroat). The scal-
ing M2

pertnpert ∝ MthroatMhalo favours few massive per-
turbers over many light ones, so the many-light-throats
regime is strongly preferred by dynamical-heating argu-
ments independently of the lensing bound. The dynam-
ical heating contribution from the throat population is
therefore negligible compared to the heating from the
already-present CDM substructure population—and in

any case well below the observational limits on disk thick-
ening and stream stirring, which already accommodate
the CDM substructure contribution.

f. Pulsar timing arrays A mass

Mthroat ≲ 5× 10−11M⊙ produces a per-
encounter Shapiro-delay timing residual of order
δt ∼ GM/c3 ≲ 5× 10−16 s, roughly seven orders of
magnitude below the per-pulse timing sensitivity of
current pulsar timing array experiments [76]. Even
accounting for the high encounter rate from the dense
throat population, the cumulative stochastic timing
noise is far below detection thresholds. Gravitational
wave backgrounds from the throat population (if any
such mechanism operated) would face the Rayleigh
cross-section suppression quantified in Sec. VII and are
similarly unobservable.

g. Cosmological shot noise in the matter power
spectrum A population of discrete point-mass per-
turbers contributes a scale-independent shot-noise term
Pshot = 1/n̄throat to the total matter power spectrum,
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where n̄throat = ρDM/Mthroat is the cosmic-mean throat
number density. For the microlensing upper bound
Mthroat = 5× 10−11M⊙,

n̄throat ≈ 1.4× 1021 (h/Mpc)3, giving

Pshot ≈ 7× 10−22 (Mpc/h)3.

This is approximately twenty-one orders of magnitude
below the linear ΛCDM matter power at Lyman-α scales
(Plin(k∼10h/Mpc) ∼ 1 (Mpc/h)3 at z = 0), so the Pois-
son contribution to the total power is negligible and can-
not be constrained by any current or foreseeable large-
scale-structure survey. For smaller per-throat masses—
i.e., larger Nthroat within the range (52)— the shot noise
is smaller still.

The many-light-throats regime is therefore consistent
not only with the microlensing constraints that define
the range (52), but also with all current observational
probes of halo granularity—density fluctuations, dy-
namical heating, and timing noise—precisely because
the per-throat masses are small enough that individual
encounters are undetectable while the collective Pois-
son noise is suppressed by the enormous throat number.
This “many light throats” scenario is self-consistently
safe against all currently accessible halo-substructure ob-
servables.

Within the halo, throats are presumably concentrated
in higher-density regions, tracing the sequestered-matter
distribution rather than filling the halo volume uniformly.
We do not attempt to model this spatial distribution
in this paper—the combination of Eq. (52) with the
NFW-like sequestered-matter profile inferred from rota-
tion curves and weak lensing constitutes an effective de-
scription sufficient for the leading-order predictions dis-
cussed in this section.

h. Formation mechanism The physical process that
might produce throat numbers in the range (52) remains
an open question, and we do not resolve it here—a
quantitative formation model is deferred to future work
(Sec. VIII). We sketch two broad classes of candidate
mechanisms to indicate the kind of work required:

(i) Primordial density fluctuations
If throats form from the collapse of large-amplitude
primordial density fluctuations at a specific cosmo-
logical epoch—analogous to the primordial-black-
hole formation mechanism but producing geometric
bottlenecks rather than horizons—the number den-
sity is set by the amplitude and spectral index of the
fluctuations on the relevant scale. A quantitative
model specifying the initial conditions, the dynam-
ical collapse mechanism, and the resulting throat
mass function is a central open problem of the sce-
nario (Sec. VIII).

(ii) Phase-transition production
Cosmological phase transitions at the QCD scale
(ξ ∼ 1 fm) or higher produce topological defects at
a density set by the correlation length, which after

cosmological dilution would give throat counts po-
tentially far exceeding (52). The exotic-energy bud-
get of Eq. (10) rules out the näıve phase-transition
densities on cosmological grounds: a QCD-scale for-
mation scenario producing n0 ∼ 4× 109 m−3 after
dilution would give N ∼ 1075 throats per halo and
an exotic-energy budget ∼ 5× 1052 times the halo
rest mass, a catastrophic violation of the backreac-
tion constraint. Phase-transition scenarios can con-
tribute viable throat populations only if the forma-
tion efficiency is suppressed by many orders of mag-
nitude relative to the näıve estimate nthroat ∼ ξ−3 —
for example, by an efficiency factor ϵ ≲ 2× 10−53 se-
lecting only rare fluctuations above a high threshold,
or by a formation process that is active only during
a narrow cosmological window.

Neither mechanism has been worked out quanti-
tatively, and a complete throat formation model—
including the mass function and the spatial distribution
within dark-matter haloes— remains an important open
problem (Sec. VIII).
Within the asteroid-mass window (52), femtolensing

of gamma-ray bursts [77] provides the most direct con-
straint in the range 10−17–10−13M⊙, but the bounds
are model-dependent and do not close the window at
fDM = 1 [69]. The inclusion of the asteroid-mass win-
dow in Carr et al. [69] already accounts for these fem-
tolensing limits. Dynamical heating constraints from
stellar streams and disk thickening [78] apply primarily at
M ≳ 106M⊙ and do not affect the “many light throats”
regime. The convergence κ and shear γ produced by se-
questered baryons would be identical to those produced
by CDM of the same mass distribution. Galaxy-galaxy
lensing, cluster lensing, and cosmic shear measurements
should therefore be consistent with ΛCDM predictions,
provided the spatial distribution of sequestered matter
matches the CDM profile.
A distinguishing prediction arises if the throat-

connected regions have a characteristic spatial scale. In
that case, the lensing signal of “dark” matter would show
a preferred scale in the convergence power spectrum, dis-
tinguishing it from the scale-free CDM prediction. De-
tecting such a feature would require high-precision weak
lensing surveys at the level of the Euclid space mis-
sion [79] or the ground-based Vera C. Rubin Observa-
tory’s Legacy Survey of Space and Time (LSST) [80, 81].

F. Structural impossibility of direct detection

The sequestered-baryon scenario makes a strong claim
about direct dark matter searches: their null results are
not a phenomenological consequence of small interaction
cross sections but a structural consequence of the geome-
try. Particle dark matter searches—XENON [82], LUX-
ZEPLIN [83], PandaX [84], axion haloscopes, and their
descendants— look for interactions between detector nu-
clei (or photons, in the axion case) and dark matter par-
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ticles residing in the same spatial region as the detector.
In the sequestered-baryon scenario, there are no such par-
ticles— the dark matter is ordinary baryonic matter lo-
cated in spatial regions that our detectors cannot access,
separated from our region by geometric throats through
which no matter field with angular momentum ℓ ≥ 1 can
propagate.

The argument extends the constraint-wave asymme-
try of Sec. II from massless fields (EM, GW) to mas-
sive matter fields. A massive Klein-Gordon or Dirac field
ϕ on a throat background satisfies a wave equation of
the same structural form as the EM and GW sectors—
the angular part of the Laplacian produces a centrifugal
term ℓ(ℓ+ 1)/a2 that dominates near the throat for ev-
ery ℓ ≥ 1 multipole of the field. The effective potential
for a mode of mass m and multipole ℓ takes the form

V
(m)
ℓ (σ) = e2α

[
ℓ(ℓ+ 1)

a2
+m2

]
+ curvature corrections,

(58)
which for ℓ ≥ 1 is peaked at the throat and produces sub-
barrier suppression identical in structure to the massless
case. A sequestered dark matter “particle” of any mass
m, modelled as a wave packet constructed from modes of
this field, faces the same exponential suppression as an
EM photon when attempting to traverse the throat—
the transmission coefficient T ∼ exp(−2S), where S is
the WKB tunnelling action, is far below any conceiv-
able detection threshold for submicron r0 and any phys-
ically plausible particle mass. The ℓ = 0 mode of a mas-
sive field is additionally suppressed by the mass term it-
self, which prevents the conservation-law argument that
works for the static gravitational monopole from applying
to matter fields: (a2ϕ′)′ = m2a2ϕ is not a conservation
law when m ̸= 0.

The scenario therefore predicts that all direct dark
matter detection experiments, independent of improve-
ments in sensitivity, will return null results. This is a
sharper prediction than the WIMP scenario’s “interac-
tions exist but are very small,” and it is the feature
that most distinguishes the geometric-sequestration pro-
posal from particle dark matter candidates. The only
channels through which the scenario can be confirmed
or refuted are gravitational ones: small-scale structure
and the Jeans-scale cutoff in the matter power spectrum
(Sec. VI), anomalies in gravitational lensing at the throat
scale (Sec. VII E), frequency-dependent electromagnetic
leakage for throats near the gamma-ray opacity thresh-
old (Sec. VII), and— in principle—any precision test of
Newtonian gravity that could detect the O(r0/d) polyno-
mial correction to the static monopole potential near an
isolated throat. A direct detection of dark matter par-
ticles in any conventional experiment would falsify our
scenario.

G. Summary of predictions

The geometric-sequestration scenario makes the fol-
lowing qualitative predictions:

(i) no direct detection of dark matter particles (because
there are none);

(ii) frequency-dependent electromagnetic leakage if r0
is not too small (a spectral signature distinct from
CDM);

(iii) a small-scale cutoff in the matter power spectrum at
the Jeans scale of the sequestered baryons (poten-
tially addressing CDM small-scale tensions);

(iv) standard gravitational lensing signals on large scales;

(v) gravitational waves from the sequestered sector are
suppressed for submicron r0, along with all EM radi-
ation; only the static gravitational monopole couples
to our sector.

Falsification is possible if (a) dark matter particles are
directly detected, (b) the matter power spectrum shows
no small-scale cutoff and CDM-like clustering extends to
arbitrarily small scales, or (c) precision CMB/LSS data
require features that are incompatible with a sequestered-
baryon component.

VIII. A research programme

The preceding sections have laid out a conditional pro-
posal: if submicron throat geometries exist in the spa-
tial fabric of the universe, and if the sequestered sector
can be arranged to be sufficiently cold at recombination,
then ordinary baryonic matter behind such throats re-
produces the observational phenomenology of cold dark
matter across BBN, the CMB, large-scale structure, and
lensing. Neither of these conditional premises has been
established. What we have demonstrated is that neither
is excluded by current observations, and that the scenario
as a whole constitutes a well-defined research programme
whose viability can be tested by addressing a modest
number of concrete physical questions. In this section we
lay out that programme as a structured agenda, grouped
into five work packages corresponding to the five main
open questions raised by the preceding analysis. We or-
der the packages by logical dependency rather than by
priority: WP1 and WP4 address the two premises (exis-
tence and thermal history), while WP2, WP3, and WP5
develop the phenomenological consequences that would
become rigorously testable once those premises are ad-
dressed.
Specifically, the cosmological analysis of Sections IV–

VII rests on the following assumptions, each of which is
addressed by one of the work packages described below:
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1. Throat existence—that the spatial geometry of
our universe contains a network of submicron
throat geometries. This is the central unproven
premise. Static throats require NEC-violating
sources; whether such sources exist is addressed in
WP1.

2. Throat stability —that throats persist over cosmo-
logical timescales. The illustrative LTB construc-
tion of Sec. III E suggests this is plausible for dust
dynamics, but a rigorous treatment with realistic
matter sources is part of the numerical-relativity
strand of WP1.

3. Constraint-wave asymmetry on realistic back-
grounds—that the kinematic asymmetry derived
in [1] on static, spherically symmetric throats
with a phantom-scalar source continues to hold
on whatever modified backgrounds the actual sup-
port mechanism produces, and on time-dependent
FLRW-embedded geometries. The robustness
question is addressed in WP1 (background depen-
dence) and WP2 (time-dependent extension).

4. Cold sequestered sector —that the sequestered
baryons satisfy Tseq ≲ 100 K at late times, which
requires asymmetric reheating. Whether the asym-
metry can be both established and maintained
against inflaton-mediated washout is addressed in
WP4.

5. Sufficient sequestered baryonic mass—that the to-
tal mass of sequestered baryons equals the observed
dark matter mass (Ωseq ≈ 0.25). The mechanism
that places this mass behind throats is part of the
formation question addressed in WP5.

A. Work packages

1. WP1: Throat existence and stability

The decisive question is whether submicron throat ge-
ometries can be sustained by physics within or near the
Standard Model. We describe three distinct routes for
investigation:

• Semiclassical constructions
Computing the renormalised stress-energy tensor
for quantum fields on throat backgrounds and de-
termining whether Casimir-type negative energy
densities can self-consistently sustain the geome-
try at submicron scales, along the lines of quan-
tum energy inequality analyses [18, 21] but applied
to closed-throat rather than open-throat configura-
tions. The decisive technical step is a quantitative
application of the smeared and double-smeared null
energy conditions (SNEC/DSNEC), as developed
in the wormhole context by Kontou [21] for the

Maldacena-Milekhin-Popov geometry, to our sce-
nario’s (Nthroat, r0) viable window: such an analy-
sis would convert the heuristic per-throat exotic-
energy estimate of Eq. (9) and the cumulative
bound of Eq. (10) into a sharp constraint on the
field content and UV cutoff required to sustain the
throat population, and would either select a region
of parameter space compatible with semiclassical
gravity or identify the geometric-sequestration sce-
nario as one that requires physics beyond the semi-
classical regime.

• Modified gravity
Exact traversable wormhole solutions in f(R),
scalar-tensor, and Gauss–Bonnet theories that
avoid classical NEC violation, with the transmis-
sion analysis of Ref. [1] repeated on each such back-
ground to verify that the constraint-wave asymme-
try persists.

• Numerical relativity
Numerical 3+1 evolution of throat initial data in
a full general-relativistic code, with realistic mat-
ter sources, to determine persistence timescales and
identify instability channels.

A separate, logically prior, activity is to clarify the
status of topological censorship theorems [28, 29] for
sub-topological bottlenecks—simply connected geome-
tries with a minimal two-sphere—which do not obviously
fall under the assumptions of the standard theorems. The
deliverable for this package is at least one explicit, con-
trolled throat construction with quantified stability, or
a rigorous no-go result delimiting the parameter space.
The latter would itself be a significant contribution, since
it would rule out an entire class of geometric dark matter
scenarios.

2. WP2: Higher multipoles, tidal fields, and lensing

The gravitational analysis developed in Sec. II and
Sec. VII E establishes the monopole transmission law
and the point-mass lensing approximation from matched
asymptotics, but several refinements are needed to con-
nect these results rigorously to structure-formation phe-
nomenology. The connection coefficients Cℓ reported
in [1] for the Ellis–Bronnikov background should be com-
puted for the broader parametric and non-ultrastatic
throat families, to quantify how the (r0/d)

2ℓ+1 scal-
ing depends on the throat profile. The extension of
the monopole conservation law to fully time-dependent,
FLRW-embedded throat networks, beyond the qua-
sistatic regime identified in Sec. II, would close the last
gap between the static derivation and the cosmologi-
cal application. On the observational side, matched-
asymptotics derivations of shear, convergence, and flex-
ion predictions for generic throat geometries (extend-
ing Eq. (50) beyond EB) would enable direct compar-
ison with weak lensing surveys. Finally, the predicted



36

absence of sequestered-source higher multipoles gives a
distinguishing signature: sequestered matter cannot pro-
duce the tidal-field and flexion signals associated with
internally clumpy luminous sources, which opens a route
to falsification via high-resolution shear and flexion mea-
surements from Euclid, LSST, and future surveys.

3. WP3: Precision cosmological constraints

The CLASS Boltzmann computation presented in
Sec. VF establishes consistency of the scenario with
Planck at the 5× 10−5 numerical precision floor of our
modified code, and places pivot-scale Lyman-α bounds
of Tseq ≲ 103 K (direct criterion) to ≲ 102 K (WDM-
mapping criterion) in the constant-c2s approximation.
The adiabatic CLASS runs of Sec. VF exclude the warm-
today/hot-in-the-past branch of the adiabatic family, and
the worked example of Sec. VG2 shows that the most
natural Scenario-B candidate produces a Scenario-A-like
outcome. Whether the diffuse phase is described by Sce-
nario A (passive, mK-scale today) or Scenario B (active,
requiring an unspecified low-redshift heating mechanism)
determines the precise interpretation of the constant-c2s
bounds. Converting these scoping estimates into rigorous
constraints requires three further steps:

1. A full Planck likelihood analysis using the modi-
fied CLASS module to report ∆χ2 and marginalised
posteriors for Tseq alongside the standard ΛCDM
parameters, using Planck TT/TE/EE + lensing +
low-ℓ likelihoods and complementary BOSS/eBOSS
data.

2. A dedicated Lyman-α flux-power analysis using
modern emulators (LaCE [47], Lyman-ABGD [85],
ForestFlow, or equivalent), implemented for the
constant-c2s thermal history (the only viable limit,
Sec. VF). The Jeans-pressure cutoff shape dif-
fers characteristically from the free-streaming WDM
shape—the Jeans model preserves more power at in-
termediate k and cuts off more steeply—so a shape-
aware emulator analysis is needed to determine the
precise bound on Tseq. Our pivot-scale estimate
almost certainly overstates the constraint, and a
shape-aware analysis is expected to relax the bound.

3. Cross-correlations with ISW, CMB lensing, and
21-cm measurements to identify any distinctive sig-
natures of the sequestered-baryon component rela-
tive to ΛCDM.

The deliverable is a reproducible set of constraints,
with public code and posterior chains, that definitively
locates the scenario within the observationally allowed
parameter space.

4. WP4: Early-universe thermal history

The washout estimate of Sec. IVD establishes that the
centrifugal barrier suppresses cross-sector energy transfer
by at least ∼10−18 for submicron coexpanding throats,
independent of the reheating temperature (Eq. (25)).
Combined with inflaton decoherence for early-forming
throats with r0 < λϕ, this makes re-equilibration of the
sectors strongly suppressed; a full nonlinear treatment
is required to establish whether equilibration is avoided
once the asymmetry ξ ≪ 1 has been established. The
central question for this work package is therefore not
whether ξ survives, but what value of ξ each estab-
lishment mechanism produces. The three mechanisms
identified in Sec. IVD— inflaton decoherence at narrow
throats, post-reheating throat formation, and geomet-
ric suppression of preheating resonances—each require
a concrete embedding in an inflaton model specifying
masses, couplings, and branching ratios, to determine
whether ξ ≲ 0.39 is a generic outcome or a tuned one.
A second, logically independent, question is the late-

time thermal evolution of the sequestered gas. The
adiabatic CLASS runs of Sec. VF exclude the warm-
today/hot-in-the-past branch of the adiabatic family, and
the worked example of Sec. VG2 shows that the most
natural Scenario-B candidate—dark-photon Compton
coupling to a primordial sequestered radiation bath—
delivers a Scenario-A-like mK-scale diffuse phase, not the
warm 10–103 K phase required to relieve ΛCDM small-
scale tensions. The substantive open question is there-
fore whether any low-redshift energy-injection mecha-
nism—beyond a primordial thermal reservoir—can sus-
tain the diffuse phase at galactic-Jeans-relevant temper-
atures. Three classes of candidate mechanism merit
quantitative investigation: impulsive gravitational scat-
tering off visible-sector substructure, with explicit treat-
ment of the bulk-velocity-to-thermal-velocity conversion;
tidal energy transfer through the throat network from
visible-sector structure formation; and slowly-decaying
sequestered relic species. Each mechanism would feed
back into the modified CLASS implementation through
a non-trivial cs(z) history, with detectable signatures in
the matter power spectrum at Lyman-α scales. Idealised
SPH or N-body simulations of structure formation in a
self-gravitating, metal-free gas with H2 cooling would be
needed to map the in-halo phase, in either scenario.
A further subtlety concerns baryogenesis—whether

the matter-antimatter asymmetry is necessarily equal on
both sides of a throat, and what observational conse-
quences follow from any mismatch. These questions are
logically independent of the throat existence question of
WP1, and either package could be pursued in parallel.

5. WP5: Formation scenarios and observational predictions

The microlensing analysis of Sec. VII E favours the
“many light throats” regime with Nthroat ≳ 2× 1022 per
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MW-like halo, with r0 ≲ 10−7 m required by the exotic-
energy budget. A quantitative formation model requires
specifying the initial conditions (phase transition param-
eters or primordial fluctuation spectrum), the dynami-
cal mechanism, and the resulting mass function and spa-
tial correlations of the throat population. This model
would then feed directly into halo-profile reconstruction
(matching sequestered monopoles to observed rotation
curves and NFW profiles), extension of the microlens-
ing and millilensing rate predictions of Sec. VII E 3 to
a model-derived mass function, plus millilensing rate
predictions for higher-mass throats outside the asteroid-
mass window, GW opacity predictions as a function of
throat size and frequency for LISA and Einstein Tele-
scope, and frequency-dependent EM leakage predictions
for throats near the gamma-ray opacity threshold (r0 ∼
10−13 m) comparable to Fermi Large Area Telescope
(Fermi-LAT) and Cherenkov Telescope Array (CTA) sen-
sitivity. The NEC-violating energy budget summed over
the full throat population is a further output of such a
formation model and constitutes a sharp internal con-
sistency check: a formation scenario that requires inte-
grated NEC violation parametrically larger than what
WP1 can supply is ruled out on thermodynamic grounds
alone.

B. Programme status

The scenario explored in this paper is speculative.
What we have shown is that a sharply defined geometric
mechanism produces the right observational phenomenol-
ogy at leading order—what we have not shown, and do
not claim to show, is that the spatial geometry of our
universe actually realises this mechanism. The above
five work packages define the concrete physical calcula-
tions and constructions whose outcomes would determine
whether geometric sequestration is a viable alternative
to particle dark matter or a mathematically instructive
dead end. In the first case, the scenario becomes a quan-
titatively testable alternative to the particle dark matter
programme, with distinctive observational signatures in
lensing, structure formation, and— for throats near the
gamma-ray opacity threshold—electromagnetic leakage.
In the second case, the constraint-wave asymmetry re-
mains a mathematical result about field propagation on
throat backgrounds, the cosmological analysis remains a
quantitative exploration of a particular hypothesis space,
and the no-go result itself places bounds on what space-
time geometry can and cannot do in the dark matter
problem.

IX. Conclusion

We have proposed that dark matter phenomenol-
ogy could arise from a constraint–wave transmission
asymmetry in spacetimes containing narrow geometric

throats. The asymmetry—strong electromagnetic sup-
pression versus smooth gravitational monopole transmis-
sion— is derived from the four-dimensional field equa-
tions [1], and is a universal feature of static, spherically
symmetric throat geometries with e2α > 0 at the throat.
The cosmological viability of the proposal requires:

(i) throat formation before or during reheating, so that
the sequestered regions have radiation temperatures
below ∼ 39% of the visible sector’s (the Neff con-
straint);

(ii) the existence of an NEC-violating source—
semiclassical, modified-gravitational, or quantum-
gravitational—capable of sustaining the throat ge-
ometry, which we do not establish in this paper but
for which several candidate mechanisms are identi-
fied in Sec. III B and analysed as WP1 in Sec. VIII;
and

(iii) a quantitative demonstration that the scenario re-
produces the CMB power spectrum and matter
power spectrum.

We have provided a first-principles calculation ad-
dressing (iii): the numerical solution of the modified
Boltzmann equations shows that the matter transfer
function is indistinguishable from CDM for Tseq ≤ 10 K
and marginally consistent with Lyman-α bounds for
Tseq ∼ 100–103 K (Fig. 6), while the CMB power spec-
trum is identical to ΛCDM at the 5× 10−5 fractional
precision of our modified CLASS code at all measured
multipoles (Fig. 3). The binding constraint is the Ly-
man-α forest, for which a half-mode-to-WDM map-
ping gives Tseq ≲ 100 K (conservative), while a direct
P (k) criterion at the Lyman-α pivot is satisfied up to
Tseq ∼ 103 K. These bounds apply in the constant-cs
limit; the adiabatic CLASS runs of Sec. VF exclude the
warm-today/hot-in-the-past branch of the adiabatic fam-
ily. Whether the actual diffuse-phase thermal history is
closer to passive Scenario A (mK-scale today, indistin-
guishable from CDM at every observable scale) or active
Scenario B (requiring a low-redshift heating mechanism
beyond a primordial radiation bath) is a substantive open
question (Sec. VG2); the H2 cooling time exceeds the
Hubble time by ten orders of magnitude at the cosmic
mean density (Sec. VI F), so cooling does not deplete
any heating that does operate.
The sequestered baryons behave like CDM on large

scales (pressureless, non-relativistic, gravitationally clus-
tering). On small scales, the minimal scenario— in which
the diffuse phase is heated only by a primordial se-
questered radiation bath—predicts a matter power spec-
trum indistinguishable from ΛCDM at all observational
scales: P (k)/PΛCDM > 0.999 for k ≤ 10h/Mpc, with the
eventual high-k turnover from the brief Compton-coupled
epoch occurring at k ≳ 30h/Mpc, far beyond any cur-
rent observation (Sec. VG2, Fig. 4). A galactic-scale
Jeans cutoff capable of relieving the cusp-core, missing-
satellites, and too-big-to-fail tensions would require an
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additional diffuse-phase heating mechanism beyond the
minimal scenario, and is left to future work (Sec. VIII).

This paper has explored a speculative, but quanti-
tatively defined, proposal— that dark matter could be
ordinary baryonic matter geometrically sequestered be-
hind narrow throats in the spatial geometry. Static
throats require NEC-violating sources (Sec. III), which
may arise from semiclassical effects, modified gravity, or
quantum gravity—we do not resolve this existence ques-
tion here. What we have demonstrated is that given
such geometries, the cosmological consequences are quan-
titatively consistent with all current observational con-
straints, and that the same centrifugal barrier that ren-
ders the sequestered matter dark also prevents thermal
re-equilibration of the sectors after reheating (Sec. IVD),
with a suppression factor that is independent of the re-
heating temperature for coexpanding throats. The self-
consistent CLASS Boltzmann computation (Sec. VF)
shows CMB deviations below the 5× 10−5 numerical pre-
cision floor, the Lyman-α comparison shows compatibil-
ity at the pivot-scale level across the full Tseq ≤ 103 K
range studied here, and the lensing analysis confirms
point-mass behaviour for astrophysical impact parame-
ters. The scenario constitutes a well-defined research
programme whose viability can be established or ruled
out by addressing the geometric existence question.

If viable, the geometric-sequestration mechanism
would resolve the dark matter problem without invoking
new particle species, would, in extensions of the mini-
mal scenario, produce a Jeans-scale cutoff in the mat-
ter power spectrum at galactic scales, and would predict
that sequestered matter couples to our sector exclusively
through the static gravitational potential— invisible to
all propagating fields (EM, GW, and fermionic, includ-
ing the j = 1

2 s-wave; Sec. VIIB 2) for submicron throats.
For larger throats, frequency-dependent electromagnetic
leakage would provide a distinctive observational signa-
ture.

The central open question is the existence and stabil-
ity of the required throat geometries. Promising direc-
tions include: numerical evolution of throat initial data
in full 3+1 general relativity; exact wormhole solutions
in modified gravity theories (f(R), scalar-tensor, Gauss-
Bonnet) that avoid classical NEC violation; and semi-
classical constructions exploiting Casimir-type negative
energy densities at submicron scales. If any of these pro-
grammes produces a stable, submicron throat geometry,
the cosmological phenomenology presented here applies
immediately, and the scenario becomes a quantitatively
testable alternative to particle dark matter.
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A. Derivation of the effective coupling kernel

We derive the effective coupling kernel W (k, r0) that
governs how cosmological density perturbations on the
sequestered side source gravitational potentials on our
side through a throat.
A plane-wave density perturbation δ(x) = δ0 e

ik·x can
be expanded in spherical harmonics centred on a throat
at the origin using the Rayleigh formula:

eik·x =

∞∑
ℓ=0

(2ℓ+ 1) iℓ jℓ(kr)Pℓ(cos θ). (A1)

The fraction of the perturbation in multipole ℓ at the
throat radius r = r0 is

fℓ(kr0) =
(2ℓ+ 1) |jℓ(kr0)|2∑
ℓ′(2ℓ

′ + 1) |jℓ′(kr0)|2
. (A2)

In the regime kr0 ≪ 1 (perturbation wavelength much
larger than throat radius), the spherical Bessel functions
have the asymptotic behaviour j0(x) ≈ 1 − x2/6 and
jℓ(x) ≈ xℓ/(2ℓ+ 1)!! for ℓ ≥ 1, giving

f0 = 1−O
(
(kr0)

2
)
, f1 =

(kr0)
2

3
+O

(
(kr0)

4
)
. (A3)

The perturbation is almost entirely in the monopole.
Each multipole ℓ transmits through the throat with a

factor Tℓ, where T0 = 1 (the monopole conservation law,
Eq. (4)) and Tℓ≥1 ≪ 1 (sub-barrier suppression, Eq. (3)).
The effective coupling kernel is

W (k, r0) =

∞∑
ℓ=0

fℓ(kr0) Tℓ = f0 +
∑
ℓ≥1

fℓ Tℓ. (A4)

Since Tℓ ≤ 1 for all ℓ, we have the rigorous bounds

f0 ≤W (k, r0) ≤ 1, (A5)

and therefore

W (k, r0) = 1−O
(
(kr0)

2
)
. (A6)

This result is independent of the specific transmission
factors Tℓ≥1 —it depends only on the smallness of kr0,
which ensures that the perturbation is dominated by the
monopole component at the throat.
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For a statistical ensemble of N throats distributed
through a cosmological volume, each throat indepen-
dently transmits the monopole component of the am-
bient perturbation. The ensemble-averaged coupling is
⟨W ⟩ = W (k, r0) (the same for each throat), so the re-
sult (A6) holds for the full network. This establishes
that sequestered baryons couple gravitationally to our
sector with the same strength as CDM, at all observable
cosmological scales, for any throat radius r0 ≲ 1 m.

B. Transmission coefficients on the Ellis-Bronnikov
throat

For self-containment we summarise here the quantita-
tive transmission results derived in the companion pa-
per [1], with cross-references to the corresponding equa-
tions and tables of that work. The cosmological analysis
of the present paper depends on these results in three
places: the reheating-washout estimate of Sec. IVD,
the high-multipole gravitational suppression invoked in
Sec. VII E, and the qualitative claim that sequestered
matter is invisible to all propagating radiation (Sec. VII).
The numbers below are reproduced from [1] for reader
convenience; full derivations, convergence analyses, and
figures are deferred to that paper.

1. Effective potentials and barrier-top frequencies

On the EB throat ds2 = −dt2 + dσ2 + (σ2 + r20)dΩ
2,

decomposition of the four-dimensional Maxwell
equations into vector spherical harmonics yields a
Schrödinger-form equation for each multipole ℓ ≥ 1 with
effective potential

V
(EM)
ℓ (σ) =

ℓ(ℓ+ 1)

σ2 + r20
, (B1)

peaked at the throat with maximum

V
(EM)
ℓ (0) = ℓ(ℓ+ 1)/r20. The corresponding barrier-

top frequency is ω
(ℓ)
max =

√
ℓ(ℓ+ 1)/r0. For the lowest

physical EM mode ℓ = 1, ω
(ℓ=1)
max =

√
2/r0 ≈ 1.414/r0.

For axial gravitational waves, the corresponding effec-
tive potential is

V
(GW)
ℓ (σ) =

ℓ(ℓ+ 1)

σ2 + r20
− 3r20

(σ2 + r20)
2
, (B2)

where the second term is a curvature correction that low-
ers the barrier height to V

(GW)
ℓ (0) = [ℓ(ℓ+ 1)− 3]/r20.

The lowest GW mode is ℓ = 2, with bar-
rier height 3/r20 and barrier-top frequency

ω
(GW,ℓ=2)
max =

√
3/r0 ≈ 1.732/r0 —half the EM ℓ = 2

barrier height of 6/r20 due to the curvature correction.
The static gravitational monopole ℓ = 0 satisfies, in the

source-free region, the conservation law

1

a2
d

dσ

(
a2e2α

dΦ

dσ

)
= 0, (B3)

which admits the exact EB solution
Φ(σ) = (C/r0) arctan(σ/r0) + Φ0, with the conserved
flux F = a2e2αΦ′ = C identified with the enclosed
mass via Gauss’s law. There is no centrifugal barrier
and no sub-barrier suppression provided e2α(0) > 0,
the condition that excludes the λ→ 0 limit of the
Damour-Solodukhin construction.

2. Sub-barrier transmission: numerical values

The power transmission coefficients T (ω) for EM ℓ = 1,
EM ℓ = 2, and GW ℓ = 2 on the EB throat are ob-
tained by Numerov integration of the corresponding
Schrödinger-form equations, with plane-wave boundary
conditions at σ = ±Lmax = ±30 r0, on a uniform grid
with N = 104 points [1]. Convergence is verified by dou-
bling N and Lmax, and unitarity |R|2 + T = 1 is satisfied
to < 10−4 at all tabulated frequencies.

Table VII reproduces the headline transmission coeffi-
cients from [1] at benchmark sub-barrier frequencies. The
entries confirm that all propagating modes with ℓ ≥ 1 are
strongly suppressed below their respective barrier tops.

TABLE VII. Power transmission coefficients on the Ellis-
Bronnikov throat (r0 = 1), reproduced from [1] (Tables I
and III of that work). The Dirac j = 1

2 s-wave entries are
computed in Sec. VIIB 2 of the present paper. Entries
marked < 10−15 are below double-precision Numerov re-
liability and should be interpreted as upper bounds.

ωr0 EM ℓ = 1 EM ℓ = 2 GW ℓ = 2 Dirac j = 1
2

0.05 – – – 1.6× 10−6

0.1 2.2× 10−8 < 10−15 < 10−15 2.6× 10−5

0.3 1.8× 10−5 < 10−12 – 2.7× 10−3

0.5 5.4× 10−4 4.9× 10−9 3.7× 10−5 2.8× 10−2

1.0 9.5× 10−2 1.1× 10−4 3.5× 10−2 5.9× 10−1

1.5 – 1.4× 10−3 – 9.7× 10−1

2.0 0.99 0.24 0.93 –

In the deep sub-barrier regime, the transmission fol-
lows a power-law scaling T ∼ K(ωr0)

ν with ν ≈ 6.0± 0.3
for EM ℓ = 1 [1], agreeing with the analytic core-plus-

tail WKB estimate ν = 4
√
ℓ(ℓ+ 1) ≈ 5.66. The strict

asymptotic value ν = 2ℓ+ 1 = 3 predicted by Bessel-
function matching for the centrifugal 1/σ2 tail is re-
covered only in the limit ωr0 → 0 below the numerical
range [1]. The Dirac j = 1

2 s-wave (Sec. VIIB 2) gives a
power-law fit ν ≈ 4.2 in the same numerical range— less
strongly suppressed than EM ℓ = 1 but qualitatively the
same power-law form. All channels enter the strongly-
suppressed regime T ≤ 10−5 for ωr0 ≲ 0.1, which is the
controlling input to the reheating-washout estimate of
Sec. IVD.
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3. Higher static multipoles

For ℓ ≥ 1 static gravitational multipoles, the source-
free Poisson equation on the spatial metric dσ2 + a2 dΩ2

reads

1

a2
d

dσ

(
a2
dΦℓ

dσ

)
− ℓ(ℓ+ 1)

a2
Φℓ = 0, (B4)

which admits a centrifugal barrier near the throat and
exhibits decaying/growing solutions σ−(ℓ+1)/σℓ at large
|σ|. A source on one side at σ = d≫ r0 produces a far-
side amplitude

Φℓ(far)/Φℓ(source) ∼ Cℓ (r0/d)
2ℓ+1, (B5)

where the connection coefficients Cℓ are determined by
integrating Eq. (B4) outward from the throat with even
initial conditions. On the EB profile the numerical values
are C1 = π/2 ≈ 1.5708, C2 = 3.0000, and C3 = 5.8905,
with fitted growth exponents matching ℓ to better than
0.01% [1]. For ℓ = 1 (gravitational dipole) at d = 10 r0,
the suppression factor is ∼ 10−3; for ℓ = 2 (quadrupole),
∼ 10−5.

This polynomial suppression is the basis of the point-
mass lensing approximation used in Sec. VII E and the
effective-monopole-only coupling to internal source struc-
ture used throughout. The qualitative scaling (r0/d)

2ℓ+1

is universal across throat profiles; the prefactor Cℓ varies
by at most a factor of a few across the parametric family
of throat shapes and the reflected-Schwarzschild back-
ground [1].

4. Universality across throat backgrounds

The constraint-wave asymmetry derived above is not
specific to the EB profile. The qualitative pattern—
strong sub-barrier suppression for all ℓ ≥ 1 propagat-
ing and static modes, polynomial transmission for the
ℓ = 0 monopole—holds on any static, spherically sym-
metric throat geometry with a minimal-area two-sphere
and e2α(0) > 0 [1]. The companion paper verifies
this explicitly across a one-parameter family of throat
profiles a(σ) = (σ2n + r2n0 )1/(2n), n ∈ [1,∞), and on
the reflected-Schwarzschild Damour-Solodukhin worm-
hole with λ > 0. The λ→ 0 limit of the latter,
in which e2α → 0 at the throat, is excluded as dis-
cussed in Sec. II— the conserved flux then gives a non-
integrable monopole potential, and the limit recovers the
Schwarzschild horizon [1].

The numerical prefactors K (in T ∼ K(ωr0)
ν) and

Cℓ depend on the specific profile, but the kinematic
structure underlying the cosmological application of the
present paper— the existence of a centrifugal barrier
with barrier-top frequency ωmax ∼ 1/r0, the resulting
strong suppression at all astrophysical and cosmologi-
cal frequencies for submicron r0, and the unsuppressed
transmission of the static gravitational monopole— is
universal.
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