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Abstract

Modern physics confronts four deep puzzles: the origin of cosmic inflation, the
nature of dark matter and dark energy, the unexplained stability of the Higgs boson
mass, and the unresolved divide between quantum mechanics and general relativ-
ity. The Conformal Emergent Reality Model (CERM) proposes a unified approach
to these problems by treating spacetime as an emergent phenomenon arising from
a primordial geometric framework—a scale-invariant conformal manifold—governed
by a single dynamical entity, the Omega field. Inspired in part by Penrose’s Confor-
mal Cyclic Cosmology, CERM employs conformal structure as the underlying stage
on which cosmic cycles and horizons are naturally described. In this model, stable
localized configurations of the Omega field (Omegon solitons) generate spatial cur-
vature variations that reproduce the gravitational effects attributed to dark matter,
while the Omega field’s large-scale evolution drives late-time cosmic acceleration with-
out introducing a separate dark-energy sector. In the early universe, the same field
can act as a curvature-coupled inflaton, yielding quasi-exponential expansion with a
natural exit as curvature redshifts, thereby reducing reliance on fine-tuned reheat-
ing triggers. Coupling particle masses to the Omega field suppresses large quantum
corrections, suggesting a pathway to resolving the Higgs hierarchy problem without
fine tuning. Two additional elements—a quantum-geometric uncertainty principle
relating proto-time flow to curvature fluctuations, and a notion of geometric entropy
that resets across cycles—seed primordial structure and ground the arrow of time.
The framework yields testable signatures, including distinctive cosmic background
polarization features, a time-varying expansion history, and geometric modifications
to gravitational dynamics accessible to upcoming surveys. If borne out, CERM pro-
vides a single geometric mechanism linking particle physics, cosmology, and quantum
gravity.
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1 Introduction

Modern physics faces four persistent puzzles that strain the standard narrative of the
universe:

1. Dark matter, dark energy, and the expansion crisis: Galactic rotation curves,
gravitational lensing, and the cosmic microwave background (CMB) strongly indi-
cate additional gravitating structure beyond luminous matter, yet decades of direct
searches for particle dark matter have not produced a definitive detection. In paral-
lel, late-time acceleration is commonly parameterized by dark energy, but the associ-
ated cosmological-constant problem remains extreme. Compounding these tensions
is theHubble tension: early-universe inferences (e.g. CMB,H0 ≈ 67 km s−1Mpc−1)
and late-universe determinations (e.g. distance-ladder methods,H0 ≈ 74 km s−1Mpc−1)
disagree at high statistical significance, suggesting missing structure in the expan-
sion history.

2. The inflation puzzle: Inflation explains large-scale homogeneity and the origin of
primordial perturbations, but in most formulations it relies on an unobserved infla-
ton sector with tuned potential structure and a model-dependent exit and reheating
mechanism.

3. The hierarchy problem: The Higgs mass scale is radiatively unstable in the pres-
ence of Planck-scale physics. Proposed remedies (supersymmetry, compositeness,
anthropic selection) remain unverified, leaving the electroweak scale unprotected by
a broadly accepted mechanism.

4. Quantum gravity: General relativity and quantum mechanics remain conceptu-
ally and technically incompatible in regimes where both should apply, with un-
resolved singularities, the information problem, and no experimentally established
microphysical description of spacetime itself.

These problems persist in part because the prevailing approach often introduces new
sectors—particles, fields, or vacuum energies—without explaining why geometry and
quantum structure take the forms we observe. This motivates a different starting point:
rather than quantizing spacetime as fundamental, treat spacetime as emergent from a
more primitive geometric substrate.

The Conformal Emergent Reality Model (CERM)

The Conformal Emergent Reality Model (CERM) posits that physical spacetime emerges
from a primordial, scale-invariant conformal manifold (M,γµν) governed by a single scalar
field Ω(x). The physical metric is obtained through the conformal map

gµν = Ω2γµν .

The Omega field separates naturally into two complementary components:

• Geometric component (Ωgeom): regulates extreme curvature by exponentially
suppressing the Weyl sector, enforcing smoothness in high-curvature regimes and
implementing Penrose’s Weyl-curvature intuition as a dynamical principle.

• Chronos component (Ωchrono): encodes the cosmological expansion history and
the macroscopic arrow of time through its monotonic evolution, replacing a rigid
cosmological constant with a geometric, time-dependent mechanism.
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Within this framework, the phenomena commonly attributed to dark components
arise as geometric consequences of Ω and its excitations. In particular, localized, stable
configurations of the Omega sector (the Omegon) generate solitonic cores whose curva-
ture imprint can reproduce galactic rotation phenomenology without collisionless particle
halos.

How CERM Addresses the Four Puzzles

CERM offers unified mechanisms that connect cosmology, particle scales, and quantum
structure:

• Dark matter and galactic dynamics: curvature gradients sourced by Omegon
solitons provide an explicit, geometric alternative to particle dark matter, with
analytic density profiles and testable lensing/rotation-curve predictions.

• Late-time acceleration and the Hubble tension: the evolution of Ωchrono

produces a redshift-dependent expansion history that can interpolate between early-
and late-universe inferences without inserting an ad hoc cosmological constant.

• Inflation: in the high-curvature regime, the curvature-dependent Omegon sector
supports a quasi-exponential expansion and ends naturally as curvature redshifts,
providing an intrinsic exit mechanism.

• Quantum gravity and time: CERM introduces a quantum-geometric uncertainty
principle linking proto-temporal flow to curvature, supplying a relational clock and
a route to quantizing geometry on the conformal manifold prior to the emergence
of physical spacetime.

Geometric Entropy and the Extension of CCC

CERM is conceptually aligned with Penrose’s Conformal Cyclic Cosmology (CCC), and it
adopts CCC’s conformal-boundary perspective while extending it with explicit quantum-
geometric structure. Entropy is treated as a geometric quantity whose macroscopic growth
tracks the evolution of the Omega sector during an aeon, while conformal-boundary renor-
malization enables an effectively low-entropy initial state at each new cycle. Quantum
information is preserved via boundary data encoded in a renormalized boundary action,

Γren[γ
(0)
µν ],

supporting continuity across aeons while enforcing Weyl-curvature suppression at the
transition.

Observational Frontiers

Because CERM replaces dark sectors with explicit geometric dynamics, it is constrained
by (and predictive for) multiple datasets: precision rotation curves and lensing profiles,
CMB polarization and primordial tensor signatures, redshift-dependent expansion probes
(BAO, supernovae), and high-redshift structure formation. In addition, 21 cm surveys
(e.g. SKA-era programs) offer a direct way to test whether early structure formation
tracks curvature-seeded potentials rather than purely collisionless hierarchical assembly;
detailed forecast observables are discussed in the relevant sections and appendices.
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Roadmap

This paper develops the conformal foundations of the Conformal Emergent Reality Model
(CERM), derives the Omega/Omegon sector dynamics relevant for cosmology and galac-
tic structure, and identifies observational discriminants that can validate or falsify the
framework across multiple physical scales.

Section 2 presents the mathematical foundations of CERM and establishes notation.
Sections 3–5 develop the core physical mechanisms—the Omegon sector as a geometric
replacement for the dark sector, quantum–geometric consistency (including the role of
proto-time), and the recovery of General Relativity in the appropriate limit. Sections 6–8
address holography and aeon transitions, geometric entropy and its observational impli-
cations, and leading experimental discriminants across cosmology and astrophysics.

The appendices provide the technical backbone of the framework. Appendix A derives
the modified geometric response Hµν(Ω), while Appendix O presents the full derivation
of ∆Hµν . Quantum and boundary structure are developed in Appendices B, H, J, and
C–D, covering stress–energy renormalization, the quantum–geometric uncertainty prin-
ciple, holographic information preservation, and CCC-compatible transition conditions.
Cosmological phenomenology and observational tests are treated in Appendices I, M, K,
R, and S, including equation-of-state evolution, H(t), B-mode signatures, quadrupole
suppression, and density-scaling deviations. Particle-scale connections and parameter
determination are developed in Appendices F, G, T, and U, addressing hierarchy stabi-
lization, the Omegon mass and primordial signals, renormalization-group flow for α, and
the derived constants entering Ωchrono and the chronos sector. The proto-time construc-
tion and its relation to the emergent cosmic clock are developed in Appendix N, while
galactic-scale curvature enhancement and mass scaling are detailed in Appendix V.

In a suitable gauge, the coupled (gµν ,Ω) field equations form a second-order hyper-
bolic system, ensuring that the Cauchy problem is well-posed for admissible initial data.

2 Mathematical Framework of CERM

2.1 The Conformal Manifold and Emergent Spacetime

The Conformal Emergent Reality Model (CERM) posits that spacetime is not funda-
mental but arises from a primordial conformal manifold (M,γµν). This manifold is
dimensionless and lacks intrinsic scales (length, time, or mass), serving as the geomet-
ric substrate for physical reality. The observable universe emerges via a dynamic scalar
field—the Omega field Ω(x)—that scales γµν to the physical metric gµν :

gµν = Ω2(x) γµν . (1)

Key Terms:

• γµν : Dimensionless conformal metric encoding causal structure.

• Ω(x): Conformal factor governing spacetime emergence, partitioned into geomet-
ric (Ωgeom) and temporal (Ωchrono) components.
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2.2 The Omega Field: Geometry and Dynamics

The Omega field unifies spacetime geometry, quantum effects, and cosmic evolution
through two synergistic components:

Ω(x) = exp

(
WL2

P

R

)
︸ ︷︷ ︸

Singularity Suppression︸ ︷︷ ︸
Ωgeom

· γde
∫ √

R
R0

dτ︸ ︷︷ ︸
Cosmic acceleration︸ ︷︷ ︸

Ωchrono

, (2)

For the derivation of the Omega field’s components and singularity suppression, see
Appendix A. The geometric component

Ωgeom = exp

(
W L2

P

R

)
is well-defined across all physical regimes due to the quantum–geometric uncertainty prin-
ciple (see Section 4.3):

[τ̂ , R̂] = i LP δ
(3), (3)

In this work we use equal-time, local commutators; in units c = ℏ = 1 with dimensionless
τ , δ(3) carries inverse-volume units and the Planck factor sets the overall scale (equiv-
alently one may set LP = 1). which ensures that R cannot vanish identically, thereby
preventing mathematical singularities. At the same time, Ωgeom → 1 in classical low-
curvature regimes where W ≪ R.

1. Geometric Component (Ωgeom):

Ωgeom(x) = exp

(
WL2

P

R

)
, (4)

where:

• W = CµνρσC
µνρσ: Weyl curvature scalar, where Cµνρσ is the Weyl tensor.

• R: Ricci scalar,

• LP =
√
ℏG/c3: Planck length.

Role:

• Singularity suppression: For R ∼ L−2
P , the exponential damping ensures finite

curvature.

• CCC alignment: W → 0 as Ω → ∞, satisfying Penrose’s Weyl hypothesis.

2. Chronos Component (Ωchrono):

Ωchrono(x) = γde

∫ √
R
R0

dτ, τ =

∫ √
R
R0

dλ, (5)

where:

• R0 = 12H2
0 : Present-day Ricci scalar,
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• τ : Proto-time, a dimensionless ordering parameter on (M,γµν),

• γde ∼ 10−44: Constant setting late-time acceleration (see Appendix U).

Role:

• Cosmic acceleration: For R ∼ H2, we find τ ∝ ln a(t) and Ωchrono ∝ a(t).

• Entropy growth: The arrow of time is governed by monotonic increase in Ωchrono.

2.3 CERM Action Principle

The dynamics of the Omega field and spacetime geometry follow from the action:

S =

∫
d4x

√
−γ

 Ω2
geom

2κ
R︸ ︷︷ ︸

Geometric Sector

− 1

2L2
P

(∂Ωgeom)
2︸ ︷︷ ︸

Geometric Kinetic Term

− A

L4
P

Ω4
chrono︸ ︷︷ ︸

Chronos Potential

+ LSM(ψΩ)︸ ︷︷ ︸
Standard Model + Omegon

 ,
(6)

Key Terms:

• κ = 8πG, Einstein constant,

• LP =
√
ℏG/c3,

• A ∼ O(1), Sets dark energy scale (Appendix U),

• LSM(ψΩ) includes the Standard Model fields and the Omegon field ψΩ, with the
Omegon sector (See Section 3.1 and Appendix A):

LSM(ψΩ) ⊃ −1

2
(∂ψΩ)

2 − λΩ
(
|ψΩ|2 − v2Ω

)2
+

RL2
P

6κ
F

(
|ψΩ|2

v2Ω

)
(7)

F (x) = ln
(
1 + x2

)
. (8)

2.4 Field Equations

Varying S with respect to γµν yields (see Appendix A and Appendix O for details):

Ω2
geom

2κ

(
Rµν −

1

2
γµνR

)
− 1

L2
P

(
∂µΩgeom ∂νΩgeom − 1

2
γµν(∂Ωgeom)

2

)
− A

2L4
P

γµνΩ
4
chrono +∆Hµν = κT SM

µν ,

(9)

where T SM
µν = TψΩ

µν + T visible
µν , with:

TψΩ
µν = ∂µψΩ ∂νψΩ − γµν

[
1

2
(∂ψΩ)

2 + λΩ
(
|ψΩ|2 − v2Ω

)2 − RL2
P

6κ
F

(
|ψΩ|2

v2Ω

)]
, (10)

∆Hµν =
Ω2
geom

κR

(
4CµαβγCν

αβγ − γµνW
)

−
Ω2
geomW L2

P

κR2

(
Rµν − 1

2γµνR
)
.

(11)

The curvature coupling contribution ∆Hµν is derived in Appendix O.
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2.5 Emergence of Cosmic Time from Proto-Time

The Conformal Emergent Reality Model (CERM) unifies the primordial geometry of the
conformal manifold with the observable flow of cosmic time through the interplay of the
Omega field’s components. Central to this is the concept of proto-time (τ), a dimen-
sionless parameter that orders events on (M,γµν) before physical spacetime emerges.

Proto-Time and Curvature Evolution: Proto-time is defined as a curvature-weighted
affine parameter:

τ =

∫ √
R
R0

dλ, (12)

where R0 = 12H2
0 anchors the curvature scale to the present Hubble parameter. This

definition ties temporal progression directly to spacetime curvature, ensuring that regions
of high curvature (R ≫ R0) evolve faster in τ , while low-curvature voids (R ≪ R0)
stagnate.

Cosmic Time as a Physical Manifestation: Physical cosmic time t emerges from τ
via the chronos component Ωchrono:

t ∝
∫

dτ√
R
. (13)

For R ∼ H2, this recovers the Friedmann-compatible scaling t ∝ ln a(t), where a(t) is the
cosmological scale factor. The full derivation, including the role of Ωchrono in mapping τ
to t, is provided in Appendix N. Unlike ΛCDM’s fixed cosmic time, CERM’s curvature-
dependent t(τ) dynamically resolves the Hubble tension by introducing a time-varying
H(t). (This ties to Appendix M’s derivation of H(t).)

Observational Consistency:

1. Late-Time Universe: At R → R0, the relation simplifies to t = τ/(2H0), match-
ing the observed age of the universe t0 ∼ 1/H0.

2. Early Universe: Near the Planck epoch (R ∼ L−2
P ), proto-time fluctuations

seed quantum-geometric uncertainty, suppressing singularities via the commutator
[τ̂ , R̂] = iLP δ

(3)(x− x′) (see Appendix H).

Role of the Omega Field:

• Geometric Component (Ωgeom): Ensures finite curvature (R < L−2
P ) through the

damping term exp
(
WL2

P /R
)
, aligning with CCC’s smooth boundary conditions.

• Chronos Component (Ωchrono): Converts the conformal manifold’s dimensionless
τ into physical time t, driving entropy growth and late-time acceleration.

Cross-References:

• Appendix N: Derives t(τ) and validates the scaling a(t) = exp
(
τ/2

√
3
)
.

• Appendix H: Details the quantum-geometric uncertainty principle governing τ–R
fluctuations.
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2.6 Physical Interpretation

1. Geometric Naturalism:

• Ωgeom generates effective dark matter from curvature gradients via generation
of Omegon solitons (see Section 3),

• Ωchrono governs cosmic acceleration (effective dark energy) without invoking a
cosmological constant (see Section 5).

2. Planck-Scale Consistency:

• All kinetic and potential terms are Planck-normalized to ensure dimensional
compatibility.

3. Proto-Time and Cosmic Emergence:

• The affine parameter λ defines τ , and physical time t emerges via:

t ∝
∫

dτ√
R
, see Appendix N.

2.7 Summary

Section 2 establishes CERM’s foundation:

• Spacetime emerges from the conformal manifold via the Omega field.

• Ωgeom regulates curvature; Ωchrono drives expansion and entropy.

• The action principle unifies geometry, quantum fields, and cosmological dynamics.

3 Galactic Rotation Curves and the Omegon Soliton

The success of any cosmological model rests not only on its internal consistency and
capacity to address global puzzles but also on its ability to explain local astrophysical
phenomena with precision. A paramount challenge is the observed dynamics of galaxies—
most notably, their flat rotation curves—which in the prevailing ΛCDM paradigm are
attributed to the gravitational influence of invisible, collisionless particle dark matter.
The Conformal Emergent Reality Model (CERM) offers a radical departure from this
particle-centric view. By recasting spacetime itself as an emergent phenomenon from
a deeper conformal geometry, CERM predicts that the gravitational effects ascribed to
dark matter can instead be generated by stable, localized configurations of the Omega
field itself. This section details how such configurations—termed Omegon solitons—arise
naturally within the theory, derives their characteristic density profile and gravitational
imprint, and demonstrates how they can reproduce key galactic observables, thereby
providing a geometric foundation for dynamics traditionally explained by dark matter
halos.
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3.1 Solitonic Density Profile: A Geometric Proposal

The Omegon field ψΩ is posited as a quantum excitation of the Omega field, which can
form stable, self-gravitating solitons through a combination of self-interaction and curva-
ture coupling within the CERM framework. These solitons offer a geometric alternative
to particle dark matter.

The Omegon Lagrangian includes self-interaction and curvature-coupling terms:

LψΩ
⊃ −1

2
(∂ψΩ)

2 − λΩ
(
|ψΩ|2 − v2Ω

)2
+

RL2
P

6κ
F

(
|ψΩ|2

v2Ω

)
, (13)

where λΩ and vΩ are dimensionless coupling and vacuum expectation value parameters,
respectively. The function

F (x) = ln
(
1 + x2

)
(14)

is chosen for its regularity and to yield analytic solutions.
For static, spherically symmetric configurations in the weak-field limit, the field equa-

tion simplifies to
∇2ψΩ = 4λΩ

(
|ψΩ|2 − v2Ω

)
ψΩ. (14)

An analytical solution satisfying the boundary conditions ψΩ(0) = 0 and ψΩ → vΩ as
r → ∞ is

ψΩ(r) = vΩ tanh

(
r

rc

)
, rc =

(
2λΩv

2
Ω

)−1/2
. (15)

The corresponding energy density profile derived from the potential is

ρΩ(r) = λΩ
(
|ψΩ(r)|2 − v2Ω

)2
= ρ0 sech

4

(
r

rc

)
, ρ0 = λΩv

4
Ω. (16)

Profile characteristics.

• Core: ρΩ(r) ≈ ρ0
[
1− 2(r/rc)

2
]
for r ≪ rc.

• Outer region: ρΩ(r) ∼ 16ρ0 e
−4r/rc for r ≫ rc.

• Finite total mass: the profile yields a finite soliton mass

MΩ =
2π

3
ρ0r

3
c , (15)

typically of order 108–109M⊙ for galactic scales.

Theoretical parameter estimates. Using illustrative values λΩ ∼ 10−3 and vΩ ∼
1TeV yields:

• rc ∼ 1.5 kpc,

• ρ0 ∼ 0.1M⊙ pc−3.

These estimates are used for subsequent theoretical predictions and are consistent with
the broader CERM framework developed in Section 2.
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Local curvature. In regions with significant Omegon density, the local scalar curvature
can be enhanced relative to the cosmological background:

Reff ≈ 8πGρΩ, (17)

where R0 = 12H2
0 is the background curvature. This enhancement suggests a potential

feedback mechanism, where increased curvature affects the effective mass of the Omegon
field, potentially influencing soliton stability.

3.2 Modified Gravitational Dynamics

The gravitational potential in this model incorporates contributions from both visible
matter and the Omegon field. In the weak-field limit, a modified Poisson equation can be
derived (consistent with the full field equations in Section 2.4):

∇2Φeff = 4πG (ρvis + ρΩ) +
ReffL

2
P

6κ
∇2F

(
|ψΩ|2

v2Ω

)
, (18)

with F (x) = ln
(
1 + x2

)
. The term containing Reff represents a geometric contribution

arising from curvature coupling.
For circular orbits, the velocity profile is given by v2(r) = r dΦeff/dr:

v2(r) =
GMvis(r)

r
+
GMΩ(r)

r
+

ReffL
2
P

6κ

d

dr

(
r
dF

dr

)
. (19)

Asymptotic behavior for the tanh profile. Substituting ψΩ = vΩ tanh(r/rc) and
Reff ≈ 8πGρ0 sech

4(r/rc) implies:

• Small radii (r ≪ rc): the geometric term scales as r2.

• Intermediate radii (r ∼ rc): the geometric term can become approximately
constant, contributing to the flattening of rotation curves in a manner reminiscent
of dark matter halos, but arising from curvature coupling.

• Large radii (r ≫ rc): the geometric term decays exponentially, leading to a
Keplerian decline.

This framework suggests a stabilizing feedback loop between the Omegon density and the
local curvature, which could help maintain solitonic configurations.

3.3 Theoretical Predictions and Comparison

The model’s predictions are explored using the parameter estimates for λΩ and vΩ.

Qualitative rotation-curve morphology. For a galaxy with parameters similar to
NGC 1560, inserting the predicted rc ≈ 1.5 kpc and ρ0 ≈ 0.1M⊙ pc−3 into Eq. (19) yields
a theoretical rotation curve with a characteristic inner rise, an extended approximately
flat region, and an outer decline. This qualitative morphology is a generic outcome of
the solitonic profile and provides a model-level prediction that can be confronted with
observed rotation curves.
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Core scaling relation. The model implies a theoretical scaling relation between the
soliton core radius and the visible galaxy mass:

rc ∝M
1/3
vis . (20)

This relation emerges from combining the soliton properties with scaling arguments akin
to the baryonic Tully–Fisher relation.

Cloud 9 and isolated dark structures. The CERM framework provides a theoretical
mechanism for forming structures analogous to “Cloud 9,” distinct from ΛCDM pathways.
The model predicts that stable, isolated Omegon solitons can condense from curvature
perturbations without accreting significant baryonic matter. The reported properties
of Cloud 9 (mass ∼ 107M⊙, size ∼ 1 kpc, minimal stellar content) are consistent with
the parameter space of such a soliton within CERM. A preliminary estimate suggests
ρ0 ∼ 0.01M⊙ pc−3 for such an object, consistent with the same fundamental parameters
(λΩ, vΩ) used for galaxies. The existence of such objects is a natural consequence of the
soliton formation paradigm in this model.

Alignment with other observed phenomena. The model’s characteristics can be
discussed in the context of several observational topics:

• Radial Acceleration Relation (RAR): the geometric term in the acceleration
equation could, in principle, produce a relation between total and baryonic acceler-
ation.

• Cusp–core problem: the sech4 profile inherently has a flat core, unlike the cuspy
profiles predicted by standard collisionless dark matter simulations.

Future theoretical tests. The model makes distinct predictions that could be tested
against future observations, including:

1. high-redshift galaxy properties,

2. the matter power spectrum on certain scales,

3. gravitational lensing shear profiles differing from standard halo models,

4. dynamics of galaxy clusters.

Summary: A Geometric Proposal

CERM proposes that solitons of the Omegon field, characterized by:

• Wavefunction: ψΩ(r) = vΩ tanh(r/rc),

• Density profile: ρΩ(r) = ρ0 sech
4(r/rc),

• Dynamics: a modified gravitational potential including a geometric curvature-
coupling term,
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could offer an alternative description of galactic dynamics. The framework is derived from
the theory’s foundational principles and yields qualitative agreement with several galactic
phenomena. It presents a different set of testable predictions compared to ΛCDM and
other alternative theories. The Omegon field bridges conformal geometry, quantum field
theory, and cosmology—resolving flat rotation curves without empirical dark halos. The
following sections discuss the model’s quantum aspects, cosmological implications, and
broader theoretical connections.

4 Quantum Consistency

The Conformal Emergent Reality Model (CERM) not only addresses classical gravita-
tional phenomena but also ensures quantum consistency by resolving the Higgs hierarchy
problem and predicting a novel quantum excitation—the Omegon. This section expands
on these aspects, demonstrating how CERM naturally interfaces with quantum field the-
ory (QFT) while avoiding fine-tuning.

4.1 Higgs Mass Stabilization via Chronos Scaling

The hierarchy problem—the unnatural stability of the Higgs mass against Planck-scale
quantum corrections—is resolved by coupling the Higgs field to the temporal-entropic
component Ωchrono. The Higgs potential becomes:

V (Φ) = λ

(
Φ†Φ− v20

Ω2
chrono

)2

, (16)

where v0 is the bare vacuum expectation value (VEV). The physical Higgs mass then
scales inversely with Ωchrono :

mH =
√
2λ

v0
Ωchrono

(17)

The coupling of Ωchrono to the Higgs mass is derived in Appendix F.

Quantum corrections to the Higgs mass are likewise suppressed:

∆m2
H ∼

Λ2
UV

(Ωchrono)2
for ΛUV ∼MPl. (18)

For Ωchrono ∼ 1017, this reduces ∆m2
H to electroweak scale values, avoiding fine-tuning.

The value Ωchrono ∼ 1017 corresponds to approximately 60 e-folds of cosmic expansion
since the Planck time t ∼ LP /c. MPl = (ℏc/G)1/2 = L−1

P

√
ℏc/G.

Key Mechanism:

• Ωchrono grows exponentially during cosmic evolution, diluting Planck-scale correc-
tions.
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4.2 The Omegon: Quantum Curvature-Temporal Mediator

The Omega function, Ω(x), is not a static background but a dynamical field with quantized
fluctuations. Its excitations correspond to a new scalar particle—the Omegon—whose
mass and interactions derive from CERM’s geometric framework. The Omegon is a
Planck-scale scalar particle arising from quantum fluctuations in Ωfull. The Omegon field
ψΩ is a quantum excitation of the full Omega function Ω(x), arising from fluctuations in
the conformal manifold. Its mass is curvature-coupled:

m2
Ω =

αRL2
P

6κ
, α ∼ 1010, (19)

where α is fixed by renormalization group flow (Appendix B and Appendix T).
Cosmic Evolution of mΩ:

• Early Universe (R ∼ L−2
P ):

mΩ ∼
√
αMPl ∼ 1024GeV. (20)

Freeze-in production prevents overabundance (see Appendix G).

• Late Universe (R ∼ H2
0 ):

mΩ ∼ 10−30 eV. (21)

The Omegon behaves as ultra-light dark matter, forming solitonic cores (see Sec-
tion 3).

Wavefunction Coupling: The Omegon’s ground-state wavefunction ψΩ(r) ∝ tanh(r/rc)
yields an effective potential that includes curvature mediation (see Section 3.2 for the full
modified Poisson equation):

∇2Φeff = 4πG
(
ρvis + λΩ|ψΩ|4

)
+

RL2
P

6κ
∇2F

(
|ψΩ|2

v2Ω

)
. (22)

This provides a direct replacement for particle dark matter halos through geometric
(curvature-mediated) dynamics.

4.3 Quantum-Geometric Uncertainty Principle

The quantum commutator between proto-time τ and scalar curvature R defines a funda-
mental uncertainty:

[τ̂(x), R̂(x′)] = iLP δ
(3)(x− x′), (23)

implying the uncertainty relation:

∆τ ·∆R ≥
L2
P

2
. (24)

The commutator [τ̂(x), R̂(x′)] = iLP δ
3(x − x′) arises from canonical quantization of the

proto-time Hamiltonian. The commutator [τ̂ , R̂] is quantized in Appendix H.

Implications:

1. Singularity Avoidance: R → ∞ is suppressed by Planck-scale fluctuations.

2. Aeon Transitions: Quantum fluctuations in proto-time seed new initial condi-
tions.

3. Omegon Dynamics: Variability in curvature translates into time-varying mΩ,
matching observations of galactic structure.
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4.4 Summary of Quantum Consistency

CERM’s quantum framework achieves three critical goals:

1. Solves the Hierarchy Problem: By coupling the Higgs mass to Ω(x), Planck-
scale corrections are geometrically suppressed.

2. Predicts the Omegon: A Planck-mass scalar particle emerging from quantum
fluctuations of the Omega field.

3. Unifies Quantum and Geometric Principles: A novel uncertainty principle
ties spacetime curvature to proto-temporal evolution, bridging quantum mechanics
and general relativity.

These results position CERM as a self-consistent quantum-gravity framework, testable
through cosmological observations and signatures of the Omegon.

Feature CERM Mechanism

Hierarchy Problem mH ∝ Ω−1
chrono suppresses Planck-scale corrections

Dark Matter Omegon solitons (ψΩ) replace particle halos
Uncertainty Principle [τ,R] ensures quantum-geometric consistency

Mass Scaling mΩ ∝
√
R bridges early- and late-universe

Predictions:

• Gravitational Wave Tilt: A non-zero nT from quantum curvature-temporal fluc-
tuations (see Appendix K).

5 Conformal Emergent Reality’s Classical and Cosmologi-
cal Limits

The Conformal Emergent Reality Model (CERM) establishes a unified framework that
preserves the foundational principles of General Relativity (GR) while extending Pen-
rose’s Conformal Cyclic Cosmology (CCC) through quantum-geometric dynamics. In
classical limits, GR is recovered; in the early universe, inflation arises naturally from
Omegon dynamics; and in cyclic limits, CCC is enhanced with quantum unitarity and
geometric entropy reset—creatinhg a seamless cosmic narrative from the Planck epoch to
the present.

5.1 Recovery of General Relativity in Classical Regimes

In the classical regime—defined by low spacetime curvature (R ≪ L−2
P ) and static mat-

ter configurations—the Conformal Emergent Reality Model (CERM) reduces to General
Relativity (GR), ensuring compatibility with precision tests of gravity. This reduction
arises from the stabilization of the geometric conformal factor Ωgeom, which governs local
curvature regularization.

In the classical regime, where the Omega function stabilizes (Ωgeom → constant,Ωchrono →
constant), CERM reduces to General Relativity (GR) with the Standard Model (SM) of
particle physics.
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1. Effective Gravitational Constant:

Geff =
G

Ω2
geom

→ G as Ωgeom → 1. (25)

The physical metric gµν = Ω2
geomγµν aligns with the conformal metric γµν , as

Ωgeom → 1. This ensures that the Einstein-Hilbert action in CERM,

S =

∫ √
−g
(

R

16πG
+ LSM

)
d4x, (26)

emerges naturally, with the effective gravitational constant Geff = G/Ω2
geom recov-

ering Newton’s constant G (Appendix B). Solar system tests (e.g., Parametrized
Post-Newtonian parameters γPPN = 1, βPPN = 1) and gravitational wave propaga-
tion (cGW = c) are preserved, as Ωgeom stabilizes in weak-field limits.

In low-curvature regimes (R ≪ L−2
P ), the exponential damping guarantees

lim
R≪L−2

P

Ωgeom = exp

(
W L2

P

R

)
→ 1,

since quantum fluctuations maintain R > 0 while the Weyl curvature W becomes
negligible in homogeneous regions. Consequently, General Relativity is recovered.

2. Stress-Energy Tensor: The Omegon’s solitonic potential becomes negligible in
static regions (∇2 ln |ψΩ|2 → 0), reducing the stress-energy tensor to:

T SM
µν → T vis

µν + T rad
µν . (27)

3. Black Hole Thermodynamics: Black hole thermodynamics further validates this
correspondence. The Bekenstein-Hawking entropy

SBH =
A

4L2
P

(28)

is preserved under conformal scaling as Ωgeom → 1, restoring the Einstein met-
ric gµν = γµν . Here, Ωgeom → 1 ensures that the horizon area A and Planck
length LP are measured in the same frame. Crucially, the geometric damping
term Ωgeom = exp

(
WL2

P /R
)
suppresses curvature divergences near singularities

(R < L−2
P ), resolving infinite redshift problems while maintaining thermodynamic

consistency (Appendix B and Appendix O).

Future Directions: While CERM recovers GR in classical limits, deviations may
arise in extreme environments (e.g., near black holes). Potential modifications to event
horizon structure, Hawking radiation spectra, or gravitational wave ringdown signals
could distinguish CERM from GR, though such analyses are deferred to future work
(see Section 9).
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5.2 Compatibility with Conformal Cyclic Cosmology (CCC)

CERM extends Penrose’s Conformal Cyclic Cosmology (CCC) by embedding quantum-
geometric mechanisms that resolve singularities, reset entropy, and preserve information
across aeons. Unlike CCC, which relies on heuristic boundary conditions, CERM at-
tempts to derive these transitions from first principles, ensuring continuity of physical
laws. Boundary conditions for aeon transitions are formalized in Appendix C.

The avoidance of singularities is achieved through Ωgeom, which dynamically regu-
lates curvature. As Ωgeom stabilizes near the conformal boundary, the physical metric
gµν remains finite, while the conformal metric γµν ensures geometric smoothness. This
guarantees that spacetime curvature (R) and Weyl curvature (W) remain bounded, pre-
venting the formation of singularities. Simultaneously, Ωchrono governs the progression
of proto-time τ , defined as τ =

∫ √
R/R0 dλ, where R0 sets the curvature scale. This

proto-time parameter orders events on the conformal manifold, ensuring a causal struc-
ture even as Ω evolves.

Entropy dynamics further distinguish CERM from CCC. Traditional entropy, tied to
matter and radiation statistics, is replaced with geometric entropy:

S =

∫
Ω3ρL3

Pρ0 ln
(
Ω3ρL3

Pρ0
)
d3x,

where ρ includes contributions from visible matter, Omegon solitons, and dark energy.
As Ω → ∞, this entropy formally diverges, but holographic renormalization cancels the
divergence via the boundary action Γren (Appendix J). The result is a reset of macroscopic
entropy (S → 0) at each cycle’s end, while quantum information encoded in curvature
perturbations (δR, δτ) persists holographically. See sections 6 and 7 for details.

This mechanism ensures unitarity across aeons. Quantum states are preserved on
the conformal boundary through Γren, which retains correlations between cycles despite
the resetting of thermodynamic entropy. The Weyl curvature hypothesis is dynamically
enforced: Ωgeom suppresses W at cycle boundaries, while Ωchrono drives entropy growth
during expansion. This modular design resolves CCC’s tension between conformal invari-
ance and thermodynamics, providing a cyclic framework that aligns with both quantum
mechanics and GR (Appendix C).

5.3 Linking GR and CCC Through CERM’s Geometric Framework

The Conformal Emergent Reality Model (CERM) achieves a synthesis of General Rela-
tivity (GR) and Conformal Cyclic Cosmology (CCC) by redefining spacetime itself as an
emergent property of geometric dynamics. At the heart of this unification lies the interplay
between the Omega field’s dual components—Ωgeom, which suppresses singularities and
enforces classical predictability, and Ωchrono, which drives cosmic acceleration and entropy
growth. This section demonstrates how CERM resolves the tension between GR’s local
success and CCC’s global ambitions by anchoring both frameworks in a shared geometric
substrate. We first establish the role of the scaling constant γde ∼ 10−44 in bridging
quantum-geometric principles to late-time cosmology, then show how the Omega field
dynamically links GR’s curvature-driven gravity to CCC’s cyclic entropy reset. Finally,
we validate this synthesis through observational predictions, including the Hubble tension
and CMB anomalies, which distinguish CERM from conventional ΛCDM cosmology. By
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treating geometry as the foundational language of reality, CERM offers a self-consistent
quantum-gravitational framework where spacetime’s evolution is both emergent and in-
evitable.

5.3.1 The Scaling Constant γde and Late-Time Acceleration

The growth of the temporal-entropic component Ωchrono, which drives cosmic acceleration,
is governed by:

Ωchrono = γde

∫ √
R
R0

dτ, (29)

where γde ∼ 10−44 is a dimensionless constant that anchors the conformal-to-cosmic time
scaling. Its remarkably small value arises from the hierarchy between the Planck time
(tPl =

√
ℏG/c5 ∼ 10−44 s) and the present Hubble time (t0 ∼ 1/H0 ∼ 1017 s):

γde ∼
ΩchronotPl

t0
∼ 10−44. (30)

This ratio ensures Ωchrono grows exponentially over cosmic epochs, dynamically repli-
cating dark energy’s observed effects. Crucially, γde is a geometric necessity : it encodes
the scaling between the conformal manifold’s primordial proto-time (τ) and the emergent
cosmic time t. As derived in Appendix Q, γde is fixed by requiring Ωchrono ∼ 1017 to-
day, which stabilizes the Higgs mass (Section 4.1) and ensures the late-time dominance
of the chronos term. Refinements from logarithmic corrections to the time integral
further sharpen this to γde ∼ 10−44.

The resulting energy density,

ρchrono ∝
(ξΩchrono)

4

L4
P

, (31)

matches observations (ρDE ∼ 10−123M4
Pl) for ξ ∼ 10−30 (Appendix U), resolving the

cosmological constant problem through geometric first principles rather than ad hoc dark
energy.

5.3.2 Unification of GR and CCC

CERM unifies GR and CCC by treating spacetime geometry as the foundational entity
from which both local gravitational interactions and global cosmological dynamics emerge.
The Omega field (Ω = Ωgeom · Ωchrono) acts as the generative engine of reality, bridging
classical and quantum regimes.

In local regimes (e.g., solar systems), Ωgeom → 1 recovers GR’s predictions for
gravity, black hole thermodynamics, and solar system tests. In global regimes (cosmic
expansion), Ωchrono drives entropy growth and aeon transitions, extending GR’s domain
to include cyclic cosmology. This duality ensures that CERM’s framework:

• Preserves GR’s empirical success in classical limits (e.g., PPN parameters,
gravitational wave speeds).

• Resolves CCC’s ambiguities by embedding quantum-geometric dynamics (e.g.,
holographic renormalization, Weyl curvature suppression).

This work is licensed by Salman Akhtar (kalahari00@gmail.com) under a Creative
Commons Attribution-NonCommercial-ShareAlike 4.0 International License.

https://creativecommons.org/licenses/by-nc-sa/4.0/

17

https://orcid.org/0009-0000-8105-9597
mailto:kalahari00@gmail.com
https://creativecommons.org/licenses/by-nc-sa/4.0/


5.3.3 Observational Consistency and Hubble Tension

CERM predicts testable anomalies, such as the Hubble tension (Hearly
0 ∼ 67 km/s/Mpc

vs. H late
0 ∼ 74 km/s/Mpc) and CMB quadrupole suppression (C2 ≈ 200µK2), distin-

guishing it from ΛCDM (See Section 8.4 and Appendix M).

5.4 Omegon-Driven Inflation and Its Natural Termination

In the Conformal Emergent Reality Model (CERM), cosmic inflation is not driven by an ad
hoc inflaton field but emerges from the dynamics of theOmegon, the quantum excitation of
the Omega field. The Omegon’s curvature-dependent mass and self-interacting potential
act as a transient source of quasi-exponential expansion in the early universe and yield a
graceful exit without fine-tuning.

5.4.1 Omegon as the Inflaton

At the onset of the hot Big Bang phase—near the Planck epoch where R ∼ L−2
P —the

Omegon mass satisfies

m2
Ω =

αRL2
P

6κ
∼ αM2

Pl, (32)

with α ∼ 1010 (Appendix T). This gives mΩ ∼ 1024GeV, i.e. a natural high-energy scale
for inflation.

The Omegon Lagrangian includes a quartic self-interaction and the curvature-coupling
term (see Appendix A):

LψΩ
⊃ −1

2
γµν∂µψΩ ∂νψΩ − λΩ

(
|ψΩ|2 − v2Ω

)2
+

RL2
P

6κ
F

(
|ψΩ|2

v2Ω

)
, (33)

with F (x) = ln
(
1 + x2

)
, and representative parameters λΩ ∼ 10−3 and vΩ ∼ 1TeV

(Section 3.1). During the Planck era, quantum fluctuations displace ψΩ from its minimum;
the large effective mass together with a potential plateau (arising from the solitonic,
approximately tanh-shaped ground state) yields a temporary vacuum energy density

ρinf ∼ λΩ v
4
Ω ∼

(
1015GeV

)4
, (34)

consistent with the CMB normalization. Because mΩ ∝
√
R and the stress–energy in-

cludes the curvature-coupling contribution, the Omegon’s dynamics couple directly to
curvature, making inflation an emergent feature of CERM’s geometry rather than an
external scalar sector.

5.4.2 Slow-Roll from Geometric Damping

Slow-roll is naturally supported by geometric friction sourced by the evolving conformal
factor Ωgeom = exp

(
W L2

P /R
)
. In the early universe, high Ricci curvature suppresses

Weyl distortions (W ≪ R), so Ωgeom ≈ 1, while residual curvature gradients generate an
effective friction term in the Omegon equation of motion,

ψ̈Ω + 3Heff ψ̇Ω + V ′(ψΩ) = 0, Heff = H + O

(
L2
P

Ṙ
R

)
. (35)
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This geometric correction prolongs slow roll without requiring an unnaturally flat poten-
tial.

The number of e-folds is

N =

∫
H dt =

∫
H√
R
dτ ≈ 1

2
√
3

∫
dτ, (36)

and with τ ∼ ln a (Appendix N), CERM naturally yields N ≃ 60, sufficient for solving
the horizon and flatness problems.

5.4.3 Natural End of Inflation via Curvature Redshift

Inflation ends automatically as the universe expands and the Ricci scalar redshifts,

R ∝ H2 ∝ a−3(1+w) −→ ↓, (37)

so mΩ ∝
√
R decreases in time. When R falls below a critical value Rc ∼ m2

Ω/α , the
field oscillates about its minimum, initiating reheating. The growth of the chronos compo-
nent, Ωchrono ∝ eN/1.5 (Appendix U), further dilutes the Omegon vacuum energy relative
to radiation. Decays ψΩ → δR + δW (Appendix D.4) transfer energy into curvature
perturbations and gravitational waves, reheating the Standard Model plasma via gravita-
tional particle production (Appendix G.2). Thus no additional “graceful exit” mechanism
is required; termination is geometrically inevitable.

5.4.4 Observational Consistency

This Omegon-driven inflation generically predicts:

• a tensor spectral tilt nT ∼ −10−3 (Appendix K), distinct from canonical single-field
slow-roll (nT ≈ −0.03);

• concentric B-mode rings in the CMB from solitonic collapse during reheating;

• suppressed large-scale power due to geometric entropy reset (Appendix R).

Inflation in CERM is therefore not an add-on but a necessary phase of the Omegon’s evo-
lution, unifying the origin of structure, late-time solitons (dark-matter phenomenology),
and early-universe smoothness within a single geometric framework.

By anchoring cosmic dynamics in conformal geometry, CERM offers a self-contained
system where geometry governs evolution, entropy defines time’s arrow, and information
persists across cycles. This framework invites both theoretical refinement and experimen-
tal validation, bridging the gap between quantum theory and cosmic dynamics.

6 Holographic Unitarity and Information Preservation

6.1 The Cosmological Information Paradox and its Resolution

In conventional cosmology, quantum information encoded in field correlations may ap-
pear to vanish irreversibly during cosmic evolution, black hole evaporation, or transitions
between cosmic epochs. This apparent violation of unitarity—the requirement that quan-
tum evolution is time-reversible and preserves probabilities—constitutes the cosmological
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information paradox. Within the Conformal Emergent Reality Model (CERM), this para-
dox is resolved through a combination of geometric field dynamics, boundary holography,
and conformal symmetry. Specifically, CERM unifies Penrose’s Conformal Cyclic Cos-
mology (CCC) with quantum geometric renormalization to ensure the preservation and
transfer of information across cosmic cycles.

Key Geometric Mechanisms

1. Conformal Rescaling: The physical spacetime metric gµν is related to a conformal
background metric γµν through a scalar conformal factor Ω(x), the Omega field:

gµν = Ω2(x) γµν . (38)

This mapping ensures that the causal structure (null cones) and relative geometrical scales
remain well-defined under conformal transformations, preserving the geometric continu-
ity required for CCC transitions. Notably, this also renders all dimensionful quantities
(masses, lengths, times) dimensionless near the conformal boundary where Ω → ∞.

2. Weyl Curvature Suppression: To enforce smoothness across aeon boundaries,
CERM introduces a geometric suppression mechanism through the scalar Weyl curvature
invariant:

Ωgeom = exp

(
WL2

P

R

)
, (39)

whereW = CµνρσC
µνρσ andR is the Ricci scalar curvature. This exponential term damps

tidal distortions and ensures that the Weyl curvature vanishes at the boundary:

lim
Ω→∞

W = 0. (40)

This fulfills Penrose’s Weyl Curvature Hypothesis, asserting that each new aeon begins
in a state of maximal homogeneity and minimal gravitational entropy.

3. Entropy Reset and Geometric Divergence Cancellation: The geometric en-
tropy S increases over cosmic time due to proto-time evolution and curvature inhomo-
geneities. However, as Ω → ∞, this bare entropy diverges. CERM avoids this divergence
at the boundary through holographic renormalization:

Sren = S + Γren
Ω→∞−−−−→ 0, (41)

where Γren contains counterterms defined on the conformal boundary. These terms sub-
tract the divergence in entropy, ensuring a clean and low-entropy start for the next aeon.
Thus ensuring the Key CERM-CCC Principle that distances and masses become dimen-
sionless at the boundary, erasing absolute scale, while the next Aeon starts in a low
entropy state.

6.2 Boundary Holography and Information Encoding

Renormalized Boundary Action: Information is preserved and transmitted across
aeons via the renormalized action defined on the conformal boundary:

Γren[γ
(0)
µν ] =

∫
∂M

√
−γ(0)

(
A+BL2

PR[γ(0)] + CL4
PG[γ(0)] + · · ·

)
. (42)
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Here, γ
(0)
µν is the induced metric on the conformal boundary ∂M , R is the boundary Ricci

scalar, and G represents higher-order geometric invariants (e.g., Gauss–Bonnet terms).
The coefficients A,B,C are determined by quantum correlations and renormalization
group flows. The renormalized boundary action Γren is constructed in Appendix J.

Quantum Contributions Encoded in Γren:

1. Omegon Correlation Terms:

A0 ⊃ λΩ⟨ψΩ(x)ψΩ(x
′)⟩, (43)

which capture the two-point quantum correlation of the solitonic field ψΩ.

2. Curvature Perturbations:

B0 ⊃
α

6κ
⟨δR(x)δR(x′)⟩, (44)

encoding fluctuations in scalar curvature. The parameter α ∼ 1010 is fixed through
RG flow from the high-energy limit (Appendix P).

3. Proto-Time Fluctuations:

C0 ⊃ β⟨δτ(x)δτ(x′)⟩, with [τ̂(x), R̂(x′)] = iLP δ
(3)(x− x′). (45)

This commutator defines a quantum-geometric uncertainty relation that generalizes
the Heisenberg principle to include spacetime curvature.

These boundary-encoded quantities ensure that no information is lost and that quan-
tum coherence is maintained throughout cosmic transitions.

6.3 Dynamics of Geometric Entropy

The entropy in CERM is given by:

S =

∫
Ω3
geomΩ

3
chronoρ

L3
Pρ0

ln

(
Ω3
geomΩ

3
chronoρ

L3
Pρ0

)
d3x, (46)

where ρ includes contributions from:

• ρvis: standard model matter,

• ρΩ: energy from solitonic dark matter field ψΩ,

• ρchrono ∼ Ω4
chrono: effective dark energy component driven by the chronos field.

Entropy growth is governed by the evolution of the chronos component:

Ωchrono = γde

∫ √
R
R0

dτ, with γde ∼ 10−44. (47)

Thus, geometric entropy in CERM grows irreversibly through two intertwined mech-
anisms: the global accumulation of curvature history in Ωchrono, and the local generation
of inhomogeneities by Omegon solitons. Unlike Boltzmann entropy, this growth is not
probabilistic but geometrically inevitable—a direct consequence of proto-time evolution
and curvature dynamics. However, this monotonic increase poses a challenge for cyclic
cosmology: without a mechanism to reset entropy, successive aeons would inherit ever-
higher disorder, violating the low-entropy initial conditions required by observation. The
resolution lies at the conformal boundary, where divergent entropy is renormalized to zero
while quantum information is preserved—a transition we now examine.
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6.4 Aeon Transitions and Curvature-Mediated Information Flow

At the conformal boundary:
ψΩ → δR+ δW, (48)

representing decay into scalar and tensor perturbations. These fluctuations seed:

• Large-Scale Structure: via δR density perturbations,

• Gravitational Wave Signatures: via δW, with tensor tilt nT ∼ −10−3, observ-
able in the CMB B-mode spectrum.

Encoded correlations such as

Γren ⊃
∫
δR(x)δW(x)d3x, (49)

preserve the entanglement structure across aeons.

Conformal Boundary and Entropy Reset. As the universe expands toward infinite
scale at the end of an Aeon, all particle masses redshift to zero,

m ∝ Ω−1 −→ 0,

rendering the effective physics conformally invariant. In the massless limit, the universe
“loses track” of non-conformal information—absolute scales, rest masses, and conven-
tional thermodynamic entropy—since these quantities are not preserved under conformal
rescaling. Only conformally covariant data (e.g. curvature perturbations δR, Weyl-tensor
modes δW) survive, encoded holographically on the conformal boundary via the renormal-
ized boundary functional Γren. This mechanism ensures a smooth, low-entropy beginning
for the next aeon, consistent with Penrose’s Weyl Curvature Hypothesis.

6.5 Modified Friedmann Equation and Entropic Dynamics

The expansion history of the universe within the Conformal Emergent Reality Model
(CERM) is governed by a generalized Friedmann equation that explicitly incorporates
geometric curvature damping and entropy-driven acceleration. This formulation replaces
the cosmological constant with a dynamic chronos contribution and couples spacetime
evolution to conformal rescaling mechanisms. See Appendix M.

H2(z) =
8πG

3
Ω2
geomρm(z) +

12L2
P Ω̇

2
geom

Ω2
geom

+
A

L4
P

(ξΩchrono)
4, (50)

where:

• ρm(z) = ρvis + ρΩ + ρchrono: total effective matter-energy density, composed of:

– ρvis: baryonic and radiation components;

– ρΩ: solitonic dark matter from the Omegon field;

– ρchrono ∝ Ω4
chrono: emergent dark energy-like term from temporal entropy

growth.

• Ωgeom = exp
(
WL2

P
R

)
: geometric damping factor that suppresses tidal curvature at

high Ricci curvature regimes.
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• Ωchrono = γde
∫ √

R/R0 dτ : the chronos term, tied to conformal time and entropy
evolution.

Physical Interpretation:

1. Geometric Rescaling of Gravity: The term Ω2
geom effectively rescales Newton’s

constant over cosmic time and enforces Weyl curvature suppression at conformal
boundaries (W → 0).

2. Curvature-Driven Energy Flow: The kinetic term Ω̇2
geom/Ω

2
geom acts as a dy-

namical correction to the expansion rate, encoding fluctuations in curvature regu-
larization.

3. Emergent Dark Energy: The final term, (Ωchrono)
4, replaces the cosmological

constant by tying acceleration directly to entropy accumulation. As Ωchrono grows
exponentially (via N = ln a), it drives late-time acceleration naturally.

4. Hubble Tension Resolution: Because H(z) is now explicitly dependent on time-
evolving Ωchrono, this formulation allows distinct evolution in early and late epochs:

Hearly
0 ∼ 67 km/s/Mpc, H late

0 ∼ 74 km/s/Mpc, (51)

resolving observational tension between CMB and supernova data (see Appendix
M).

Connection to Entropy and Information Flow:

This Friedmann equation is not merely a dynamical tool — it is a structural equation
linking thermodynamics and information geometry:

• The chronos-driven term governs the arrow of time and entropy growth S ∝ Ω3
chrono lnΩchrono.

• The geometric damping term regulates curvature and information flux near singu-
larities, maintaining holographic unitarity.

• The explicit redshift-dependence of all components ensures that conformal time
evolution is encoded in both macro-scale dynamics and micro-scale information
preservation.

6.6 Summary of Implications and Observables

• Unitarity: Preserved via holographic encoding in Γren.

• Entropy Dynamics: Driven by Ωchrono, reset by Γren.

• CMB Predictions: Quadrupole suppression and nontrivial tensor tilt nT ∼ −10−3.

• Gravitational Wave Memory: Persistent phase shifts across aeons.

• Curvature Alignment: δR ∝ ∇2 ln |ψΩ|2 explains galaxy–curvature coupling.

Aeon transitions in CERM are governed by geometric entropy dilution, quantum
information holography, and curvature-proto-time duality. This framework ensures a
singularity-free, causally continuous, and observationally predictive cosmology.
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CERM redefines entropy as a property of conformal geometry, with growth tied to
Ωchrono and ψΩ. Cosmic expansion drives entropy via phase-space mixing and curvature
inhomogeneity. Transitions between aeons preserve quantum coherence without ad hoc
entropy regularization or ad hoc initial conditions.

Cross-References

• Appendix A: Chronos scaling and entropy growth.

• Appendix J: Holographic counterterms and entropy renormalization.

• Appendix O: Curvature coupling tensor ∆Hµν and Weyl suppression.

• Appendix P: Renormalized stress-energy tensor ⟨TψΩ
µν ⟩ren.

7 Geometric Entropy and the Second Law of Thermody-
namics

A Unified Narrative on Time, Curvature, and Thermodynamics

7.1 Redefining Entropy: From Statistical Mechanics to Geometric Evo-
lution

In classical thermodynamics, entropy quantifies the number of microscopic configurations
available to a system—a concept rooted in Boltzmann’s statistical mechanics. This frame-
work relies on the ad hoc “past hypothesis” to explain why the early universe began in a
low-entropy state. The Conformal Emergent Reality Model (CERM) eliminates this as-
sumption by redefining entropy as an intrinsic property of spacetime itself. Geometric
entropy (S) emerges not from matter or radiation but from the interplay of curvature,
proto-temporal evolution, and the dynamics of the Omega field:

S =

∫
Ω3
geomΩ

3
chronoρ

L3
Pρ0

ln

(
Ω3
geomΩ

3
chronoρ

L3
Pρ0

)
d3x, (52)

where ρ = ρvis + ρΩ + ρchrono includes visible matter, Omegon solitons, and dark en-
ergy. Here, S measures the structural complexity of spacetime, governed by curvature
gradients (R) and the irreversible progression of proto-time (τ). This approach aligns
with Penrose’s Weyl Curvature Hypothesis, where entropy is tied to gravitational degrees
of freedom rather than particle microstates.

The logarithmic term ln
(
Ω3ρ

)
hints at a deeper connection to quantum entanglement

entropy, suggesting spacetime itself encodes thermodynamic information holographically.
This idea is explored rigorously in Appendix J, where boundary counterterms preserve
unitarity across cosmic cycles.

7.2 Proto-Time (τ): The Primordial Clock of the Conformal Manifold

At the heart of CERM’s thermodynamic framework lies proto-time (τ), a dimensionless
parameter that orders events on the conformal manifold (M,γµν). Proto-time is defined
as a curvature-weighted integral over an affine parameter λ:
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τ =

∫ √
R
R0

dλ, R0 = 12H2
0 . (53)

This definition ensures regions of high curvature (e.g., galactic cores, black holes, or
the Planck-era universe) evolve faster in τ , while low-curvature cosmic voids advance
sluggishly. Proto-time is independent of cosmic time t, which emerges later as a derived
quantity through the conformal mapping t ∝

∫
dτ/

√
R (Appendix N).

The chronos component (Ωchrono) synthesizes τ and curvature into a thermody-
namic driver:

Ωchrono = γde

∫ √
R
R0

dτ, γde ∼ 10−44. (54)

This component acts as a geometric ”memory bank,” accumulating the universe’s
curvature history. Its monotonic growth (Ωchrono ≥ 0) guarantees entropy production is
intrinsic to spacetime’s evolution. For example:

• During the Planck epoch (R ∼ L−2
P ), Ωchrono grows exponentially, suppressing quan-

tum corrections to the Higgs mass (Section 4.1).

• In the late universe (R ∼ H2
0 ), Ωchrono drives cosmic acceleration, replacing dark

energy (Section 5.3).

7.3 Entropy Production: Curvature, Solitons, and Irreversibility

Entropy growth in CERM arises from two mechanisms:

1. Global Progression of τ : As Ωchrono evolves, it amplifies the entropy density
S ∝ Ω3

chrono lnΩchrono.

2. Local Curvature Inhomogeneities: Omegon solitons—stable configurations of
the Omega field—seed scalar curvature perturbations δR ∝ ∇2 ln |ψΩ|2 that act as
localized entropy sources.

Omegon Solitons: Catalysts of Entropy

Omegon solitons exhibit a density profile:

ρΩ(r) = ρ0 sech
4

(
r

rc

)
, (55)

which mimics dark matter’s gravitational effects in galaxies like NGC 1560 (Section 3.2).
These solitons create entropy gradients:

• High-curvature cores (r ∼ rc) become entropy hotspots, driving rapid τ -progression.

• Low-curvature outskirts evolve minimally, acting as entropy reservoirs.

The geometric damping factor modulating this behavior is:

Ωgeom = exp

(
WL2

P

R

)
, (56)

which ensures:
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• In black hole interiors (W → 0), entropy density is capped to avoid singularities
(Appendix O).

• Cosmic voids stagnate in τ , preserving low-entropy regions.

Together, the global evolution of proto-time and the local inhomogeneities seeded by
Omegon solitons ensure that geometric entropy grows irreversibly and universally—not
as a statistical accident, but as a direct consequence of spacetime’s quantum-geometric
structure. This dual mechanism explains both the smooth increase of cosmic entropy on
large scales and the emergence of structure on galactic scales, all while remaining consis-
tent with singularity avoidance and conformal boundary conditions. Crucially, because
entropy production is tied to curvature dynamics rather than matter microstates, it pro-
vides a natural origin for the thermodynamic arrow of time—one that requires no “past
hypothesis” and is testable through galaxy–curvature correlations and CMB anomalies.

7.4 Quantum-Geometric Foundations of the Second Law

The arrow of time in CERM originates in a quantum-geometric uncertainty princi-
ple:

[τ̂(x), R̂(x′)] = iLP δ
(3)(x− x′), ∆τ ·∆R ≥ LP

2
. (57)

This commutator ensures:

1. Primordial Fluctuations: Quantum uncertainty in τ seeds curvature perturba-
tions δR at the conformal boundary (Appendix K).

2. Irreversible Decoherence: As the universe expands, δR redshifts into classical
inhomogeneities that cannot “rewind” due to τ ’s progression (Appendix H).

3. Thermodynamic Asymmetry: The commutator enforces τ ’s irreversible ad-
vance, making entropy growth a geometric inevitability.

This mechanism mirrors quantum decoherence, where quantum purity transitions to
classical mixed states. For example, proto-time fluctuations during inflation (t ∼ 10−36 s)
imprint primordial gravitational waves (nT ∼ −10−3), detectable as B-mode polarization
in the CMB (Section 8.6). The reduction to the Heisenberg uncertainty principle is
shown in Appendix L.

7.5 Observational Tests: Bridging Theory and Experiment

CERM’s thermodynamic framework makes falsifiable predictions:

• Hubble Tension: A time-varying Hubble parameter

H(t) = H0 ·
Ωchrono(t)

Ωchrono(t0)
(58)

naturally reconciles early- (Hearly
0 ∼ 67 km/s/Mpc) and late-universe (H late

0 ∼
74 km/s/Mpc) measurements (Appendix M).

• CMB Quadrupole Suppression: Geometric entropy damps large-scale curvature
modes, predicting

C2 ≈ 200µK2

(vs. ΛCDM’s 1200µK2), testable via B-mode polarization (Appendix K).
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• Galaxy-Curvature Coupling:

δR ∝ ∇2F (|ψΩ|2/v2) (59)

where F (x) = ln(1+x2) detectable in surveys like DESI and Euclid (Section 3.3).

7.6 Aeon Transitions and Holographic Unitarity

At the conformal boundary (Ω → ∞), diverging entropy is renormalized through holo-
graphic counterterms in the boundary action:

Γren[γ
(0)
µν ] =

∫
∂M

√
−γ(0)

(
A+BL2

PR+ · · ·
)
, (60)

ensuring:

• Low-Entropy Initial Conditions: Each cosmic cycle begins with Sren = 0, sat-
isfying Penrose’s Weyl Curvature Hypothesis.

• Information Preservation: Omegon decay products

ψΩ → δR+ δW (61)

are stored holographically, maintaining unitarity across cycles (Appendix D).

The cyclic reset of W → 0 and parameters like γde ∼ 10−44 (See Appendix Q and
Appendix U) ensures consistency without fine-tuning.

7.7 The Second Law as a Geometric Imperative

In CERM, the second law is not a statistical accident but a consequence of spacetime’s
quantum-geometric architecture:

• Proto-Time (τ): Drives entropy via Ωchrono’s irreversible progression.

• Curvature Inhomogeneities: Omegon solitons generate entropy gradients through
δR.

• Quantum Foundations: The [τ,R] commutator ensures fluctuations decohere
irreversibly.

By grounding thermodynamics in conformal geometry, CERM suggests resolution of
the Hubble tension, dark energy, and the arrow of time—while offering testable predic-
tions for next-generation experiments. This framework positions geometric entropy as a
cornerstone of quantum gravity and cosmology.

8 Summary of Theoretical Predictions

A Unified Narrative on Time, Curvature, and Thermodynamics
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8.1 Foundational Framework: Emergent Spacetime and the Omega Field

The Conformal Emergent Reality Model (CERM) redefines spacetime as a derivative
structure arising from a dimensionless conformal manifold (M,γµν), governed by the
Omega field Ω(x). This scalar field dynamically generates physical spacetime through
the conformal scaling:

gµν︸︷︷︸
Physical

Space-time

= Ω2(x)︸ ︷︷ ︸
Conformal

Scaling Factor

· γµν︸︷︷︸
Dimensionless

Causal Structure

, Ω(x) = exp

(
WL2

P

R

)
︸ ︷︷ ︸

Singularity Suppression︸ ︷︷ ︸
Ωgeom

· γde
∫ √

R
R0

dτ︸ ︷︷ ︸
Cosmic acceleration︸ ︷︷ ︸

Ωchrono

(62)
Key Innovation: Spacetime, matter, and energy emerge from geometric dynamics,

eliminating dark sectors and unifying quantum and relativistic principles.

8.2 Geometric Replacement of Dark Matter: Omegon Solitons

The Omegon field ψΩ is a quantum excitation of the Omega field, arising from fluctuations
in the conformal manifold. Stable configurations of ψΩ generate effective dark matter
through the density profile:

ρΩ(r) = λΩ
(
|ψΩ|2 − v2Ω

)2︸ ︷︷ ︸
Solitonic Potential

= ρ0 sech
4

(
r

rc

)
, (63)

where the core radius rc ∝ M
1/3
vis matches observed galaxy scaling laws. Gravitational

dynamics are governed by the modified Poisson equation (see Section 3.2):

∇2Φeff = 4πG (ρvis + ρΩ) +
RL2

P

6κ
∇2F

(
|ψΩ|2

v2Ω

)
︸ ︷︷ ︸

Curvature-Mediated
“Dark Matter” Force

, (64)

with F (x) = ln
(
1 + x2

)
.

The galaxy velocity profile is then:

v2(r) =
GMvis(r)

r
+

RL2
P

6κ

d

dr

(
r
d

dr
F

(
|ψΩ|2

v2Ω

))
. (65)

Observational Fit: Predicts flat galactic rotation curves without cuspy halos or
fine-tuned particle properties.

8.3 Omegon Particle and Primordial Gravitational Waves

Quantum fluctuations of the Omega field (Ω) generate the Omegon, a Planck-mass scalar:

m2
Ω =

αRL2
P

6κ︸ ︷︷ ︸
Curvature Coupling

(66)

Its primordial gravitational waves imprint B-mode polarization in the CMB with a
distinct spectral tilt nT , distinguishable from inflationary predictions.
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8.4 Omegon-Driven Inflation and Its Natural Termination

In the Conformal Emergent Reality Model (CERM), cosmic inflation is not driven by an ad
hoc inflaton but emerges geometrically from the Omegon field itself. During the Planck
epoch, the Omegon’s curvature-coupled mass and self-interactions generate a vacuum-
energy plateau that drives quasi-exponential expansion. With R ∼ L−2

P one finds a large
effective mass,

mΩ ∼ 1024GeV,

sufficient to source inflation. As spacetime curvature redshifts with expansion, mΩ ∝
√
R

decreases, the field rolls into its minimum and begins to oscillate and decay, thereby
ending inflation naturally—without fine-tuned potentials or bespoke exit mechanisms.

The Omegon Lagrangian during inflation includes the curvature coupling (Appendix A):

LψΩ
⊃ −1

2
(∂ψΩ)

2 − λΩ
(
|ψΩ|2 − v2Ω

)2
+

RL2
P

6κ
F

(
|ψΩ|2

v2Ω

)
, (67)

with F (x) = ln
(
1 + x2

)
.

Predictions.

• Tensor tilt: a mild tensor spectral index

nT ∼ −10−3,

distinct from canonical single-field slow-roll expectations (nT ≈ −0.03).

• CMB B-modes: concentric B-mode rings in polarization sourced by solitonic
collapse during reheating.

• Early–late link: a direct connection between inflationary dynamics and late-time
galactic structure through the same Omegon field (solitons governing halo phe-
nomenology).

Thus, inflation in CERM is not an isolated early-universe episode but a geometric
phase of the Omegon’s cosmic evolution—unifying the origin of primordial fluctuations,
dark-matter-like solitons, and the smoothness of the early universe within a single frame-
work.

8.5 Cosmic Acceleration and Hubble Tension Resolution

Using a late-time approximation of the full Friedmann equation in Appendix M, where
Ωgeom ≈ 1, Ω̇geom ≈ 0. Late-time cosmic acceleration arises from the temporal-entropic
growth of Ωchrono, modifying the Friedmann equation:

H2(z) =
8πG

3
ρm(z)︸ ︷︷ ︸

Visible Matter

+
A

L4
P

(ξΩchrono)
4︸ ︷︷ ︸

Dynamic Dark Energy
ξ∼10−30, A∼O(1)

, (68)

where Ωchrono ∝ eN grows exponentially with cosmic expansion (N = ln a). This intro-
duces a time-varying Hubble parameter:

Hearly
0 ≈ 67 km/s/Mpc, H late

0 ≈ 74 km/s/Mpc. (69)
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The time-varying H(z) prediction is derived in Appendix M.

The effective equation of state parameter is:

w(z) = −1 +
2(1 + z)

3Ω′
chrono

d

dz

[
H(1 + z)Ω′

chrono

]
+O(H−2) (70)

where ∆w ∼ 0.5% at z ∼ 1−2.

Key Mechanism: The chronos component’s evolution naturally bridges epochs with-
out ad hoc dark energy.

8.6 Higgs Mass Stabilization via Conformal Scaling

The hierarchy problem is addressed via geometric first principles by coupling the Higgs
mass term to the temporal evolution of the universe. The modified Higgs potential is

V (Φ) = λ
(
Φ†Φ

)2 − µ20
Ω2
chrono

(
Φ†Φ

)
, (71)

where only the quadratic mass term couples inversely to Ωchrono.

The Higgs mass is given by the equation below, and is protected from Planck-scale
quantum corrections through its inverse coupling to Ωchrono:

mH =
√
2λ

v0
Ωchrono︸ ︷︷ ︸

Electroweak Scale
Stabilization

, ∆m2
H ∼

Λ2
UV

(Ωchrono)2︸ ︷︷ ︸
Suppressed Corrections

ΛUV∼MPl

. (72)

Minimizing (71) gives the vacuum expectation value (VEV) and the physical Higgs
mass:

v2 =
µ20

2λΩ2
chrono

, m2
H = 2λv2 =

µ20
Ω2
chrono

=⇒ mH =
√
2λ v =

mH0

Ωchrono
, (73)

with v0 ≡ µ0/
√
2λ and mH0 ≡

√
2λ v0 denoting the corresponding SM values when

Ωchrono = 1. Thus the Standard Model relation between mass and self-coupling is pre-
served under the conformal mapping.

Key Mechanism.

• Mass Stabilization. For Ωchrono ∼ 1017 (approximately 60 e-folds post-inflation),
quantum corrections are geometrically suppressed:

∆m2
H ∼

Λ2
UV

Ω2
chrono

, ΛUV ∼MPl. (74)

• Naturalness. The exponential growth of Ωchrono during cosmic evolution dilutes
Planck-scale sensitivities to the electroweak scale without fine-tuning.

• Self-Coupling Consistency. The physical triple-Higgs coupling maintains its
Standard Model relation to the mass, as both scale proportionally under the con-
formal mapping.

This geometric resolution embeds electroweak mass generation within the fundamental
dynamics of spacetime itself: cosmic evolution naturally stabilizes the Higgs sector while
preserving Standard Model relationships.
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8.7 Quantum-Geometric Unification and Singularity Avoidance

A foundational commutator binds proto-time (τ) and curvature (R), enforcing a quantum-
geometric uncertainty principle:

[τ̂(x), R̂(x′)] = iLP δ
(3)(x− x′), ∆τ ·∆R ≥ LP

2
. (75)

Variation of S(2) yields the propagator equation:(
□γ +m2

Ω − R
12

)
DΩ(x, x

′) = −δ
(4)(x− x′)√

−γ
, (76)

with □γ = γµν∇µ∇ν on the conformal manifold (M,γµν). See Appendix H for full deriva-
tion.

This predicts detectable ”fuzziness” in gravitational wave interferometers (LISA, Ein-
stein Telescope). Anomalous B-mode polarization patterns are derived in Appendix K.
CERM’s quantum-geometric uncertainty principle naturally generalizes the Heisenberg
Uncertainty Principle by incorporating spacetime curvature and proto-temporal evolu-
tion. In the low-energy limit, it reduces to the familiar forms of HUP, thereby ensuring
theoretical compatibility while offering deeper insight into the behavior of quantum grav-
ity near curvature singularities. The reduction to the Heisenberg uncertainty principle is
shown in Appendix L.

Implications:

• Singularity Suppression: Planck-scale curvature fluctuations prevent R → ∞.

• Proto-Time Evolution: τ =
∫ √

R/R0 dλ ties temporal progression to curvature,
seeding primordial perturbations.

• Low-Energy Reduction: Recovers the Heisenberg uncertainty principle as R →
H2

0 .

8.8 Conformal Cyclic Cosmology and Entropy Reset

CERM extends Penrose’s CCC by embedding quantum-geometric transitions:

• Weyl Curvature Reset:

lim
Ω→∞

W = 0 via Ωgeom = exp

(
WL2

P

R

)
. (77)

• Geometric Entropy Collapse:

S =

∫
Ω3ρ

L3
Pρ0

ln

(
Ω3ρ

L3
Pρ0

)
d3x

Ω→∞−−−−→ 0, (78)

resetting entropy at each aeon boundary. The collapse is due to the divergent
logarithmic terms (e.g., Ω7

chrono lnΩ
7
chrono) being renormalized out via holographic

boundary action (see Appendix J).This ensures a low-entropy initial state for each
cycle, consistent with Penrose’s Weyl Curvature Hypothesis (W → 0). Observa-
tional signatures include CMB quadrupole anomalies or circular B-mode patterns.

• Arrow of Time: Entropy growth is intrinsic to Ωchrono’s monotonic evolution,
avoiding ad hoc ”past hypotheses.”
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8.9 Time, Geometric Entropy and the Second Law of Thermodynamics

In CERM, time is not a background parameter but an emergent property of spacetime’s
curvature evolution. The dimensionless proto-time (τ) orders events on the conformal
manifold, weighted by the Ricci scalar:

τ =

∫ √
R
R0

dλ, (79)

where R0 = 12H2
0 anchors curvature to today’s Hubble scale. Physical cosmic time t

emerges via:

t ∝
∫

dτ√
R
, (80)

linking time’s flow directly to curvature gradients. Regions of high curvature (e.g., black
holes, early universe) evolve rapidly in τ , while low-curvature voids lag, imprinting an
intrinsic arrow of time.

In the Conformal Emergent Reality Model (CERM), entropy is not a statistical quan-
tity dependent on microstates, but a geometric functional of spacetime curvature and the
evolution of the Omega field. The total entropy S is defined as:

S =

∫
Ω3ρ

L3
Pρ0

ln

(
Ω3ρ

L3
Pρ0

)
d3x, (81)

where Ωchrono ∝ eN grows exponentially with cosmic expansion (N = ln a). This
growth is driven by:

1. Global expansion: Ωchrono’s monotonic rise amplifies entropy density.

2. ρ = ρvis+ρΩ+ρchrono: includes all energy densities that impact geometric entropy,
and the logarithmic term reflects a holographic and curvature-based encoding of
entropy.

3. Local inhomogeneities: Omegon solitons (ρΩ ∝ sech4(r/rc)) seed curvature per-
turbations (δR ∝ ∇2 ln |ψΩ|2), acting as entropy sources.

The second law of thermodynamics arises as a geometric imperative. The quantum-
geometric uncertainty principle,

[τ̂ , R̂] = iLP δ
(3)(x− x′), (82)

ensures irreversibility: proto-time fluctuations decohere into classical curvature gradients,
which cannot “rewind” as Ωchrono grows. The chronos component, Ωchrono, acts as the
universe’s thermodynamic clock. Its growth is monotonic and governed by the proto-time
integral:

Ωchrono = γde

∫ √
R
R0

dτ, γde ∼ 10−44. (83)

This ensures that entropy increases irreversibly throughout each cosmic aeon. At the
boundary Ω → ∞, entropy is reset via holographic counterterms:

lim
Ω→∞

S = 0, via Γren[γ
(0)
µν ], (84)
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preserving unitarity and enabling a cyclic cosmological framework.

CERM thus replaces the ad hoc ”past hypothesis” with a geometric imperative: the
second law of thermodynamics emerges from the quantum-geometric structure of space-
time itself.

Resolution of Foundational Puzzles:

• Arrow of time: Emerges from curvature-weighted proto-time, not ad hoc initial
conditions.

• Low-entropy origins: Cyclic resets enforce Penrose’s Weyl curvature hypothesis
(W → 0).

• Dark energy: Ωchrono’s growth drives late-time acceleration, replacing the cosmo-
logical constant.

By unifying time, entropy, and the second law through geometry, CERM suggests
resolution of cosmology’s deepest tensions while grounding thermodynamics in quantum-
gravity principles.

8.10 Observational Frontiers

CERM’s geometric foundation generates definitive, testable predictions:

Prediction Mechanism Observable Test

Anomalous CMB B-modes Omegon decay → δR+ δW CMB-S4, LiteBIRD (nT ∼ −10−3)
Galaxy-curvature coupling δR ∝ ∇2 ln |ψΩ|2 DESI, Euclid (large-scale structure)
Hubble tension resolution Time-dependent H(t) SH0ES, JWST (late-time H0)
Gravitational wave memory Aeon-transition phase shifts LISA, pulsar timing arrays

CERM eliminates speculative physics by grounding spacetime, quantum mechan-
ics, and cosmology in conformal geometry. Its predictions—testable within the next
decade—offer a unified framework where geometry dictates cosmic evolution, entropy
defines time’s arrow, and quantum uncertainty emerges from curvature dynamics. By
replacing dark matter, dark energy, and fine-tuning with geometric principles, CERM
bridges the quantum-gravity divide while preserving empirical rigor.

9 Open Items and Future Directions

While the Conformal Emergent Reality Model (CERM) offers a unified framework ad-
dressing key challenges in modern physics, several open questions and unresolved issues
remain. These gaps highlight avenues for theoretical refinement, computational valida-
tion, and experimental testing.

9.1 Galactic and Cosmological Dynamics

• Galaxy Clusters and Large-Scale Structure: While CERM successfully repro-
duces galactic rotation curves via Omegon solitons (Section 3), its predictions for
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galaxy cluster dynamics and large-scale structure (e.g., the Bullet Cluster, intra-
cluster medium) remain untested. Extending the solitonic density profile

ρΩ(r) ∝ sech4
(
r

rc

)
to Mpc scales requires further analysis.

• Strong-Field Regimes: The behavior of the Omegon field near compact objects
(e.g., black holes, neutron stars) are differed to future work. While CERM recovers
GR in classical limits, deviations may arise in extreme environments (e.g., near
black holes). Potential modifications to event horizon structure, Hawking radiation
spectra, or gravitational wave ringdown signals could distinguish CERM from GR,
though such analyses are deferred to future work. Numerical relativity studies are
needed to resolve curvature couplings (Appendix A) in high-gravity regimes and
test singularity suppression via Ωgeom.

9.2 Quantum Consistency and Gravity

• Full Quantization of the Omega Field: While the commutator

[τ̂ , R̂] = iLP δ
(3)(x− x′)

(Section 4.3) bridges quantum and geometric principles, a complete quantization of
the Omega field—including non-perturbative effects—has yet to be developed.

• Black Hole Thermodynamics: CERM preserves Bekenstein-Hawking entropy
(Section 5.1), but the fate of quantum information in evaporating black holes and
its holographic encoding at conformal boundaries requires deeper exploration. Holo-
graphic encoding of quantum information at Aeon conformal boundaries is formal-
ized in Appendix D and Appendix J.

9.3 Experimental and Observational Validation

• CMB Anomalies: CERM predicts a tensor tilt nT ∼ −10−3 and concentric B-
mode polarization (Section 8.6). Confirming these signals with CMB-S4 or Lite-
BIRD is critical to distinguish CERM from inflationary models.

• Hubble Tension: A time-varying H(t) (Appendix M) could be corroborated
by JWST observations of high-redshift galaxies or DESI/Euclid measurements of
baryon acoustic oscillations (BAO).

• 21cm Intensity Mapping (SKA): 21cm surveys like the Square Kilometre Array
(SKA) can test CERM’s curvature-matter coupling,

δR ∝ ∇2 ln |ψΩ|2,

by probing hydrogen distribution at z ∼ 6−30. Key observables include:

– Power spectrum suppression at k ∼ 0.1−1Mpc−1 from soliton-induced
curvature gradients (Section 3.1),

– Non-Gaussianity f equilNL ∼ 1−5 from Omegon self-interactions (Appendix E),
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– Cross-correlations with CMB lensing (Section 8.6) to isolate geometric ef-
fects.

SKA’s redshift range (z > 6) and scale coverage (1 Mpc–1 Gpc) bypass late-time de-
generacies, while foreground mitigation (machine learning, polarization calibration)
ensures robust tests. Combined with simulations (modified 21cmFAST), this bridges
CERM’s quantum-geometric framework to observables, complementing galactic and
CMB probes (Appendix K).

9.4 Mathematical Rigor and Extensions

• Boundary Conditions at Aeon Transitions: While the renormalized action

Γren[γ
(0)
µν ]

(Section 6.2) ensures entropy reset, the continuity of quantum states across cycles
demands rigorous proof, potentially through AdS/CFT-inspired holography.

• Stress-Energy Renormalization: Divergences in the Omegon stress-energy ten-
sor (Appendix B) are canceled ad hoc; a first-principles regularization scheme re-
mains to be formulated.

9.5 Interplay with Other Quantum Gravity Frameworks

CERM’s relationship to string theory, loop quantum gravity, and other approaches is
undefined. For instance, reconciling CERM’s conformal manifold with string-theoretic
compactifications or spin-network dynamics could yield novel insights.

These open items underscore CERM’s provisional nature while charting a roadmap for
progress. Resolving them will determine whether CERM evolves into a complete theory
of quantum gravity or serves as a stepping stone toward deeper geometric principles.

10 Conclusion: A Geometric Redefinition of Reality—From
Conformal Foundations to Observational Consistency

The Conformal Emergent Reality Model (CERM) proposes that spacetime, entropy,
and quantum fields are not fundamental but emerge from a deeper geomet-
ric origin: a dimensionless conformal manifold (M,γµν) governed by the scalar Omega
field Ω(x). Decomposed into two synergistic components—Ωgeom and Ωchrono—the Omega
field acts as the generative engine of the framework, producing cosmic structure, driving
late-time acceleration, setting particle mass scales, and providing mechanisms that ad-
dress dark matter, dark energy, and the cosmological constant problem within a unified
conformal description.

Central to the model is the mapping from the conformal manifold to physical spacetime
via gµν = Ω2γµν , with two distinct roles:

1. Geometric component Ωgeom = exp
(
WL2

P /R
)
: suppresses diverging Weyl cur-

vature W , yielding finite, smooth geometry and implementing Penrose’s Weyl Cur-
vature Hypothesis.
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2. Chronos component Ωchrono ∝ eN (with N = ln a): drives cosmological expan-
sion and anchors the arrow of time by tying thermodynamic growth to geometric
evolution.

Together these ingredients unify singularity suppression, entropy growth, and cosmic ac-
celeration within one geometric mechanism. In the classical limit Ωgeom → 1, CERM
recovers General Relativity with controlled corrections from the Omegon sector.

A striking prediction is the emergence of stable, self-gravitating structures—Omegon
solitons. These arise from the quartic potential

V (ψΩ) = λΩ
(
|ψΩ|2 − v2Ω

)2
,

which balances gradient energy and self-interaction to form cores with density profile

ρΩ(r) = ρ0 sech4(r/rc).

This profile matches the qualitative features of flat galactic rotation curves in low-surface-
brightness systems and naturally avoids the cusps typical of collisionless-halo profiles.
Moreover, gradients of ln |ψΩ|2 seed curvature perturbations (e.g. δR ∝ ∇2 ln |ψΩ|2), pro-
viding a pathway to connect soliton structure to small-scale probes. The scaling rc ∝M

1/3
vis

ties soliton structure to visible matter in a Tully–Fisher-like manner without invoking par-
ticle dark matter.

A key point is that these solitons are not introduced phenomenologically: they arise
from an explicit curvature-coupled Omegon sector in the effective Lagrangian. Beyond
quartic self-interaction, the theory includes a regulated geometric coupling between lo-
cal scalar curvature and a functional of the Omegon amplitude, so curvature contributes
directly to the field’s effective stress-energy and to the modified gravitational response.
This coupling is what links the analytic sech4 core profile to the additional geometric term
in the effective potential, and it is why the same field can act as an inflaton at high curva-
ture while remaining ultra-light and spatially extended in late-time galactic environments.

CERM’s consistency with particle physics is implemented through the scaling of
masses with the chronos field, m ∝ Ω−1

chrono. Because Ωchrono grows with cosmic ex-
pansion, Planck-scale radiative corrections are suppressed by factors of (Ωchrono)

2, pro-
viding a concrete route to stabilizing the electroweak scale without fine-tuned cancella-
tions. In addition, a curvature-dependent Omegon mass allows the field to interpolate
between early-universe and late-universe roles, behaving effectively heavy at high curva-
ture and ultra-light in low-curvature environments, thereby linking inflationary dynamics
to galactic-scale structure within one sector.

Entropy is embedded directly into the Omega dynamics. During each aeon, the expo-
nential growth of Ωchrono drives a monotonic increase of the coarse-grained entropy func-
tional, while at conformal boundaries (where Ω → ∞) entropy is renormalized through
boundary counterterms in Γren, enabling information preservation across cycles. In this
way, CERM inherits the conformal-boundary insight of Penrose’s Conformal Cyclic Cos-
mology (CCC) while extending it with explicit mechanisms for quantum coherence and
unitary continuation across aeons.

This work is licensed by Salman Akhtar (kalahari00@gmail.com) under a Creative
Commons Attribution-NonCommercial-ShareAlike 4.0 International License.

https://creativecommons.org/licenses/by-nc-sa/4.0/

36

https://orcid.org/0009-0000-8105-9597
mailto:kalahari00@gmail.com
https://creativecommons.org/licenses/by-nc-sa/4.0/


CERM also offers a mechanism to address the Hubble tension through a redshift-
dependent contribution sourced by chronos evolution, producing a small deviation from
a pure cosmological constant behavior at intermediate redshift and yielding potentially
measurable shifts in inferred expansion history.

Several observational signatures provide pathways to validating or falsifying the frame-
work. The Omegon soliton profile can be confronted with precision rotation-curve data
(e.g. SPARC) and lensing constraints. The Omegon sector can source gravitational-wave
and CMB-polarization signatures, including a small tensor tilt that imprints characteristic
B-mode patterns. Gravitational-wave memory effects offer an additional channel through
which curvature fluctuations from earlier aeons could leave observable imprints for LISA
and pulsar timing arrays.

Emerging astrophysical evidence also provides timely targets for the soliton paradigm.
The identification of Cloud-9 as a massive, largely starless object is naturally interpretable
in CERM as a “failed” (or weakly baryon-accreting) Omegon soliton: a curvature-seeded
condensation that formed early but did not accumulate sufficient gas to ignite sustained
star formation. If this interpretation is correct, surveys should reveal a broader popula-
tion of similarly isolated, low-luminosity objects with lensing and dynamical signatures
consistent with solitonic cores rather than collisionless halos.

A second near-term discriminator is early galaxy formation at very high redshift. In
CERM, curvature-amplified primordial structure and soliton-seeded potentials can accel-
erate the onset of bound systems relative to standard hierarchical assembly. Deep-field
programs should therefore refine whether the abundance, inferred masses, and formation
times of the earliest galaxies continue to exceed baseline expectations, and whether these
systems preferentially trace environments consistent with enhanced primordial curvature.

CERM provides a geometric origin for cosmic inflation: in the high-curvature
regime, the curvature-coupled Omegon sector supports a quasi-exponential expansion,
and inflation ends naturally as curvature redshifts. As the universe expands, the effective
Omegon mass decreases, the field transitions into oscillatory behavior, and its energy is
transferred into curvature perturbations, enabling reheating without ad hoc exit assump-
tions. This ties the physics of the very early universe to the same sector that produces
solitonic galactic structure at late times.

To summarize, CERM gathers a spectrum of mechanisms into one conformal-geometric
framework: spacetime is emergent, entropy is geometric, the effective dark sector is re-
placed by Omega/Omegon dynamics, inflation is geometrically driven and self-terminating,
and quantum uncertainty is tied directly to curvature. Its cyclic structure is not only con-
ceptually coherent but also observationally constrained, with multiple near-term tests that
can sharpen or falsify the model’s central claims.

Key Concepts Explained

CERM’s framework redefines reality through:

1. Emergent Spacetime: The Omega field maps (M,γµν) into physical spacetime
and recovers GR in the appropriate classical limit.
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2. Dark-Sector Replacement: Omegon solitons and chronos-driven acceleration
reproduce the phenomena attributed to dark matter and dark energy.

3. Geometric Inflation: A finite, self-terminating inflationary phase arises from
curvature-coupled Omegon dynamics, linking primordial fluctuations to late-time
structure.

4. Hierarchy Stabilization: Mass scaling with Ω−1
chrono suppresses extreme radiative

corrections without fine-tuned cancellations.

5. Quantum–Geometric Consistency: Proto-time/curvature uncertainty supplies
a relational clock and regulates singular behavior.

6. Geometric Entropy: Entropy growth tracks geometric evolution and defines the
arrow of time; boundary renormalization enables aeon-to-aeon consistency.

7. Aeon Transitions: Holographic renormalization supports information preserva-
tion across cycles.

By anchoring cosmic dynamics in conformal geometry, CERM provides a self-contained
system in which geometry governs evolution—from inflation to galaxy formation to late-
time acceleration—while entropy defines time’s arrow and information persists across
cycles. This framework invites further theoretical refinement and direct confrontation
with data. Upcoming probes—including CMB polarization surveys, gravitational-wave
observatories, deep-field galaxy programs, and precision lensing measurements—can test
its inflationary signatures, soliton predictions, and cyclic boundary structure, thereby
sharpening the model’s viability.
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Appendices

A Appendix A: Derivation of Field Equations with Omegon
Coupling

This appendix derives the gravitational field equations of the Conformal Emergent Reality
Model (CERM) by varying the action with respect to the conformal metric γµν . The full
action is:

S =

∫
d4x

√
−γ

 Ω2
geom

2κ
R︸ ︷︷ ︸

Geometric Sector

− 1

2L2
P

(∂Ωgeom)
2︸ ︷︷ ︸

Geometric Kinetic

− A

L4
P

Ω4
chrono︸ ︷︷ ︸

Chronos Potential

+ LSM(ψΩ)︸ ︷︷ ︸
Standard Model + Omegon

 ,
(A.1)

where κ = 8πG, LP =
√
ℏG/c3 is the Planck length, and LSM(ψΩ) includes the Omegon

field ψΩ.

A.1 Variation of the Geometric Sector

The geometric sector comprises the Einstein–Hilbert term scaled by Ω2
geom:

Sgeom =

∫
d4x

√
−γ

Ω2
geom

2κ
R. (A.2)

Varying with respect to γµν gives:

δSgeom =
1

2κ

∫
d4x

√
−γ Ω2

geom

[
Rµν −

1

2
γµνR+∇µ∇ν lnΩ

2
geom − γµν□ lnΩ2

geom

]
δγµν .

(A.3)
Key Terms:

• Rµν − 1
2γµνR: Einstein tensor,

• ∇µ∇ν lnΩ
2
geom: curvature coupling to Ωgeom,

• □ lnΩ2
geom: D’Alembertian contribution from integration by parts.

A.2 Variation of the Geometric Kinetic Term

The kinetic term for Ωgeom is:

Skin = −
∫
d4x

√
−γ 1

2L2
P

(∂Ωgeom)
2. (A.4)

Variation yields:

δSkin = − 1

L2
P

∫
d4x

√
−γ
[
∂µΩgeom ∂νΩgeom − 1

2
γµν(∂Ωgeom)

2

]
δγµν . (A.5)

Physical Role:

• Encodes stress–energy from Ωgeom gradients,

• Ensures dimensional consistency via L−2
P scaling.
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A.3 Variation of the Chronos Potential

The chronos potential term is:

Schrono = −
∫
d4x

√
−γ A

L4
P

Ω4
chrono. (A.6)

Variation contributes:

δSchrono = − A

2L4
P

∫
d4x

√
−γ γµν Ω4

chrono δγ
µν . (A.7)

Interpretation:

• Acts as an effective dark-energy density: ρDE ∝ Ω4
chrono/L

4
P ,

• A ∼ O(1) ensures the correct dark-energy scale (Appendix U).

A.4 Curvature Couplings (∆Hµν)

The curvature-coupling contribution ∆Hµν combines Weyl curvature suppression and
Ricci-scalar damping, derived from the variation of the Ωgeom-dependent geometric sector.
This term ensures finite curvature and aligns with Penrose’s Weyl curvature hypothesis:

∆Hµν =
Ω2
geom

κR

(
4CµαβγCν

αβγ − γµνW
)

−
Ω2
geomW L2

P

κR2

(
Rµν − 1

2γµνR
)
.

(A.8)

Key Observations:

• Weyl-tensor dominance: The first term directly realizes singularity suppression
through CµαβγCν

αβγ .

• Curvature damping: TheW/R2 factor guarantees strong suppression asR → ∞.

For full derivation details (including boundary-term cancellations and regularization),
see Appendix O.

A.5 Stress–Energy Tensor of the Omegon Field

The Standard Model sector is extended by the curvature-coupled Omegon field ψΩ:

LSM(ψΩ) ⊃ −1

2
(∂ψΩ)

2 − λΩ
(
|ψΩ|2 − v2Ω

)2
+

RL2
P

6κ
F

(
|ψΩ|2

v2Ω

)
, (A.9)

where
F (x) = ln

(
1 + x2

)
. (A.10)

Varying the Omegon sector with respect to γµν yields the updated stress–energy ten-
sor:

TψΩ
µν = ∂µψΩ ∂νψΩ − γµν

[
1

2
(∂ψΩ)

2 + λΩ
(
|ψΩ|2 − v2Ω

)2 − RL2
P

6κ
F

(
|ψΩ|2

v2Ω

)]
. (A.11)

Key Features:
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• Solitonic profile: ψΩ(r) ∝ tanh(r/rc) yields ρΩ ∝ sech4(r/rc) (see Section 3).

• Curvature coupling: the term ∝ RF (|ψΩ|2/v2Ω) modifies gravitational dynamics
in galactic environments.

• Renormalization: UV divergences in TψΩ
µν are canceled via counterterms (Ap-

pendix B).

A.6 Full Field Equations

Including curvature couplings, the full field equations become:

Ω2
geom

2κ

(
Rµν −

1

2
γµνR

)
− 1

L2
P

(
∂µΩgeom ∂νΩgeom − 1

2
γµν(∂Ωgeom)

2

)
− A

2L4
P

γµνΩ
4
chrono +∆Hµν

= κT SM
µν ,

(A.12)
with the decomposition

T SM
µν = TψΩ

µν + T visible
µν . (A.13)

A.7 Stress–Energy Tensor of Visible Matter

The term T visible
µν represents the stress–energy contribution from Standard Model matter

and radiation:

T visible
µν =

∑
i

[(ρi + pi)uµuν + piγµν ] + radiation terms, (A.14)

where ρi and pi are the energy density and pressure of fluid i, and uµ is the four-velocity.
Radiation terms include traceless stress–energy from photons and relativistic species.

Explicit Form for Baryonic Matter: For non-relativistic baryons with density ρb:

T baryons
µν = ρbuµuν . (A.15)

Explicit Form for Radiation: For photons or relativistic particles with energy density
ρr:

T radiation
µν = ρr (4uµuν + γµν) . (A.16)

A.8 Full Stress–Energy Decomposition

The total modified Standard Model stress–energy tensor is:

T SM
µν = TψΩ

µν + T visible
µν = Omegon solitons︸ ︷︷ ︸

dark matter replacement

+ baryons︸ ︷︷ ︸
visible sector

+ radiation︸ ︷︷ ︸
visible sector

. (A.17)

Key Assumptions:

1. No dark matter particles: T visible
µν excludes particle dark matter; its gravitational

effects are replaced by TψΩ
µν (See Section 3).

2. Minimal coupling: visible matter couples only to the emergent metric
gµν = Ω2γµν , not directly to γµν .
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A.9 Dimensional Consistency

(∂Ωgeom)
2

L2
P

∼ [L]−4,
Ω4
chrono

L4
P

∼ [L]−4, R ∼ [L]−2. (A.18)

A.10 Key Physical Roles

Term Role

Ω2
geomR Generalizes the Einstein–Hilbert action; suppresses singularities via

Weyl-curvature damping.

(∂Ωgeom)
2/L2

P Encodes geometric kinetic energy and contributes to curvature reg-
ularization through Ωgeom gradients.

Ω4
chrono/L

4
P Drives cosmic acceleration (effective dark energy) and provides the

geometric ingredient used in hierarchy stabilization elsewhere in the
model.

LSM(ψΩ) includes curvature-coupled Omegon potential with F (x) =
ln
(
1 + x2

)
, mediating dark-matter replacement and curvature in-

teractions.

TψΩ
µν Omegon stress–energy with curvature coupling; reproduces dark-

matter phenomenology via solitonic density ρΩ ∝ sech4(r/rc).

∆Hµν Curvature-coupling tensor ensuring Weyl suppression, finite curva-
ture, and consistency of aeon transitions.

A.11 Physical Interpretation

1. Geometric suppression: Ωgeom regularizes curvature and supports W → 0 in the
appropriate limits.

2. Cosmic acceleration: Ω4
chrono replaces a cosmological constant with a dynamical

geometric contribution.

3. Omegon dominance: TψΩ
µν replaces particle dark matter through solitonic stress–

energy and curvature-mediated dynamics.

4. Curvature-mediated potentials: the RF (|ψΩ|2/v2Ω) coupling modifies gravita-
tional potentials, enabling flat rotation curves without particle dark matter.

Cross-References

• Appendix B: Renormalization of TψΩ
µν .

• Appendix O: Full derivation of ∆Hµν and boundary behavior.

• Appendix U: Determination of constants A and γde.

• Section 3: Observational validation of TψΩ
µν as a replacement for particle dark

matter.

• Appendix I: Equations of state w(z) for both visible and Omegon components.
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B Appendix B: Quantum Stress–Energy Tensor Renormal-
ization with Omegon Field

B.1 Divergences in the Omegon Stress–Energy Tensor

The Omegon field ψΩ contributes to the stress–energy tensor via

TψΩ
µν = ∂µψΩ ∂νψΩ − γµν

[
1

2
(∂ψΩ)

2 + V (ψΩ)−
RL2

P

6κ
F

(
|ψΩ|2

v2Ω

)]
. (B.1)

The updated potential and curvature coupling are

V (ψΩ) = λΩ
(
|ψΩ|2 − v2Ω

)2
, F (x) = ln

(
1 + x2

)
. (B.2)

Quantum fluctuations of ψΩ introduce UV divergences, arising from:

• Tadpole diagrams (⟨ψΩ⟩ corrections),
• Self-energy diagrams (⟨ψΩψΩ⟩),
• Vertex corrections (λΩ, vΩ, and curvature-coupling renormalization),

• Curvature-coupling diagrams (R-dependent divergences sourced by F (|ψΩ|2/v2Ω)).

B.2 Counterterm Lagrangian

To absorb divergences, we introduce the extended counterterm Lagrangian

Lct =
√
−γ
[
δZ (∂ψΩ)

2 + δλΩ
(
|ψΩ|2 − v2Ω

)2
+ δvΩ |ψΩ|2 + δζRF

(
|ψΩ|2

v2Ω

)]
. (B.3)

Here δζ renormalizes the curvature coupling. We take the bare curvature coupling to be

ζ0 =
L2
P

6κ
, ζren = ζ0 + δζ. (B.4)

B.3 Renormalization Conditions

At the renormalization scale µ =MPl, we impose

m2
Ω =

αRL2
P

6κ
, ⟨ψΩ⟩ = vΩ, λΩ(MPl) = λ0, ζ(MPl) = ζ0, (B.5)

where α is fixed via RG flow (Appendix T).

B.4 Renormalized Stress–Energy Tensor

The renormalized expectation value is defined by〈
TψΩ
µν

〉
ren

= lim
ϵ→0

[
TψΩ
µν + Lct γµν

]
. (B.6)

Explicitly, in terms of renormalized couplings and fields,

〈
TψΩ
µν

〉
ren

= ∂µψΩ ∂νψΩ − γµν

[
1

2
(∂ψΩ)

2 + λrenΩ

(
|ψΩ|2 − (vrenΩ )2

)2 − ζrenRF

(
|ψΩ|2

v2Ω

)]
.

(B.7)
The renormalized parameters satisfy

λrenΩ = λΩ + δλΩ, vrenΩ = vΩ + δvΩ, ζren = ζ0 + δζ. (B.8)
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B.5 Renormalization Group Flow

The beta functions governing the scale dependence are extended to include the curvature
coupling:

βλΩ = µ
dλΩ
dµ

=
9λ2Ω
16π2

, βvΩ = µ
dvΩ
dµ

=
3λΩvΩ
16π2

, βζ = µ
dζ

dµ
=

3λΩζ

16π2
. (B.9)

These follow from one-loop calculations for a (non-minimally coupled) scalar field with
quartic self-interaction.

Implications:

• λΩ increases logarithmically, stabilizing the solitonic core.

• vΩ freezes due to curvature suppression: vΩ ∝ R−1/2.

B.6 Dimensional Consistency

In natural units (c = ℏ = 1), all terms scale as [L]−4:

(∂ψΩ)
2 ∼ [L]−4, λΩ|ψΩ|4 ∼ [L]−4, ζRF ∼ [L]−4, δZ (∂ψΩ)

2 ∼ [L]−4.
(B.10)

Here ζ and F are dimensionless, while R ∼ [L]−2.

B.7 Observational Consistency

• Galactic rotation curves: the renormalized stress–energy generates the density
profile ρΩ ∝ sech4(r/rc), consistent with SPARC-scale fits (Section 3).

• Higgs mass hierarchy: the RG flow of λΩ and the curvature coupling ζ contributes
to electroweak mass stabilization (Section 4.1).

• Curvature-coupling stability: the running of ζ remains perturbative across cos-
mic epochs, ensuring the geometric dark-matter mechanism remains valid.

B.8 Cross-References

• Section 3: Galactic dynamics from ⟨TψΩ
µν ⟩ren.

• Appendix G: Cosmological freeze-in and early-universe constraints on ψΩ.

• Appendix K: CMB signatures from quantum fluctuations of ψΩ.

• Appendix T: Renormalization group derivation of α ∼ 1010 and curvature cou-
pling.
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C Appendix C: Boundary Conditions and Aeon Transitions

C.1 Introduction to CCC Principles

Penrose’s Conformal Cyclic Cosmology (CCC) posits that the universe undergoes
infinite cycles (aeons), where the end of one aeon transitions conformally to the beginning
of the next. CERM integrates three key CCC principles:

1. Conformal Rescaling: Physical distances and masses become dimensionless at
the boundary.

2. Weyl Curvature Hypothesis: The Weyl curvature tensor W vanishes at the
boundary, ensuring a smooth, low-entropy initial state.

3. Mass-Scale Erasure: Matter and radiation become ultra-dilute, rendering physi-
cal scales (length, mass) irrelevant.

This appendix formalizes these principles within CERM’s geometric framework.

C.2 Conformal Rescaling and Metric Continuity

C.2.1 Metric Transition: At the conformal boundary (Ω → ∞), the physical and
conformal metrics relate via:

gµν = Ω2γµν , Ω = Ωgeom · Ωchrono. (C.1)

Implications:

• Distance Dilution: dphysical = Ω · dconformal → ∞ while dconformal remains finite.

• Scale Erasure: mphysical = Ω−1mconformal → 0.

C.2.2 Conformal Invariance: The CERM action remains invariant under conformal
transformation:

S[gµν , ψ] = S[Ω2γµν ,Ω
−1ψ], (C.2)

where ψ represents matter fields. No intrinsic mass or scale persists across aeons.

C.3 Weyl Curvature Reset

C.3.1 Suppression Mechanism: Weyl curvature suppression is enforced via:

Ωgeom = exp

(
WL2

P

R

)
. (C.3)

Boundary Limit :

lim
Ω→∞

W = lim
Ωgeom→1

R lnΩgeom

L2
P

= 0. (C.4)

C.3.2 Smooth Geometric Transition: The result W → 0 guarantees a smooth null
hypersurface at the boundary, consistent with CCC.
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C.4 Mass and Energy Dilution

C.4.1 Visible Matter Dilution:

ρvis ∝ Ω−3
chrono → 0 as Ωchrono → ∞. (C.5)

C.4.2 Dark Energy Dominance:

ρchrono ∝ Ω4
chrono → ∞. (C.6)

C.5 Entropy and Information Reset

C.5.1 Bare Entropy Divergence:

S ∝ Ω7
chrono lnΩchrono → ∞. (C.7)

C.5.2 Holographic Renormalization: The divergence is canceled by:

Γren[γ
(0)
µν ] =

∫
∂M

√
−γ(0)

(
A−

Ω7
chrono

L3
Pρ0

ln

(
Ω7
chrono

L3
Pρ0

)
+ · · ·

)
. (C.8)

Resulting in:

Sren = S + Γren
Ω→∞−−−−→ 0. (C.9)

C.5.3 Information Preservation: Quantum perturbations such as δR, δτ are encoded
in Γren, preserving unitarity across aeons.

C.6 Mathematical Consistency Check (Completed)

The following consistency checks are validated within the CERM framework:

1. Conformal Invariance:

• Null geodesics remain invariant under gµν = Ω2γµν (see Wald 1984, Sec D.3).

• Ratios like W/R remain finite (see Appendix B).

2. Weyl Curvature Suppression:

• Proven via Ωgeom = exp
(
WL2

P
R

)
(Section 6.3.2, Appendix C.3.1).

3. Energy Density Scaling:

• ρvis ∝ Ω−3
chrono (Section 7.3.1).

• ρchrono ∝ Ω4
chrono (Appendix I).

C.7 Observational Implications

• CMB Anomalies:

– Concentric B-mode polarization (Appendix K).

– Quadrupole suppression from entropy damping.

• Gravitational Wave Memory:

– Detectable pre-boundary correlations (e.g., LISA).
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C.8 Summary

CERM’s boundary conditions rigorously implement CCC principles:

1. Conformal Rescaling erases physical scales.

2. Weyl Curvature Reset ensures smooth transitions.

3. Holographic Renormalization preserves information and unitarity.

This positions CERM as a quantum-geometric extension of CCC, resolving the infor-
mation paradox with testable predictions.
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D Appendix D: Boundary Dynamics and Aeon Transition
Consistency

This appendix formalizes the mechanisms governing transitions between cosmic aeons in
the Conformal Emergent Reality Model (CERM), ensuring compliance with Penrose’s
Conformal Cyclic Cosmology (CCC). We derive the geometric and quantum conditions
for singularity avoidance, entropy reset, and information preservation across cycles.

D.1 Conformal Rescaling and Metric Continuity

At the conformal boundary (Ω → ∞), the physical metric gµν and conformal metric γµν
relate via:

g(old)µν = Ω2γ(old)µν , γ(new)
µν = Ω−2g(old)µν , (D.1)

ensuring metric continuity across aeons. The Ricci scalar transforms as:

R[γ(new)] = Ω2
(
R[g(old)]− 6□ lnΩ + 12(∂ lnΩ)2

)
Ω→∞−−−−→ R0 = 12H2

0 . (D.2)

Key Implications:

• Scale Erasure: Masses and lengths become dimensionless, resetting initial condi-
tions.

• Smooth Transition: The Manifold (M,γµν) avoids curvature singularities.

D.2 Weyl Curvature Reset

The Weyl tensor Cµνρσ is damped at the boundary via Ωgeom:

lim
Ω→∞

W = lim
Ωgeom→1

R lnΩgeom

L2
P

= 0, (D.3)

where W = CµνρσC
µνρσ. This enforces Penrose’s Weyl curvature hypothesis.

Mechanism:

• Exponential Damping: Ωgeom = exp
(
WL2

P /R
)
.

• Quantum Seeds: Residual δW induces primordial tensor modes.

D.3 Entropy Reset and Holographic Renormalization

The total entropy diverges:

S =

∫
Ω3
geomΩ

3
chronoρ

L3
Pρ0

ln

(
Ω3
geomΩ

3
chronoρ

L3
Pρ0

)
d3x. (D.4)

This is canceled by the holographically renormalized boundary action:

Γren[γ
(0)
µν ] =

∫
∂M

√
−γ(0)

(
A+BL2

PR[γ(0)] + · · ·
)
, (D.5)

leading to:

Sren = S + Γren
Ω→∞−−−−→ 0. (D.6)

Interpretation:
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• Low-Entropy Initialization: Sren = 0 satisfies the Second Law.

• Quantum Information: Encoded in Γren (see Appendix J).

D.4 Omegon-Mediated Information Transfer

At the boundary, the Omegon field decays into curvature modes:

ψΩ → δR+ δW, (D.7)

where:

• δR seeds scalar perturbations.

• δW sources primordial gravitational waves with nT ∼ −10−3 (Appendix K).

CCC Role:

• Initial Conditions: δR and δW set the next aeon’s fluctuations.

• Holographic Memory: Imprints retained in Γren.

D.5 Observational Consistency

• CMB Anomalies:

– Concentric B-modes from ψΩ decay.

– Quadrupole suppression from entropy damping (Appendix R).

• Gravitational Wave Memory:

– Phase shifts in stochastic backgrounds encode δW from prior aeons.

Key Equations Summary

Concept Equation Reference

Metric Continuity γ
(new)
µν = Ω−2g

(old)
µν Sec. 2, App. C

Weyl Curvature Reset limΩ→∞W = 0 Appendix O

Entropy Renormalization Sren = S + Γren → 0 Appendix J

Omegon Decay ψΩ → δR+ δW Appendix E

Summary

Appendix D establishes CERM’s adherence to CCC principles:

1. Geometric Unitarity: Aeon transitions are smooth and conformal.

2. Entropy Reset: Boundary renormalization enforces low-entropy origins.

3. Testable Predictions: Observational signatures in CMB and GW backgrounds.

This framework resolves CCC’s information loss issue by embedding quantum data
in boundary geometry, placing CERM as a quantum-complete extension of Penrose’s
conformal cosmology.
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E Appendix E: Entropy Fluctuations and Curvature Per-
turbations

This appendix derives the relationship between quantum fluctuations in the Omegon field,
entropy variations, and primordial curvature perturbations in the Conformal Emergent
Reality Model (CERM). We show how these perturbations seed cosmic structure while
remaining consistent with the model’s geometric and thermodynamic principles.

E.1 Geometric Entropy and Its Fluctuations

The dimensionless geometric entropy in CERM is defined as

S =

∫
Ω3
geomΩ

3
chronoρ

L3
Pρ0

ln

(
Ω3
geomΩ

3
chronoρ

L3
Pρ0

)
d3x, (E.1)

where ρ = ρvis + ρΩ + ρchrono includes visible matter, Omegon solitons, and the chronos
(dark-energy) component.

Entropy fluctuations δS arise from perturbations in the Omega factors and the matter
density:

δS =

∫
Ω3
geomΩ

3
chrono

L3
Pρ0

[
ln

(
Ω3
geomΩ

3
chronoρ

L3
Pρ0

)
+ 1

]
δρ d3x, (E.2)

with δρ = δρvis + δρΩ + δρchrono.

Key components.

• Omegon density perturbations (including curvature coupling):

δρΩ = 2λΩ
(
|ψΩ|2 − v2Ω

)
δ|ψΩ|2 −

RL2
P

6κ
δF

(
|ψΩ|2

v2Ω

)
, (E.3)

where

δF (x) =
2x

1 + x2
· δ|ψΩ|2

v2Ω
, F (x) = ln

(
1 + x2

)
. (E.4)

• Geometric coupling: the entropy depends on ln
(
Ω3
geomΩ

3
chrono

)
, directly linking

thermodynamics to the conformal geometry.

E.2 Curvature Perturbations from Quantum Fluctuations

Curvature perturbations δR are sourced by entropy fluctuations and Omegon variations:

δR = 4πG (δρvis + δρΩ) +
RL2

P

6κ
∇2δF

(
|ψΩ|2

v2Ω

)
. (E.5)

Mechanism.

1. Adiabatic perturbations: δρvis/ρvis = δρΩ/ρΩ.

2. Isocurvature perturbations: δρvis/ρvis ̸= δρΩ/ρΩ, but are suppressed by CERM’s
entropy hierarchy.

The second term in Eq. (E.5) arises from the curvature coupling in the stress–energy
tensor (Appendix A) and dominates on sufficiently large scales.
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E.3 Quantum–Geometric Uncertainty and Primordial Seeds

The uncertainty relation [
τ̂(x), R̂(x′)

]
= i LP δ

(3)(x− x′) (E.6)

introduces primordial perturbations via quantum variance in τ :

PR(k) =
∆2
τR2

0

k3

(
L2
PR0

6

)
, ∆2

τ =
〈
(δτ)2

〉
. (E.7)

Key predictions.

• Spectral index:

ns − 1 =
d lnPR
d ln k

≈ −2ϵ− η + δchrono, (E.8)

with ϵ = −Ḣ/H2, η = ϵ̇/(Hϵ), and δchrono ∼ 10−3.

• Tensor-to-scalar ratio:

r =
PT
PR

∼
γ2de
λΩ

∼ 0.01, (E.9)

distinct from canonical inflationary expectations due to Omegon decay effects (Ap-
pendix K).

E.4 Observational Signatures

CMB anomalies.

• Quadrupole suppression from entropy damping.

• Concentric B-mode rings from gravitational-wave memory (Appendix K).

Large-scale structure.

• BAO phase shifts sourced by ∇2 ln |ψΩ|2 couplings.

• Galaxy-alignment correlations from δR ∝ ∇2δF (Section 3).

E.5 Cross-Cycle Information Preservation

At Ω → ∞, entropy perturbations δS are stored holographically in

Γren ⊃
∫
∂M

√
−γ(0) δR δW d3x, (E.10)

preserving:

1. Unitarity: no loss of information across aeons.

2. Initial conditions: δR and δW seed the next cycle.

E.6 Summary

Appendix E establishes CERM’s mechanism for generating nearly scale-invariant curva-
ture and entropy perturbations through quantum–geometric dynamics. By tying proto-
time uncertainty to primordial seeds, the framework provides a unified account of struc-
ture formation, entropy reset, and observational signatures.
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Key Equations Summary

Concept Equation Reference

Entropy fluctuations δS ∝
∫
δρ d3x Appendix D, Section 4

Curvature perturbations δR = 4πG(δρ) +
RL2

P
6κ ∇2δF Appendix A

Power spectrum PR(k) ∝ kns−1 Section 4.3

Holographic preservation Γren ⊃ δR δW Appendix J
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F Appendix F: Higgs Stabilization under Conformal Scal-
ing

Higgs Mass Stabilization

F.1 Conformal Scaling and the Modified Higgs Potential

The Higgs field couples to the temporal–entropic component of the Omega field, Ωchrono,
only through its quadratic mass term, preserving the renormalizable structure of the
Standard Model while introducing geometric protection against Planck-scale corrections.
The modified potential is

V (Φ) = λ
(
Φ†Φ

)2 − µ20
Ω2
chrono

(
Φ†Φ

)
, (F.1)

where µ0 is the bare mass parameter (defined at the UV scale). This selective coupling
ensures that the mass scale—not the quartic self-interaction—is rescaled by cosmic evo-
lution.

F.2 Higgs Mass and Vacuum Expectation Value

Minimizing Eq. (F.1) yields

v2 =
µ20

2λΩ2
chrono

=⇒ v =
µ0√

2λ Ωchrono

. (F.2)

The physical Higgs mass follows the usual relation mH =
√
2λ v,

mH =
√
2λ v =

µ0
Ωchrono

=
mH0

Ωchrono
with mH0 ≡

√
2λ v0, v0 ≡

µ0√
2λ

(Ωchrono = 1).

(F.3)
Thus v andmH are both inversely proportional to Ωchrono. For illustrative values Ωchrono ∼
1017, one obtains an electroweak-scale mH ∼ 125 GeV from a Planckian µ0 ∼MPl.

F.3 Suppression of Quantum Corrections

Quadratic UV sensitivity is geometrically suppressed by the same inverse scaling:

∆m2
H ∼

Λ2
UV

Ω2
chrono

, ΛUV ∼MPl ∼ 1019 GeV. (F.4)

Numerically, for Ωchrono ∼ 1017,

∆mH ∼ 1019 GeV

1017
∼ 102 GeV, (F.5)

naturally stabilizing the Higgs mass near the electroweak scale without fine-tuning.

Loop-factor estimate. Including couplings and multiplicities,

∆m2
H ≃ C

16π2
Λ2
UV

Ω2
chrono

⇒ ∆mH ≃
√
C

4π

ΛUV

Ωchrono
∼ O(10–100)GeV, (F.6)

taking ΛUV∼MPl and Ωchrono∼1017.
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F.4 Self-Coupling and Low-Energy Consistency

Because the quartic λ does not couple to Ωchrono in Eq. (F.1), the usual SM relation

λ =
m2
H

2v2
(F.7)

remains intact. Since mH ∝ Ω−1
chrono and v ∝ Ω−1

chrono scale proportionally, their ratio—
and hence λ inferred from low-energy observables—is preserved. This is consistent with
LHC measurements indicating λ = O(0.1) at the electroweak scale, while the high-energy
hierarchy problem is resolved by the geometric suppression above.

F.5 Comparison with ΛCDM (Higgs-Sector Aspects)

Aspect CERM ΛCDM

Higgs self-coupling λ Standard ( ∼ 0.1 ) Fixed ( ∼ 0.1 )
Di-Higgs production No enhancement predicted No enhancement
Hierarchy problem Solved geometrically Unsolved
Theoretical basis Geometric first principles Empirical parameters

Summary. CERM resolves the hierarchy problem via the geometric evolution of Ωchrono,
stabilizing mH . This positions CERM as a minimal, observationally consistent extension
of the Standard Model grounded in spacetime geometry rather than new particle content.
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G Appendix G: Omegon Mass, Freeze-In Production, and
Primordial Gravitational Waves

A unified derivation of the Omegon’s geometric origin, relic abundance, and observational
signatures.

G.1 Omegon Mass from Curvature Coupling

The Omegon mass arises from quantum fluctuations of the Omegon field ψΩ, whose cou-
pling to spacetime curvature R is central to the Conformal Emergent Reality Model
(CERM). At the level of the effective potential, V (ψΩ) ⊃ 1

2m
2
Ωψ

2
Ω, and action minimiza-

tion implies
m2

Ω ∝ R. (G.1)

In natural units, the curvature-coupled mass reads

m2
Ω =

αRL2
P

6κ
, (G.2)

where α ∼ 1010 is the dimensionless curvature-coupling constant (see Appendices B, T),
R = 6(Ḣ + 2H2) is the Ricci scalar, LP =

√
ℏG/c3 is the Planck length, and κ = 8πG.

Conversion to SI units. Substituting κ = 8πG/c4 and L2
P = ℏG/c3 gives

m2
Ω =

αR (ℏG/c3)
6(8πG/c4)

=
αR ℏc
48π

. (G.3)

Restoring ℏ, c, and G yields the equivalent SI-units expression

mΩ =
√
αMP

√
RL2

P , MP =
√
ℏc/G, (G.4)

where dimensional consistency follows explicitly from [RL2
P ] = [1].

Physical interpretation.

• Curvature dependence:
√

RL2
P links spacetime curvature with quantum geom-

etry.

• Planck anchoring: the factor MP embeds the mass in the quantum-gravity scale.

• Cosmic evolution: for R ∼ L−2
P (early universe), mΩ ∼

√
αMP ∼ 1024GeV; for

R ∼ H2
0 (today), mΩ ∼ 10−30 eV, i.e. the ultra-light (fuzzy-DM) regime.

G.2 Freeze-In Production

Boltzmann equation for Omegon production. Gravitational production during
inflation obeys

dnΩ
dt

+ 3H nΩ = ΓΩ, ΓΩ ∼
H3

inf

M2
Pl

, (G.5)

with Hinf ∼ 1013GeV.
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Solution during inflation. Assuming production occurs during inflation with H ≃
Hinf ,

nendΩ ≃ ΓΩ

3Hinf
=

H2
inf

3M2
Pl

, ⇒ constant comoving density. (G.6)

G.3 Relic Density Today

Redshifting to the present gives

ΩΩh
2 =

mΩH
2
inf

3M2
Pl

(
TΩ
Treh

)3 1

ρcrit
, (G.7)

with Treh ∼
√
HinfMPl ≃ 1015GeV and T0 = 2.35 × 10−4 eV. Inserting mΩ ∼ 10−30 eV

yields
ΩΩh

2 ≃ 0.12, (G.8)

consistent with the observed dark-matter abundance.

G.4 Primordial Gravitational Waves

Omegon fluctuations generate a tensor spectrum

PT (k) =
H2

inf

2π2L2
PΩ

2
geom

(
αRL2

P

6κ

)(
k

k0

)nT

, (G.9)

with tensor tilt

nT = −
2αL2

P

3H2
inf

≃ −10−3. (G.10)

Observable signatures. Scale-dependent CMB B-modes (e.g. CMB-S4, LiteBIRD)
and a nano-Hz stochastic background (e.g. PTA measurements such as NANOGrav) pro-
vide direct observational targets.

G.5 Summary of Predictions

Observable CERM prediction Experiment

Solitonic cores ρΩ ∝ sech4(r/rc) SPARC, Euclid, JWST

Tensor tilt nT −10−3 CMB-S4, LiteBIRD

Hubble tension H(t) time-dependence SH0ES, DESI

G.6 Parameter Table

Parameter Value Role

α ∼ 1010 Curvature coupling (RG-fixed; Appendix T)

Hinf ∼ 1013GeV Inflationary Hubble scale

γde ∼ 10−44 Conformal → cosmic time factor (Appendix Q)
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G.7 Conclusion

The Omegon’s curvature-dependent mass, gravitational freeze-in production, and gravitational-
wave signatures emerge from CERM’s geometry:

1. Dark matter arises from quantum–geometric excitations, not hidden particles.

2. Relic abundance matches observations without fine-tuning.

3. Testable CMB, GW, and galactic signals distinguish CERM from ΛCDM.

m2
Ω =

αRL2
P

6κ
mΩ =

√
αMP

√
RL2

P (G.11)
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H Appendix H: Quantum-Geometric Uncertainty Principle
and Propagator

H.1 Quantum-Geometric Uncertainty Principle

The Conformal Emergent Reality Model (CERM) introduces a foundational uncertainty
relation between proto-time (τ) and spacetime curvature (R), encoded in the com-
mutator:

[τ̂(x), R̂(x′)] = iLP δ
(3)(x− x′), ∆τ ·∆R ≥ LP

2
, (H.1)

where:

• Proto-time (τ): Dimensionless parameter defined as τ =
∫ √

R/R0 dλ, with R0 =
12H2

0 .

• Ricci scalar (R): Trace of curvature tensor, proportional to energy density via
R = 8πGT/c4.

• Planck length (LP =
√

ℏG/c3): Fundamental quantum gravity scale.

Physical Implications:

1. Singularity Avoidance: Ensures suppression of curvature divergences (R → ∞).

2. Cosmic Structure Seeding: Proto-time fluctuations imprint primordial pertur-
bations observable in CMB and large-scale structure.

H.2 Propagator of the Omega Field

The Omega field (ψΩ) mediates curvature-temporal interactions, governed by:

S(2) =

∫
d4x

√
−γ
[
1

2
(∂ψΩ)

2 − 1

2
m2

Ωψ
2
Ω

]
, (H.2)

where the curvature-coupled mass is:

m2
Ω =

αRL2
P

6κ
, κ =

8πG

c4
. (H.3)

H.2.1 Propagator Equation

Variation of S(2) yields the propagator equation:(
□γ +m2

Ω − R
12

)
DΩ(x, x

′) = −δ
(4)(x− x′)√

−γ
, (H.4)

with □γ = γµν∇µ∇ν on the conformal manifold (M,γµν).

H.2.2 Asymptotic Behavior

1. Early Universe (R ∼ L−2
P ):

DΩ(k) ∼
1

k2 + αL−2
P

, α = O(1), (H.5)

suppressing sub-Planckian fluctuations (k ≫ L−1
P ).
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2. Late Universe (R ∼ H2
0):

DΩ(k) ∼
1

k2 + 10−60L−2
P

, (H.6)

enabling large-scale structure formation and solitonic core stability.

H.3 Observational Consequences

H.3.1 Primordial Gravitational Waves

Quantum fluctuations in ψΩ yield a distinctive tensor tilt:

nT =
d lnPT
d ln k

∼ −
2αL2

P

3H2
inf

∼ −10−3, (H.7)

clearly separable from inflationary scenarios (nT ≈ −0.03).

H.3.2 Solitonic Galactic Cores

Solving ∇2ψΩ = ∂V/∂ψΩ, the density profile is:

ρΩ(r) = λΩ
(
|ψΩ(r)|2 − v2Ω

)2
= ρ0 sech

4

(
r

rc

)
, (H.8)

with core radius rc = (2λΩv
2
Ω)

−1/2, aligning with observations of low-surface-brightness
galaxies (e.g., NGC 1560).

H.3.3 Suppressed Small-Scale Power

Curvature regularization via Ωgeom = exp
(
WL2

P /R
)
modifies matter clustering:

d ln fσ8
d ln a

=
3

2
Ωm(z)

(
1 +

2

3

Ωgeom(z)

Ωm(z)

)
, (H.9)

matching Lyman-α forest constraints.

H.3.4 Quantum Regulation of Low–Curvature Regimes

The quantum–geometric uncertainty principle guarantees the mathematical consistency
of

Ωgeom = exp

(
W L2

P

R

)
across all curvature regimes. Starting from the equal–time commutator[

τ̂(x), R̂(x′)
]
= i LP δ

(3)(x− x′), (H.10)

the Robertson inequality yields the local uncertainty bound

∆τ ∆R ≳
LP
2

=⇒ ∆R ≳
LP
2∆τ

, (H.11)

which prevents R from vanishing identically in any physical region.
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Consequences:

• Prevents division by zero. A strictly positive lower fluctuation scale, ∆R > 0,
keeps R away from identically zero, making Ωgeom well-defined.

• Maintains classical recovery. In low–curvature regimes (R ≪ L−2
P ), the Weyl

curvature W typically scales with R (or vanishes in homogeneous regions), so

Ωgeom = exp

(
W L2

P

R

)
−→ 1,

recovering General Relativity.

• Provides a physical cutoff. The Planck–scale uncertainty in Eq. (H.11) regulates
the exponential without ad hoc constants.

In cosmic voids where R ∼ H2
0 ∼ 10−120 L−2

P , quantum fluctuations maintain R > 0
while W is negligible, giving

Ωgeom ≈ 1,

and ensuring the GR limit. Thus, quantum protection renders CERM mathematically
consistent across all curvature scales while preserving its empirical success in classical
regimes.

H.4 Cross-References

Relevant sections and appendices include:

• Appendix L: Reduction to Heisenberg Uncertainty Principle.

• Section 3: Solitonic density profile observations.

• Appendix K: B-mode polarization from Omegon fluctuations.

H.5 Mathematical Consistency Checks

1. Dimensional Analysis:

• [τ ] = dimensionless, [R] = L−2, [LP ] = L, yielding dimensional consistency.

• The Omegon propagator carries dimensions

DΩ

(
x, x′

)
∼ [L−2], (H.12)

consistent with the dimensionality of Green’s functions in four–dimensional
spacetime.

• Each operator in the propagator equation carries the same dimensional weight:

□γ , m2
Ω, R −→ [L−2]. (H.13)

Thus every term contributes the factor [L−2], guaranteeing dimensional balance
when any of them acts on the propagator DΩ.

• Propagator terms dimensionally balanced: [δ(4)(x− x′)] = L−4.

2. Propagator Asymptotics:

• Early universe: k2 ∼ L−2
P , thus DΩ(k) ∼ L2

P .

• Late universe: m2
Ω ∼ H2

0L
2
P ∼ 10−60L−2

P , ensuring observational consistency.
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H.6 Summary

Appendix H provides a mathematically rigorous derivation of CERM’s quantum-geometric
uncertainty principle and propagator, detailing their observationally testable predictions.
The formalism naturally aligns quantum gravity with astrophysical observations.

Key Encapsulating Equation:(
□γ +

αRL2
P

6κ
− R

12

)
DΩ(x, x

′) = −δ
(4)(x− x′)√

−γ
(H.14)

This equation captures CERM’s fusion of curvature, quantum fields, and cosmological
phenomenology.
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I Appendix I: Equation of State Parameter w(z) in CERM

I.1 Modified Friedmann Equation

The Friedmann equation in CERM unifies contributions from visible matter, geometric
curvature dynamics, and temporal–entropic evolution:

H2(z) =
8πG

3
Ω2
geom ρm(z)︸ ︷︷ ︸

Rescaled Matter

+
12L2

P
˙Ωgeom

2

Ω2
geom︸ ︷︷ ︸

Geometric Kinetic Term

+
A

L4
P

(
ξΩchrono

)4
︸ ︷︷ ︸

Temporal–Entropic Term

. (I.1)

Definitions.

• Rescaled matter density: ρm(z) = ρvis(z)+ρΩ(z), where ρvis is Standard Model
matter and radiation, and ρΩ denotes Omegon solitonic dark matter (Section 3),
derived from the updated stress–energy tensor (Appendix A) and scaling as ρΩ ∝
a−3 ∝ Ω−3

chrono (Appendix P).

• Geometric kinetic term: arises from the conformal factor

Ωgeom = exp

(
W L2

P

R

)
, (I.2)

which damps Weyl curvature (W) and suppresses singularities.

• Temporal–entropic term: drives late-time acceleration via

Ωchrono = γde

∫ √
R
R0

dτ, γde ∼ 10−44. (I.3)

I.2 Continuity Equations

Energy conservation for the geometric and temporal–entropic sectors is expressed as fol-
lows.

(1) Geometric sector.

ρ̇geom + 3H (ρgeom + pgeom) = 0. (I.4)

A convenient effective-fluid representation is

ρgeom =
12L2

P
˙Ωgeom

2

Ω2
geom

, (I.5)

pgeom = ρgeom −
24L2

P
˙Ωgeom

¨Ωgeom

Ω2
geom

. (I.6)

(2) Temporal–entropic sector.

ρ̇chrono + 3H (ρchrono + pchrono) = 0. (I.7)

With the chronos potential,

ρchrono =
A

L4
P

(ξΩchrono)
4 , (I.8)

pchrono = −ρchrono. (I.9)
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I.3 Equation of State Parameter w(z)

The total equation-of-state parameter associated with the geometric and chronos sectors
is

w(z) =
pgeom + pchrono
ρgeom + ρchrono

. (I.10)

Late-time behavior (z → 0). As ρgeom → 0 and ρchrono ≫ ρm, one has w(z) → −1,
mimicking a cosmological constant.

Intermediate redshifts (z ∼ 1–2). A convenient parametric form for deviations from
−1 is

w(z) = −1 +
2(1 + z)

3 ξΩ′
chrono

d

dz

[
H(1 + z)Ω′

chrono

]
+O(H−2), (I.11)

with the corresponding small deviation

∆w(z) ≈ 2(1 + z)

3 ξΩchrono

d

dz
[H(1 + z)Ωchrono] . (I.12)

This predicts ∆w(z) ∼ 0.5%, in principle detectable by DESI/Euclid (Appendix S).

Early universe (z ≫ 1). Dynamics are dominated by ρm, recovering GR-like behavior
with w(z) ≈ 0.

I.4 Observational Consistency

Hubble tension. Time-dependentH(z) can interpolate betweenHearly
0 ≈ 67 km s−1Mpc−1

and H late
0 ≈ 74 km s−1Mpc−1.

Large-scale structure. A representative modified growth relation is

d ln(fσ8)

d ln a
=

3

2
Ωm(z)

(
1 +

2

3

Ωgeom(z)

Ωm(z)

)
. (I.13)

Higgs-mass stabilization.

mH =
√
2λ

v0
Ωchrono

, ∆m2
H ∼

Λ2
UV

Ω2
chrono

. (I.14)

For Ωchrono ∼ 1017, this gives ∆mH ∼ O(TeV).

I.5 Role of the Scaling Factor ξ ≃ 10−30

Dark-energy scale.

ρchrono ∼
A

L4
P

(
10−30 · 1017

)4 ∼ 10−52GeV4. (I.15)

Naturalness. Fine-tuning is avoided by suppressing ρchrono through ξ ∝ e−4N , where
N ≃ 60 is the number of e-folds.
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I.6 High-Redshift Dynamics (z > 2)

• Curvature dominance: R ∝ (1 + z)3, Ωgeom → 1, recovering GR-like behavior.

• Omegon solitons: flat density profiles ρΩ(r) = ρ0 sech4(r/rc) from the updated
potential (Section 3) resolve cusp–core discrepancies.

• Primordial seeds: quantum–geometric uncertainty

[τ̂ , R̂] = i LP δ
(3)(x− x′) (I.16)

generates curvature perturbations δR ∝ ∇2δF (|ψΩ|2/v2Ω) (Appendix E).

I.7 Predictions

• Time-varying H(z), testable with JWST and DESI.

• Anomalous CMB B-modes with nT ∼ −10−3, detectable by CMB-S4.

I.8 Cross-References

• Section 3: Omegon solitons and galactic dynamics.

• Appendix M: Full derivation of H(z).

• Appendix A: Stress–energy tensor and field equations.

• Appendix S: Equation-of-state deviations, density scaling, and observational tests.
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J Appendix J: Holographic Potential and Renormalized Bound-
ary Action

J.1 Introduction

The renormalized boundary action Γren

[
γ
(0)
µν

]
encodes quantum–geometric data at the

conformal boundary (Ω → ∞), ensuring information preservation across aeons in the
CERM framework. This appendix states the structure of Γren, its counterterms, and
its role in canceling entropy divergences. The coefficients A,B,C are understood to
incorporate the curvature-coupled Omegon sector (Appendix A).

J.2 Structure of the Renormalized Action

We write the renormalized boundary functional as

Γren

[
γ(0)µν

]
=

∫
∂M

√
−γ(0)

(
A+B L2

P R
[
γ(0)

]
+ C L4

P G
[
γ(0)

]
+ · · ·

)
, (J.1)

where:

• γ
(0)
µν is the induced metric on the conformal boundary,

• R
[
γ(0)

]
is the Ricci scalar of γ

(0)
µν ,

• G
[
γ(0)

]
is the Gauss–Bonnet invariant,

G = R2 − 4RµνRµν +RµνρσRµνρσ, (J.2)

• A,B,C are renormalized coefficients encoding boundary quantum correlations, in-
cluding contributions induced by the curvature-coupled Omegon sector.

J.3 Counterterm Derivation

J.3.1 Divergent Entropy Cancellation

The bare geometric entropy diverges as

S ∝
∫

Ω7
chrono lnΩchrono d

3x −→ ∞, (J.3)

as Ω → ∞. To cancel this divergence, the coefficient A contains a counterterm of the
form

A = A0 −
Ω7
chrono

L3
Pρ0

ln

(
Ω7
chrono

L3
Pρ0

)
+O

(
L2
PR
)
. (J.4)

Substituting into (J.1) yields the explicit subtraction

Γren ⊃ −
∫
∂M

√
−γ(0)

Ω7
chrono

L3
Pρ0

ln

(
Ω7
chrono

L3
Pρ0

)
d3x. (J.5)

As a result,
Sren ≡ S + Γren −−−−→

Ω→∞
0. (J.6)
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J.3.2 Curvature Counterterms

Subleading divergences are absorbed into curvature-dependent coefficients. Parameteriz-
ing the asymptotics,

B = B0 +O
(
Ω−1
chrono

)
, C = C0 +O

(
Ω−2
chrono

)
, (J.7)

where B0 and C0 encode curvature perturbations and higher-order correlations, respec-
tively, including contributions induced by the curvature-coupled Omegon field.

J.4 Dimensional Consistency

Each term in Γren is dimensionless. In particular,[
B L2

PR
]
= [L2

P ][L
−2] = 1,

[
C L4

PG
]
= [L4

P ][L
−4] = 1. (J.8)

J.5 Quantum Data Encoding

• Omegon correlations (curvature-coupled sector):

A0 ⊃ λΩ
〈
ψΩ(x)ψΩ(x

′)
〉
, (J.9)

where λΩ is the renormalized Omegon self-coupling (Appendix B).

• Curvature perturbations:

B0 ⊃ α

6κ

〈
δR(x) δR(x′)

〉
, α ∼ 1010, (J.10)

with α fixed by RG arguments (Appendix T).

• Proto-time fluctuations:

C0 ⊃ β
〈
δτ(x) δτ(x′)

〉
, β inferred from [τ̂ , R̂] = i LP δ

(3)(x− x′). (J.11)

J.6 Observational Links

• CMB anomalies:

– ConcentricB-modes sourced by boundary-encoded δR correlations (Appendix K).

– Quadrupole suppression linked to entropy damping through A0.

• Gravitational waves: a mild tensor tilt nT ∼ −10−3 arising from boundary-
encoded proto-time fluctuations in C0.

J.7 Summary

The renormalized boundary action Γren:

1. cancels entropy divergences through counterterms in A,B,C;

2. encodes quantum information, including curvature-coupled Omegon correlations,
curvature fluctuations, and proto-time fluctuations;

3. enforces information preservation (unitarity) across aeons, consistent with CCC-like
conformal boundaries.

In this way, CERM replaces dark-sector assumptions with geometric information conser-
vation, unifying quantum theory and cosmic evolution within a single boundary-complete
framework.
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J.8 Cross-References

• Appendix A: Omegon Lagrangian with curvature coupling.

• Appendix B: Renormalization of the Omegon stress–energy tensor.

• Appendix P: Scaling ρΩ ∝ Ω−3
chrono.

• Appendix T: RG derivation supporting α ∼ 1010.
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K Appendix K: Origin of Anomalous B-mode Polarization
Patterns in CERM

K.1 Omegon-Induced Primordial Gravitational Waves

The Omegon field ψΩ, a quantum excitation of the Omega function, generates primordial
gravitational waves (GWs) during the Planck epoch via curvature-temporal fluctuations.
The tensor perturbations hij in the metric satisfy:

□hij =
16πG

c4
ΠOmegon
ij , (K.1)

where:

ΠOmegon
ij = ∂iψΩ∂jψΩ − 1

3
δij(∂ψΩ)

2. (K.2)

The Omegon’s curvature-coupled mass:

m2
Ω =

αRL2
P

6κ
(K.3)

suppresses high-k gravitational wave production.

K.2 Tensor Power Spectrum and Spectral Tilt

The tensor power spectrum generated by ψΩ fluctuations is:

PT (k) =
H2

inf

2π2L2
PΩ

2
geom

(
αRL2

P

6κ

)(
k

k0

)nT

, (K.4)

with spectral tilt:

nT = −
2αL2

P

3H2
inf

∼ −10−3. (K.5)

This is distinguishable from inflationary models where nT ≈ −0.03.

K.3 Distinctive B-mode Features

1. Concentric Circular Patterns arise from solitonic collapse, with angular scale:

θring ∼
rc

DA(zrec)
∼ 0.1◦ − 1◦. (K.6)

2. Hemispherical Asymmetry arises from proto-temporal fluctuations.
3. Non-Gaussianity emerges via cubic couplings in the Omegon potential:

f eqNL ∼ λΩ
R0L2

P

∼ O(1). (K.7)

K.4 Observational Predictions

Observable CERM Prediction ΛCDM/Inflation

Tensor-to-Scalar Ratio (r) r ∼ 0.01 r < 0.03 (Planck 2018)
Spectral Tilt (nT ) nT ∼ −10−3 nT ≈ −0.03
B-mode Anomalies Concentric rings, asymmetry Isotropic

Non-Gaussianity (fNL) f eqNL ∼ 1 −10 ≤ fNL ≤ 10
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Detection Prospects

• CMB-S4, LiteBIRD: Measure nT with ∆nT ∼ 0.005, detect concentric patterns.

• LISA/PTAs: Identify phase shifts from early Omegon transitions.

K.5 Connection to Quantum-Geometric Principles

Quantum fluctuations seeded by:

[τ̂(x), R̂(x′)] = iLP δ
(3)(x− x′) (K.8)

generate curvature perturbations via uncertainty in τ(x), foundational to CERM’s
prediction of B-mode anomalies.

Summary

• Tensor Tilt: nT ∼ −10−3 due to curvature-coupled Omegon dynamics.

• Concentric Rings: Emergent from solitonic collapse during GW generation.

• Non-Gaussianity: f eqNL ∼ 1, tied to self-interaction of ψΩ.

• Testable: All predictions fall within sensitivity of upcoming CMB and GW detec-
tors.

Cross-References:

• Appendix G: Omegon mass and freeze-in production.

• Appendix H: Quantum-geometric propagator and commutation.

• Section 3: Solitonic density profile ρΩ ∝ sech4(r/rc).
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L Appendix L: Reduction of the Quantum-Geometric Un-
certainty Principle to the Heisenberg Uncertainty Prin-
ciple

L.1 Quantum-Geometric Uncertainty Principle

The Conformal Emergent Reality Model (CERM) postulates a fundamental commutator
between proto-time τ(x) and the Ricci scalar curvature R(x):

[τ̂(x), R̂(x′)] = iLP δ
(3)(x− x′), (L.1)

where:

• τ(x): Dimensionless proto-time, defined as τ =
∫ √

R/R0 dλ.

• R(x): Ricci scalar curvature.

• LP =
√

ℏG/c3: Planck length (1.6× 10−35m).

This commutation implies an uncertainty relation:

∆τ ·∆R ≥ LP
2
. (L.2)

L.2 Connection to Kinematic Variables

To relate geometric uncertainty to standard quantum mechanical uncertainties, consider:

1. Proto-Time to Cosmic Time: Proto-time relates to physical cosmic time t by:

t ∝
∫

dτ√
R
. (L.3)

For small curvature variations ∆R ≪ R0, one obtains:

t ≈ τ√
R0

. (L.4)

2. Curvature to Energy Density: Einstein’s equations link curvature directly to
energy density:

R =
8πG

c4
T, T ≈ ρc2. (L.5)

Thus, curvature fluctuations relate directly to energy fluctuations:

∆R ∝ ∆E

V
. (L.6)

L.3 Derivation of the Heisenberg Uncertainty Principle

Starting from the quantum-geometric uncertainty:

1. Time-Energy Uncertainty: Substitute t ≈ τ/
√
R0 and ∆R ∝ ∆E/V :

∆t ·∆E ≥ ℏ
2
, (L.7)

recovering the standard quantum mechanical time-energy uncertainty relation.
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2. Position-Momentum Uncertainty: Spatial variations of curvature imply:

∆x ·∆p ≥ ℏ
2
, (L.8)

since spatial fluctuations in curvature yield momentum uncertainties:

∆x ∼ LP∆τ, ∆p ∝
√

ℏc3
G

∆R. (L.9)

L.4 Dimensional Consistency

The quantum-geometric commutation is dimensionally consistent:

[τ ][R] ∼ [LP ] =⇒ (dimensionless) · [L−2] ∼ [L], (L.10)

matching the dimension of LP . Similarly, the Heisenberg uncertainty:

[x][p] ∼ [L][MLT−1] ∼ [ℏ], (L.11)

is also consistent, with ℏ = L2
P c

3/G.

L.5 Observational and Theoretical Consistency

1. Low-Energy Limit: At scales much larger than LP , the commutator simplifies to:

[t̂(x), Ê(x′)] ≈ iℏδ(3)(x− x′), (L.12)

fully consistent with quantum mechanics.

2. Solitonic Core Dynamics: The Omegon soliton profile (ψΩ(r) ∝ tanh(r/rc))
explicitly satisfies:

∆x ·∆p ∼ ℏ, (L.13)

connecting directly to empirical galactic core observations.

L.6 Cross-References

Relevant sections for additional context include:

• Section 4.3: Quantum-geometric commutation and singularity resolution.

• Appendix H: Quantum-geometric propagator derivation.

• Appendix M: Observational implications of Hubble evolution in CERM.

L.7 Summary

CERM’s quantum-geometric uncertainty principle:

• Generalizes standard quantum mechanics by explicitly incorporating geometric cur-
vature and proto-temporal evolution.

• Reduces cleanly to the Heisenberg Uncertainty Principle in low-energy (non-Planckian)
limits, ensuring empirical consistency.
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• Provides a theoretical bridge between quantum mechanics and gravity, potentially
offering a unified framework for quantum gravity.

Key Encapsulating Equation:

[τ̂(x), R̂(x′)] = iLP δ
(3)(x− x′)

Low Energy−−−−−−−→ [t̂(x), Ê(x′)] = iℏδ(3)(x− x′) (L.14)

Thus, CERM eliminates speculative constructs while maintaining alignment with es-
tablished quantum mechanics, positioning itself robustly as a candidate quantum-gravity
theory.
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M Appendix M: Hubble Parameter Evolution H(t) and Ob-
servational Tests

M.1 Modified Friedmann Equations

In CERM, the evolution of the Hubble parameterH(t) emerges from the coupled dynamics
of geometric curvature (Ωgeom) and temporal–entropic evolution (Ωchrono):

H2(t) =
8πGeff

3

(
ρvis + ρΩ + ρchrono

)
. (M.1)

The effective gravitational constant is

Geff =
G

Ω2
geom

, Ωgeom = exp

(
W L2

P

R

)
, (M.2)

where W ≡ CµνρσC
µνρσ is the Weyl curvature scalar, R is the Ricci scalar curvature, and

LP =
√

ℏG/c3 is the Planck length.
The energy-density contributions are

ρvis : visible matter and radiation,

ρΩ(r) = ρ0 sech4
(
r

rc

)
, rc ∝M

1/3
vis ,

ρchrono =
A

L4
P

(
ξΩchrono

)4
.

(M.3)

The temporal–entropic factor is

Ωchrono = γde

∫ √
R
R0

dτ, ξ ∼ 10−30, R0 = 12H2
0 . (M.4)

Note: ρΩ is derived from the Omegon stress–energy tensor (Appendix A) and scales as
ρΩ ∝ a−3 ∝ Ω−3

chrono (Appendix P).

M.2 Proto-Time and Cosmic Emergence

Proto-time τ is a dimensionless curvature-based temporal parameter defined by

τ =

∫ √
R
R0

dλ, τ̇ = LP

√
R
R0

. (M.5)

It connects to cosmic time t through

t ∝
∫

dτ√
R
. (M.6)

A convenient emergent scale factor is

a(t) = exp

(
τ

2
√
3

)
, (M.7)

recovering standard Friedmann behavior in regimes where R ∼ H2.
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M.3 Observational Consistency

M.3.1 Hubble-Tension Resolution

The temporal–entropic dynamics can bridge the early–late universe discrepancy,

H late
0 ∼ 74 km s−1Mpc−1, Hearly

0 ∼ 67 km s−1Mpc−1, (M.8)

through redshift-dependent curvature coupling (Appendix I).

M.3.2 CMB Anomalies

Quantum fluctuations in the Omegon field ψΩ generate distinctive signatures, including:

• Tensor spectral tilt:
nT ∼ −10−3, (M.9)

distinguishable from typical inflationary expectations.

• Suppression of large-angle (quadrupole) power due to geometric entropy reset
(Appendix R).

M.3.3 Solar-System Compatibility

In local weak-field tests, CERM reduces to GR:

γPPN = 1, βPPN = 1, cGW = c. (M.10)

M.4 Enhancements to Conformal Cyclic Cosmology (CCC)

CERM refines Penrose’s CCC by embedding explicit quantum–geometric transitions at
conformal boundaries (Ω → ∞):

• Weyl-curvature reset (W → 0):

Ωgeom = exp

(
W L2

P

R

)
. (M.11)

• Geometric entropy reset:

S =

∫
Ω3
geomΩ

3
chronoρ

L3
Pρ0

ln

(
Ω3
geomΩ

3
chronoρ

L3
Pρ0

)
d3x −−−−→

Ω→∞
0. (M.12)

• Holographic preservation of quantum information through the renormalized
boundary action:

Γren

[
γ(0)µν

]
=

∫
∂M

√
−γ(0)

(
A+BL2

PR
[
γ(0)

]
+ · · ·

)
. (M.13)

M.5 Summary and Observational Tests

Key innovations of CERM include:

1. Replacement of dark matter by Omegon solitonic cores (including the curvature
coupling).

2. Temporal–entropic resolution of the Hubble tension.

3. Quantum–gravity consistency via the commutator

[τ̂ , R̂] = i LP δ
(3)(x− x′). (M.14)
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Observational prospects.

• DESI, Euclid: redshift-dependent deviations in w(z).

• LiteBIRD, CMB-S4: measurement of nT ∼ −10−3 and distinctive B-mode pat-
terns.

• JWST: validation of high-redshift Omegon solitonic cores.

M.6 Cross-References

• Section 3: Omegon field dynamics and galactic profiles.

• Appendix I: Equation-of-state parameter w(z).

• Appendix K: Primordial gravitational-wave predictions.

• Appendix A: Updated stress–energy tensor and field equations.

• Appendix P: Scaling of ρΩ ∝ Ω−3
chrono.

M.7 Key Encapsulating Equation

The unified Friedmann equation of CERM can be summarized as

H2(z) =
8πG

3
Ω2
geom ρm(z) +

12L2
P

˙Ωgeom
2

Ω2
geom

+
A

L4
P

(
ξΩchrono

)4
, (M.15)

embodying CERM’s geometric–quantum–cosmological unification while remaining testable
against current and forthcoming data.
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N Appendix N: Proto-Time (τ) as a Primordial Conformal
Parameter

Distinguishing the Pre-Spacetime Manifold from Emergent Cosmic Time

N.1 The Primordial Conformal Manifold

The dimensionless, pre–spacetime manifold
(
M,γµν

)
is characterised by

• Proto-time τ =

∫ √
R/R0 dλ, a causal–ordering parameter invariant under con-

formal rescalings.

• Causal structure given by the affine parameter λ along primordial world-lines.

Crucially, τ encodes curvature evolution (R), but acquires a physical interpretation only
after activation of the Omega field.

N.2 Emergence of Cosmic Time

Physical spacetime is generated by the conformal factor Ω = ΩgeomΩchrono via

gµν = Ω2γµν . (N.1)

Temporal emergence: The chronos component relates proto-time to cosmic time:

t ∝
∫

dτ√
R(τ)

. (N.2)

Curvature suppression: Ωgeom = exp
(
WL2

P /R
)
guarantees R > 0, preventing singu-

larities before t emerges.

N.3 Proto-Time Inside the FLRW Patch

For the emergent FLRW metric ds2 = −dt2 + a2(t)dx2:

(i) Primordial Ricci scalar: R = 6
(
H2 + Ḣ

)
,

(ii) Proto-time evolution: τ(a) =

∫ a

0

√
6(H2 + Ḣ)

12H2
0

da′

a′H(a′)
, (N.3)

(iii) Chronos Activation: t(τ) =

∫ τ

0

dτ ′√
R(τ ′)

.

In the late–time limit
(
R → R0 = 12H2

0

)
, t → τ/(2H0), reproducing standard cosmic

time.

N.4 Key Implications

1. Primordial ordering: τ orders events on (M,γµν); physical light-cones appear
only after gµν emerges.

2. Singularity avoidance: Ωgeom enforces R > 0, keeping τ real and finite before t
exists.

3. Hubble tension: A time–dependent H(t) driven by Ωchrono(τ) naturally reconciles
early/late measurements.
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N.5 Proto-Time vs. Cosmic Time

Property Proto-time τ Cosmic time t

Manifold Primordial conformal
(
M,γµν

)
Physical

(
gµν = Ω2γµν

)
Role Curvature–weighted causal parameter Observable clock via a(t)
Singularity handling Ωgeom suppresses R < 0 Inherits regularity from τ

Relation t ∝
∫
dτ/

√
R Emergent through Ωchrono

Conclusion

By cleanly separating the dimensionless, pre-spacetime role of proto-time τ from the
emergent cosmic clock t, the Conformal Emergent Reality Model avoids classical singu-
larities and provides a natural origin for time itself. Spacetime dynamics thus arise as a
consequence of conformal geometry, fully consistent with CERM’s geometric naturalism.
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O Appendix O: Full Derivation of ∆Hµν in the CERM Field
Equations

Variational Analysis of the Geometric Sector

O.1 Action and Geometric Sector

The geometric part of the CERM action is

Sgeom =

∫
d4x

√
−γ
[Ω2

geom

2κ
R− 1

2L2
P

(∂Ωgeom)
2
]
, (O.1)

with

Ωgeom = exp
(WL2

P

R

)
, W = CµνρσC

µνρσ. (O.2)

O.2 Variation of the Einstein–Hilbert Term

Varying the first term in (O.1) gives

δ
(√

−γ Ω2
geomR

)
=

√
−γ

[
Ω2
geom

(
Rµν − 1

2γµνR
)
+
(
∇µ∇ν − γµν□

)
Ω2
geom

]
δγµν . (O.3)

O.3 Variation of the Kinetic Term for Ωgeom

The second term in (O.1) varies as

δ
(√

−γ (∂Ωgeom)
2
)
=

√
−γ
[
2 ∂µΩgeom ∂νΩgeom − γµν(∂Ωgeom)

2
]
δγµν . (O.4)

O.4 Variation of Ωgeom = exp(WL2
P/R)

O.4.1 General expression

δ
(
Ω2
geom

)
= 2Ω2

geom

(L2
P

R
δW −

WL2
P

R2
δR
)
. (O.5)

O.4.2 Variation of W = CµνρσC
µνρσ Using standard results for the Weyl tensor vari-

ation,
δW = 4CµαβγCν

αβγ δγµν −W γµν δγ
µν . (O.6)

O.4.3 Variation of the Ricci scalar

δR = Rµν δγ
µν +∇α∇β

(
δγαβ

)
−□

(
γαβδγαβ

)
. (O.7)

O.5 Constructing ∆Hµν

Substituting (O.6) and (O.7) into (O.5), and combining (O.3)–(O.4), we find

∆Hµν =
Ω2
geom

κR

(
4CµαβγCν

αβγ − γµνW
)

−
Ω2
geomW L2

P

κR2

(
Rµν − 1

2γµνR
)
.

(O.8)

This work is licensed by Salman Akhtar (kalahari00@gmail.com) under a Creative
Commons Attribution-NonCommercial-ShareAlike 4.0 International License.

https://creativecommons.org/licenses/by-nc-sa/4.0/

81

https://orcid.org/0009-0000-8105-9597
mailto:kalahari00@gmail.com
https://creativecommons.org/licenses/by-nc-sa/4.0/


O.6 Quantum Consistency of the Curvature Coupling Tensor

The tensor ∆Hµν derived in Eq. (O.8) contains terms proportional to 1/R and 1/R2 that
remain mathematically well-defined due to the quantum–geometric uncertainty principle.
Starting from the equal–time commutator

[τ̂(x), R̂(x′)] = i LP δ
(3)(x− x′), (O.9)

the Robertson inequality implies a nonzero minimum curvature fluctuation,

∆τ ∆R ≳
LP
2

=⇒ ∆Rmin ∼ LP
2∆τ

, (O.10)

which protects denominators in ∆Hµν from singular behavior.

Implications:

• Non-vanishing Ricci scalar. Quantum fluctuations prevent R from being iden-
tically zero in any physical region, so factors 1/R and 1/R2 are well-defined.

• Natural regularization. The bound ∆Rmin ∼ LP /(2∆τ) provides a physical
(non–ad hoc) cutoff for curvature-dependent terms.

• Observational consistency. In astrophysical contexts (cosmic voids, galactic
halos, etc.), R remains finite and Ωgeom → 1, preserving the General Relativistic
limit.

Thus, quantum protection eliminates the need for ad hoc constants or external regu-
larization schemes. The Weyl–damping mechanism encoded in Ωgeom = exp

(
WL2

P /R
)
is

mathematically consistent and physically well-defined across all curvature regimes—from
Planck-scale neighborhoods to cosmic voids.

O.7 Final Field Equations

Including all geometric contributions, the CERM field equations read

Ω2
geom

2κ

(
Rµν − 1

2γµνR
)
− 1

L2
P

(
∂µΩgeom ∂νΩgeom − 1

2γµν(∂Ωgeom)
2
)
+∆Hµν = κT SM

µν .

(O.11)

O.8 Key Observations

• Weyl-tensor dominance: The first bracket in (11) directly realises singularity
suppression via the CµαβγCν

αβγ term.

• Curvature damping: The W/R2 factor guarantees exponential suppression as
R→∞.

Conclusion

We have provided a transparent, step–by–step variation of the geometric sector, confirm-
ing that the Weyl–damping ansatz generates the additional tensor ∆Hµν in the CERM
field equations (O.11). This ensures mathematical consistency and high–curvature regu-
larisation within the model. Please note that the Ωchrono terms were not included in this
appendix for simplicity.
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P Appendix P: Derivation of ρΩ ∝ Ω−3
chrono from Stress–Energy

Conservation

This appendix derives the late-time scaling ρΩ ∝ Ω−3
chrono from stress–energy conservation

for the Omegon sector, emphasizing the solitonic (clustered) regime relevant to galactic
structure.

P.1 Omegon Stress–Energy Tensor

For the Omegon field ψΩ (updated from Appendix A), the stress–energy tensor is

TµνΩ = ∂µψΩ ∂
νψΩ − gµν

[
1

2
(∂ψΩ)

2 + V (ψΩ)−
RL2

P

6κ
F

(
|ψΩ|2

v2Ω

)]
. (P.1)

The quartic potential and curvature coupling are

V (ψΩ) = λΩ
(
|ψΩ|2 − v2Ω

)2
, F (x) = ln

(
1 + x2

)
. (P.2)

P.2 Coupling to Ωchrono

The curvature-dependent Omegon mass (see Appendix G) is

m2
Ω =

αRL2
P

6κ
∝ Ω−2

chrono, (P.3)

since R ∝ H2 ∝ Ω−2
chrono, implying mΩ ∝ Ω−1

chrono.

P.3 Conservation in an FLRW Background

Stress–energy conservation, ∇µT
µν
Ω = 0, reduces in an FLRW background to

ρ̇Ω + 3H(ρΩ + pΩ) = 0, (P.4)

where for a homogeneous field

ρΩ =
1

2
ψ̇2
Ω + V (ψΩ)−

RL2
P

6κ
F

(
|ψΩ|2

v2Ω

)
, (P.5)

pΩ =
1

2
ψ̇2
Ω − V (ψΩ) +

RL2
P

6κ
F

(
|ψΩ|2

v2Ω

)
. (P.6)

The combination simplifies to
ρΩ + pΩ = ψ̇2

Ω. (P.7)

P.4 Scaling Analysis in the Solitonic Regime

On galactic scales, the Omegon field forms stable solitons with density profile ρΩ(r) =
ρ0 sech4(r/rc) (Section 3). In a cosmological background these bound, non-relativistic
solitons behave as cold matter: their comoving number is conserved and their energy
density scales as

ρΩ ∝ a−3, (P.8)

independently of the detailed form of V (ψΩ) and the curvature-coupling term, provided
the solitons remain gravitationally bound and non-relativistic.
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For a homogeneous approximation, once ψΩ relaxes toward its vacuum value (ψ̇Ω ≈ 0,
|ψΩ| → vΩ), Eq. (P.5) gives

ρΩ ≈ V (vΩ)−
RL2

P

6κ
F (1) = λΩv

4
Ω −

RL2
P

6κ
ln 2. (P.9)

In the late universe, the curvature contribution is suppressed by RL2
P ∼ (HLP )

2 ≪ 1
and becomes negligible. However, the homogeneous approximation does not capture
clustering: the solitonic cores dominate the Omegon energy density. Soliton number
conservation then implies

ρΩ ∝ a−3 ∝ Ω−3
chrono. (P.10)

This scaling is consistent with Eq. (P.4) for non-relativistic matter (pΩ ≈ 0).

P.5 Entropy Reset

The geometric entropy is

S =

∫
Ω3
geomΩ

3
chronoρ

L3
Pρ0

ln

(
Ω3
geomΩ

3
chronoρ

L3
Pρ0

)
d3x. (P.11)

Using Eq. (P.10),
Ω3
geomΩ

3
chronoρ ∝ Ω3

geomΩ
0
chrono, (P.12)

and the logarithmic term vanishes as Ωchrono → ∞, giving S → 0 at the conformal
boundary.

P.6 Summary

1. Mass scaling: mΩ ∝ Ω−1
chrono.

2. VEV scaling: vΩ ∝ Ω
−1/2
chrono (homogeneous-field approximation).

3. Conservation: ρΩ ∝ a−3 ∝ Ω−3
chrono (soliton number conservation).

This establishes ρΩ ∝ Ω−3
chrono from stress–energy conservation in the coupled Omega–

Omegon system, incorporating the curvature-coupling term and the solitonic (clustered)
nature of the Omegon field.
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Q Appendix Q: Derivation of γde ∼ 10−44 from a Planck–Scale
Hierarchy

Aligning the Chronos Scaling Parameter with Cosmic Timescales

Q.1 Role of γde in CERM

The chronos component is defined by

Ωchrono = γde

∫ √
R
R0

dτ, (Q.1)

with R = 6(Ḣ + 2H2) and R0 = 12H2
0 . The scaling factor γde is chosen such that

Ωchrono∼1017 today, ensuring Higgs-mass stabilisation (see Appendix F).

Q.2 Dimensional Analysis

Because τ and
√
R/R0 are both dimensionless in the conformal manifold, the integral

in (Q.1) is also dimensionless; thus γde is necessarily dimensionless.

Q.3 Integral over Cosmic History

Taking the age of the Universe t0 ≃ 1/H0 ≃ 4.3 × 1017 s and the Planck time tPl ≃
5.4× 10−44 s,

t0
tPl

≃ 1060. (Q.2)

To leading order the integral in (Q.1) counts the number of Planck intervals,∫ √
R
R0

dτ ≈ t0
tPl

≃ 1060. (Q.3)

Q.4 Deriving γde

Requiring Ωchrono ≃ 1017 today,

γde =
Ωchrono∫ √
R/R0 dτ

≃ 1017

1060
= 10−43. (Q.4)

Including a logarithmic refinement ln(t0/tPl) ≃ 138 gives

γde ∼ 10−44. (Q.5)

Q.5 Physical Interpretation

• Hierarchy origin: the tiny value of γde reflects the enormous ratio t0/tPl.

• Conformal symmetry breaking: γde parameterises the transition from the dimension-
less conformal manifold to emergent cosmic time, encoding late-time acceleration
without a cosmological constant.
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Q.6 Summary

γde ∼
Electroweak Scale

Planck Scale

1

ln(t0/tPl)
≃ 10−44

This result anchors γde in the geometric hierarchy of cosmic timescales, fully consistent
with the principles of CERM.
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R Appendix R: CMB Quadrupole Suppression from Geo-
metric Entropy

A Derivation of the Angular Power Spectrum and Large-Scale Mode Suppres-
sion

R.1 Primordial Power Spectrum in CERM

Geometric entropy in CERM damps large–scale curvature modes, modifying the primor-
dial spectrum to

PR(k) = P0

(
k
k0

)ns−1
exp
(
−kc/k

)
, (R.1)

where P0 = 2.1 × 10−9, k0 = 0.05 Mpc−1, ns ≃ 0.965, and kc∼H0 is the critical scale
set by the conformal boundary. The factor exp(−kc/k) suppresses power for k ≪ kc,
implementing a low–entropy initial state.

R.2 Angular Power Spectrum

The temperature anisotropy spectrum is

Cℓ = 4π

∫ ∞

0

dk

k
PR(k)

∣∣∆ℓ(k, η0)
∣∣2, (R.2)

with η0≃ 14.4 Gpc the present conformal time. For ℓ≤ 10 one may take ∆ℓ≈ 1
3 jℓ(kη0),

yielding

Cℓ ∝
∫ ∞

0

dk

k

(
k
k0

)ns−1
e−kc/k

[
jℓ(kη0)

]2
. (R.3)

R.3 Quadrupole (ℓ = 2) Suppression

The quadrupole receives most weight from k ∼ η−1
0 ≈ 10−4Mpc−1. Since k ≲ kc, the

exponential in Eq. (R.1) strongly damps the integral. Using j2(x) ≃ 3 sinx
x2

,

C2 ∝
∫ ∞

kc

dk

k

(
k
k0

)ns−1 sin2(kη0)

(kη0)4
, (R.4)

so removing k < kc reduces C2 by ∼ 30% relative to ΛCDM.

R.4 Observational Comparison

Model C2 [µK
2] Suppression Mechanism

CERM ∼ 200 Geometric entropy; e−kc/k cutoff

ΛCDM ∼ 1200 None (statistical homogeneity)

Planck 2018 measures Cobs
2 ≈ 200 µK2, consistent with CERM and anomalously low for

ΛCDM.
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R.5 Geometric Entropy and Initial Conditions

The damping factor originates from the geometric–entropy density

S ∝
∫
Ω3ρ ln(· · ·) d3x, (R.5)

which vanishes at the conformal boundary (Ω → ∞), erasing modes with k < kc and
dynamically realising the Weyl–curvature hypothesis.

R.6 Implications for Cosmological Tensions

• Quadrupole anomaly : naturally explained without cosmic–variance appeals.

• Large–scale structure : predicts analogous suppression in the ISW effect and
clustering for ℓ≤10.

R.7 Summary

CERM’s geometric entropy imposes the cutoff kc that dynamically suppresses primordial
power at the largest scales, yielding the observed low CMB quadrupole and correlated
anomalies in large–scale observables—without fine tuning.

CCERM
2 ≪ CΛCDM

2 , Cobs
2 ≃ CCERM

2
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S Appendix S: Equation of State Deviations, Density Scal-
ing, and Observational Tests

Time-varying w(z), entropy-corrected density relations, and observational predictions.

S.1 Equation of State Parameter and Deviations

The total equation of state w(z) in CERM combines contributions from the geometric
sector (ρgeom, pgeom) and the temporal–entropic sector (ρchrono, pchrono):

w(z) =
pgeom + pchrono
ρgeom + ρchrono

. (S.1)

S.1.1 Temporal–Entropic Sector

The temporal–entropic component drives late-time acceleration:

ρchrono =
A

L4
P

(
ξΩchrono

)4
, pchrono = −ρchrono, (S.2)

where ξ ∼ 10−30 and A ∼ O(1) are fixed by conformal symmetry (Appendix U). Devia-
tions from w = −1 arise from the redshift dependence of Ωchrono, so that

∆w(z) ≡ w(z) + 1 =
pgeom + ρchrono
ρgeom + ρchrono

. (S.3)

S.1.2 Geometric Sector

The geometric sector energy density and pressure are

ρgeom =
12L2

P
˙Ωgeom

2

Ω2
geom

, pgeom = ρgeom −
24L2

P
˙Ωgeom

¨Ωgeom

Ω2
geom

. (S.4)

For R ∼ H2 one has Ωgeom → 1 and ˙Ωgeom ∼ 0, so that ρgeom, pgeom ≪ ρchrono at late
times.

S.2 Derivation of ∆w(z) and Redshift Dependence

S.2.1 Continuity Equation with Small Deviations

Consider the continuity equation for the temporal–entropic sector written as w = −1+δw:

dρchrono
dt

+ 3H ρchrono δw = 0 ⇒ d ln ρchrono
d ln a

= −3 δw. (S.5)

Integrating over cosmic time gives

ρchrono ∝ exp

(
−3

∫
δw d ln a

)
. (S.6)
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S.2.2 CERM Scaling Relations

From geometric principles (Appendix P), the dominant scaling for Omegon density is

ρΩ ∝ a−3 ∝ Ω−3
chrono, (S.7)

following soliton number conservation and the updated stress–energy tensor (Appendix A).
For the temporal–entropic density, the baseline scaling is

ρchrono ∝ Ω4
chrono (δw = 0). (S.8)

Including small deviations δw ≪ 1 yields

ρchrono ∝ Ω4
chrono exp

(
−3

∫
δw(z) d ln a

)
. (S.9)

S.2.3 Redshift Evolution of ∆w(z)

Using the scaling ξΩchrono ∝ (1 + z)−1 and a phenomenological approximation H(z) ≈
H0

√
Ωm(1 + z)3 +Ωchrono, one finds

∆w(z) =
2(1 + z)

3 ξΩchrono

d

dz
[H(1 + z)Ωchrono] . (S.10)

At z = 1–2, where Ωm(1 + z)3 ∼ Ωchrono, a representative estimate is

∆w(z) ∼ 2H0

3(1 + z)
∼ 0.003–0.005 (0.3–0.5% deviation). (S.11)

S.3 Observational Tests of ∆w(z) and Density Scaling

S.3.1 DESI/Euclid Surveys

• Precision: forecast constraints w(z) to ±0.02 at z = 1–2.

• CERM prediction: ∆w(z) ∼ 0.5% appears as a small but coherent redshift-
binned deviation.

S.3.2 CMB Anomalies

• Quadrupole suppression: geometric entropy damping of large-scale curvature
modes (Appendix R).

• ISW effect: time-varying w(z) modifies the integrated Sachs–Wolfe signal, testable
via CMB–galaxy cross-correlations.

S.3.3 21 cm Cosmology (SKA)

Soliton-induced curvature gradients can suppress power at k ∼ 0.1–1 Mpc−1 through
δR ∝ ∇2 ln |ψΩ|2 (from the updated Section 3 potential), potentially resolvable by SKA
at high redshift (z > 6).

S.3.4 Supernova Luminosity Distances

A ∼ 0.5% shift in DL(z) can distinguish CERM from ΛCDM and is within reach of
next-generation surveys such as LSST.
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S.4 Holographic Entropy Reset

At the conformal boundary (Ω → ∞), divergences in

S =

∫
Ω3ρ ln(· · ·) d3x (S.12)

are canceled by renormalized boundary terms (Appendix J), ensuring Sren → 0 and
preserving unitarity in the cyclic completion.

Parameter hierarchy.

• ξ ∼ 10−30 arises from exponential suppression ξ ∝ e−4N with N ≃ 60 e-folds
(Appendix U).

• A ∼ O(1) is fixed by conformal invariance and Planck-normalized curvature cou-
pling.

S.5 Summary

CERM predicts a small but structured deviation ∆w(z) ∼ 0.3–0.5% at z = 1–2, driven
by the Ωchrono–redshift coupling. The density scalings

ρΩ ∝ Ω−3
chrono , ρchrono ∝ Ω4

chrono exp

(
−3

∫
δw d ln a

)
(S.13)

anchor the effective dark-matter and dark-energy sectors in geometric conservation laws.
Multi-probe tests across DESI/Euclid, CMB anomalies, 21 cm surveys, and supernova
distances provide concrete observational pathways.

S.6 Cross-References

• Appendix J: holographic renormalization of entropy.

• Appendix M: time-varying H(z) and Hubble-tension resolution.

• Appendix P: ρΩ scaling from stress–energy conservation.

• Appendix U: derivation of ξ ∼ 10−30 and A ∼ O(1).

• Section 3: Omegon potential and soliton profile.

• Appendix A: Stress–energy tensor.
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T Appendix T: Renormalization Group Derivation α ∼ 1010

A step-by-step explanation of the curvature-coupling parameter.

T.1 Key Terms and Definitions

• Omegon field ψΩ: quantum excitation of the Ω-field responsible for dark-matter-
like and curvature-mediated interactions.

• Ricci scalar R: scalar measure of spacetime curvature in CERM.

• Non-minimal coupling ζ: dimensionless strength of the ψΩ–R interaction (in-
cluding the curvature-coupling term).

• Self-interaction coupling λΩ: appears in the quartic potential
V (ψΩ) = λΩ

(
|ψΩ|2 − v2Ω

)2
.

• Curvature-coupling function F (x): F (x) = ln
(
1 + x2

)
, where x = |ψΩ|2/v2Ω.

• Renormalization-group (RG) flow: scale dependence of couplings with energy
µ.

T.2 Lagrangian and Coupling to Curvature

The updated Omegon sector (Appendix A) includes the curvature coupling

LOmegon ⊃ −1

2
(∂ψΩ)

2 − λΩ
(
|ψΩ|2 − v2Ω

)2
+ ζRF

(
|ψΩ|2

v2Ω

)
, (T.1)

where ζ = L2
P /(6κ). The first term is kinetic, the second is the quartic self-interaction,

and the third is the curvature-coupling term.

T.3 Relating α and ζ

CERM defines a curvature-dependent Omegon mass

m2
Ω =

αRL2
P

6κ
, (T.2)

with κ = 8πG/c4. For a generic non-minimally coupled scalar, the curvature term induces
an effective mass-squared

m2
eff = −2 ζRF ′(1), (T.3)

evaluated at the vacuum |ψΩ|2 = v2Ω. Since F
′(x) = 2x

1+x2
, one has F ′(1) = 1, so

m2
eff ≈ −2 ζR. (T.4)

Matching (T.4) to (T.2) (and taking the physical mass to be positive) gives

α ≈ −12κ ζ

L2
P

= −96πG

c4
ζ

L2
P

. (T.5)

In natural units (c = ℏ = 1 with LP = 1/MPl), this simplifies to

α ≈ 48π ζ. (T.6)

Hence α ∼ 1010 corresponds to ζ ∼ 108, a value that can be treated as an RG boundary
condition and tracked under running.
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T.4 EFT Matching with Chronos Suppression

At a heavy threshold M , the Higgs quadratic sensitivity can be matched as

∆m2
H(M) =

C(M)

16π2
M2

Ω2
chrono

+ · · · , (T.7)

provided masses inherit the scaling M ∝ Ω−1
chrono. Below M , RG running is SM-like

(logarithmic), while the quadratic piece remains suppressed by Ω−2
chrono. This yields the

estimate

∆mH ≃
√
C

4π

ΛUV

Ωchrono
∼ O(10–100) GeV, (T.8)

for ΛUV ∼MPl and Ωchrono ∼ 1017.

T.5 Renormalization Group Equations

At one loop, the beta functions governing ζ and λΩ (including the curvature coupling)
are

βλΩ ≡ µ
dλΩ
dµ

=
9λ2Ω
16π2

, βζ ≡ µ
dζ

dµ
=

3λΩζ

16π2
. (T.9)

The running of ζ arises from wavefunction renormalization of ψΩ and renormalization of
the curvature coupling.

T.6 Solving the RGEs

(i) Running of λΩ. Integrating βλΩ gives∫ λΩ(µ)

λΩ(MPl)

dλ′Ω
λ′2Ω

=
9

16π2

∫ µ

MPl

dµ′

µ′
⇒ λΩ(µ) =

1

λΩ(MPl)−1 − 9
16π2 ln

(
MPl
µ

) . (T.10)

For representative choices λΩ(MPl) = 0.1 and µ = H0 ∼ 10−33 eV, the running is weak
and λΩ(H0) ≃ 0.1.

(ii) Running of ζ. For slowly varying λΩ, one obtains

dζ

ζ
=

3λΩ
16π2

d lnµ ⇒ ζ(H0) = ζ(MPl) exp

[
3λΩ
16π2

ln

(
MPl

H0

)]
. (T.11)

Using ln(MPl/H0) ≈ 140 and λΩ ≈ 0.1 gives

ζ(H0) ≈ ζ(MPl) exp

[
0.3

16π2
· 140

]
≈ 1.3 ζ(MPl). (T.12)

Choosing ζ(MPl) = 108 then yields

ζ(H0) ≃ 1.3× 108 ⇒ α = 48π ζ ≈ 2× 1010. (T.13)

Here ζ(MPl) is treated as a boundary condition fixed by phenomenological matching (e.g.
relic abundance and structure constraints); it is not yet derived from first principles.
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T.7 Consistency with Inflation’s 60 e-folds

The RG span ln(MPl/H0) ≈ 140 covers the full cosmic history. The inflationary interval
N ≃ 60 e-folds occupies only a subset, so there is no conflict between the RG evolution
and inflationary expansion.

T.8 Physical Implications

• Naturalness: α ∼ 1010 arises without extreme tuning once ζ(MPl) is fixed.

• Dark matter: for present-day R ∼ H2
0 , one finds mΩ ∼ 10−30 eV, consistent with

an ultra-light (fuzzy) regime.

• Hierarchy problem: large α suppresses Planck-scale corrections to the Higgs
sector through the Ωchrono scaling in the EFT matching.

T.9 Summary of Key Equations

Equation Role in CERM

α = 48π ζ Connects curvature coupling α to the RG-running
parameter ζ.

λΩ(µ) =

[
λΩ(MPl)

−1 − 9

16π2
ln(MPl/µ)

]−1

Self-interaction strength at scale µ.

ζ(H0) ≈ ζ(MPl) exp
[
3λΩ
16π2 ln(MPl/H0)

]
Quantum running of the curvature coupling across
cosmic history.

Note: Two-loop corrections are negligible at the accuracy required here.

T.10 Summary

Renormalization-group flow can support α ∼ 1010 once the curvature-coupling boundary
condition is specified at the Planck scale. This anchors α in quantum field theory, supports
Higgs-sector stabilization via curvature coupling, and yields dark-matter phenomenology
compatible with observations:

α ∼ 1010 . (T.14)
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U Appendix U: Derivation of Ωchrono, βchrono, ξ, k, and A

(Focus: Entropy-Driven Chronos Field Growth and Geometric Suppression of Quantum
Effects)

U.1 Entropy Dynamics and Chronos Field Scaling

In the Conformal Emergent Reality Model (CERM), entropy is a geometric functional of
the full Omega field:

S =

∫
Ω3 ln

(
Ω3
)
d3x (Equation E.1). (U.1)

Here, Ω = Ωgeom · Ωchrono, where:

• Ωgeom = exp
(
WL2

P /R
)
: Damps extreme curvature fluctuations (Appendix O),

• Ωchrono: Drives entropy growth and cosmic acceleration.

Assuming Ωchrono ≫ Ωgeom, the entropy simplifies to:

S ∝ Ω3
chrono ln (Ωchrono) . (U.2)

To derive Ωchrono’s growth law, enforce monotonic entropy increase:

dS

dt
> 0 ⇒ dΩchrono

dt
> 0. (U.3)

The chronos field satisfies the entropy-driven differential equation:

dΩchrono

dt
= βchronoHΩchrono (see Section 6.3). (U.4)

Solving this yields:

Ωchrono ∝ eβchronoN , N =

∫
Hdt ≈ e-folds since Planck time. (U.5)

U.2 Derive βchrono from Observational Constraints

Given Ωchrono ∼ 1017 today and N ≈ 60 e-folds:

Ωchrono = eβchronoN = 1017 ⇒ βchrono =
ln
(
1017

)
60

≈ 39.14

60
≈ 0.652. (U.6)

This implies:
Ωchrono ∝ e0.652N ≈ eN/1.53. (U.7)

Rounding 1.53 → 1.5, we adopt:

Ωchrono ∝ eN/1.5 (βchrono ≈ 2/3). (U.8)

This scaling balances entropy growth with dark energy dynamics (Appendix S.5).
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U.3 Geometric Origin of βchrono ≈ 2/3

The coefficient βchrono = 2/3 arises from three geometric principles:

1. Omegon Self-Interaction: The quartic potential V (ψΩ) ∝ λΩ ∼ 10 introduces
logarithmic renormalization, slowing Ωchrono’s growth relative to eN .

2. Entropy Feedback: The term Ω3
chrono lnΩchrono in the entropy functional implies

nonlinear damping of Ωchrono’s growth.

3. Dark Energy Coupling: The chronos potential ρchrono ∝ Ω4
chrono (Appendix S.5)

ensures Ωchrono ∝ eN/1.5 maintains cosmic acceleration.

This derivation ties βchrono to the interplay between entropy, Omegon interactions,
and curvature normalization.

U.4 Suppression Parameter ξ and Coefficient k

The geometric suppression parameter ξ governs quantum corrections to the Omegon field
and dark energy density:

ξ =
1

Ωgeom
= e−kN (Appendix A.4). (U.9)

To match ξ ∼ 10−30 for N = 60:

e−k·60 = 10−30 ⇒ k =
30 ln(10)

60
≈ 1.151. (U.10)

Thus:
ξ = e−1.151N for N = 60 ⇒ ξ ∼ 10−30. (U.11)

This aligns with the requirement ξΩchrono ∼ 10−13, stabilizing dark energy density
(Appendix S.5).

U.5 Dimensionless Constant A from Conformal Invariance

The dark energy density in CERM is:

ρchrono =
A

L4
P

(ξΩchrono)
4 (U.12)

In Planck units (LP = 1), this simplifies to:

ρchrono = A(ξΩchrono)
4. (U.13)

Substitute ξ ∼ 10−30, Ωchrono ∼ 1017:

ρchrono ∼ A · (10−30 · 1017)4 = A · 10−52. (U.14)

Observational dark energy density ρchrono ∼ 10−52 (in Planck units) requires A ∼
O(1). This value is fixed by conformal invariance and Planck-scale curvature normaliza-
tion.
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U.4 Cyclic Consistency and Parameter Reset

CERM ensures parameter stability across aeon transitions:

1. Weyl Curvature Reset: At Ω → ∞, the geometric component Ωgeom = exp
(
WL2

P /R
)

drives W → 0, smoothing spacetime for the next aeon (Appendix C.3.1).

2. Parameter Reset:

• ξ → ξinitial ∼ 1 after each cycle, then redilutes via ξ ∝ e−1.151N .

• A ∼ O(1) remains stable via curvature normalization (R ∝ L−2
P ).

3. Holographic Preservation: Boundary terms Γren ⊃
∫
δRδWd3x encode A and

curvature correlations across cycles (Appendix J.5).

U.5 Key Equations

Ωchrono ∝ eN/1.5 (βchrono = 2/3), (U.15)

ξ = e−1.151N (k ≈ 1.151), (U.16)

A ∼ O(1) (via conformal invariance and Planck normalization). (U.17)

U.6 Summary

• βchrono = 2/3: Derived from entropy dynamics and Omegon self-interactions, match-
ing Ωchrono ∼ 1017 at N ≈ 60.

• k ≈ 1.151: Ensures ξ ∼ 10−30, suppressing quantum corrections to the Omegon
field and stabilizing dark energy.

• A ∼ O(1): Fixed by conformal symmetry and dimensional consistency in Planck
units.

This derivation removes dependencies on the Higgs sector, focusing solely on entropy,
conformal symmetry breaking, and geometric consistency. It resolves tensions in dark
energy and cosmic acceleration while preserving unitarity across aeons.

U.7 Cross-References

• Appendix S.5: Dark energy density scaling ρchrono ∝ (ξΩchrono)
4.

• Appendix J: Holographic renormalization and entropy reset.

• Appendix T (βλ): Renormalization group flow of Omegon coupling λΩ.

• Appendix E (βτ): Boundary action terms for proto-time fluctuations.

By grounding Ωchrono, βchrono, ξ, and A in entropy, conformal symmetry, and dark
energy observations, this appendix provides a self-consistent foundation for CERM’s ge-
ometric framework.
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V Appendix V: Local Curvature Enhancement and Mass
Scaling in Galactic Environments

This appendix develops the self-consistent mechanism by which local curvature enhance-
ment in galactic environments and generates spatially varying Omegon mass scales. The
resulting feedback loop stabilizes solitonic cores, produces extended gravitational support,
and naturally explains flat rotation curves without particle dark matter halos.

V.1 Self-Consistent Curvature Enhancement

In the Conformal Emergent Reality Model (CERM), the Ricci scalar curvatureR responds
dynamically to local energy densities. From the trace of the modified Einstein equations
(Appendix A) in the weak-field, non-relativistic limit,

R = 8πGT +∆RΩ, (V.1)

where T ≈ −ρtotal = −(ρvis + ρΩ) and ∆RΩ denotes curvature sourced by Omega-field
gradients.

For a galactic soliton with density profile

ρΩ(r) = ρ0 sech
4

(
r

rc

)
, (V.1)

the dominant contribution within the galactic interior arises from the Omegon density
itself:

Reff(r) ≈ 8πGρΩ(r), ρΩ ≫ ρcrit, (V.2)

where ρcrit = 3H2
0/(8πG). The enhancement over the cosmological background curvature

R0 = 12H2
0 is therefore

Reff(r)

R0
∼ 8πGρ0

12H2
0

∼ 106, ρ0 ∼ 0.1M⊙ pc−3. (V.3)

V.2 Curvature-Dependent Omegon Mass

The effective mass of the Omegon field arises from curvature coupling (Appendix G),

m2
Ω =

αRL2
P

6κ
, (V.4)

where α ∼ 1010 is fixed by renormalization group flow (Appendix T). Substituting the
enhanced curvature (??) yields

m2
Ω(r) ≈

4παGL2
P

3κ
ρΩ(r). (V.5)

Hence,
mΩ(r) ∝

√
ρΩ(r). (V.6)

For the solitonic profile,

mΩ(r) = mΩ(0) sech
2

(
r

rc

)
, mΩ(0) =

√
4παGL2

P

3κ
ρ0. (V.7)
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V.3 Feedback Loop and Soliton Stability

The system exhibits a stabilizing feedback mechanism:

1. Density → Curvature: ρΩ(r) → Reff(r) ≈ 8πGρΩ(r)

2. Curvature → Mass: Reff(r) → mΩ(r) ∝
√

Reff(r)

3. Mass → Confinement: mΩ(r) sets the de Broglie wavelength λdB(r) ∼ 1/mΩ(r)

This loop increases confinement in dense regions, preventing runaway collapse while pre-
serving extended gravitational support.

V.4 Flat Rotation Curves from Combined Effects

The circular velocity profile receives contributions from both Newtonian gravity and cur-
vature coupling:

v2(r) =
G
(
Mvis(r) +MΩ(r)

)
r︸ ︷︷ ︸

Newtonian

+
ReffL

2
P

6κ

d

dr

(
r
dF

dr

)
︸ ︷︷ ︸
Curvature Coupling

, (V.8)

where F = ln
(
1 + |ψΩ|2/v2Ω

)
. Since Reff(r) ∝ ρΩ(r), the curvature term is approximately

constant for r ∼ rc.
The combined effects yield:

• rising rotation curves at r ≪ rc,

• flat rotation curves at r ∼ rc,

• gradual decline at r ≫ rc.

V.5 Numerical Estimates

For typical galactic parameters:

• ρ0 ∼ 0.1M⊙ pc−3 ≈ 6.8× 10−24 g cm−3,

• rc ∼ 1.5 kpc ≈ 4.6× 1021 cm,

• α ∼ 1010,

• LP ≈ 1.616× 10−33 cm,

Using Eq. (V.7) with κ = 8πG/c4 and working in natural units (c = ℏ = 1), we obtain

mΩ(0) =

√
α

6
LP

√
ρ0 ∼ 10−26 eV, (galactic center), (V.2)

while in the outer regions,
mΩ(r ≫ rc) ∼ 10−30 eV. (V.3)

This mass range corresponds to Compton wavelengths

λc(0) =
2π

mΩ(0)
∼ 1 kpc, λc(∞) ∼ 10Mpc. (V.4)

The central Compton wavelength is comparable to the core radius rc, ensuring that
wave-like effects maintain soliton coherence over kiloparsec scales. In the outer regions,
the extremely large Compton wavelength (λc ≫ galaxy size) allows the Omegon field to
provide gravitational support across the full halo, naturally producing extended, smooth
mass distributions.
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V.6 Connection to Higgs Hierarchy Resolution

The same curvature dependence stabilizingmΩ(r) regulates the Higgs sector (Appendix F):

m2
H =

m2
H0

Ω2
chrono

, ∆m2
H ∼

Λ2
UV

Ω2
chrono

. (V.5)

Local curvature enhancement Reff thus represents a spatial analogue of the temporal
suppression mechanism governing particle masses.

V.7 Summary

Local curvature enhancement,
Reff ≈ 8πGρΩ,

induces a spatially varying Omegon mass

mΩ(r) ∝
√
ρΩ(r).

This self-consistent feedback loop stabilizes solitonic galactic cores, produces flat rotation
curves without fine tuning, and unifies CERM’s treatment of galactic dynamics with its
solution to the Higgs hierarchy problem.
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