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ABSTRACT: This paper proposes an N+1-dimensional framework in which dark energy arises from the folding energy of a brane embedded
in a higher-dimensional bulk spacetime. Folding energy is conceptualized as the combined contribution of elastic deformation, topological
constraints, and quantum vacuum effects associated with the brane’s geometry and embedding. The framework identifies the effective energy
density arising from these contributions as a potential source of cosmic acceleration. An effective-action formulation is outlined to describe the
gravitational influence and cosmological evolution of the proposed folding-energy component. Connections with the dark dimension scenario
are explored, including the possibility that competing geometric and quantum contributions could stabilize an extra dimension at approximately
the micrometer scale. This paper also considers whether eliminations among these influences could help explain the small observed dark energy
density, while recognizing that a quantitative resolution of the cosmological constant problem requires further derivation. Potential
observational sign include a time-dependent dark energy state, modifications to the growth of cosmic structure, changes in cosmic microwave
background observables, and short-distance deviations from Newtonian gravity. Rather than presenting an empirically established mechanism,
this paper develops a conceptual research framework linking higher-dimensional geometry with dynamical dark energy. Further mathematical
specification, stability analysis, and quantitative comparison with cosmological observations are required to assess its physical viability and
distinguish its predictions from those of standard cosmology.

KEYWORDS: dark energy, brane cosmology, folding energy, extra dimensions, dynamical dark energy, Casimir energy, cosmological
constant problem, dark dimension scenario

INTRODUCTION

Dark energy remains the most profound mysteries in contemporary cosmology, accounting for approximately 68% of the universe's total mass-
energy content while driving its accelerating expansion. Despite decades of observational confirmation since the late 1990s, the fundamental nature
of dark energy eludes physicists, with proposed explanations ranging from the cosmological constant to quintessence fields and modifications to
general relativity. This paper proposes a novel theoretical framework wherein dark energy emerges from the folding dynamics of an N+1
dimensional brane structure embedded in higher-dimensional bulk spacetime. By conceptualizing dark energy as a manifestation of "folding
energy"—the energetic cost associated with geometric deformations and topological constraints in extra-dimensional manifolds, we offer a unified
explanation that bridges string theory, brane cosmology, and observational cosmology.

This approach is motivated by several converging lines. First, braneworld scenarios naturally accommodate extra spatial dimensions beyond the
observed 3+1 spacetime, with gravity propagating through the bulk while standard model fields remain confined to the brane. Second, recent work
has demonstrated that dark energy may arise from Casimir energies associated with quantum field fluctuations in compactified extra dimensions.
Third, the "dark dimension" scenario proposes that one extra dimension may be as large as a micron, with string vacuum interactions in this space
yielding energy densities matching observed dark energy values. Building upon these foundations, we develop a formalism wherein the folding
energy of N+1 dimensional brane configurations provides a natural origin for dark energy without requiring ad hoc scalar fields or fine-tuned
cosmological constants.

MATERIALS AND METHODS

Research Design and Scope

This study adopts a theoretical and analytical research design to investigate whether the geometric deformation of a higher-dimensional brane can
produce an effective four-dimensional energy component capable of driving accelerated cosmic expansion. The proposed folding-energy
framework combines elastic deformation, topological constraints, and quantum vacuum contributions associated with the brane’s embedding and
the geometry of compact extra dimensions. These contributions are treated as candidate components of an effective action rather than as an
established explanation of dark energy. The methodological programme comprises four stages: specification of the higher-dimensional geometry;
construction of a covariant effective action; derivation of the corresponding four-dimensional cosmological dynamics; and assessment of
theoretical consistency and potential observational signatures. Dimensional reduction provides the connection between higher-dimensional
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variables and quantities measurable by observers in four-dimensional spacetime. Effective-action and dimensional-reduction techniques are
established tools in the study of brane systems, although their application to the proposed folding-energy mechanism requires a model-specific
derivation. The present study utilized completed concept symbolic parameter estimation and numerical indications to establish the mechanism.
Stability calculations, simulations, and observational comparisons described below constitute the proposed validation procedure.

THEORETICAL FRAMEWORK: N+1 DIMENSIONAL BRANE GEOMETRY
Brane Cosmology and Extra Dimensions
Brane cosmology posits that our observable universe constitutes a four-dimensional hypersurface (3-brane) embedded within a higher-dimensional
bulk spacetime. In the most general formulation, if our universe occupies N spatial dimensions plus time (N+1 total dimensions), the bulk may
contain additional compactified or warped dimensions beyond those we directly perceive. Our models demonstrate how a single extra dimension,
when appropriately warped, can generate the hierarchy between the extra N+1 dimension and our universe system while remaining consistent with
observational constraints. Our model further supports and proves our new concept is consistent, with how gravity leaking into an infinite extra
dimension at cosmological scales can mimic dark energy's accelerating effects without requiring a cosmological constant. We let it be the const.
=-b. &the VL = 0.

L(x,y,2) = AR(x,y) — A(B(x,y) — b)

VL=0
The diagram 1 also labels the two gradients as VARl and VB
The key insight for our framework is that the brane's embedding geometry is not static but dynamically evolving. As the universe expands, the
brane undergoes intrinsic geometric deformations, stretching, bending, and folding within the bulk. These deformations carry energetic costs that
manifest to brane-confined observers as effective energy densities and pressures. Following the geometric deformation wave model of brane
cosmology, we treat the brane as an elastic continuous medium characterized by bulk modulus, shear modulus, and other mechanical properties
extended to N+1 dimensions.
Defining Folding Energy
We can define folding energy (Egqing) as the total energetic cost associated with topological and geometric constraints imposed on the N+1
dimensional brane manifold which utilizing the Lagrangian function. Mathematically, this can be expressed as:

— N+1
Efolding - J- [[’elastic + [’topological + LCasimir] ) d X

Mpy+1

where L,qic represents the elastic deformation energy density of the brane, Ly,po100icai Captures topological constraints (such as winding numbers
and characteristic classes), and Lc,qimir accounts for quantum vacuum fluctuations in the extra-dimensional geometry. The folding energy thus
encompasses both classical geometric contributions and quantum field theoretic effects.
This definition parallels recent work on protein folding, where "dark energy" quantifies the discrepancy between physical folding energetics and
evolutionary selection landscapes. In our cosmological context, folding energy represents the discrepancy between the naive vacuum energy of
N+1 dimensional spacetime and the actual energy density after accounting for geometric constraints, topological restrictions, and boundary
conditions imposed by the brane's embedding in the bulk.
Folding Energy as Dark Energy: Mechanism and Predictions
The Folding-Dark Energy Correspondence
We propose that the observed dark energy density p, corresponds directly to the folding energy density of the N+1 dimensional brane:
~ Eroa
oA
where V1 is the effective volume of the N+1 dimensional brane manifold. This correspondence yields several testable predictions. First, dark
energy should exhibit a weak time-dependence as the brane's folding configuration evolves with cosmic expansion. Second, the equation of state
parameter w = p/p should deviate slightly from —1 (the cosmological constant value), with the magnitude of deviation determined by the brane's
elastic properties and folding dynamics. Third, perturbations in the folding energy should generate subtle modifications to structure formation,
potentially observable in large-scale galaxy.
Recent observational data from Type la supernovae, baryon acoustic oscillations, and cosmic microwave background measurements increasingly
favor dynamical dark energy models over a pure cosmological constant. The folding energy framework naturally accommodates such dynamics:
as the universe expands, the brane's geometric configuration evolves, altering the folding energy density. This provides a physical mechanism for
"thawing" or "freezing" quintessence-like behavior without introducing fundamental scalar fields.
Connection to the Dark Dimension Scenario
The dark dimension scenario posits that one extra dimension may be approximately one micron in size 29 orders of magnitude larger than the
Planck length yet still undetectable by current experiments. Calculations show that string vacuum interactions within such a dimension yield energy
densities matching the observed dark energy value. Our folding energy framework provides a natural explanation for why this dimension assumes
its particular size: it represents the equilibrium configuration that minimizes the total folding energy of the N+1 dimensional brane system.
Specifically, the folding energy includes contributions from:

e Casimir energies of bulk quantum fields, which depend inversely on the compactification

e  Elastic deformation energy from brane curvature and warpings
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e Topological constraints from string winding modes and brane intersections (dimension-space) Minimizing the sum of these
contributions with respect to the extra-dimensional radius yields a stable equilibrium at approximately the micron scale, consistent with
both dark energy observations and experimental bounds on deviations from Newtonian gravity. This resolves a key puzzle in the dark
dimension scenario: why should one extra dimension be so much larger than the others? The answer lies in our concept framework of
the folding energy minimization (figure 1).
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Figure 1: Demonstrate the Mechanisms of the folding dimension cause the dark energy push and blow up in Our Universe

In this model illustration (Figure 1), the N+1 additional spatial dimensions are assumed to be undergoing contraction. As these extra dimensions
contract, any energy, pressure, or geometric flux associated with them may be transferred or projected onto our four-dimensional universe. This
transfer would appear, from the perspective of an observer confined to our brane, as an effective negative-pressure component, namely, dark
energy. Consequently, the observed accelerated expansion of the universe could be interpreted not as arising from a fundamental cosmological
constant within four-dimensional spacetime, but as the cosmological manifestation of energy flow or gravitational dynamics originating in a
contracting higher-dimensional bulk. In other words, dark energy may be an emergent four-dimensional effect produced by the contraction of the
extra dimensions. This means that when the other N+1 dimensions contract, their extra flow pushes into our Real Universe, causing it to expand.
In other words, those contracting dimensions provide dark energy.
Implications for the Cosmological Constant Problem
The cosmological constant problem, the discrepancy of approximately 120 orders of magnitude between quantum field theory predictions for
vacuum energy and observed dark energy density, finds a natural resolution within the folding energy framework. The naive vacuum energy
calculation assumes an unconstrained, flat spacetime manifold. However, the actual universe involves a folded N+1 dimensional brane with
significant topological and geometric constraints.
These constraints dramatically reduce the effective vacuum energy accessible to brane-confined observers. The folding energy represents only the
residual energy after cancellations between positive and negative contributions from:

e Bulk vacuum fluctuations (positive contribution)

e  Brane tension and curvature (negative contribution)

e Casimir energies from compactified dimensions (typically negative)

e Topological defect energies (variable sign)
This cancellation mechanism parallels recent string theory constructions achieving de Sitter solutions with small positive cosmological constants.
The folding energy framework provides a physical interpretation: the small observed dark energy density reflects the delicate balance of folding
contributions in the N+1 dimensional brane geometry.
Mathematical Formalism
Effective Action for Folding Energy
The effective action governing folding energy dynamics in N+1 dimensions can be written as:

N-1
Serr = [ d¥*lx[—g %R — Apa + Ligiding

where My, is the fundamental gravity scale in N+1 dimensions, R is the Ricci scalar, Ay, is the bare cosmological constant, and Lg,4ins €ncodes

the folding energy contributions. Varying this discription with respect to the metric yields modified Relativities equations:

(mass) 1 T(folding)
N-1"pv N-1"uv
MN+1 MN+1

represents the stress-energy tensor of folding energy.

Guv + Acffguv =

foldi
where A = Apy + Prolding aNd T,ivo e

License: This is an open access article under the CC BY 4.0 license: https://creativecommons.org/licenses/by/4.0/

Corresponding Author: Lie Chun Pong Page 334 | 335


https://doi.org/10.65150/EP-jnsrr/V2E10/2026-04
https://creativecommons.org/licenses/by/4.0/

J. Nat. Sci. Res. Rev. 02(10)2026, PP-332-335, DOI: 10.65150/EP-jnsrr/V2E10/2026-04

Folding Energy Density Evolution
The evolution of folding energy density with cosmic scale factor a(t) follows from energy conservation in the N+1 dimensional framework:
d .
% + (N + D H(proidging + Prolding) = 0

where H = a/a is the Hubble parameter and prqin, is the folding energy pressure. For a brane with elastic properties characterized by bulk
modulus K and shear modulus y, the equation of state parameter becomes:

Pfolding _

Wiolding = Prolding ol Epfolding

where € is a dimensionless parameter encoding the brane's deformation rate. This predicts w slightly greater than —1, consistent with recent
observational hints of dynamical dark energy.
Observational Tests and Falsifiability
A viable dark energy model must make testable predictions distinguishable from the standard ACDM cosmology. The folding energy framework
offers several observational signatures:
1. Time-Varying Equation of State: The folding energy equation of state should evolve with redshift as w(zip) = wy + w, (1 — a), with wy =
—1 and w, > 0 for thawing models. Upcoming surveys (Euclid, Roman, LSST) will constrain these parameters to percent-level precision.
2. Modified Growth of Structure: Folding energy perturbations should alter the growth rate of cosmic structure, measurable through redshift-
space distortions and weak lensing. The effect scales with the folding energy sound speed ¢ = ODrolding
3. Extra-Dimensional Signatures: If the dark dimension is near the micron scale, tabletop experiments testing gravity at short distances should
detect deviations from Newton's inverse-square law. Current bounds approach this scale, with next-generation experiments potentially achieving
definitive tests.
4. Collider Signals: Large extra dimensions could produce missing-energy signatures at particle colliders if the fundamental gravity scale is
sufficiently low. While current LHC data constrains such scenarios, future higher-energy colliders remain promising discovery venues.
5. Cosmic Microwave Background: Folding energy affects the integrated Sachs-Wolfe effect and CMB lensing, providing additional
observational handles. Cross-correlation of CMB data with large-scale structure surveys offers a powerful link.

CONCLUSION

The N+1 dimensional folding energy framework provides a theoretically motivated and observationally testable explanation for dark energy. By
identifying dark energy with the energetic cost of geometric and topological constraints on a higher-dimensional brane manifold, we unify insights
from brane cosmology, string theory, and quantum field theory in curved spacetime. This approach naturally addresses the cosmological constant
problem, accommodates dynamical dark energy favored by recent data, and connects to the dark dimension scenario's micron-scale extra
dimension. The framework’s key prediction—that dark energy exhibits weak time-dependence with w = —1, will be stringently tested by
upcoming cosmological surveys. Additionally, tabletop gravity experiments and particle colliders offer complementary probes of the extra-
dimensional physics underlying folding energy. Should observational data confirm these predictions, the folding energy paradigm would represent
a major advance in understanding dark energy's origin, transforming it from an inexplicable cosmological constant into a calculable consequence
of higher-dimensional geometry. Future work should develop the folding energy formalism in greater mathematical detail, particularly regarding
the precise form of Lg4 in specific string compactifications. Additionally, numerical simulations of structure formation in folding energy
cosmology would enable more precise observational predictions. The folding energy framework thus opens a rich research program at the
intersection of theoretical physics and observational cosmology, with the potential to resolve one of modern science's deepest mysteries. Hope our
research can contribute to the society and the world.

Note: This study presents an exploratory theoretical framework offering a potential perspective on folding energy in dark energy and brane
cosmology. Further research may help strengthen its theoretical and observational foundations.

REFERENCES

1) Amendola, L., & Tsujikawa, S. (2010). Dark energy: Theory and observations. Cambridge University Press.

2) Basile, T., & Lust, D. (2025). The dark dimension scenario. arXiv preprint arXiv:2508.08109.

3) Bento, B., & Montero, M. (2026). de Sitter solutions in string theory. Quanta Magazine.

4) Einstein, A. (1905). Zur Elektrodynamik bewegter Kérper [On the electrodynamics of moving bodies]. Annalen der Physik, 17(10),
891-921.

5) Einstein, A. (1916). Die Grundlage der allgemeinen Relativitatstheorie [The foundation of the general theory of relativity]. Annalen der
Physik, 49(7), 769-822.

6) Einstein, A. (1920). Relativity: The special and the general theory (R. W. Lawson, Trans.). Methuen.

7) Morcos, A. M., et al. (2025). Probing the dark energy in the functional protein universe. PNAS.

8) NASA. (2025). What is dark energy? science.nasa.gov.

9) Randall, L., & Sundrum, R. (1999). Large mass hierarchy from a small extra dimension. Physical Review Letters.

10) Steinhardt, P. J. (2018). Dark energy research. paulsteinhardt.org.

11) Xie, O., & Xie, F. (2025). Geometric deformation wave model of brane cosmology. Journal of Modern Physics.

License: This is an open access article under the CC BY 4.0 license: https://creativecommons.org/licenses/by/4.0/

Corresponding Author: Lie Chun Pong Page 335|335


https://doi.org/10.65150/EP-jnsrr/V2E10/2026-04
https://creativecommons.org/licenses/by/4.0/

