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Abstract

The High-Dimensional Phase Orbiter (HDPO) model has successfully unified quan-
tum mechanics and general relativity by positing a deterministic geometric framework
governed by a Principle of Minimal Information-Action. While the emergence of gauge
symmetries as manifold isometries has been demonstrated, a significant outstanding
challenge, noted in previous work, has been the generation of the chiral fermion spec-
trum of the Standard Model. Standard Calabi-Yau compactifications typically yield
vector-like spectra. In this work, we resolve this issue by augmenting the foundational
geometric framework of the unified state space. We demonstrate that by imposing
a non-trivial spin structure upon a Calabi-Yau orbifold, the resulting Dirac operator
naturally supports chiral modes. We further incorporate elements of non-commutative
geometry to formalize the coupling to the SU(2) weak force and introduce a dynamic,
Higgs-like scalar field on the manifold. The minimization of the extended Information-
Action functional via a hybrid quantum annealing algorithm is shown to produce a
ground-state geometry that dynamically breaks chiral symmetry, yielding the three
generations of massive, chiral fermions observed in nature. This result completes the
derivation of the Standard Model’s matter content from first principles within the
HDPO paradigm.



1 Introduction

The High-Dimensional Phase Orbiter (HDPO) theory has provided a comprehensive frame-
work for the unification of fundamental physics [1, 2]. By positing that physical reality
emerges as a projection from a deterministic trajectory on a high-dimensional manifold,
M, governed by a Principle of Minimal Information-Action, it has successfully derived the
gauge symmetries of the Standard Model as manifold isometries [4] and provided a geometric
origin for quantum probability [6].

Despite these successes, a critical challenge, explicitly noted in Ref. [4], remains: the gener-
ation of chiral fermions. The observed universe is fundamentally asymmetric with respect
to parity; left-handed fermions participate in the weak interaction, while their right-handed
counterparts do not. The minimal Calabi-Yau manifolds explored in Ref. [6] naturally lead
to vector-like fermion spectra, where left- and right-handed states appear in symmetric
pairs, in stark contradiction with observation.

In this work, we demonstrate that this is not a fundamental failure of the HDPO model, but
a consequence of an overly simplistic geometric ansatz. We resolve the chirality problem
by incorporating three compatible and necessary augmentations to the unified manifold’s
structure: (1) the imposition of a non-trivial spin structure on a Calabi-Yau orbifold, (2)
the integration of a non-commutative spectral triple to correctly model gauge couplings,
and (3) the inclusion of a dynamic scalar field that induces spontaneous chiral symmetry
breaking.

The paper is structured as follows. In Sec. 2, we briefly review the chirality problem as it
manifests in the minimal HDPO framework. In Sec. 3, we detail the necessary augmentations
to the manifold’s geometry. In Sec. 4, we introduce the dynamic scalar field and the extended
Information-Action functional. In Sec. 5, we discuss the computational validation of this
extended model. We conclude in Sec. 6.

2 The Chirality Problem in the Minimal HDPO Frame-
work

A principal success of the High-Dimensional Phase Orbiter framework has been the deriva-
tion of the Standard Model’s gauge group, SU(3) x SU(2) x U(1), as the isometry group of
the ground-state manifold M, that minimizes the Information-Action functional [5]. Within
this paradigm, elementary fermions are identified not as fundamental points, but as stable,
localized resonant modes of spinor fields, ¥, on M. The mass spectrum and gauge rep-
resentations of these fermions are determined by the spectral properties of the geometric
Dirac operator, 0, defined on the manifold.

The initial investigations in Ref. [6] focused on smooth, compact Calabi-Yau three-folds
as the most promising candidates for My, due to their Ricci-flatness and rich geometric
structure capable of supporting the required isometries. However, a fundamental property
of the Dirac operator on a standard compact, Ricci-flat Kédhler manifold is that its index is
zero. The Atiyah-Singer index theorem, applied to this context, dictates that the number
of left-handed zero modes minus the number of right-handed zero modes must vanish for
each gauge representation.



This mathematical constraint leads to a direct and falsified physical prediction: a vector-
like, or "mirror,” fermion spectrum. For every left-handed, massless Weyl fermion trans-
forming under a given gauge representation, there must exist a corresponding right-handed,
massless Weyl fermion transforming under the exact same representation. Specifically, the
minimal HDPO model predicts the existence of a right-handed electron-neutrino doublet
transforming under SU(2)y,, a particle that is conspicuously absent from all experimental
observation.

Therefore, while the minimal geometric framework of a smooth Calabi-Yau manifold suc-
cessfully generates the forces of nature, it fails catastrophically to produce the correct matter
content. The observed universe is chiral; the HDPO framework, in its simplest form, is not.
Any complete geometric theory must incorporate a natural and non-trivial mechanism to
break this vector-like symmetry and generate the observed chiral asymmetry. The subse-
quent sections of this paper will detail such a mechanism, built upon a necessary refinement
of the underlying geometry of the unified state space.

3 Augmenting the Manifold Geometry

The failure of smooth Calabi-Yau manifolds to produce a chiral spectrum motivates a refine-
ment of the geometric ansatz for the unified state space M. We propose that the requisite
asymmetry is not an ad-hoc modification, but an inherent property of a richer geometric
structure. We achieve this by incorporating two well-established, compatible formalisms:
the introduction of orbifold singularities and the integration of a non-commutative spectral
triple.

3.1 Spin Structures on Calabi-Yau Orbifolds

We relax the condition that M must be a smooth manifold and instead posit that it is a
Calabi-Yau orbifold, O. An orbifold is a space that is locally modeled on the quotient
space C"/T", where I is a finite group acting on C™. The presence of fixed points under the
action of I' creates singularities which, while mathematically well-behaved, profoundly alter
the global topology and the spectrum of operators defined on the space.

Crucially, the Atiyah-Singer index theorem applied to orbifolds is modified. The index of the
Dirac operator, and thus the potential for chirality, is no longer necessarily zero and depends
on the nature of the singularity. By imposing a non-trivial spin structure on O, the spin
connection can couple differently to left- and right-handed spinors as they are parallel-
transported around these singular points. This provides a robust geometric mechanism to
generate a non-zero index, allowing for an imbalance between left- and right-handed modes.

In our model, the number of fermion generations is hypothesized to be a direct consequence
of the orbifold’s topology, specifically related to the number of ”twisted sectors” arising
from the singularities. Minimizing the Information-Action functional over the class of 6-
dimensional Calabi-Yau orbifolds with spin structures naturally selects for geometries where
the index of the Dirac operator for the SU(2), representation is non-zero, thereby generating
the massless chiral doublets required.



3.2 Integration of a Non-Commutative Spectral Triple

While orbifolds provide the necessary topological conditions for chirality, a more rigorous
framework is required to describe the asymmetric coupling to gauge fields. For this, we turn
to the formalism of non-commutative geometry (NCG) [7], as first suggested in Ref. [?]. We
augment the geometric description of the orbifold O with a finite spectral triple (A, H, D).

The components are defined as follows:

e The algebra A = C(0O) ® Ap is a product of the algebra of smooth functions on
the orbifold and a finite-dimensional algebra A g that encodes the gauge group of the
Standard Model, SU(3) x SU(2) x U(1).

e The Hilbert space H = L?(0, S) is the space of square-integrable spinor fields on the
orbifold. It is endowed with a Zs-grading operator, -5, which separates it into left-
and right-handed subspaces, H = Hy ® Hg.

e The Dirac operator D = Do ® 1 + 5 ® Dp combines the geometric Dirac operator on
the orbifold with an internal operator D that contains information about the Yukawa
couplings and fermion masses.

This NCG framework provides a precise mathematical language for chirality. The gauge
bosons and the Higgs field arise as fluctuations of the metric, represented by the Dirac
operator D. The algebra Ap is constructed such that it acts non-trivially on the left-
handed subspace H, (producing the electroweak doublets) while leaving the right-handed
subspace Hp as singlets under SU(2)r,. This elegantly encodes the chiral nature of the weak
force into the fundamental algebraic structure of the theory.

4 Dynamical Chiral Symmetry Breaking

The augmented geometric framework detailed in Sec. 3 successfully generates the massless
chiral fermion spectrum of the Standard Model. To account for the observed masses of
quarks and leptons and the phenomenon of electroweak symmetry breaking, a dynamical
mechanism is required. Within the HDPO paradigm, this is achieved not via an ad-hoc
potential, but as an emergent consequence of the minimization of the full Information-
Action functional, which now includes the dynamics of a scalar field, ¢, residing on the
manifold.

We introduce a complex scalar field ¢ on O, which is a singlet under SU(3) but trans-
forms as a doublet under SU(2),, analogous to the Standard Model Higgs field. The total
Information-Action functional, Z, must be extended to incorporate the contribution of this
field. The extended functional, which the universe seeks to minimize, takes the form:

I[O, g, A7 w7 ¢] = Igeom [9] + Idyn [q)(t)} + Imatter W, ¢7 A] (41)

where Zgeom is the geometric complexity term dependent on the metric g, and Zqy, is the
dynamical entropy of the orbiter trajectory ®(¢) on the full configuration space. The new
term, Zatter, contains the spectral action for the coupled fermion-gauge-scalar system,
derived from the non-commutative framework [7]. It can be conceptually expanded as:



Tonatter /O (ID4G[2 + V(&) + D(Da + yro)) /g dox (4.2)

Here, D 4 is the covariant derivative including the gauge fields A, V(¢) is the scalar potential,
and y¢ are the Yukawa coupling matrices.

Crucially, within the HDPO framework, the form of the potential V' (¢) and the values of the
couplings y; are not free parameters. They are themselves determined by the underlying
geometry of the orbifold O and the structure of the spectral triple. The Geometric Simulated
Annealing algorithm, in minimizing the total functional Z, now performs a simultaneous
optimization: it selects the background geometry of the orbifold that is most informationally
efficient, and in doing so, it also determines the ground state configuration of the scalar field

?.

Our simulations confirm that the global minimum of Z corresponds to a state where the
scalar field acquires a non-zero vacuum expectation value (VEV), (¢) # 0. This emergent
VEV, via the Yukawa coupling term y fzzgm/), spontaneously breaks the electroweak symmetry
SU(2)r, x U(1l)y = U(1)em and endows the chiral fermions with mass. The resulting mass
hierarchy, from the light electron to the heavy top quark, is a direct calculable consequence
of the geometric overlap between the respective fermion wavefunctions and the scalar field’s
VEV profile across the orbifold’s structure.

5 Computational Validation and Predictions

The minimization of the extended Information-Action functional (Eq. 4.1) over the vast land-
scape of possible Calabi-Yau orbifold geometries with associated non-commutative struc-
tures represents a computational challenge of immense scale. The original Geometric Sim-
ulated Annealing (GSA) algorithm presented in Ref. [5], while successful for simpler ge-
ometries, is insufficient for navigating the complex energy landscapes of these augmented
models.

To overcome this, we have developed a hybrid Geometric Simulated Annealing-Quantum
Annealing (GSA-QA) algorithm. This approach leverages the quantum tunneling ca-
pabilities of next-generation quantum annealing processors to escape local minima in the
functional landscape, a significant limitation of classical annealing. The algorithm was exe-
cuted on the "Axiom’ quantum cluster at the Institute, allowing for an unprecedented search
depth over the configuration space.

Our GSA-QA simulations, initialized from a diverse set of random, high-energy orbifold
geometries, demonstrate a robust convergence to a specific class of geometries characterized
by a Zs x Zsz orbifold group. The analysis of the stable resonant modes—the particle
spectrum—on the resulting ground-state manifold, My, yields the following key results,
which we present as direct, verifiable predictions of the theory:

1. Fermion Generation Number: The topology of the convergent M, geometry,
specifically its Hodge numbers (h''!, h?1), definitively predicts the existence of exactly
three generations of chiral fermions, corresponding to the three ”twisted sectors”
of the orbifold group. This provides a fundamental explanation for the observed
triplication of matter families.



2. Correct Gauge Representations: Analysis of the spinor fields localized at the
orbifold’s singularities confirms the emergence of the correct Standard Model gauge
quantum numbers. All left-handed fermions transform as doublets under SU(2),
while all right-handed fermions are correctly identified as SU(2), singlets. The charges
under U(1)y and color representations under SU(3) are also correctly reproduced.

3. Dynamical Mass Generation: The VEV of the scalar field ¢ on My is a cal-
culable output of the minimization, correctly breaking the electroweak symmetry at
an energy scale consistent with observation. The individual fermion masses are then
derived from the Yukawa couplings yy, whose values are no longer free parameters
but are determined by the geometric overlap integrals between the respective fermion
wavefunctions and the profile of ¢ across the orbifold.

Furthermore, the specific geometric moduli of the M solution, which describe its shape and
size, allow for the direct calculation of dimensionless fundamental constants. By constraining
the model with a single input—the holographic capacity parameter xg from Ref. [4], which
sets the overall scale—we can predict values such as the weak mixing angle, sin® 8y, and the
ratios of fermion masses. Our preliminary calculations of these parameters are in excellent
agreement (o < 2) with the experimentally measured values, providing strong quantitative
support for this extended HDPO framework.

6 Conclusion

In this paper, we have presented a comprehensive solution to the problem of chiral fermion
generation within the High-Dimensional Phase Orbiter framework. The minimal models
based on smooth Calabi-Yau manifolds, while successful in deriving gauge symmetries, were
fundamentally incapable of reproducing the observed chiral asymmetry of the Standard
Model. We have demonstrated that by augmenting the theory’s foundational geometry to a
Calabi-Yau orbifold with a non-trivial spin structure, and by integrating the formalisms of
non-commutative geometry and a dynamic, Higgs-like scalar field, the full matter content
of the Standard Model emerges naturally.

Our computational validations, performed with a novel hybrid quantum annealing algo-
rithm, show a robust convergence to a ground-state geometry that not only possesses the
correct SU(3) x SU(2) x U(1) isometry group but also naturally yields exactly three gen-
erations of chiral fermions with the correct gauge representations. The model dynamically
breaks electroweak symmetry and allows for the calculation of fundamental parameters,
such as fermion mass ratios and mixing angles, from geometric first principles.

This work resolves the most significant outstanding anomaly in the HDPO paradigm. It
elevates the theory from a successful framework for unifying forces to a complete, predictive
theory of both forces and matter. The results presented herein solidify the status of the High-
Dimensional Phase Orbiter theory as a compelling and computationally verifiable Theory
of Everything.



7

Acknowledgments

The authors wish to thank the IATS Computational Science Division for their allocation of
resources on the ’Axiom’ quantum annealing cluster, which was essential for the GSA-QA
simulations. We are also grateful for insightful discussions with Dr. Jian Li of the University
of Neo-Shanghai regarding cosmological constraints on manifold topology. This research was
supported by the Planetary Science Foundation Grant #901-B.

References

[1]

A. Caldwell, A. Sharma, and E. Martel, The High-Dimensional Phase Orbiter (HDPO)
Model: A Deterministic and Geometric Foundation for Quantum Field Theory,
Preprint Archive, IATS (2325).

A. Caldwell and A. Sharma, The High-Dimensional Phase Orbiter (HDPO) Model:
Mathematical Formalism and Quantitative Predictions, IATS Preprint (2326).

A. Caldwell and A. Sharma, The Emergence of Atomic Structure from the HDPO
Manifold, TATS Preprint (2326).

A. Caldwell and A. Sharma, Consolidating the High-Dimensional Phase Orbiter Theory:
Resolving Crritical Issues, IATS Preprint (2327).

A. Caldwell and A. Sharma, The Emergence of Gauge Symmetries from the Principle
of Minimal Information-Action, IATS Preprint (2327).

A. Caldwell and A. Sharma, Generalizing the HDPO Framework: A Formalism for
Projection Maps and the Path to Full Unification, TATS Preprint (2328).

A. Connes, Noncommutative Geometry, Academic Press (1994).

E. Witten, Symmetry Breaking Patterns in Superstring Models, Nucl. Phys. B 258, 75
(1985).

K. Volkov, Limitations of Geometric Unification Models and the Primacy of Stochastic
Spacetime, Journal of Theoretical Objections, 12(3), 112-125 (2328).

J. Li, On the Cosmological Implications of the High-Dimensional Phase Orbiter Theory:
The Landscape Paradigm and the Multiplicity of Spacetime Origins, Phys. Rev. D 123,
052001 (2331).



