ISSN: 2581-4311 ({’)/URF PUBLISHERS

DOI: doi.org/10.30967/1JCRSET/Zeiner-Gundersen-S/180 7 connect with research world

International Journal of Current Research in Science, Engineering & Technology

https://urfpublishers.com/journal/ijcrset

Vol: 8 & Iss: 2 Research Article

Spectral Causal Geometry: A Unified Framework for Quantum Gravity and Vacuum
Engineering at the Planck Scale

Zeiner-Gundersen S*

University Of Iceland, Reykjavik, Iceland

Citation: Zeiner-Gundersen S. Spectral Causal Geometry: A Unified Framework for Quantum Gravity and Vacuum Engineering
at the Planck Scale. Int ] Cur Res Sci Eng Tech 2025; 8(2), 293-295. DOI: doi.org/10.30967/IJCRSET/Zeiner-Gundersen-S/180

Received: 18 April, 2025; Accepted: 24April, 2025; Published: 30 April, 2025
*Corresponding author: Zeiner-Gundersen S, University Of Iceland, Reykjavik, Iceland

Copyright: © 2025 Zeiner-Gundersen S., This is an open-access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author
and source are credited.

ABSTRACT

We propose Spectral Causal Geometry, a unified theoretical framework that integrates noncommutative geometry (NCG),
causal set theory (CST) and loop quantum gravity (LQG) to describe the quantum origin of spacetime. The framework posits
a spectral causal set-a partially ordered discrete structure equipped with a noncommutative algebra-as the fundamental entity,
from which classical spacetime emerges. We introduce vacuum engineering at the Planck scale as a novel method to probe
spacetime quantization and noncommutative geometry, manipulating quantum vacuum fluctuations via advanced materials
and fields. A spectral action principle yields modified Einstein field equations with a small positive cosmological constant,
suggesting emergent dark energy. Physical predictions include a minimal length scale, potential Lorentz symmetry deformations
and testable signatures in vacuum fluctuations. We outline a multi-faceted experimental program, including interferometric
probes of spacetime noise, Casimir effect measurements, astrophysical tests of photon dispersion, cosmological surveys and
quantum-optical experiments. A strategic roadmap is provided to guide theoretical and experimental advancements toward a
Nobel-worthy breakthrough in quantum gravity.

Introduction noncommutative algebra, described by a spectral triple (A,H,D).
We extend this with vacuum engineering at the Planck scale,
manipulating quantum vacuum fluctuations to probe spacetime
quantization and noncommutative effects, inspired by concepts
like the Casimir effect and zero-point energy (ZPE)’. This
approach bridges theoretical rigor with experimental testability,
addressing the quantum origin of spacetime and offering a path

to a Nobel Prize in Physics.

Unifying general relativity with quantum mechanics remains
a central challenge in theoretical physics. Noncommutative
geometry (NCGQG)', causal set theory (CST)* and loop quantum
gravity (LQG)® each offer insights into quantum spacetime
but are incomplete in isolation. NCG describes geometry
algebraically, unifying gravity with the Standard Model®, yet
lacks a fully quantized spacetime. CST posits a discrete ordered

structure where causality and volume define geometry®, but
struggles to incorporate gauge fields. LQG quantizes geometry
via spin networks, predicting discrete areas and volumes®, but
faces challenges integrating matter fields.

We propose Spectral Causal Geometry, a framework
that synthesizes NCG, CST and LQG into a unified model of
quantum spacetime. The fundamental structure is a spectral
causal set-a partially ordered set of events equipped with a

The article is organized as follows: Section formulates the
theoretical framework, defining the spectral causal set and its
dynamics. Section explores physical implications, including
dark energy, minimal length and Lorentz symmetry. Section
outlines experimental tests, integrating vacuum engineering with
traditional probes. Section provides a strategic research pipeline
and Section discusses implications and future directions.
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Theoretical Framework
Noncommutative geometry

NCG reformulates geometry via a spectral triple (A, H, D),
where A is a noncommutative *-algebra, H a Hilbert space and
D a Dirac operator encoding metric information'. In the classical
limit, A = C*(M) for a manifold M, H= LM, S) and D = iy“VH.

1
The spectral action SSpec = Trf(D/A) +2 <\I]7 D lp) unifies
gravity and gauge fields*. We extend this to Lorentzian signature,
incorporating causality®.

Causal set theory

CST posits spacetime as a locally finite, partially ordered set
(C, <), where elements represent spacetime events and < encodes
causality®. The continuum emerges via faithful embeddings, with
volume proportional to the number of elements and causality
defining the light-cone structure’. CST ensures background
independence and a natural UV cutoff at the Planck scale.

Loop quantum gravity

LQG quantizes general relativity using holonomies and
fluxes, with spin networks as states of quantum geometry”.
Areas and volumes have discrete spectra, with a minimal area ~
0.74¢%,°. Causal spin foams incorporate time orientation, linking
LQG to CST"™.

Spectral causal geometry

We define a spectral causal set S as a set of events with
a partial order < and a spectral triple (A, H, D): - A is the
holonomy-flux algebra from LQG, generated by Wilson loops,
noncommutative due to intersecting loops’®. - H is the L?space of
gauge spin network states or £%(S) @ C*for fermionic degrees. -
D is a combinatorial Dirac operator, with matrix elements

L—l ifi <jandj covers i,
1
1 if j <iandicovers j, (1)

0 otherwise, where € ~ [, and” covers” denotes an
immediate causal link.

The spectral action is

D\ 1
S =Trf (K) + 54T, D\If)’ o

yielding, in the continuum limit,

Z Z

S = a,A*N+a,A° RdV +a, RZdV +--, (3)

where N is the number of events, producing a cosmological
constant, Einstein-Hilbert term and higher-curvature corrections.
Variations yield Guv + Aeffguv + PRupvoRpo = Tuv(matter).
“4)

We introduce Spectral Causal Invariance, ensuring invariance
under algebra automorphisms preserving <, generalizing
diffeomorphism invariance.

Vacuum engineering

To probe the spectral causal set, we propose vacuum
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engineering, manipulating quantum vacuum fluctuations using
metamaterials or ultra-strong fields’. The vacuum’s ZPE, with
energy density ~ 10'3 J/m* at the Planck scale, may encode
spacetime quantization. Modifications to vacuum fluctuations,
such as via the Casimir effect, could reveal noncommutative
signatures'’.

Physical Consequences
Emergent dark energy

The spectral action’s leading term, A*N, produces a
cosmological constant. Statistical cancellations in the causal set
reduce its magnitude to ~ 1/ N, consistent with observed dark
energy density p, = (2.3x107eV)*for N ~ 10>,

Minimal length

Discreteness and noncommutativity imply a minimal length
€ ~ £, modifying the Heisenberg uncertainty relation to AxAp >

g(l T B(AP)Q)’ with B N 1/“3)] {13}1%
Lorentz symmetry

The framework preserves Lorentz invariance statistically
but allows small deformations, e.g., V(E) = c[1 — &(E/E,)*],
consistent with current bounds'.

Dimensional reduction

The spectral dimension may reduce from 4 to ~ 2 at Planck
scales, potentially affecting high-energy scattering or early
universe dynamics'®.

Experimental Tests
Interferometric probes

High-precision interferometry, like the Holometer, searches
for Planckian noise dx ~\/L£Pl”‘. Null results suggest uncorrelated
or weaker fluctuations, but future gravitational wave detectors
(e.g., LISA) could im-prove sensitivity.

Casimir effect measurements

We propose measuring the Casimir force between nanoscale
metamaterial plates under strong fields, predicting deviations
from 1/d*scaling due to noncommutative effects''. Facilities like
TU Wien could achieve sub-nanometer precision.

Astrophysical observations

Gamma-ray burst timing tests energy-dependent photon
speeds, with At ~E(E/E, )’L/c. Current limits (Eqgs > 102
GeV) allow Planck-scale effects'®. The Cerenkov Telescope
Array may enhance sensitivity.

Cosmological Surveys CMB anisotropies may show high-£
suppression or non-Gaussianity from discreteness'”. Primordial
gravitational waves could reveal damped high-frequency modes.

Quantum Optics Optomechanical systems can test modified
commutation relations, probing B ~ 1/M,* via phase shifts".
Atom interferometry may detect Lorentz violations.

Research Roadmap

To achieve a Nobel-worthy breakthrough: 1. **Education
(1-3 years) **: Pursue a PhD in quantum gravity, studying NCG,
CSTand LQG viaresources like'. 2. **Theoretical Development
(2-5 years) **: Publish on spectral causal geometry and vacuum
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engineering in journals like *Physical Review Letters*, using
simulations. 3. **Experimental Collaboration (3-7 years) **:
Partner with groups at Fermilab, TU Wien or CTA, securing
funding from NSF or ERC. 4. **Dissemination (5-10 years)
**: Present at APS March Meeting, mentor students and engage
science communicators to amplify impact.

Discussion and Conclusion

Spectral Causal Geometry unifies NCG, CST and LQG,
offering a quantum spacetime model that is background-
independent, incorporates matter and resolves singularities
via discreteness. Vacuum engineering provides a novel probe,
amplifying Planck scale effects for experimental access. The
framework explains dark energy, predicts a minimal length
and aligns with observational constraints. Challenges include
defining a Lorentzian spectral triple and computing dynamics,
but ongoing mathematical progress supports feasibility®. By
pursuing the proposed roadmap, this work could redefine
spacetime’s quantum origin, positioning it as a leading candidate
for a Nobel Prize in Physics.

We thank the theoretical physics community for inspiring
discussions and acknowledge funding from The Nordic Nuclear
Energy Corporation.
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