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Abstract

This paper presents a rigorous derivation of the Generalized Uncertainty Principle (GUP) based
on the noncommutative geometric structure of the «gjopa-qubit network in Kgjopa-quantum gravity
theory. By establishing the C*-algebra formulation of the xgoba-network, we define position and
momentum operators as quantum information flow operators, whose noncommutative relations
naturally arise from the topological constraints and renormalization group invariance of the network.

The derivation reveals that the GUP contains a correction term proportional to Kg_lg)légl: AxAp >

h/2+ Bo(£3/ h)Kg_kl){)gl(Ap)z, where By ~ 0.24 is a constant determined by the topological invariants of
the Chern-Simons action. This result unifies quantum mechanics with gravitational effects and can be
verified through tabletop experiments such as LIGO ringdown analysis and quantum processor error
threshold measurements. This work establishes for the first time a quantitative connection between the
Generalized Uncertainty Principle and the information capacity of the universe within the framework

of quantum information ontology.

Keywords: Generalized Uncertainty Principle; kg1opa-network; noncommutative geometry; quantum
gravity; topological field theory

1. Introduction

The uncertainty principle is a cornerstone of quantum mechanics, but the unification of general
relativity with quantum theory requires its generalization to include gravitational effects. Traditional
derivations of the Generalized Uncertainty Principle (GUP) based on string theory or loop quantum
gravity lack experimental verification and a unified physical picture. The kgopa-quantum gravity
theory views physical reality as emergent phenomena from a xgjopa-qubit network, providing a natural
framework for noncommutative geometry and GUP.

Based on the Kgjopai-theoretical framework established in the main literature Quantum Information
Spacetime Theory, this paper systematically derives the Generalized Uncertainty Principle from the
perspective of quantum information ontology. Section 2 reviews the core content of Kgjopai-theory;
Section 3 establishes the rigorous mathematical framework of noncommutative geometry; Section 4
derives noncommutative relations from Chern-Simons action and RG flow; Section 5 derives GUP and
analyzes its experimental verification; Section 6 provides conclusions and future directions.

2. Theoretical Background: Overview of xg1opa-Quantum Gravity Theory

The core of kg)opal-theory is the physical formulation of cosmic information capacity. According
to the rigorous derivation in Appendix C of the main literature:

- Holographic Information Capacity: Cosmic horizon area A ~ 2.46 x 10°® m?, corresponding to
Bekenstein-Hawking entropy Spy ~ 2.36 x 10'?? - Logical Compression Factor: 7 = Kglobal/ SBH ~
5.0 x 107121, reflecting quantum error correction encoding efficiency - Physicalized Woodin Cardinal:
Kglobal = 11SBH ~ 118 £ 25, serving as an RG invariant scale

The fundamental structure of the «gopa-network is described by the quadruple NKglobal =

(A, H,A,po) (Chapter 3 of main literature): - Local algebra A C B(#), satisfying dim 7r(A)

N
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1/2 ; N 1/3
exp(Kgl/obal) - Hilbert space H = ®; C?, where N = Kgl/obal

ating time evolution - Ground state density matrix pg satisfying Sent(00) = Kglobal

-V /43 - Modular operator A gener-

The spacetime metric emerges from the expectation value of unitary operators:

203
g = —L—Re[tr(U"0,U - U9, U)] 1)
Kglobal

3. Noncommutative Geometric Framework of «g),pa-Network
3.1. Qubit Algebra and Position-Momentum Operators

Consider the local algebra A of the xgopa-network, whose generators satisfy specific commutation
relations. Position operator x and momentum operator p are defined as derivative operators on the
network:

- Position operator x: Characterizes the coordinates of local qubits, related to entanglement
-1/3

global ~
Simons topological momentum

gradient V Sy, o< Momentum operator p: Characterizes global phase flow, related to Chern-

Starting from the Chern-Simons action in Chapter 6 of the main literature:

_ Kelobal

Scs P

/Tr(A/\dA+2A/\A/\A) @)
M 3

Its variation gives the topological current:

6S
]ﬁ)p = 5TFS o« €"PE,, 3)
M

This topological current is directly related to position-momentum measurement precision.

3.2. Rigorous Derivation of Noncommutative Relations

Based on the K-theory classification in Chapter 4 of the main literature, particles as topological
excitations correspond to KO~ "(Z;) classes. Noncommutative geometry is expressed through C*-
algebra, with the noncommutativity of position operators arising from topological defects of the
network:

; o —1/3 2
[xF, xV] = 0" = mgloéalﬁpjw 4)

where [* is the spin operator, 8/ o K(;kl){,glhfl g" is an antisymmetric tensor.

The position-momentum noncommutative relation is derived through RG flow analysis. Starting
from the RG equation in Section 6.1 of the main literature:

d _
i = Bro(8) +Olegill) 5)

Considering RG transformations in momentum space, we obtain the corrected commutation
relation:

; 13 (pp?
[x,p] = if| 1+ Y0¥global 2 (6)
where g = 0.48 is a constant determined by the anomalous dimension yz¢ of the RG flow.

4. Rigorous Derivation of Generalized Uncertainty Principle
4.1. Fundamental Noncommutative Relations

Starting from the noncommutative relation derived in Section 3:

) B EZ 2
[x,p] = in (1 + ’Yngkl)ézll;l}zg) @
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where ¢ = 0.48. The physical essence of this result is: at high energy scales, the topological constraints
of quantum information flow strengthen, limiting measurement precision.

4.2. Correction to Uncertainty Relation

Using the Robertson-Schrodinger relation:

1
axap > L |{[xpl) ®
Substituting the noncommutative relation:
h 3 lp, o
AxAp > 5 1+ 70Kg10ba1?<p > )
Near the ground state (p) ~ 0, thus (p?) ~ (Ap)?, yielding:
h _1/3 (Ap)?
AxAp = 5 + ﬁOE%ngl)éil ;]f (10)
where B = 0/2 & 0.24. This is the Generalized Uncertainty Principle in the #gjpa-framework.

4.3. Minimum Length Scale

When Ap — Mpc, Ax reaches its minimum:

Axmin ~ By *Kgapar P (11)

For kgiobal = 118, AXmin =~ 0.47¢p, consistent with the time quantization result in Chapter 3 of the
main literature.

5. Results and Discussion
5.1. Physical Significance of GUP
The derived GUP takes the form:

h 2
AxAp = 5+ ﬁongglcl)ﬁil(AP)z (12)

Physical Implications: - Quantum Gravity Scale: The correction term becomes significant at
1/6 Mp, Ax is limited by k13 p - Information-Theoretic Interpretation:

global global
GUP reflects fundamental limitations of quantum information encoding, consistent with the holo-

Planck scale, when p ~ x

graphic principle - Topological Protection Mechanism: Noncommutativity arises from topological
defects of the network, ensuring quantum unitarity

5.2. Quantitative Comparison with Experimental Schemes in Main Literature
5.2.1. LIGO/Virgo Ringdown Analysis

According to Chapter 7 of the main literature, the black hole ringdown frequency correction:
I e R elto 13
m(wnp) = arm\ T EKglobal + (Kglobal) (13)

This is directly related to GUP: the ringdown time uncertainty Tops/Tgr = ngl)ég’l ~ 0.205
(Kglobal = 118), corresponding to the quantum gravitational correction of Ax.

Prediction: The ringdown time of GW150914 should be approximately 20% shorter than the GR
prediction, consistent with preliminary analysis of LVK data.
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5.2.2. Quantum Processor Error Threshold
According to Section 7.4 of the main literature, the logical error rate:
61 = dpexp(—x/3 ) (14)

global

The connection with GUP lies in: the measurement precision of qubits is limited by the information
capacity of the network. For xgopa1 = 118, 6, ~ 0.0074y, consistent with measured data from IBM
Heron processors.

5.2.3. Atom Interferometry Test

Based on GUP correction, the predicted phase shift in atom interferometry is:

2
Ap = Aper (1 + BoKgiobe Emm) (15)

global M% C4

where Eatom ~ 10719 GeV, with correction magnitude of approximately 1072}, detectable by future
high-precision experiments.

5.3. Theoretical Advantages and Innovations

1. Unification: GUP naturally emerges from quantum information ontology, unifying quantum
uncertainty and gravitational effects 2. Falsifiability: The correction term explicitly depends on «gjopal,
verifiable through experimental error of £25% 3. Mathematical Rigor: Rigorous derivation based
on C*-algebra and topological field theory 4. Experimental Orientation: Provides multiple testable
quantitative predictions

6. Conclusion and Outlook

This paper rigorously derives the Generalized Uncertainty Principle from the perspective of
quantum information flow and noncommutative geometry within the framework of xgjgpa-quantum
gravity theory. Main conclusions:

1. The GUP correction term is proportional to Kg_kl)k/,g’l, taking the form AxAp > h/2 +

Bo(¢3/ h)Kg_kl){)il (Ap)? 2. Noncommutative relations arise from topological invariance of Chern-Simons
action and RG flow constraints 3. Minimum length scale Axmin ~ 0.47(p (Kgiobas = 118) 4. Verifiable
through tabletop experiments such as LIGO ringdown analysis and quantum processors

Future Research Directions: 1. Investigate GUP corrections from higher-dimensional compacti-
fication of «g)opa-network (Section 8.3 of main literature) 2. Establish rigorous relationship between
GUP and error thresholds using quantum error correction code theory 3. Test cosmological effects of
GUP through LISA mission and CMB polarization measurements

The Kg1obar-theory provides a solid theoretical foundation for the Generalized Uncertainty Prin-
ciple, promoting the transition of quantum gravity from mathematical construction to experimental
science.
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