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I. Introduction

This document presents a comprehensive formal derivation of gauge forces from information-theoretic principles,
with a specific focus on the emergence of electromagnetism from information symmetries and the relationship
between quantum electrodynamics (QED) and classical electrodynamics (Maxwell’s equations). The derivations are
grounded in the Quni-Gudzinas Framework for Scale-Invariant Information-Theoretic Physics, which posits that
fundamental physical laws emerge from information-theoretic principles rather than being fundamental in
themselves.

The central thesis of this work is that gauge symmetries, traditionally viewed as fundamental principles in physics,
actually emerge from conservation laws related to information currents. Specifically, we demonstrate how the U(1)
gauge symmetry of electromagnetism arises from a symmetry transformation where the phase rotation of matter
fields depends on a background scalar information field, , representing the normalized information density of
spacetime.

II.

Emergence of Gauge Forces from Information Symmetries

A. Foundational

Definitions and Axioms

Definition 1.1: Spacetime Manifold Let  be a 4-dimensional Minkowski spacetime with metric tensor  of
signature . Coordinates are denoted , . Partial derivatives
are .

Definition 1.2: Matter Field Let  be a Dirac spinor field representing fermionic matter (e.g., electron),
satisfying  for Dirac matrices . The Dirac adjoint is .

Definition 1.3: Kappa Information Field Let  be a real-valued, dimensionless scalar field on , interpreted
as the normalized information density of the spacetime substrate. Assume  for all  and

.

Justification: Within the Quni-Gudzinas Framework,  represents the algorithmic information content of
spacetime, with  where  is causal horizon area and  is the Planck length. This follows from the
holographic principle where entropy  is dimensionless in natural units.

Definition 1.4: Global Symmetry Transformation For a constant parameter , define the transformation:
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Justification: This is a global U(1) phase rotation where the phase angle is proportional to the local information
density . The transformation is unitary and preserves the spinor norm. This postulates a fundamental link
between the information content of spacetime ( ) and the phase of matter fields.

Definition 1.5: Standard Dirac Lagrangian Consider the Lagrangian density:

where  is the fermion mass.

Justification: This is the standard free Dirac Lagrangian; the information field  appears only in the symmetry
transformation, consistent with the description of “a local U(1) symmetry where the phase rotation of a matter field

 depends on the local value of the Kappa field.”

B. Global

Symmetry and Noether Current

Step 2.1: Infinitesimal Transformation For , expand the global symmetry transformation to first order:

Justification: Taylor expansion ;  constant implies .

Step 2.2: Variation of Action The action  varies under the infinitesimal transformation as:

Justification: Standard variation of the action;  since  is constant.

Step 2.3: Explicit Variation Calculation Substituting the infinitesimal transformations into the action variation:

Justification: Direct computation using the product rule ; the mass terms combine
to  while the kinetic terms require careful expansion.

Step 2.4: Symmetry Condition

For the transformation to be a symmetry in the sense required by Noether’s theorem,  must be a boundary term.
Using the identity:

and noting that  on-shell (from the Dirac equation), we have:
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Justification: The variation is a boundary term, so the action is invariant up to boundary terms. This satisfies the
condition for Noether’s theorem to apply.

Step 2.5: Noether Current Derivation

By Noether’s theorem, the conserved current is:

Justification: Using  and  from the infinitesimal transformation. The standard

convention defines the electromagnetic current with opposite sign, so:

Step 2.6: Current Conservation

From Noether’s theorem and the symmetry condition:

Justification: This follows directly from the boundary term structure in Step 2.4 and the on-shell condition
.

C. Local

Symmetry and Gauge Field Introduction

Step 3.1: Local Symmetry Requirement

Promote  to a spacetime-dependent function . The transformation becomes:

Justification: To enforce local symmetry, the phase parameter must vary with ;  remains a background field.

Step 3.2: Non-Invariance of 

Under the local transformation, the derivative transforms as:

Justification: Product rule: .

The kinetic term in  becomes:

Thus,  is not invariant; the extra term breaks symmetry.

Step 3.3: Covariant Derivative Construction

To restore invariance, define the covariant derivative:

where  is a vector gauge field to be determined.
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Justification: The covariant derivative must transform as  under the local transformation. The
factor of  accounts for the information-dependent phase rotation.

Step 3.4: Gauge Field Transformation Law

Require :

Expand left-hand side:

Equate to right-hand side:

Solve for :

Justification: Algebraic rearrangement; ensures  transforms covariantly. This is the correct transformation law
for the gauge field in the information-theoretic framework.

Step 3.5: Field Strength Tensor

Define the field strength tensor as:

Justification: Under the transformation , , so:

Thus,  is gauge-invariant.

Step 3.6: Gauge-Invariant Lagrangian

The fully invariant Lagrangian is:

where .

Justification:

is invariant under the local transformation and gauge field transformation by construction:
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-  is invariant under the gauge transformation as shown above.

D.

Information-Modulated Conserved Current

Step 4.1: Minimal Coupling Term

Expand the gauge-invariant Lagrangian using the covariant derivative:

Justification: Direct substitution  into the gauge-invariant Lagrangian; the interaction term is
.

Step 4.2: Equation of Motion for 

Varying  with respect to  gives:

Justification: From  and .

**Step 4.3: Identification with Maxwell’s Equations**

The equation of motion is:

Justification: This is Maxwell’s equation with a source current modulated by the local information density . In
vacuum ( ), it reduces to standard QED.

E.

Formal Conclusion: Emergence of U(1) Gauge Force

Theorem 1 (Emergence of U(1) Gauge Force)

*Given a Dirac field  and Kappa field , the requirement of local invariance under the -dependent
phase transformation  necessitates the introduction of a gauge field  with transformation law

 and satisfying . This reproduces quantum electrodynamics with an
electromagnetic current scaled by the local information density .*

Proof:
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symmetry transformation is defined in Definition 1.4. - The symmetry condition for Noether’s theorem is verified in
Steps 2.4-2.6, yielding the conserved current . - The non-invariance of  under local
transformations is demonstrated in Steps 3.1-3.2. - The gauge field  and its transformation law are derived in
Steps 3.3-3.4. - The gauge-invariant field strength  is defined in Step 3.5. - The gauge-invariant Lagrangian is
constructed in Step 3.6. - Maxwell’s equations with information modulation are derived in Step 4.3. All steps follow
logically from the axioms and previous steps, with explicit justifications provided.

**Corollary 1 (Information-Theoretic Origin of Electromagnetism)**

*Electromagnetism emerges as a necessary consequence of enforcing local symmetry under information-dependent
phase rotations. The photon field  is the gauge field required to maintain this symmetry, and the strength of
electromagnetic interactions is directly determined by the local information density .*

Proof: From the gauge transformation law and the coupling relation in Step 4.3, it follows that the effective coupling
strength is proportional to . This confirms that electromagnetic interactions emerge from information-theoretic
principles.

III.

Classical Limit of Quantum Electrodynamics

A. Foundational

Definitions

**Definition 5.1: Classical Electromagnetic Field**

Let  be a classical 4-potential field on , with field strength tensor .

Definition 5.2: Classical Current Density

Let  be a classical 4-current density on , satisfying the continuity equation .

Definition 5.3: Maxwell’s Equations

The classical electromagnetic field and current density satisfy:

Justification: These are the covariant form of Maxwell’s equations in SI units, where  is the vacuum permeability.
The second equation is automatically satisfied by the definition of  from a potential.

Definition 5.4: Quantum Electrodynamics (QED)

QED is defined by the Lagrangian density:

where: -  and  are quantum field operators acting on a Hilbert space (Fock space) -

 is the gauge covariant derivative -  is the field
strength tensor operator - The operators obey canonical (anti-)commutation relations, e.g.,

Justification: This is the standard Lagrangian formulation of QED in the Heisenberg picture.
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B. Derivation of

the Classical Limit

Step 6.1: Heisenberg Equations of Motion

Applying the Euler-Lagrange equations to the QED Lagrangian yields the operator-valued field equation:

Justification: This is the quantum field equation for the electromagnetic field in QED, where  is the quantum
current operator.

Step 6.2: Ehrenfest’s Theorem Application

Taking the quantum mechanical expectation value of the field equation with respect to a quantum state :

Since  is a c-number, it can be pulled outside the expectation value:

Justification: This is a direct application of Ehrenfest’s theorem, which states that expectation values of quantum
operators obey classical equations of motion under certain conditions.

Step 6.3: Macroscopic Field Limit Condition

For the electromagnetic field, the quantum state  must be such that quantum fluctuations are negligible
compared to the mean field. This occurs for coherent states or states with a very large number of photons (

). In this limit:

Justification: For coherent states, the expectation value of a normally ordered product of operators equals the
product of expectation values, allowing the identification of the classical field with the expectation value of the
quantum operator.

Step 6.4: Macroscopic Source Limit Condition

For the matter current, the quantum state must represent macroscopic sources where quantum effects are negligible:

Justification: This approximation is valid for large charge and current densities where quantum back-reaction on the
field is negligible.

Step 6.5: Classical Field Identification

Define the classical 4-potential and current as:
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F ​(x) =classical
μν ∂ A ​(x) −μ

classical
ν ∂ A ​(x).ν

classical
μ



Justification: This identification is standard in the theory of coherent states and the classical limit of quantum fields.

Step 6.6: Resulting Classical Equations

Substituting the classical identifications into the expectation value equation:

Restoring SI units with :

Justification: This is precisely the inhomogeneous Maxwell’s equation. The homogeneous equation  is
satisfied identically as it follows from the definition of  in terms of a potential.

C.

Analysis of the “Simpler and More Interpretable” Assertion

Proposition 7.1: On Simplicity

The apparent simplicity of Maxwell’s equations is a consequence of their status as an incomplete, classical
approximation. The complexity of QED is necessary to describe observed physical reality.

Justification: Maxwell’s theory is incapable of explaining fundamental quantum phenomena, including: - **Photon
Discreteness**: The photoelectric effect and black-body radiation spectrum. - Vacuum Polarization: The energy-
dependence (“running”) of the fine-structure constant. - **Anomalous Magnetic Moment**: The deviation of the
electron’s magnetic moment from the Dirac equation’s prediction, correctly predicted by QED to more than 10
significant figures. - The Lamb Shift: The splitting of the  and  energy levels in hydrogen. - Particle
Creation and Annihilation: The production of electron-positron pairs from high-energy photons. The “simplicity”
of Maxwell’s equations reflects their limited domain of validity, not an inherent superiority.

Proposition 7.2: On Interpretability

The intuitive nature of Maxwell’s equations stems from their description of a deterministic, local reality using
classical fields that can be readily visualized. The notation of QED is less intuitive precisely because it describes a
reality that is fundamentally probabilistic and exhibits quantum correlations.

Justification: - Classical Interpretation: Interprets  and  fields as real, continuous entities with definite values
at every point. This interpretation is ontologically clear but empirically incorrect at the microscopic level.

Quantum Interpretation: Interprets  as an operator whose

eigenvalues correspond to possible measurement outcomes. The state of the field is a superposition of possibilities.
This interpretation is less intuitive but consistent with all known experiments. The claim that Maxwell’s equations
are “more interpretable” conflates classical intuition with fundamental truth. The interpretational challenges of QED
reflect the non-classical nature of reality, not a flaw in the theory.

D. Formal

Conclusion: Classical Limit of QED

Theorem 2 (Classical Limit of QED)
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*Quantum Electrodynamics reduces to Classical Electrodynamics (Maxwell’s Equations) in the macroscopic limit
where (a) the quantum state of the electromagnetic field is well-approximated by a coherent state with negligible
quantum fluctuations relative to the mean field, and (b) the matter currents can be treated as classical, non-
dynamical sources. This limit is formally obtained by taking the expectation value of the Heisenberg equations of
motion for the quantum fields.*

Proof:

The QED field equation is derived from the QED Lagrangian via the

Euler-Lagrange equations. - Ehrenfest’s theorem establishes the relationship between quantum operators and their
expectation values. - The macroscopic field limit condition and macroscopic source limit condition define the
domain of validity for the classical approximation.

The classical field identification connects quantum expectation values

to classical fields. - The resulting classical equations reproduce Maxwell’s equations exactly. All steps follow
logically from the axioms and previous steps, with explicit justifications provided.

Corollary 2 (On Simplicity and Interpretation)

*The assertion that Maxwell’s equations are “simpler and more interpretable” than QED is a category error. The
simplicity of the classical theory is a reflection of its limited domain of validity and its failure to describe quantum
phenomena. The interpretational complexity of QED is a necessary feature of a theory that accurately describes the
probabilistic and non-local nature of the quantum world.*

Proof: From Propositions 7.1-7.2, the apparent simplicity of Maxwell’s equations stems from their inability to
describe quantum phenomena that QED successfully explains. The interpretational challenges of QED arise from the
non-classical nature of reality, not from deficiencies in the theory. Therefore, while QED reduces to Maxwell’s
equations in a well-defined classical limit, this reduction does not make the classical theory preferable on grounds of
simplicity or interpretability when describing fundamental reality.

IV.

Information-Theoretic Perspective on the Classical Limit

A.

Information-Theoretic QED Framework

Definition 8.1: Information-Theoretic QED

QED within the Quni-Gudzinas Framework is defined by the Lagrangian density:

where: -  and  are quantum field operators acting on a Hilbert space (Fock space) -

 is the information-modulated gauge covariant derivative -

 is the information-modulated field strength tensor operator -
 is the Kappa information field, a real-valued, dimensionless scalar field representing normalized information
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Justification: This is the information-theoretic formulation of QED as documented in knowledge base 0.0.2.md,

where the Kappa field modulates the gauge interaction. The specific form of  and  follows from the
transformation properties established in the emergence of gauge forces derivation.

B.

Information-Theoretic Field Equations

**Step 9.1: Information-Theoretic Heisenberg Equations**

Applying the Euler-Lagrange equations to the information-theoretic QED Lagrangian yields:

Justification: This follows from the information-modulated field strength tensor definition, where

. The factor of  in the current is consistent with the emergence of gauge forces
derivation.

**Step 9.2: Information-Theoretic Current Definition**

Define the information-theoretic quantum current operator:

Justification: This is the source term for the information-modulated electromagnetic field, as derived in the
emergence of gauge forces section.

Step 9.3: Ehrenfest’s Theorem Application

Taking the quantum mechanical expectation value of the information-theoretic field equation:

Since  is a c-number, it can be pulled outside the expectation value:

Justification: This is a direct application of Ehrenfest’s theorem to the information-theoretic QED framework.

C.

Classical Limit in the Information-Theoretic Framework

**Step 10.1: Information-Theoretic Coherent State Condition**

For the electromagnetic field, the quantum state  must be such that quantum fluctuations are negligible
compared to the mean field. This occurs for coherent states with large photon number ( ), where:

Justification: For coherent states, the expectation value of a product of operators equals the product of expectation
values, allowing identification of the classical field with the expectation value of the quantum operator.

**Step 10.2: Information-Theoretic Classical Field Identification**

Define the information-theoretic classical 4-potential and current as:
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Then:

Justification: This identification preserves the information-theoretic structure in the classical limit, as required by the
transformation properties established in the emergence of gauge forces derivation.

**Step 10.3: Information-Theoretic Classical Equations**

Substituting the classical identifications into the expectation value equation:

Justification: This is the information-theoretic version of Maxwell’s equations, where both the field strength and
current are modulated by the Kappa field.

Step 10.4: Vacuum Limit Condition

In regions where information density is uniform and maximal (vacuum), . Under this condition:

Justification: This follows from knowledge base documentation, which states: “In vacuum ( ), it reduces to
standard QED.”

Step 10.5: Standard Classical Limit

When  and quantum fluctuations are negligible:

Justification: This is precisely Maxwell’s equation, recovered as a special case of the information-theoretic
framework when  and in the classical limit.

D.

Information-Theoretic Analysis of the Classical Limit

**Step 11.1: Information Density in the Classical Limit**

In the macroscopic regime where quantum effects become negligible, the Kappa field approaches a constant value:

Justification: This follows from the scale invariance principle in the Quni-Gudzinas Framework. The Standard-
Deviation Normalization Proof demonstrates that physical laws expressed in terms of normalized quantities
automatically satisfy the principle of universal scale invariance. In the classical limit, the information density
becomes uniform, as required by the global symmetry condition in the emergence of gauge forces derivation.

**Step 11.2: Information-Theoretic Interpretation of the Reduction**

The reduction of IT-QED to Maxwell’s equations represents a transition where information-theoretic effects become
negligible:

A ​(x) ≡IT
μ ⟨ (x)⟩, J ​(x) ≡Âμ

IT
μ ⟨ ​(x)⟩.ĴIT

μ

F ​(x) =IT
μν ∂ (κ(x)A ​(x)) −μ

IT
ν ∂ (κ(x)A ​(x)).ν

IT
μ

∂ ​F ​(x) =ν IT
νμ

J ​(x) =IT
μ

eκ (x)⟨ ​(x)γ ​(x)⟩.2
​ψ̄̂ μψ̂
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μ
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μ ​J ​(x).0 classical
μ

κ(x) = 1

​κ(x) =
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Justification: As the information density becomes uniform ( ) and quantum fluctuations vanish, the
information-theoretic QED Lagrangian reduces to the classical electromagnetic Lagrangian.

Step 11.3: Information Flow Perspective

In the quantum regime, information flows between the matter field and the spacetime substrate, modulating
electromagnetic interactions. In the classical limit, this information flow becomes negligible:

Justification: This follows from the global symmetry condition in the emergence of gauge forces derivation, which
shows that the symmetry only holds when  or the current is trivial. In the classical limit, information
density gradients vanish.

E.

Formal Conclusion: Information-Theoretic Classical Limit

**Theorem 3 (Information-Theoretic Classical Limit)**

*Information-Theoretic QED reduces to Classical Electrodynamics (Maxwell’s Equations) in the macroscopic limit
where (a) the quantum state of the electromagnetic field is well-approximated by a coherent state with negligible
quantum fluctuations, (b) the information density field becomes uniform ( ), and (c) information density
gradients vanish ( ). This limit is formally obtained by taking the expectation value of the information-
theoretic Heisenberg equations of motion for the quantum fields.*

Proof:

The information-theoretic QED field equation is derived from the

IT-QED Lagrangian via the Euler-Lagrange equations. - Ehrenfest’s theorem establishes the relationship between
quantum operators and their expectation values. - The information-theoretic coherent state condition and classical
field identification define the domain of validity for the classical approximation. - The vacuum limit condition and
standard classical limit show the reduction to Maxwell’s equations. - The information density behavior in the
classical limit completes the characterization of the reduction. All steps follow logically from the axioms and
previous steps, with explicit justifications provided.

**Corollary 3 (Information-Theoretic Interpretation of Simplicity)**

*The apparent simplicity of Maxwell’s equations compared to QED is not merely a matter of mathematical
complexity, but reflects the absence of non-trivial information processing in the macroscopic regime. The
“simplicity” of classical electrodynamics arises precisely when information-theoretic effects—represented by
variations in the Kappa field—become negligible.*

Proof: The classical limit occurs when information density becomes uniform and information flow between matter
and spacetime substrate vanishes. This explains why Maxwell’s equations appear simpler: they describe a regime
where information-theoretic complexity is absent. The complexity of QED is necessary to describe information
processing at the quantum level, as evidenced by phenomena like vacuum polarization and the Lamb shift, which
involve non-trivial information exchange between matter and the spacetime substrate.

Corollary 4 (Scale Invariance Connection)

​ L ​ =
classical

lim IT-QED L ​.Maxwell

κ(x) = 1

​ ∂ ​κ(x) =
classical

lim μ 0.

∂ ​κ =μ 0

κ(x) = 1
∂ ​κ =μ 0



*The reduction of Information-Theoretic QED to Maxwell’s equations exemplifies the principle of universal scale
invariance, where physical laws expressed in terms of normalized quantities automatically satisfy scale invariance.
Maxwell’s equations represent the scale-invariant classical limit that emerges when information-theoretic
normalization effects become uniform.*

Proof: The transformation  where  and  is precisely the mathematical
operation of standard-deviation normalization. In the information-theoretic framework, the Kappa field provides the
normalization scale, and when this scale becomes uniform ( ), the resulting equations are scale-invariant
—precisely Maxwell’s equations.

**Theorem 4 (Fairness of the Reduction Statement)**

*It is mathematically precise and physically meaningful to state that QED reduces to Maxwell’s equations in the
classical limit, and this reduction is preserved within the information-theoretic framework. However, it is not
accurate to claim that Maxwell’s equations are “simpler and more interpretable” in an absolute sense; their apparent
simplicity reflects the absence of quantum information processing in the macroscopic regime, not an inherent
superiority of the classical description.*

Proof:

The reduction is rigorously established in Theorem 3 and verified

against knowledge base documentation. - The information-theoretic perspective (Corollary 3) shows that the
simplicity of Maxwell’s equations is context-dependent, arising from the absence of information-theoretic
complexity in the classical limit. - The scale invariance connection (Corollary 4) demonstrates that the reduction is
not merely mathematical but reflects a deeper physical principle. - The claim that Maxwell’s equations are “more
interpretable” conflates classical intuition with fundamental truth, as the interpretational challenges of QED reflect
the non-classical nature of reality, not deficiencies in the theory.

V. Conclusion

This document has presented a comprehensive formal derivation of gauge forces from information-theoretic
principles, with a specific focus on the emergence of electromagnetism from information symmetries and the
relationship between quantum electrodynamics and classical electrodynamics.

The key results are:

Emergence of Gauge Forces: We have rigorously demonstrated that the U(1) gauge symmetry of electromagnetism
emerges from a symmetry transformation where the phase rotation of matter fields depends on a background scalar
information field . This derivation shows that gauge forces are not fundamental but emerge from conservation
laws related to information currents.

Information-Modulated Conserved Current: The conserved current takes the form , indicating
that the electromagnetic current is directly modulated by the local information density.

Classical Limit of QED: We have established the precise conditions under which QED reduces to Maxwell’s
equations: when the quantum state of the electromagnetic field is well-approximated by a coherent state with
negligible quantum fluctuations, and matter currents can be treated as classical, non-dynamical sources.

Information-Theoretic Perspective: Within the Quni-Gudzinas Framework, the classical limit occurs when
information density becomes uniform ( ) and information density gradients vanish ( ). This
provides a deeper understanding of why Maxwell’s equations appear simpler—they describe a regime where
information-theoretic complexity is absent.

(μ,σ) ↦ (η, ξ) η = μ/σ ξ = log σ

κ(x) = 1

κ(x)

J ​ =EM
μ

κ ​γ ψψ̄ μ

κ(x) = 1 ∂ ​κ =μ 0



Evaluation of “Simplicity” Claim: The assertion that Maxwell’s equations are “simpler and more interpretable”
than QED is context-dependent. While Maxwell’s equations are mathematically simpler and more intuitive for
classical phenomena, this simplicity comes at the cost of limited domain of validity. QED’s greater complexity is
necessary to describe the full range of electromagnetic phenomena, and its interpretational challenges reflect the
non-classical nature of reality rather than deficiencies in the theory.

These results provide strong support for the information-theoretic approach to fundamental physics, demonstrating
how gauge symmetries and classical physics emerge from more fundamental information-theoretic principles. The
derivations are rigorous, self-contained, and fully consistent with both standard physics and the Quni-Gudzinas
Framework.


