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Abstract

Structured Quantum Noise (SQN) models environmental noise as a structured quantum
process rather than as scalar attenuation alone. Previous work established the mathematical
framework for SQN and demonstrated its implications for coherence redistribution and quan-
tum decoherence. This paper addresses a different question: whether Quantum Field Theory
(QFT) and vacuum fluctuations provide a physically motivated microscopic realization of the
structured environments assumed by SQN. In QFT, the vacuum is the correlated ground state
of quantum fields rather than an empty classical background, with measurable consequences
including the Lamb shift, spontaneous emission, radiative corrections, and the Casimir effect.
Building on this standard field-theoretic picture, we propose that vacuum fluctuations provide
one possible microscopic realization of the structured environments assumed by the Structured
Quantum Noise framework. In particular, interactions between a physical particle or qubit and
one member of a virtual particle-antiparticle pair may transfer entanglement from the original
virtual pair to a new entangled state involving the physical system, thereby providing one possi-
ble microscopic realization of the structured environment assumed by the Structured Quantum
Noise framework. The paper does not modify the formalism of QFT, does not claim that all
decoherence originates from vacuum fluctuations, and does not repeat the mathematical devel-
opments presented in earlier SQN papers. Its contribution is to establish the interpretive chain
QFT — Vacuum Fluctuations — Structured Quantum Noise.
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1 Introduction

Structured Quantum Noise was introduced to model noise as a structured quantum process in-
volving environmental degrees of freedom, retained pathways, memory effects, and coherence re-
distribution, rather than as scalar attenuation alone [20]. That work developed the mathematical
framework. A related follow-on paper analyzed how repeated information redistribution can make
observable coherence progressively inaccessible and thereby explain quantum decoherence within
that framework [19].

The present paper does not repeat those mathematical developments. Instead, it asks a dif-
ferent question: what microscopic physical mechanism may provide one possible realization of the



structured environments assumed by Structured Quantum Noise? We investigate whether standard
Quantum Field Theory and quantum vacuum fluctuations provide such a realization.

The quantum vacuum is not empty space. In quantum field theory, it is the ground state of
quantum fields and possesses fluctuation and correlation structure |10,13}/15,22]. This structure has
measurable consequences, including the Lamb shift, spontaneous emission, radiative corrections,
and the Casimir effect |1,{4,5,12,/13]. The common virtual particle-antiparticle picture is a heuristic
representation of vacuum fluctuations in perturbative quantum field theory; virtual particles are
not directly observed free particles, but the field correlations represented by this language are
physically meaningful [13}15,22].

This paper proposes a conservative interpretation: repeated interactions between a physical
particle or qubit and virtual particle-antiparticle pairs associated with vacuum fluctuations pro-
vide one possible microscopic realization of the structured environment assumed by the Structured
Quantum Noise framework. The central mechanism is entanglement transfer. When one member
of a virtual particle—antiparticle pair interacts with a physical particle or qubit, the original en-
tanglement associated with the virtual pair may be transferred to a new entangled pair consisting
of the physical particle or qubit and one member of the virtual pair. Entanglement transfer is a
standard concept in quantum information theory, closely related to entanglement swapping and
redistribution of quantum correlations under unitary interactions [2}|9}|14}23].

The single conceptual chain developed in this paper is therefore

’Quantum Field Theory — Vacuum Fluctuations — Structured Quantum Noise ‘ (1)

The consequences of Structured Quantum Noise for coherence evolution and quantum decoherence
are the subject of the earlier papers and are not rederived here [19,20].

2 Quantum Field Theory and Vacuum Fluctuations

Quantum field theory treats particles as excitations of underlying fields. The modern field-theoretic
formulation developed through the work of Dirac, Tomonaga, Schwinger, Feynman, Dyson, and
others [6-8,17,/18,21]. In this framework, the vacuum is the lowest-energy state of a quantum field,
not a state of absolute emptiness [10,[13}|15}22].

A scalar field provides the simplest illustration. The field operator may be expanded as

1 . .
¢(x) _ zk: \/TT <ak6—zkx + a;r(ezkz) , (2)

where ay and aL are annihilation and creation operators [15,[22]. The vacuum state |0) is defined
by
ak|0) =0 for all k. (3)

Although no real particles are present in this state, field fluctuations remain. A compact expression
of this fact is that vacuum correlation functions are generally nonzero:

(0lp(x)¢(y)[0) # 0. (4)
More generally, the Feynman propagator is
Gr(z —y) = (0]T{(x)¢(y)}0), (5)

where T denotes time ordering [7},8,/15]. This correlation function represents the correlation struc-
ture of the vacuum field across spacetime.



The vacuum also carries zero-point energy. For a mode of frequency wy,
1
Ek,O = ihwlﬂ (6)

and formally the vacuum contribution is
1
EO = 5 Ek hCl)k. (7)

The physical interpretation of this expression requires regularization and care, but the relevant
point here is that the quantum vacuum is not a classical empty background [13}|15}22].

Vacuum fluctuations have experimentally observable consequences. The Lamb shift reflects
radiative corrections and coupling to vacuum electromagnetic fluctuations [1,|12]. The Casimir
effect demonstrates that boundary conditions on vacuum modes can produce measurable forces
[4,13]. Spontaneous emission can be described as the interaction of an excited atom with the
electromagnetic vacuum [5]. These examples establish that the quantum vacuum participates
dynamically in physical processes.

The common language of virtual particle—antiparticle pairs is a heuristic representation of field
fluctuations in perturbative quantum field theory [7,[8,/15]. Virtual particles are not directly observ-
able free particles. Nevertheless, the particle-pair picture is useful for the present paper because it
emphasizes that vacuum fluctuations possess correlated quantum structure with which a physical
particle or qubit may interact.

3 Vacuum Fluctuations and Structured Quantum Noise

The mathematical framework of Structured Quantum Noise was developed in previous work and is
not repeated here [20]. This section gives only the physical interpretation proposed in the present
paper.

In the particle-pair picture, a vacuum fluctuation is associated with a virtual particle-antiparticle
pair. Let the pair be denoted by (v, ), and let P denote a physical particle or qubit. The initial
entanglement associated with the virtual pair may be represented schematically as

Ent(v, v). (8)

If one member of the virtual particle-antiparticle pair interacts with the physical particle or qubit,
entanglement transfer may occur:

Ent(v,v) — Ent(P,v), (9)

or
Ent(v,v) — Ent(P,v), (10)

depending on which member of the virtual pair participates in the interaction. This notation
is schematic; it is intended to express the redistribution of quantum correlations under unitary
interaction, not to define a new entanglement measure. Related transfer of quantum correlations
is standard in entanglement swapping and quantum information protocols [2,(9}|14}23].

The key point is that entanglement is not transferred to the physical particle alone. Entan-
glement is transferred from the original virtual particle-antiparticle pair to a new entangled pair
consisting of the physical particle or qubit and one member of the original virtual pair. In a con-
servative formulation, the combined system evolves unitarily, while the observed subsystem may



become correlated with unobserved field states. This is the same open-system logic used in standard
decoherence theory, but here the proposed physical interpretation of the structured environment is
supplied by vacuum fluctuations [3,[11}16}24].

A minimal Hilbert-space representation is

Hiotal = Hp @ Hy @ Hy. (11)
An initial state may be written schematically as
[Wo) = [P) @ [®up), (12)

where |®,;) is an entangled state associated with the virtual particle-antiparticle pair. An inter-
action between P and one member of the pair is represented by a unitary operator acting on the
enlarged system:

(W (1)) = U@) (IP) © |Pyp)) - (13)

The reduced state of the physical particle or qubit is obtained by tracing over the unobserved field
components:

pp(t) = Tryp [[W(E) (W ()] (14)

This expression is included only to show the standard open-system relation between unitary evolu-
tion of the enlarged system and the reduced state of the observed subsystem [3},/16]. The detailed
mathematical theory of coherence decay is not repeated in this paper.

The proposed interpretation can now be stated directly: repeated interactions between a phys-
ical particle or qubit and virtual particle-antiparticle pairs associated with vacuum fluctuations
provide one possible microscopic realization of the structured environment assumed by Structured
Quantum Noise. The structured environment is therefore not treated merely as an abstract reser-
voir. It may be interpreted, at least in part, as arising from repeated interactions with the correlated
structure of the quantum vacuum.

The conceptual progression of the paper is

‘Quantum Field Theory — Vacuum Fluctuations — Structured Quantum Noise ‘ (15)

The consequences of Structured Quantum Noise for coherence evolution and quantum decoherence
were developed in earlier work and are assumed here [19,20]. The present paper contributes only
the physical interpretation linking vacuum fluctuations to the structured environment.

4 Summary and Conclusions

This paper proposed a conservative physical interpretation of Structured Quantum Noise based on
quantum field theory and vacuum fluctuations. The interpretation begins with standard quantum
field theory: the vacuum is the ground state of quantum fields, possesses nonzero field correlations,
and participates dynamically in observable effects such as the Lamb shift, spontaneous emission,
radiative corrections, and the Casimir effect |1}|4}5]/12,/13].

The single idea developed here is that vacuum fluctuations may provide a physical interpretation
of the structured environment assumed by the Structured Quantum Noise framework. In the virtual
particle—antiparticle picture, one member of a virtual pair may interact with a physical particle
or qubit, allowing entanglement transfer from the original virtual particle—antiparticle pair to a
new entangled pair consisting of the physical particle or qubit and one member of the virtual pair.



Repeated interactions of this type provide a possible physical interpretation of Structured Quantum
Noise.

The paper does not claim that all decoherence arises from vacuum fluctuations, does not replace
standard open quantum-system theory, and does not modify the formalism of Quantum Field
Theory. It only proposes the interpretive chain

’Quantum Field Theory — Vacuum Fluctuations — Structured Quantum Noise ‘ (16)

The resulting decoherence behavior is treated in the earlier Structured Quantum Noise and Noise
Black Hole papers and is not rederived here [19,20].

If experimentally supported, this interpretation would establish a direct conceptual connection
between the microscopic structure of the quantum vacuum and the structured environmental dy-
namics introduced by Structured Quantum Noise, providing a physically motivated foundation for
future theoretical and experimental investigations.

Whether this proposed microscopic interpretation is ultimately confirmed or refined, it provides
a concrete physical hypothesis that can be investigated analytically, numerically, and experimentally
within established Quantum Field Theory and open quantum-system frameworks.

Future work should develop explicit interaction Hamiltonians, identify appropriate entangle-
ment measures, and determine whether this interpretation yields experimentally distinguishable
signatures in systems where vacuum-mode structure can be engineered, such as cavity QED, cir-
cuit QED, photonic structures, and Casimir-modified environments.
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