
 

A Structured Literature Review: Vacuum 
Fluctuations and Their Impact on 
Quantum Computing Architectures 
 

 

1. Introduction: The Quantum Vacuum as a 
Fundamental Challenge and Opportunity 
 

 

1.1. Background: The Fragility of Quantum Information 
 

The promise of quantum computing rests on harnessing the principles of quantum mechanics, 
specifically superposition and entanglement, to perform calculations intractable for classical 
machines. However, the delicate nature of quantum information makes it exquisitely fragile, 
highly susceptible to disruption from its surrounding environment.1 This interaction with the 
environment introduces quantum noise, a primary source of error that degrades the integrity 
of quantum states and poses a fundamental challenge to the scalability and practicality of 
quantum computers.2 A comprehensive understanding of the sources of this noise is therefore 
essential for developing effective strategies for its mitigation, which is a principal goal of 
modern quantum information research. 

 

1.2. The Quantum Vacuum: A Non-Trivial "Empty" Space 
 

Contrary to the classical conception of a perfect vacuum as an empty void, Quantum Field 
Theory (QFT) describes the quantum vacuum as a dynamic, effervescent medium. It is 
perpetually filled with transient, or "virtual," particle-antiparticle pairs that spontaneously 
blink into and out of existence, alongside fluctuating electromagnetic fields.4 These "quantum 



fluctuations" are a direct and unavoidable consequence of Werner Heisenberg's uncertainty 
principle, which places a limit on the simultaneous precision with which certain pairs of 
physical properties, such as energy and time, can be known. This foundational principle 
permits momentary violations of energy conservation, allowing virtual particles to exist for 
fleeting moments before they are annihilated. As a result, the vacuum is not a static ground 
state but a vibrant sea of activity, representing the lowest possible energy state of the 
quantum fields that permeate all of space.8 

 

1.3. Scope of the Review: A Duality of Influence 
 

This literature review explores the multifaceted role of vacuum fluctuations in the context of 
quantum computing. The analysis first addresses their detrimental impact as an intrinsic and 
pervasive source of quantum noise and decoherence, the "problem" that must be overcome 
for reliable quantum information processing. Subsequently, the review examines an emerging 
paradigm in which these same fluctuations are no longer viewed merely as an obstacle, but 
are instead actively engineered and harnessed as a constructive "tool" for the control of 
quantum states and materials. This intellectual journey—from a focus on mitigating an 
adversary to one of leveraging a resource—represents a key evolutionary theme at the 
intersection of quantum information, quantum optics, and condensed matter physics. 

 

2. Foundational Concepts and the Quantum Vacuum 
Debate 
 

 

2.1. Theoretical Foundations: Quantum Electrodynamics and the 
Quantum Vacuum State 
 

The theoretical framework for understanding vacuum fluctuations is most rigorously 
developed within Quantum Electrodynamics (QED), where the vacuum state is conceptualized 
as the lowest energy state of the electromagnetic field.8 This zero-point energy is not merely 
a mathematical abstraction but has been shown to produce measurable physical effects. 
Landmark examples include the Lamb shift in the energy levels of hydrogen atoms, the 
anomalous magnetic moment of elementary particles, and the Casimir effect.5 These 



phenomena provide compelling evidence that the quantum vacuum's intrinsic activity can 
influence matter. 

While these effects are traditionally associated with microscopic or atomic scales, the 
influence of vacuum fluctuations is far more pervasive. Recent research has demonstrated 
that they can affect even macroscopic, human-scale objects. A landmark 2020 experiment, 
for instance, reported that quantum vacuum fluctuations could influence the motion of the 
massive mirrors of the Laser Interferometer Gravitational-Wave Observatory (LIGO).7 By 
measuring correlations below the standard quantum limit between the position-momentum 
uncertainty of the mirrors and the photon number-phase uncertainty of the reflected light, 
scientists observed the direct impact of the quantum vacuum on objects weighing tens of 
kilograms. This discovery expands the scope of the quantum vacuum's influence beyond the 
atomic scale, underscoring its role as a fundamental and ubiquitous component of physical 
reality that must be accounted for in any highly sensitive system, including quantum 
computers. 

 

2.2. The Casimir Effect: A Core Debate on Interpretations 
 

The Casimir effect, an attractive force between two uncharged, parallel conducting plates in a 
vacuum, is perhaps the most celebrated and frequently cited piece of evidence for the 
physical reality of zero-point energy.5 The conventional, heuristic explanation for this force 
attributes it to a modification of the quantum vacuum's zero-point energy by the boundary 
conditions imposed by the plates. The presence of the plates restricts the modes of the 
vacuum field that can exist between them, causing the energy density between the plates to 
be lower than the energy density in the external vacuum, resulting in a net attractive force.9 

However, a significant and ongoing debate challenges this interpretation. Authors such as R. 
L. Jaffe and P. W. Milonni have argued that the Casimir effect can be calculated and 
understood without any reference to vacuum fluctuations.8 From this perspective, the Casimir 
force is simply a relativistic, retarded van der Waals force arising from the interactions 
between the charges and currents within the plates themselves.9 This alternative calculation, 
which relies on the S-matrix formalism and Feynman diagrams, shows that the force vanishes 
as the fine-structure constant ($ \alpha $) approaches zero, a dependence that is obscured 
in the standard, asymptotic derivation.9 

This controversy extends beyond a simple disagreement over calculation methods; it 
represents a more profound methodological and philosophical fissure in physics. The 
standard zero-point energy calculation, while simple and elegant, is described as "heuristic," a 
convenient computational tool rather than a description of a physically real phenomenon. In 
contrast, the alternative calculation, grounded in the rigorous formalism of QED, positions the 



Casimir effect as a consequence of fundamental interactions between charges and currents. 
This highlights that while a physical concept may yield correct results in a particular 
calculation, it does not, on its own, serve as definitive evidence for the physical reality of that 
concept. The debate underscores the need for caution when interpreting intermediate steps 
in a theoretical model as physically real entities. 

 

2.3. The Origin of Fluctuations: A Cause-and-Effect Question 
 

The conventional textbook explanation for vacuum fluctuations posits that they are a direct 
consequence of the Heisenberg uncertainty principle.6 This view frames the uncertainty 
principle as the fundamental cause that allows for the temporary "borrowing" of energy from 
the vacuum. Yet, some theoretical physicists have entertained an alternative and more 
profound possibility: that the uncertainty principle is not the cause, but rather an observed 
consequence of an even more fundamental reality.11 

This subtle yet profound re-framing of the causal relationship suggests that the omnipresent 
quantum fields of nature inherently and spontaneously fluctuate. This intrinsic activity may be 
the true, underlying mechanism, with the uncertainty principle serving as a description of the 
statistical properties of this perpetual, restless state. This conceptual shift, while still a subject 
of ongoing theoretical inquiry, challenges the conventional understanding of the foundations 
of quantum mechanics and suggests a potential paradigm change in how physicists view the 
fundamental nature of reality. It points to the possibility that entirely new theoretical 
frameworks may be required to fully grasp the ultimate origin and nature of these fluctuations. 

 

3. Vacuum Fluctuations as a Source of Quantum Noise 
and Decoherence 
 

 

3.1. The Mechanism of Decoherence in Quantum Systems 
 

Decoherence is widely recognized as the primary adversary to scalable quantum 
computation. It is an irreversible process by which a quantum system, such as a qubit, loses 
its superposition and entanglement properties through interaction with its environment.1 This 



process "leaks" quantum information into the surrounding environment, causing the system's 
quantum state to evolve toward a classical mixed state. Decoherence is often modeled as a 
quantum system interacting with an infinitely large "heat bath" consisting of a countless 
number of uncontrollable environmental degrees of freedom.2 This interaction disrupts the 
delicate phase relationships that define quantum coherence, making it a major obstacle to the 
preservation of quantum states and the execution of fault-tolerant quantum algorithms.1 

 

3.2. Vacuum Fluctuations as a Decoherence Source 
 

The quantum vacuum, being a ubiquitous and unavoidable "environment," is an intrinsic 
source of noise that can induce decoherence.13 Its persistent, random fluctuations can act as 
a bath that interacts with quantum systems. A theoretical study, for instance, proposes a 
scenario where a particle's coupling to the vacuum's zero-point modes could be "suddenly 
switched on and off" by manipulating its dipole moment with a laser.13 The analysis shows that 
in such a scenario, irreversible decoherence would occur, offering a potential experimental 
setup for studying this effect and gaining further insights into the nature of vacuum 
fluctuations. 

However, the question of whether vacuum fluctuations cause a "genuine loss of coherence" in 
all scenarios remains a topic of debate. Some research has contested this, arguing that the 
decay of matrix elements due to vacuum fluctuations does not necessarily correspond to an 
observable loss of coherence in a typical interference experiment.13 This distinction highlights 
the complex and nuanced nature of decoherence, where the specific mechanism and the 
observability of the effect can depend heavily on the system and the measurement context. 

 

3.3. Manifestations in Qubit Architectures 
 

Different quantum computing platforms exhibit unique sensitivities to vacuum-induced noise. 
For example, superconducting qubits, which are physically realized as quantum circuits, are 
typically coupled to microwave cavities. While these cavities are essential for qubit control 
and readout, they also confine the vacuum electromagnetic field, leading to interactions that 
can contribute to relaxation and dephasing noise.15 Similarly, trapped ions, a platform 
celebrated for its long coherence times, are not immune. They are susceptible to noise from 
their electromagnetic environment and the zero-point fluctuations of their trapping potentials, 
which can contribute to heating and motional decoherence.15 



 

4. Mitigation Strategies: Engineering the Environment 
and the Qubit 
 

 

4.1. Quantum Error Correction: The Redundancy Paradigm 
 

To overcome the challenges posed by quantum noise, including that which originates from the 
vacuum, researchers have developed the theoretical framework of quantum error correction 
(QEC).3 QEC operates on the principle of redundancy, encoding a single, fragile "logical" qubit 
into a robust, redundant state distributed across multiple "physical" qubits. This redundancy 
allows for the detection and correction of errors without directly measuring and destroying 
the encoded quantum information.16 

The field has seen the development of a variety of codes, including the early nine-qubit Shor 
code and the seven-qubit Steane code, and the more recent and highly promising topological 
surface codes, which are considered a leading candidate for large-scale, fault-tolerant 
quantum computing.3 The evolution of QEC, however, extends beyond these generalized 
codes. Recent research has shown a clear move from universal theoretical constructs to 
designs that are hardware-aware and specifically tailored to address dominant noise 
channels in particular physical systems. For example, a new class of "binomial quantum 
codes" can correct amplitude damping and dephasing errors in a single bosonic mode, 
offering advantages over previous approaches like "cat codes".19 Similarly, the use of a 
heavy-fluxonium control qubit in bosonic QEC directly addresses and mitigates bit-flip errors, 
a major source of decoherence in superconducting circuits, thereby significantly extending 
logical qubit lifetimes.20 This shift from pure theory to pragmatic, platform-specific 
engineering represents a maturation of the field, where solutions are designed with real 
hardware constraints and noise characteristics in mind. 

Code Name Physical 
Qubits per 
Logical Qubit 

Corrected 
Errors 

Key Advantage Key 
Disadvantage/
Challenge 

Shor Code 9 One arbitrary 
single-qubit 
error (bit-flip 

First code to 
correct both 

Requires a 
large number 
of physical 



or phase-flip) types of errors qubits 

Steane Code 7 One arbitrary 
single-qubit 
error (bit-flip 
or phase-flip) 

More efficient 
than Shor 
code; 
fault-tolerant 

Still complex to 
implement 

Surface Code Variable (2D 
lattice) 

Bit-flips and 
phase-flips 

High error 
correction 
threshold, 
scalable 
architecture 

Requires a 
large number 
of physical 
qubits 

Binomial Code Single bosonic 
mode 

Amplitude 
damping, 
dephasing, 
boson 
loss/gain 

Hardware-effic
ient (single 
mode), smaller 
mean boson 
number 

Requires 
sophisticated 
control of a 
single 
oscillator 

 

4.2. Active Control: Squeezed Vacuum and Beyond 
 

Beyond passive error correction, researchers are exploring active methods to dynamically 
suppress quantum noise at its source. A powerful precedent for this approach comes from 
the field of gravitational-wave detection, where "quantum noise" originating from vacuum 
fluctuations entering the detector is a primary limitation on sensitivity.21 

The solution successfully implemented in these detectors is the replacement of the ordinary 
vacuum field with a "squeezed vacuum field." This field's noise is actively reshaped in 
accordance with the uncertainty principle, reducing noise in one quadrature (e.g., phase) 
while increasing it in the orthogonal one (e.g., amplitude).21 A recent breakthrough in this area 
involves the injection of a frequency-dependent squeezed vacuum, which is created by 
reflecting a squeezed beam off a Fabry-Perot cavity.21 This technique allows for broadband 
noise reduction across the entire observation spectrum, counteracting the effects of 
optomechanical coupling that previously limited the effectiveness of squeezing. The 
successful implementation of this technology in gravitational-wave detectors establishes a 
compelling precedent for quantum computing. It demonstrates that quantum noise is not 
simply an effect to be corrected after the fact, but can be actively and dynamically 



suppressed at a foundational level by engineering the vacuum itself.21 

 

5. The Constructive Role of the Quantum Vacuum: 
From Problem to Tool 
 

 

5.1. The Vision of Quantum Vacuum Engineering 
 

A fundamental paradigm shift is underway in quantum science, where the quantum vacuum is 
no longer treated as a passive, noisy environment but as an active resource to be engineered. 
The field of cavity quantum electrodynamics (QED) provides the theoretical and experimental 
framework for this new approach. By placing materials inside optical or microwave cavities, 
scientists can harness the confined vacuum fluctuations of the electromagnetic field to 
dramatically enhance light-matter interactions and influence the properties of matter.24 The 
ultimate goal of this "quantum vacuum engineering" is to create "vacuum-dressed" materials, 
where strong coupling to the confined vacuum field fundamentally alters a material's 
electronic and vibrational properties. This interaction could, in effect, open a new dimension in 
the thermodynamic phase diagram of materials, offering an additional degree of control over 
their quantum states.25 

 

5.2. Case Study: Enhancement of Superconductivity in MgB₂ 
 

A recent theoretical study by Lu et al. (PNAS, 2025) provides a compelling demonstration of 
this principle.24 The researchers used first-principles calculations to investigate the effect of 
coupling the conventional superconductor Magnesium Diboride (MgB₂) to a vacuum 
electromagnetic field inside an optical cavity. The study predicts that the superconducting 
transition temperature ( 

Tc​) of MgB₂ can be increased by a remarkable 73% under optimal conditions.24 

The mechanism behind this enhancement is multifaceted. The cavity's quantum vacuum 
fluctuations modify how electrons move within the material, effectively slowing them down 
along the direction of the cavity's electromagnetic field polarization.24 This modification leads 



to an increased effective mass, which in turn strengthens the electron-phonon interactions 
that mediate superconductivity in this material. The vacuum-induced charge redistribution 
also screens the Coulomb repulsion between boron ions, which leads to a decrease in the 
vibrational frequency of the crucial 

E2g​ phonon mode involved in electron pairing.24 The combined result of these effects is a 
more robust superconducting state. This vacuum-engineered effect is also directional, with a 
stronger enhancement observed when the cavity field is polarized parallel to the boron 
planes.24 This work exemplifies the convergence of quantum computing, materials science, 
and quantum optics. It demonstrates that solutions to complex challenges in one domain, 
such as finding new avenues for high-temperature superconductivity, may reside in an entirely 
different one by leveraging advanced theoretical tools that go beyond simplified model 
Hamiltonians.24 

Aspect Detrimental Effect Causal Mechanism Mitigation/Control 

Noise Decoherence, 
relaxation, 
dephasing of qubits 

Uncontrolled, 
spontaneous 
interaction with 
vacuum modes 

Quantum Error 
Correction (QEC), 
Active suppression 
with squeezed 
vacuum 

Resource Enhanced 
superconductivity, 
novel material 
phases 

Controlled, 
engineered 
coupling to 
confined vacuum 
modes 

Cavity Quantum 
Electrodynamics 
(QED) 

 

6. Gaps, Debates, and Future Research Directions 
 

 

6.1. The Vacuum Catastrophe: A Grand Unifying Problem 
 

A major theoretical gap in modern physics, which is highly relevant to the study of the 
quantum vacuum, is the "vacuum catastrophe".8 Quantum Field Theory predicts a vacuum 



energy density that is many orders of magnitude larger than the value measured from 
cosmological observations, which is known as the cosmological constant.8 This enormous 
numerical disparity is often characterized as the "biggest predictive failure of any theory".27 
The inability to reconcile these two values suggests a fundamental flaw in the current 
understanding of the vacuum's true nature. A resolution to this foundational problem would 
likely require the development of "entirely new ideas" and theoretical frameworks, which could 
in turn revolutionize the ability to characterize, control, and manipulate the vacuum for 
practical applications, including quantum computing. The inseparability of this grand problem 
from the practical goals of quantum technology highlights that progress in this applied field 
may depend on breakthroughs in fundamental theoretical physics. 

 

6.2. Experimental and Theoretical Challenges 
 

A critical gap between theory and experiment is the difficulty of achieving the strong 
light-matter coupling strengths required to observe the predicted effects of vacuum 
engineering, such as the enhancement of superconductivity.24 While theoretical models 
suggest that these effects are achievable with state-of-the-art technologies, experimental 
verification remains a crucial next step. Furthermore, while advanced theoretical tools like 
QED-based density-functional theory (QEDFT) are being developed to transcend simplified 
Hamiltonians, scaling these complex first-principles calculations to more intricate quantum 
materials and systems represents a significant computational and theoretical hurdle.24 

 

6.3. Suggestions for Future Research 
 

Based on the current state of the literature, several directions for future research are 
apparent: 

●​ Hardware-Aware QEC: The next generation of QEC codes should move beyond 
generalized noise models to incorporate the specific spectral density and characteristics 
of environmental noise sources, including those from the vacuum.12 This would involve a 
closer integration of noise characterization methodologies, such as machine learning 
techniques used to infer the spectral density of an environment, with the design of QEC 
protocols tailored to particular hardware platforms. 

●​ Novel Material Platforms: Systematic studies are needed to explore a wider range of 
quantum materials for cavity-induced effects.24 The principles demonstrated with MgB₂ 
could be applicable to other complex materials where electronic and vibrational degrees 



of freedom interact, such as topological insulators, ferroelectrics, and charge density 
wave systems. 

●​ Bridging Theory and Experiment: The most pressing need is for experimental efforts 
focused on creating robust platforms that can test the theoretical predictions of 
vacuum-engineered materials. This includes developing new cavity geometries and 
materials with higher light-matter coupling strengths and lower losses, thereby opening 
the door to new phases of matter controlled by the quantum vacuum. 

 

7. Conclusion 
 

The quantum vacuum is not merely an abstract concept from theoretical physics; it is a 
dynamic, pervasive medium that plays a dual role in the future of quantum computing. On one 
hand, its intrinsic fluctuations are an unavoidable source of noise and decoherence, a primary 
adversary that must be overcome for the reliable operation of quantum computers. The field 
has addressed this challenge through both passive strategies, such as quantum error 
correction codes that use redundancy to protect information, and active techniques, like the 
use of squeezed vacuum states to suppress noise at its source. 

On the other hand, a new paradigm is emerging where the quantum vacuum is no longer seen 
as a liability but as a fundamental resource to be harnessed. The field of cavity QED is 
providing the tools to engineer the vacuum's influence, with compelling theoretical evidence 
suggesting that it can be used to control and enhance the properties of quantum materials. 
This literature review has highlighted the intellectual journey from a passive struggle against 
quantum noise to an active and creative endeavor to leverage a fundamental aspect of reality 
for technological gain. The continued exploration of this duality—from an obstacle to a 
tool—will be critical for advancing both our foundational understanding of the quantum world 
and the practical realization of next-generation quantum technologies. 
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