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Quantum physics has long occupied a space between imagination and reality, captivating 
scientists and philosophers with its strange, counterintuitive principles: superposition, 
entanglement, uncertainty, and nonlocality. What once appeared as hypothetical mathematics 
now manifests in real technologies—lasers, semiconductors, superconductors, atomic clocks, 
MRI machines, and emerging quantum computers. This mini-review traces the conceptual 
journey of quantum physics from an abstract theory born in early twentieth-century thought 
experiments to a practical framework shaping modern engineering, computation, 
communication, and materials science. It highlights key developments in interpretation, 
experimental validation, and application, while reflecting on how quantum physics reshapes 
our understanding of nature, reality, and information. Although quantum mechanics remains 
philosophically perplexing, it has become a powerful and indispensable foundation for 
technological innovation. By examining how imaginary constructs transitioned into concrete 
implementations, this article illustrates the remarkable interplay between theory and 
experiment that continues to redefine what is possible. 
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UANTUM PHYSICS occupies an unusual place in the 
history of science—born from mathematical 
speculation, sharpened through philosophical debates, 

dismissed by some early pioneers as incomplete or absurd, yet 
ultimately validated through a century of experimental triumphs 

that reshaped modern life (Kop et al., 2023). Among all 
scientific theories, none transition so dramatically from 
imagination to reality as quantum mechanics. The very 
principles once regarded as bizarre violations of common 
sense—superposition, quantization, entanglement, and 
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probabilistic uncertainty—have become the foundation of many 
contemporary technologies. Reflecting on this journey reveals 
not just a scientific revolution but a profound shift in human 
thought: the universe behaves in ways stranger, subtler, and 
more mathematically intricate than classical intuition ever 
predicted. 

The story begins in the early 1900s, when phenomena 
such as blackbody radiation, the photoelectric effect, and atomic 
spectra defied classical explanations (Millikan, 1916). Max 
Planck’s introduction of quantized energy was originally a 
desperate modification to fit experimental curves, not a bold 
theoretical claim (Blum & Jähnert, 2024). Yet this small 
adjustment cracked open a conceptual door. For Planck, energy 
quanta were a calculational trick. For Einstein, they represented 
physical reality—light consisted of discrete photons. This leap, 
initially treated with skepticism, marked the first shift from 
mathematical fiction toward physical truth. Once experimental 
evidence mounted, the imaginative became real. 

Soon after, the wave–particle duality emerged. Louis de 
Broglie proposed that matter might exhibit wave-like behavior, a 
claim confirmed in electron diffraction experiments (Broglie, 
1923). Werner Heisenberg developed matrix mechanics, while 
Erwin Schrödinger introduced wave mechanics; the two 
formalisms were shown to be mathematically equivalent 
(Kramers & Heisenberg, 1925; Schrödinger, 1926). Yet even as 
the theory matured, its interpretation remained unsettled. 
Schrödinger himself disapproved of the implications of his own 
equations, particularly the notion of superposition—that a 
system can exist in multiple states simultaneously until 
measurement collapses it. His famous “cat paradox” was 
intended as a reductio ad absurdum, illustrating the apparent 
absurdity of applying quantum rules to macroscopic objects. 

Ironically, what began as a philosophical objection has 
become a central illustration of quantum reality. Schrödinger’s 
thought experiment did not refute quantum mechanics; instead, 
it emphasized how far the theory stretched beyond classical 
thought. For decades, superposition seemed an imaginary 
abstraction, a theoretical artifact impossible to observe directly. 
Today, however, it is routine to place photons, electrons, atoms, 
and even small molecules into superposed states. What was once 
an imaginative impossibility is now an experimental tool. 

Entanglement followed a similar trajectory. Einstein, 
Podolsky, and Rosen formulated the EPR paradox to argue that 
quantum mechanics was incomplete because it allowed 
instantaneous correlations between distant particles. Einstein 
called it “spooky action at a distance,” assuming such behavior 
must be an illusion created by hidden variables (Einstein et al., 
1935). But John Bell’s theorem, derived in the 1960s, provided a 
way to distinguish quantum mechanics from any local 
hidden-variable theory (Bell, 1966). Bell’s inequalities were 
subsequently tested in dozens of increasingly rigorous 
experiments, culminating in loophole-free demonstrations in the 
2010s (Rauch et al., 2018). The results were unequivocal: 
entanglement is a real feature of nature, not a mathematical 
artifact. 

This discovery symbolizes the broader theme: quantum 
ideas that once looked imaginary now describe measurable, 
reproducible, experimentally verified phenomena. Moreover, 

entanglement has become a resource—a practical ingredient for 
quantum computing, quantum cryptography, and quantum 
networks. The shift from philosophical puzzle to engineering 
cornerstone is one of the most dramatic transformations in the 
history of science. 

Quantum mechanics did not simply reveal new behavior; 
it reshaped foundational concepts such as locality, causality, 
determinism, and realism. According to classical intuition, 
physical systems should have definite properties independent of 
observation. Quantum mechanics denies this assumption. 
Properties such as spin, position, and momentum exist only as 
probability amplitudes until measured. The wavefunction 
encodes these amplitudes, and its evolution reflects the intrinsic 
uncertainty of quantum states. 

Heisenberg’s uncertainty principle is often misunderstood 
as a matter of measurement disturbance, but at its core it 
expresses a deep structural property of the quantum world: 
certain pairs of variables are fundamentally incompatible (Busch 
et al., 2007). This principle was initially perceived as an 
inconvenient limitation on knowledge, but it is now seen as a 
guiding rule that enables technological innovation. Modern 
imaging techniques, laser stabilization, and quantum sensors 
leverage uncertainty to achieve precision beyond classical limits. 
Again, what seemed abstract and restrictive has become a 
powerful tool. 

Beyond philosophical implications, quantum physics has 
become the backbone of twenty-first-century technologies. 
Many innovations we consider mundane rely on quantum 
principles. Semiconductor devices, from transistors to LEDs, 
require quantum band theory. Lasers depend on stimulated 
emission, a quintessential quantum process. Magnetic resonance 
imaging  (MRI) uses the quantized spin states of atomic nuclei. 
Atomic clocks—the most precise devices humans have 
created—operate using superpositions and transitions between 
quantum energy levels. Even seemingly classical technologies 
like GPS depend on relativistic and quantum precision 
simultaneously. 

The quantum revolution did not stop at passive 
applications. The last few decades have shifted toward active 
control and manipulation of quantum states, marking a new 
phase in which quantum mechanics becomes a design principle 
rather than a descriptive one. Quantum computing is perhaps the 
most widely discussed example. It rests on the exploitation of 
superposition and entanglement to perform computation in ways 
impossible by classical means (Upadhyay et al., 2022). Whereas 
a classical bit is either 0 or 1, a qubit can be in a superposition of 
both. Multiple qubits can produce entangled states with 
exponentially large configuration spaces. Although practical, 
fault-tolerant quantum computing remains an open challenge, 
the theoretical and experimental progress to date illustrates the 
rapid movement of quantum ideas from abstract theory to 
physical implementation. 

Quantum communication and quantum cryptography offer 
alternative pathways through which quantum ideas manifest in 
reality. Quantum key distribution  (QKD) uses the no-cloning 
theorem—a fundamental quantum law prohibiting perfect 
copying of unknown states—to guarantee secure communication 
channels (Scarani et al., 2009). In classical encryption, security 
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is conditional and computational; in quantum encryption, 
security can be physically guaranteed. Here again, what once 
existed only as a theorem becomes a real-world application with 
profound implications. 

Quantum sensing is another frontier. By harnessing 
quantum coherence, entanglement, and squeezing, quantum 
sensors achieve accuracy far beyond classical limits. They assist 
in gravitational wave detection, magnetoencephalography, 
inertial navigation, and molecular imaging. The same quantum 
behavior once considered an obstacle is now a precise 
instrument. 

This convergence of theory and reality reflects a deeper 
truth about quantum mechanics: many of its “imaginary” aspects 
arose not from flaws in physical understanding but from the 
constraints of classical intuition. When measuring devices, 
environments, and technologies matured enough to access 
quantum behavior directly, the theory’s strange predictions 
appeared not only accurate but indispensable. 

One of the most compelling aspects of quantum physics is 
its role in rethinking the nature of reality itself. The classical 
worldview assumed objects possess inherent properties 
independent of observers. Quantum experiments challenge this 
assumption. Wavefunctions describe possibilities, not certainties; 
outcomes arise probabilistically. The question of whether the 
wavefunction represents physical reality or knowledge remains 
open. Various interpretations attempt to make sense of this 
ambiguity: Copenhagen, Many-Worlds, pilot-wave theory, 
consistent histories, spontaneous collapse, and more. These 
interpretations are intellectually rich but experimentally 
indistinguishable so far. This plurality illustrates how quantum 
mechanics straddles both imagination and reality; it is 
empirically complete but conceptually unresolved. 

Quantum field theory (QFT) extends the quantum 
perspective even further. In QFT, particles are excitations of 
underlying fields, and interactions occur through quantized 
exchanges (Bhaumik, 2024). The vacuum is not empty space but 
a sea of fluctuating energies. Virtual particles, once considered 
exotic, produce measurable effects like the Casimir force and 
Lamb shift. These phenomena underscore how quantum physics 
turns abstract mathematical constructs into observable 
phenomena. 

Quantum physics also shapes modern materials science. 
Superconductors arise from coherent quantum states of electrons. 
Bose–Einstein condensates represent macroscopic quantum 
matter, where thousands or millions of atoms behave as a single 
wavefunction (Ketterle, 2002). Topological materials rely on 
quantum phases that resist disturbance, opening possibilities for 
robust quantum devices. Each of these systems reflects quantum 
principles at scales large enough to be detected directly, further 
blurring the line between the microscopic imaginary and the 
macroscopic real. 

Perhaps the most striking example of quantum imagination 
becoming reality is macroscopic entanglement. Decades ago, 
entanglement was considered a fragile and exclusively 

microscopic phenomenon. Today, experiments have entangled 
photons across hundreds of kilometers, linked atomic ensembles, 
and even generated entangled mechanical oscillators. Quantum 
networks are emerging, aiming toward a future “quantum 
internet” that distributes entanglement as a physical resource. 
The world envisioned by the pioneers of quantum theory—one 
in which entanglement governs communication and 
computation—is rapidly approaching realization. 

Yet quantum mechanics remains an unfinished journey. 
Foundational questions persist. Why does measurement collapse 
the wavefunction? Is collapse a physical process or a Bayesian 
update? Does the universe branch into many worlds at every 
measurement? Can quantum gravity reconcile general 
relativity’s geometric spacetime with the probabilistic 
amplitudes of quantum physics? Even our best theories—QFT 
and general relativity—remain mathematically incompatible at 
extreme scales. Some researchers hope that quantum 
information theory may bridge this divide, treating spacetime as 
an emergent structure derived from entanglement patterns. If so, 
quantum physics might again transform imagination into reality 
by revealing that geometry itself is a quantum phenomenon. 

In reflecting on the century-long evolution of quantum 
physics, one theme emerges repeatedly: the boundary between 
imaginary and real is not fixed but permeable. Theoretical 
constructs born from mathematical necessity eventually inspire 
experiments, technologies, and philosophical transformations. 
The imagination of early quantum theorists was not a retreat 
from reality but an exploration of possibilities that classical 
thinking could not accommodate. As experiments caught up, 
those possibilities revealed themselves as truths. 

Quantum physics teaches us that reality is not constrained 
by human intuition; it is constrained by mathematical 
consistency, experimental evidence, and the behavior of nature 
at its most fundamental level. Many quantum phenomena once 
dismissed as absurd—superposition, tunneling, decoherence, 
nonlocal correlations—are now tools engineers manipulate in 
laboratories. The imaginative phase was not a deviation from 
science but a necessary stage in confronting new phenomena. 

The transition of quantum physics from imaginary to 
reality is still unfolding. Quantum technologies continue to 
mature, interpretations multiply, and fundamental mysteries 
remain unresolved. Yet the core lesson stands: imagination, 
guided by mathematics and tested by experiment, can reveal 
deeper layers of the universe. Quantum mechanics challenges us 
to embrace complexity, to rethink causality, and to recognize 
that the universe behaves in ways neither classical nor intuitive. 

Ultimately, quantum physics is not a story of exotic ideas 
becoming reluctantly accepted. It is the story of a theory that, 
despite its philosophical strangeness, describes reality more 
accurately than any model before it—and whose predictions 
continue to manifest in technologies that shape our world. The 
imaginary was never separate from the real; it was a precursor to 
it. Quantum physics reminds us that imagination is not opposed 
to reality but is often its first glimpse. ■ 

 



https://bonoi.org/index.php/si SI | December 30, 2025 | vol. 47 | no. 6 2090 

Received: June 30, 2025   |   Revised: September 18, 2025   |   Accepted: November 28, 2025 



https://bonoi.org/index.php/si SI | December 30, 2025 | vol. 47 | no. 6 2091 

References 
Bell, J. S. (1966). On the problem of 
hidden variables in quantum 
mechanics. Reviews of Modern 
Physics, 38(3), 447–452. DOI: 
https://doi.org/10.1103/RevModPhys
.38.447  
Bhaumik, M. L. (2024). Emergence 
of the wavefunction of a 
non-relativistic quantum particle from 
QFT. arXiv. DOI: 
https://doi.org/10.48550/arXiv.2406.
01868  
Blum, A. S., & Jähnert, M. (2024). 
Quantum mechanics, radiation, and 
the equivalence proof. Archive for 
History of Exact Sciences, 78(5), 
567–599. DOI: 
https://doi.org/10.1007/s00407-024-
00334-4  
de Broglie, L. (1923). Waves and 
quanta. Nature, 112(2815), 540–540. 
DOI: 
https://doi.org/10.1038/112540a0  
Busch, P., Heinonen, T., & Lahti, P. 
(2007). Heisenberg’s uncertainty 
principle. Physics Reports, 452(6), 
155–176. DOI: 
https://doi.org/10.1016/j.physrep.200
7.05.006  
Einstein, A., Podolsky, B., & Rosen, 

N. (1935). Can quantum-mechanical 
description of physical reality be 
considered complete? Physical 
Review, 47(10), 777–780. DOI: 
https://doi.org/10.1103/PhysRev.47.
777  
Ketterle, W. (2002). Bose–Einstein 
condensation of atomic gases. 
Nature, 416(6877), 211–218. DOI: 
https://doi.org/10.1038/416211a  
Kop, M., Aboy, M., Jong, E. D., 
Gasser, U., Minssen, T., Brongersma, 
M. L., Quintel, T., Floridi, L., & 
Laflamme, R. (2023). Towards 
responsible quantum technology. 
SSRN Electronic Journal. DOI: 
https://doi.org/10.2139/ssrn.439324
8  
Kramers, H. A., & Heisenberg, W. 
(1925). Über die Streuung von 
Strahlung durch Atome. Zeitschrift 
für Physik, 31(1), 681–708. DOI: 
https://doi.org/10.1007/BF02980624  
Millikan, R. A. (1916). A direct 
photoelectric determination of 
Planck’s “h.” Physical Review, 7(3), 
355–388. DOI: 
https://doi.org/10.1103/PhysRev.7.3
55  
Rauch, D., Handsteiner, J., 
Hochrainer, A., Gallicchio, J., 

Friedman, A. S., Leung, C., Liu, B., 
Bulla, L., Ecker, S., Steinlechner, F., 
Ursin, R., Hu, B., Leon, D., Benn, C., 
Ghedina, A., Cecconi, M., Guth, A. 
H., Kaiser, D., Scheidl, T., & Zeilinger, 
A. (2018). Cosmic Bell test using 
random measurement settings from 
high-redshift quasars. Physical 
Review Letters, 121(8), 080403. DOI: 
https://doi.org/10.1103/PhysRevLett.
121.080403  
Scarani, V., Bechmann-Pasquinucci, 
H., Cerf, N. J., Dušek, M., 
Lütkenhaus, N., & Peev, M. (2009). 
The security of practical quantum 
key distribution. Reviews of Modern 
Physics, 81(3), 1301–1350. DOI: 
https://doi.org/10.1103/RevModPhys
.81.1301  
Schrödinger, E. (1926). An 
undulatory theory of the mechanics 
of atoms and molecules. Physical 
Review, 28(6), 1049–1070. DOI: 
https://doi.org/10.1103/PhysRev.28.
1049  
Upadhyay, S., Alam, M., & Ghosh, S. 
(2022). Architectures for quantum 
information processing. arXiv. DOI: 
https://doi.org/10.48550/arXiv.2211.0
6449  

 
 

https://doi.org/10.1103/RevModPhys.38.447
https://doi.org/10.1103/RevModPhys.38.447
https://doi.org/10.48550/arXiv.2406.01868
https://doi.org/10.48550/arXiv.2406.01868
https://doi.org/10.1007/s00407-024-00334-4
https://doi.org/10.1007/s00407-024-00334-4
https://doi.org/10.1038/112540a0
https://doi.org/10.1016/j.physrep.2007.05.006
https://doi.org/10.1016/j.physrep.2007.05.006
https://doi.org/10.1103/PhysRev.47.777
https://doi.org/10.1103/PhysRev.47.777
https://doi.org/10.1038/416211a
https://doi.org/10.2139/ssrn.4393248
https://doi.org/10.2139/ssrn.4393248
https://doi.org/10.1007/BF02980624
https://doi.org/10.1103/PhysRev.7.355
https://doi.org/10.1103/PhysRev.7.355
https://doi.org/10.1103/PhysRevLett.121.080403
https://doi.org/10.1103/PhysRevLett.121.080403
https://doi.org/10.1103/RevModPhys.81.1301
https://doi.org/10.1103/RevModPhys.81.1301
https://doi.org/10.1103/PhysRev.28.1049
https://doi.org/10.1103/PhysRev.28.1049
https://doi.org/10.48550/arXiv.2211.06449
https://doi.org/10.48550/arXiv.2211.06449

