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Abstract: The proliferating discourse surrounding quantum mechanics (QM) increasingly
bridges foundational physics, technological speculation, and spiritual or philosophical
narratives. Yet, the rhetorical strategies and epistemic warrants used to construct these
bridges remain critically unexamined. This study performs a critical discourse analysis to
identify and evaluate the narrative frameworks used to connect standard interpretations
of QM with extra-scientific domains of meaning, particularly spiritual creation narratives.
We employ a structured qualitative content analysis of three corpora: (1) popular science
texts explicating QM (e.g., Rovelli, Greene), (2) contemporary quantum technology
market reports and roadmaps (2018-2025), and (3) exemplary spiritual creation texts.
Using a codebook developed from science communication and sociology of expectation
frameworks, we analyze rhetorical devices, appeals to authority, and argumentative
structures. Our analysis reveals three dominant rhetorical bridging strategies: (1) the
"miraculous analogy,” leveraging quantum weirdness to legitimize spiritual wonder; (2)
the "teleological projection,” wherein quantum computing's potential is presented as an
inevitable, purpose-driven evolution; and (3) the "selective complementarity,” which
isolates specific QM concepts (e.g., observer effect) while ignoring their technical context
to create false parallels with philosophical idealism. While interdisciplinary dialogue is
valuable, our findings demonstrate that current popular discourse often relies on
epistemically problematic analogies that risk misunderstanding both science and
spirituality. We propose criteria for more rigorous, conceptually sound transdisciplinary
engagement.

Keywords: Quantum physics, QM, QC, dark energy, dark matter, black hole

INTRODUCTION

Quantum mechanics (QM) is an extraordinarily successful and rigorously verified scientific
theory that describes the behavior of matter and energy at the atomic and subatomic scales.
Its purpose is to provide a fundamental framework for understanding the microscopic world,
enabling the development of most modern technology.” Quantum mechanics is the
foundational physical theory that explains how matter and light behave, with its unusual
properties usually manifesting at or below a certain scale of atoms." This area of mechanics
focuses on using mathematics to explain how subatomic particles move and interact.
combining the ideas of wave-particle duality, quantization of energy, and the uncertainty
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principle M, and the principle of correspondence. Numerous systems that classical physics is
unable to describe can be described by it." Many aspects of nature can be described at an
ordinary (as macroscopic) scale by classical physics, but at very small submicroscopic scales,
it is insufficient.” (as atomic and subatomic) scales.” However, the quantum physics
principle known as "quantization of energy" asserts that a physical system can only have
specific discrete, permitted energy values, not any value within a continuous range."" Once
again, a basic concept of quantum physics is wave-particle duality, which states that all
fundamental things, including matter and light, may display both particle-like and wave-
like qualities, depending on the experiment.

For example, light may behave as discrete energy packets called photons, which
have been seen in the photoelectric effect, or as a wave that exhibits interference,
diffraction, etc. Similar to this, matter, such as electrons, may display wave-like
characteristics like diffraction in addition to particle-like behavior."" ™ It was Werner
Heisenberg who developed the Uncertainty Principle. *, is a key idea in quantum mechanics
that states that there is an intrinsic limit to the accuracy with which certain pairs of physical
attributes, like a particle’s location and momentum, may be simultaneously known.* One of
the most well-known outcomes of quantum mechanics is Heisenberg's Uncertainty Principle,
which asserts that one cannot simultaneously know all detail about a particle as specified
by its wave function. Non-commuting operators are a mathematical representation of this
idea.™ QM is the foundation of all quantum physics, which includes quantum

chemistry™ quantum  biology®”, quantum field theory®, quantum  technology*",
and quantum information science*"".

The incapacity of classical physics to explain phenomena like blackbody radiation,
the photoelectric effect, and atomic stability gave rise to one of the most revolutionary
scientific discoveries of the 20th century: quantum mechanics. Max Planck’s quantum
hypothesis (1900) introduced the idea of energy quanta, while Einstein’s explanation of the
photoelectric effect (1905) revealed the particle nature of light. Niels Bohr’s atomic model
(1913) established quantized electron orbits, and subsequent advances by de Broglie,
Heisenberg, Schrodinger, and Born laid the mathematical and conceptual foundations of
modern quantum theory. Further developments, including Dirac’s relativistic formulation,
Feynman’s quantum electrodynamics, and Bell’s theorem, expanded the scope of QM,
confirming entanglement and ruling out hidden variables. By the 1970s, quantum field
theory culminated in the Standard Model, successfully describing fundamental particles and
forces, except gravity. Beyond theory, QM underpins modern technology, from
semiconductors and lasers to medical imaging and quantum tunneling devices. Today,
frontiers such as quantum computing (QC), communication, and sensing promise to
revolutionize fields from cryptography to medicine, while unresolved questions on quantum
gravity and the nature of reality continue to drive physics forward.

QM to explain phenomena at the smallest scales like atoms, electrons, photons, and
subatomic particles and where classical theories failed. In this realm, matter and energy
behave in ways that defy intuition; even atoms, the building blocks of matter, appear
massive compared to the subtler quantum entities that govern their interactions. Over time,
the field expanded and deepened. Quantum electrodynamics (QED) unified the behavior of
light and electrons, achieving remarkably precise predictions and forming the basis for the
Standard Model of particle physics. Later, John Bell’s theorem and experimental evidence
confirmed the nonlocal nature of quantum systems, validating the concept of entanglement
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and ruling out hidden variable theories. The evolution of quantum theory has also inspired
new philosophical and scientific debates. Some scholars question whether QM represents
the ultimate framework of physics or merely a gateway to deeper, undiscovered laws.
Thinkers such as Roger Penrose have linked quantum processes to consciousness and
quantum gravity, while modern advancements in quantum computing hint at transformative
applications for technology and science.

To understand why quantum physics became necessary, it is essential to revisit the
state of science at the dawn of the 20™" century. At that time, physics was considered nearly
complete. Newton’s laws of motion, Maxwell’s equations of electromagnetism, and the
principles of thermodynamics appeared to explain virtually all natural phenomena. Many
physicists believed that only minor refinements were needed. However, as experimental
techniques improved, inconsistencies began to emerge. One of the earliest and most
significant challenges arose from the study of black body radiation. A black body is an
idealized object that absorbs all incoming radiation and emits energy solely based on its
temperature. According to classical predictions, the emitted energy should increase without
limit at shorter wavelengths, a problem famously known as the ‘ultraviolet catastrophe.’
But experiments revealed otherwise: the emission peaked at a certain wavelength before
tapering off something classical physics could not explain.

The relationship between the temperature of a filament and the color of the light it
emits held crucial clues about the fundamental nature of the universe.™" Solving this
mystery was not just a step forward in technology. But it was a quest to unlock the deepest
secrets of nature. Driven by this goal, the German government established a research center
in Berlin named the Imperial Physical and Technical Institute.”™ In 1900, a brilliant mind,
Max Planck, was appointed to lead the Institute’s work. When Planck pursued what seemed
like a simple question, he found that the laws of classical physics were inadequate to explain
this phenomenon. A new paradigm was needed to understand the nature of light and energy.
This quest led to the revolutionary idea that energy is emitted in discrete packets — quanta.
Planck’s groundbreaking concept laid the foundation for QM, radically transforming our
understanding of the universe. The light bulb was no longer just a device that illuminated
darkness; it became a gateway to the mysterious world of atoms and particles.

By explaining the behavior of matter and energy at the most basic levels, quantum
theory offers a framework for comprehending the world, especially in the early stages of
the universe and in extreme conditions like black holes where conventional classical physics
is ineffective * and that, depending on the context, refers to scientific ideas in the realm
of physics that are either non-quantum or both non-quantum and non-relativistic.® But a
black hole is an astronomical entity so dense that nothing, not even light, can escape due
to its gravity. According to Albert Einstein's general theory of relativity, a sufficiently
compact mass will eventually become a black hole. " i The event horizon is the point at
which there is no way out. >V According to general relativity, an object's destiny is sealed
by a black hole's event horizon, although crossing it results in no locally perceptible
change.”™ Because it doesn't reflect any light, a black hole often behaves like an ideal black
body.*™" Hawking radiation is predicted by quantum field theory in curved spacetime to be
emitted at event horizons * having a temperature that is inversely proportional to its
mass and the same spectrum as a black body. For stellar black holes, this temperature is on
the order of billionths of a kelvin, making direct observation almost impossible.™" Before
theoretical research revealed that black holes were a general relativity prediction in the
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1960s, they were thought of as mathematical curiosity.*™ Cygnus X-1 was the first known
black hole, discovered in 1971 by a number of separate researchers.™

Quantum cosmology applies these principles to the universe as a whole, treating it
as a quantum system governed by a wave function,® and aims to explain phenomena like
the Big Bang, the origin of cosmic structure, and the mysteries of dark matter and dark
energy.™" However, dark matter is an invisible substance that has a gravitational pull,
holding galaxies and cosmic structures together.* " Dark matter is a hypothesized, unseen
kind of stuff that does not interact with light or other electromagnetic waves in astronomy
and cosmology.”™" The cosmos is expanding more quickly due to a repulsive force called
dark energy.”™ Dark energy, therefore, is a theory of energy that has the biggest effects on
the cosmos. Its main impact is to accelerate the universe's expansion.”"' Their existence is
deduced from their effects on visible matter and the large-scale structure of the cosmos,
despite the fact that both are dark since they do not produce light and cannot be directly
detected. ™" Dark matter has an attractive or positive gravity, pulling cosmic structures
together. Dark energy has a repulsive or negative gravity, pushing them apart.*" Again,
dark matter creates structure by holding things together, while dark energy drives expansion
by pushing things apart.*** Dark matter and dark energy are considered opposing forces
that have shaped the history and evolution of the universe since the Big Bang.*

Understanding this cosmic struggle and the nature of dark matter and dark energy is
crucial for comprehending the universe's fate and structure, requiring new breakthroughs in
observation and theory."" Quantization, which is the process of converting continuous
infinite values to a smaller set of discrete finite values of energy and time, is one of the key
ideas.” The phenomenon known as quantum entanglement occurs when each particle in a
group has a quantum state that cannot be explained apart from the states of the other
particles.™ Furthermore, the creation of quantum gravity theories aims to bring general
relativity and quantum mechanics together. XY Sometimes it is possible to find a perfect
correlation between measurements of entangled particles' location, momentum, spin, and
polarization."' The quantum state of an isolated quantum system is mathematically defined
by the universe as a wave function.®"" where its past and future states are governed by
quantum probabilities, offering a more complete picture than classical models. " *ix

The scientific community has long been fascinated by and studied QM, and its
distinctive concepts and phenomena continue to influence how we see the world.'
Entanglement, a phenomena where two or more particles become correlated to the point
that their states are reliant on one another even when they are separated by great
distances, is at the core of this area.' Measurements that would not be feasible otherwise
have been made using this correlation as a kind of "quantum probe."” ' Researchers have
successfully employed entangled particles to assess the characteristics of small systems,
such as superconducting qubits, with previously unheard-of accuracy. The evolution of QC,
which mostly depends on these concepts to carry out computations, will be significantly
impacted by these tests. Understanding quantum systems also helps us understand how
atomic and subatomic particles behave, revealing the basic essence of reality. In recent
years, the idea of wave function collapse has been reexamined, and some scholars have put
out other theories, such as the Many-Worlds Interpretation. This theory has significant
ramifications for our comprehension of quantum mechanics as it implies that the cosmos
divides into many branches upon measurement."" Researchers are still trying to figure out
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what drove inflation and what the early cosmos looked like. Our knowledge of this important
early stage of cosmic history is still being improved by ongoing study.

Again, QC can process larger and more complex datasets, leading to more efficient
and faster training of machine learning models. Quantum computers can help financial
institutions create more effective investment portfolios and develop better trading
simulators. QC can optimize complex supply chains, including route planning, cargo loading,
and manufacturing processes. It can also be applied to traffic optimization and logistics for
more efficient planning. They can be used for advanced financial risk analysis and improved
fraud detection. Quantum Key Distribution (QKD) uses QM to create unbreakable encryption
keys that can detect eavesdropping attempts."” While posing a threat to current encryption
methods, quantum computers also enable the development of stronger, post-quantum
cryptographic algorithms that are resistant to quantum attacks." Potential uses include
developing advanced sensors for clean water monitoring and understanding chemical
processes for environmental benefit.

However, when quantum physics challenges our traditional understanding of how the
universe functions, it often seems like a string of little miracles. " The quantum realm is
defined by uncertainty, superposition, and entanglement, in contrast to the macroscopic
world, where things follow predictable routes and behaviors."" According to quantum
physics, particles may affect one another across great distances, exist in numerous states
simultaneously, and behave in ways that seem illogical."™ These phenomena are not only
enthralling but also indicate at a deeper and more complicated structure of reality. Authors
like Carlo Rovelli in his book ‘Reality Is Not What It Seems’"™ and Brian Greene in his book
‘The Elegant Universe’ use quantum physics and string theory to explore reality, bridging
science and philosophy by revealing the universe's profound interconnectedness and
challenging our intuitive notions of space, time, and existence, fostering wonder about
creation through unifying theories and highlighting limits of human knowledge. Rovelli
explores how our perception of time like sunrise/sunset is an illusion, pointing to the
fundamental, relational nature of physics and the quantum world.* On the other hand,
Greene introduces string theory, and suggesting reality is composed of tiny vibrating strings,
revealing hidden dimensions and a universe far grander and more complex than we
perceive.” They aim for a ‘Theory of Everything (ToE)’ demonstrating how seemingly
disparate phenomena from quarks to galaxies arise from unified principles, see-through a
deeply unified cosmos.*"

By revealing the sublime complexity and beauty of physics, they suggest a profound
sense of wonder, transforming scientific concepts into deeply human missions and searches
for understanding. Both authors push beyond everyday experience to describe a universe far
stranger than it appears, showing how our "common sense" view of reality breaks down at
fundamental levels. One of the most fascinating aspects of the Biblical or Quranic creation
story in Bible or Quran is the concept that spoken words brought the universe into
existence.™ A few problems are raised by this concept, such as whether science can explain
how sound or words may affect how things are formed. There are similar ideas that
emphasize the power of sound and vibration, even if contemporary scientific theories do
not support the assumption that words alone may produce physical things. The creation
story found in the Bible and the Quran emphasizes how God's spoken word was instrumental
in creating the cosmos. Thus, quantum physics highlights the complimentary nature of
spirituality and science and improves our comprehension of creation. This is an analytical
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study to understand the truth of universe in the eye of QM by using the concept of QM theory
and to evaluate the purpose and beneficial use in technology and development of
contemporary civilization.

However, this very success has generated a burgeoning secondary discourse.
Foundational interpretations of QM particularly the Copenhagen emphasis on observation
and indeterminacy are increasingly cited outside physics to bolster arguments in philosophy,
spirituality, and even commercial technology forecasting [51, 52]. This cross-disciplinary
migration of concepts raises critical, yet under-examined, questions: By what rhetorical
mechanisms are quantum concepts translated into these disparate domains? What epistemic
assumptions underpin claims that QM "explains” or "harmonizes with" spiritual creation
narratives or guarantees specific technological futures? This paper argues that without
critical examination, such translations risk constituting a form of epistemic slippage, where
the precise, context-dependent meaning of quantum concepts is lost, enabling their use as
malleable metaphors for pre-existing beliefs or commercial hype. To investigate this, we
pose the following research question: How do popular scientific, market oriented, and
spiritual discourses strategically employ the conceptual vocabulary of quantum mechanics
to construct authority and legitimacy for their respective claims? To address this question,
we conduct a critical discourse analysis of three key textual domains. Our analysis aims not
to adjudicate the "truth” of QM or spirituality, but to map the landscape of its public
reasoning and expose the logical structure of its cross-disciplinary appeals. This
investigation contributes to the sociology of scientific knowledge, science communication,
and critical technology studies by providing a framework for evaluating the robustness of
quantum inspired arguments beyond physics proper.

LITERATURE REVIEW AND THEORY OF QUANTUM PHYSICS

The captivating journey of quantum physics began unexpectedly in the 1890s with a
seemingly ordinary invention like light bulb. Edison’s innovation quickly captured global
attention, and several engineering firms invested millions to acquire the European patent.
Among from many, the light bulb was the very essence of modern technology, a radiant
symbol of progress that promised to transform urban life by illuminating the streets of the
German Empire. Yet, beneath this simple innovation lay a profound scientific puzzle. While
it was known that the filament glowed when heated by electricity, the underlying physical
mechanism of how light was produced remained a mystery. This question would ultimately
spark a revolution in physics and lay the foundation for what later became known as
quantum mechanics. Few big names like Einstein, Bohr, Heisenberg, Neumann, David Bohm,
John Steward Bell, Hugh Everret, Schrodinger, etc. are discussed and lay the foundations of
Quantum Mechanics %V

Sir Isaac Newton argued that light was corpuscular (particulate) in the late 17th
century, whereas Christiaan Huygens argued for a wave description.” Newton anticipated
the current wave-particle duality by becoming the first to try to reconcile the wave and
particle theories of light, even though he had preferred a particle approach.” Thomas
Young's™“" interference experiments in 1801, and Francois Arago's*™ detection of
the Poisson spot in 1819, validated Huygens' wave models."™ However, Planck's equation for
black-body radiation presented a challenge to the wave model in 1901. "% By assuming that
a hypothetical electrically charged oscillator in a cavity containing black-body radiation
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could change its energy only in minimal increments, E, proportional to the frequency of its
associated electromagnetic wave, Max Planck heuristically derived a formula for the
observed spectrum.™ Albert Einstein also used discrete photon energies to understand the
photoelectric phenomenon in 1905. X" Both of these shows how particles behave. The
photon hypothesis was debatable until Arthur Compton, although several experimental
findings supported it. " Conducted several tests between 1922 and 1924 to show how light
has momentum.”™™ The prior work showing wave-like interference of light seemed to be at
odds with the experimental evidence of particle-like momentum and energy.

Electrons' contradicting evidence came in the opposite sequence. Prominent
physicists J. J. Thomson, Robert Millikan, and Charles Wilson, among others, demonstrated
in several experiments that free electrons have particle characteristics. For example,
Thomson measured the mass of free electrons in 1897.% In 1924, Louis de Broglie presented
his theory of electron waves in his doctoral dissertation, Recherches sur la."orie des
quanta.”™ He proposed that electrons and all matter might be seen as waves, and that an
electron around a nucleus could be thought of as a standing wave. "™ He combined the
concepts of considering them as waves and particles. According to his theory, particles are
collections of waves, or wave packets, with an effective mass and a group velocity. Both of
these rely on energy, which is linked to the wavevector and to Albert Einstein's relativistic
theory from a few years earlier.”™" Erwin Schrodinger created the wave equation of motion
for electrons in 1925 and 1926 after de Broglie proposed the wave-particle duality of
electrons. This quickly became a component of what Schrodinger dubbed "undulatory
mechanics."™ |t is sometimes referred to as "wave mechanics” and the Schrodinger
equation."

Max Born presented a discussion at an Oxford gathering in 1926 about the use of
electron diffraction measurements to verify the electrons’ wave-particle duality.”* But
Born also referenced 1923 experimental results from Clinton Davisson. Davisson was there
during that discussion as well. Davisson went back to his lab in the United States to refocus
his experiments on testing the electron’'s wave property." Once again, two tests in 1927
provided empirical evidence for the electrons’ wave character. Electrons dispersed from Ni
metal surfaces were detected in the Davisson-Germer experiment at Bell
Laboratories.™™ At Cambridge University, George Paget Thomson and Alexander Reid
observed concentric diffraction rings after electrons were scattered through thin nickel
sheets."™" Thomson's graduate student Alexander Reid carried out the first
trials, ™ however he was killed in a motorbike accident shortly after, > and is seldom
ever brought up. Hans Bethe's initial non-relativistic diffraction model for electrons quickly
followed these results. ' based on the Schrodinger equation, which is quite similar to the
current description of electron diffraction. Notably, Davisson and Germer observed that
since the locations were consistently varied, their findings could not be understood using a
Bragg's law approach; Bethe's method, " |t produced more accurate findings by
accounting for the refraction caused by the average potential. In 1937, Davisson and
Thomson received the Nobel Prize for using diffraction tests to confirm that electrons are
waves experimentally. " Otto Stern conducted similar crystal diffraction studies using
beams of hydrogen molecules and helium atoms in the 1930s. These investigations further
confirmed that wave behavior is a universal characteristic of matter at the microscopic level
and is not specific to electrons.
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We must provide some definitions of particles and waves from both quantum
mechanics and classical theory. Each of the two models for physical systems—waves and
particles—has an extensive range of applications. Classical waves have continuous values at
several locations in space that change over time, and they follow the wave equation. They
also exhibit wave interference, and their spatial extent may change over time due to
diffraction. * Water waves, seismic waves, sound waves, radio waves, and other physical
systems that exhibit wave behavior are all described by wave equations. Once again,
classical mechanics governs classical particles. They follow trajectories with locations and
velocities that change over time, and in the absence of forces, their trajectories are straight
lines. They also have some center of mass and extension. Particle models of stars, planets,
spaceships, tennis balls, bullets, and grains of sand operate on a huge scale. Particles do
not interact as waves do.*® Particle probability distributions are predicted by quantum
systems' adherence to wave equations. For characteristics like spin, electric charge, and
magnetic moment, these particles are linked to discrete values called quanta. *' These
particles accumulate a pattern despite arriving randomly and one at a time. The square of
a complex-number wave is the likelihood that investigations will detect particles at a certain
location in space. Diffraction and interference of the probability amplitude may be shown
in experiments. *“ Wave-like characteristics may thus be seen in statistically significant
numbers of random particle occurrences. Quasiparticles are collective excitations governed
by similar equations.

In 1887, Heinrich Hertz made the observation that a metallic surface generates
cathode rays, or what are now known as electrons, when light strikes it at a high enough
frequency.*" Once again, Philipp Lenard found in 1902 that the intensity of an expelled
electron has no bearing on its maximal energy.* The energy of the electron should be
proportional to the intensity of the incoming radiation, according to classical
electromagnetism, which contradicts this result.*" In 1905, Albert Einstein proposed that
there must be a limited amount of energy quanta in order for light to have energy. *" He
proposed that electrons can only absorb energy from an electromagnetic field in discrete
units, such as quanta or photons, and that the energy E could be correlated with the light's
frequency f using the formula E=hf. The Planck constant, or h in this case, is equal to
6.626x10-34 J-s. For instance, red light photons lacked the energy necessary to liberate an
electron from the metal he used, but blue light photons did. Only one electron could be
released by a single photon of light above the threshold frequency; the greater the photon's
frequency, the more electrons it could release. Therefore, no quantity of light below the
threshold frequency could release an electron, regardless matter how much kinetic energy
the expelled electron had. The photon idea remained disputed until Arthur Compton
conducted a series of tests from 1922 to 1924 proving the momentum of light, despite
corroboration by several experimental data.* " Classically, momentum and discrete
(quantized) energy are both characteristics of particles.

There are several more instances where photons exhibit particle-like characteristics,
such as in laser cooling, where the momentum is used to slow down (cool) atoms, and solar
sails, where sunlight might power a spacecraft.** These represent a distinct facet of the
duality between waves and particles. Energy is transferred in "quanta,” or fixed packets,
like the photons that make up light. This idea underlies quantum mechanics and explains
phenomena like atomic spectra. It was first proposed by Max Planck to explain blackbody
radiation and was subsequently applied to atomic structure by researchers like Niels Bohr.
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¢ Figure 1 below displays graphs of blackbody radiation from an ideal radiator at three
different radiator temperatures. The peak of the spectrum moves toward the visible and
ultraviolet portions of the spectrum, and the intensity or rate of radiation emission rises
sharply with temperature. Classical physics is unable to explain the spectrum’s form.< The
theory that atoms and molecules in a body function as oscillators to absorb and release
radiation was used by the German physicist Max Planck (1858-1947)." To accurately
represent the blackbody spectrum's form, the oscillating atoms' and molecules' energies
have to be quantized. Planck concluded that E=(n+1/2)hf gives the energy of an oscillator
with frequency f.

Where n may be any nonnegative number between 0 and 3. Additionally, h represents
Planck’s constant, which is 6.626 x 10-34 J-s. According to this equation, the energy of an
oscillator with frequency f (emitting and absorbing electromagnetic radiation of frequency
f) may only rise or decrease in discrete steps of size AE = hf. Additionally, the Planck’s
constant, h, is a very tiny value. For instance, the difference in energy levels for a blackbody
emitting an infrared frequency of 1014 Hz is merely AE = hf = (6.63 x 10-34 J-s) X (1014 Hz)
= 6.626 x 10-20 J, or around 0.4 eV. Compared to usual atomic energies, which are on the
order of an electron volt, or thermal energies, this 0.4 eV energy is considerable. Once
again, they are usually fractions of an electron volt. However, energies are usually measured
in joules on a macroscopic or classical scale. The quantum steps are too tiny to be
perceptible, even if macroscopic energies are quantized. An illustration of the
correspondence principle is this. QM yields answers that are identical to those of classical
physics for a huge object. parallels of this quantization of energy phenomenon at the
macroscopic level. This is comparable to a pendulum that can swing with just certain
amplitudes but has a distinctive oscillation frequency. Additionally, quantization of energy
is similar to a standing wave on a string that only permits certain harmonics represented by
numbers. Instead of being able to go up and down a continuous slope, it is comparable to
taking individual stair steps to climb and descend a hill. As we go step by step, our potential
energy takes on distinct values.

The empirically known form of the blackbody spectrum was accurately described by
Planck using the quantization of oscillators. He was awarded the 1918 Nobel Prize in Physics
for this first proof that energy may sometimes be quantized on a small scale. Despite being
founded on observations of a macroscopic item, Planck’s hypothesis is analyzed using atoms
and molecules. Planck himself was hesitant to embrace his own theory that energy levels
are not continuous since it represented such a radical break from traditional physics.
Einstein's explanation of the photoelectric phenomenon (covered in the following section)
advanced energy quantization and significantly increased the widespread acceptance of
Planck's energy quantization. Planck actively participated in the creation of relativity and
early QM. Planck was the first to provide the right formula for relativistic momentum, p =
ymu, in 1906. He swiftly accepted Einstein's special relativity, which was published in 1905.
As is well known, gases emit and absorb electromagnetic radiation. The most well-known
example of a gaseous entity that emits visible light in its electromagnetic spectrum is the
Sun. Examples of this include neon signs and candle flames. These investigations of hot gas
emissions started almost 200 years ago, and it was quickly discovered that these emission
spectra held a wealth of information. It is possible to identify the kind of gas and its
temperature. These electromagnetic emissions are now caused by electrons in individual
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atoms and molecules changing their energy levels. They also characterize it as atomic
spectra, which are still a crucial analytical tool today."
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Figure 2: Conceptions of quantum phenomena“"

Understanding the fundamental ideas and developing applications that characterize
quantum boundaries is crucial as we stand in the front of this quantum revolution. This
scholar delves into the mysterious world of QM, clarifying its core ideas like as decoherence,
entanglement, and superposition.®" It traverses the wave of the future via a
multidisciplinary lens, revealing the revolutionary possibilities of quantum frontiers as well
as the difficulties that lie ahead in using its power for the benefit of humanity. Thus,
quantum mechanics (QM) is a theory that describes the behavior of the tiniest objects in
our surroundings, ranging from individual atoms to dust particles. Furthermore, quantum
technologies—which are based on the ideas of QM—are poised to revolutionize how we
communicate, compute, and measure, bringing about innovations that were previously only
found in science fiction. QM, a fundamental theory of physics that explains the physical
characteristics at the atomic and subatomic levels, lies at the center of these new
technologies. Even though everything in our macroscopic world is made up of quantum
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particles, the behavior of this tiny world differs significantly from what we see in our daily
lives.
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Figure 3: Depicts elements of quantum physics, including uncertainty in particle
position and wave-particle duality.®"

According to QM, basic phenomena such as photons and electrons have
characteristics of both waves and particles. A single electron can behave as a particle or a
wave. Momentum, energy, and other physical attributes only exist in discrete packets known
as quanta; they are not continuous. This suggests that the cosmos has a granular base, with
smooth, steady evolution being an illusion at the most basic level. A quantum system exists
in every conceivable state at the same time before measurement. A particle may
simultaneously have many spins or be in several places. The measuring process "collapses”
the wave function into a single, unambiguous result. This implies that observation is
essential to the manifestation of reality and that "potentiality” is just as real as actuality at
the quantum level. Specific pairings of attributes, like the precise location and momentum
of a particle, cannot be known simultaneously with absolute precision. One attribute may
be known more accurately than the other. This suggests that the cosmos is inherently fuzzy
or indeterminate, not a limitation of our measuring instruments but a fundamental feature
of reality itself. Two or more quantum particles can become intrinsically linked, sharing a
unified existence regardless of the distance separating them. At a speed greater than the
speed of light, measuring one instantly affects the other's condition. This "spooky activity
at a distance” (as Einstein put it) suggests a deep, interwoven fabric to the cosmos and
undermines the traditional understanding of a distinct, local reality.

The collapse of the wave function has led to various interpretations of QM (e.g., the
Copenhagen interpretation and the Many-Worlds interpretation). Some interpretations
imply that consciousness or the act of observation is necessary to resolve potential into
reality. Others suggest that the interaction with any macroscopic environment causes the
collapse (decoherence). Regardless, the boundary between the "observed system” and the
"observer” becomes blurred. This suggests that "reality” isn't a fixed property but depends
on how it's observed or interacts with its environment. QM fundamentally challenges
classical notions of reality, offering a view of the universe based on probabilities, non-
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locality, and the profound role of observation. We can use the QM concept to understand
the truth of the universe. This is an analytical study to understand the truth of the universe
in the eyes of QM by using QM concepts, and to evaluate the purpose and beneficial
applications in technology and the development of contemporary civilization.

CHRONOLOGY OF EVOLUTION OF QUANTUM PHYSICS AND RELEVANT
HYPOTHESES

Planck’s Quantum Hypothesis (1900)

In 1900, Max Planck introduced a revolutionary idea while addressing the problem of
blackbody radiation—the distribution of energy emitted by a perfect heat source. Classical
physics predicted that energy at higher frequencies would diverge to infinity, a
contradiction known as the “ultraviolet catastrophe.” Planck suggested that energy is
released and absorbed in discrete packets, which he named quanta, to address this. “* He
introduced a fundamental constant, later called Planck’s constant, linking the energy of
each quantum to the frequency of radiation.” This bold departure from classical theory
marked the birth of quantum physics.

Einstein and the Photoelectric Effect (1905)

Albert Einstein expanded on Planck's discovery by applying the idea of quantization to light.
He claimed that light itself is made up of discrete energy packets, subsequently referred to
as photons, in order to explain the photoelectric effect.™" When light strikes a metal
surface, electrons are ejected only if the light’s frequency exceeds a threshold value—
something classical wave theory failed to explain. Einstein’s photon theory not only matched
experimental evidence but also provided the first clear demonstration of light’s particle-
like behavior, laying the groundwork for the principle of wave-particle duality.

Bohr’s Atomic Model (1913)

In 1913, Niels Bohr applied quantum concepts to the structure of the atom. Observations of
hydrogen’s spectral lines revealed discrete frequencies of emitted light that classical
models could not explain. According to Bohr's theory, electrons can move between distinct,
quantized orbits around the nucleus by either absorbing or emitting photons of varying
energies.“" While his model combined classical and quantum ideas, it successfully explained
hydrogen’s spectrum and introduced the concept of quantized atomic structure.

The Copenhagen Interpretation (1920s)

The 1920s witnessed the rise of the Copenhagen Interpretation, chiefly developed by Niels
Bohr and Werner Heisenberg. This interpretation suggested that quantum systems exist in
superpositions of states until observed, at which point the wavefunction collapses into a
definite outcome.™ |t emphasized the observer's central role. It introduced profound
questions about the nature of reality, the boundary between the quantum and classical
worlds, and whether physical properties exist independently of measurement.
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De Broglie’s Matter Waves (1924)

In 1924, Louis de Broglie proposed that particles such as electrons behave like waves,
thereby extending wave-particle duality to matter. He derived a relation between a
particle’s momentum and its associated wavelength. This radical idea was soon confirmed
by electron diffraction experiments, in which electrons produced interference patterns
similar to those of light waves." De Broglie’s insight unified the concepts of waves and
particles, suggesting that all matter has a dual nature.

Heisenberg’s Matrix Mechanics (1925)

In 1925, Werner Heisenberg developed matrix mechanics, the first comprehensive
formulation of quantum mechanics. Rejecting the notion of particles following definite
paths, he represented physical quantities such as position and momentum as matrices that
describe transitions and probabilities between states. Though abstract and mathematically
demanding, this framework provided accurate predictions without relying on classical
visualization.

Schrodinger’s Wave Mechanics (1926)

To explain how quantum states change over time, Erwin Schrodinger developed wave
mechanics in 1926 and formulated the Schrodinger equation. In his view, particles were not
points moving through space but waves of probability, represented by a wavefunction. The
likelihood of finding a particle in a given location was determined by the square of the
wavefunction’s amplitude.®" Schrodinger’s approach provided a more intuitive picture of
quantum systems and was later shown to be mathematically equivalent to Heisenberg’s
matrix mechanics.

Born’s Probability Interpretation (1926)

Max Born added a crucial conceptual breakthrough by interpreting the wavefunction as a
probability amplitude. He proposed that the square of the wavefunction gives the
probability density of locating a particle at a particular position. This interpretation
introduced inherent randomness into physics, shifting the view of nature from deterministic
to probabilistic, and firmly established probability as the core of quantum theory.

Heisenberg’s Uncertainty Principle (1927)

Heisenberg presented his Uncertainty Principle in 1927. It asserts that certain combinations
of attributes, like momentum and position, cannot be measured with infinite accuracy. It is
harder to discern the other the more precisely one is known."!

This was not a flaw in measurement but a fundamental feature of nature,
highlighting intrinsic limits of knowledge in the quantum realm and challenging the
deterministic outlook of classical physics.
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Dirac’s Relativistic Quantum Theory (1928)

Paul Dirac advanced quantum theory by integrating it with special relativity. His Dirac
Equation described the behavior of electrons moving at relativistic speeds and predicted
the existence of antimatter—the positron—later confirmed experimentally. Dirac’s theory
reinforced the predictive power of quantum mechanics and laid the foundation for quantum
field theory, which describes particles and forces within a unified framework.

The EPR Paradox (1935)

Despite these advances, Albert Einstein remained skeptical of quantum mechanics’
probabilistic nature. In 1935, Einstein, Boris Podolsky, and Nathan Rosen proposed the EPR
paradox, arguing that the theory was incomplete. They highlighted the puzzling
phenomenon of entanglement, in which two particles appear to influence each other
instantaneously across distance, a phenomenon Einstein famously dismissed as “spooky
action at a distance.” The paradox questioned whether hidden variables might exist to
restore determinism.

Quantum Electrodynamics (QED) (1940s-50s)

In the mid-20th century, Richard Feynman, Julian Schwinger, and Sin-ltiro Tomonaga
developed Quantum Electrodynamics (QED), the quantum theory of electromagnetic
interactions. QED provided exact predictions of how light and matter interact and
introduced innovative tools, such as Feynman diagrams, to simplify complex calculations. It
became the first entirely consistent quantum field theory and earned its creators the Nobel
Prize, setting the stage for later advances in particle physics.

Bell’s Theorem and Experimental Tests (1964)

John Bell addressed the EPR paradox in 1964 by formulating Bell’s Theorem, which
established testable inequalities distinguishing quantum mechanics from hidden-variable
theories. Experiments in the following decades, particularly Alain Aspect’s work in the
1980s, confirmed violations of these inequalities, thereby validating quantum entanglement
and ruling out local hidden variables. These results demonstrated the fundamentally
nonlocal nature of quantum reality.

The Standard Model and Quantum Field Theories (1970s)

The Standard Model of particle physics was developed from quantum field theory in the
1970s. This paradigm, based on electroweak theory and quantum chromodynamics, unified
quantum electrodynamics, the weak nuclear force, and the strong nuclear force (QCD).
Except for gravity, all known fundamental particles and their interactions are described by
the Standard Model, which remains one of the most successful scientific theories."" The
search for a theory that unites quantum mechanics with general relativity, often referred
to as quantum gravity, continues to drive modern physics. Bohr and Heisenberg developed
many of the foundational ideas of QM in Copenhagen during the 1920s. They derived a wave
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function that describes the probabilistic nature of a wave-particle. And, Hesinberg’s
uncertainty principle further added that if a particle-wave’s location is measured, it’s
meaningless to speak of its momentum and vice versa. Most importantly, this was the first
time the measurement paradox was introduced, whereby a measurement causes the wave
function to collapse, and which begs the question of what is allowed to make a
measurement? A human? A cat? A machine? An ant?® Max Born, Neumman, and several
other physicists helped support and formalize the Copenhagen interpretation. But it was
very loosely defined between the 1920s and 1950s until Heisenberg published his book. A
fun fact about Heisenberg is that he was the youngest tenured professor at the time. He
was afraid Schrodinger was going to outpace, because of how neck-and-neck both of them
were.

The great scientist Albert Einstein was a fantastic character. In addition to his
contributions to relativity and Quantum Mechanics, he also wrote about Brownian motion,
the photoelectric effect, and much more. This is simply Amazing! Einstein discovered the
existence of photons 20 years before anyone else believed him. In 1935, Einstein, Podolsky,
and Rosen showed that “spooky action at a distance” (now known as Quantum
Entanglement) proved that the Copenhagen Interpretation is incomplete. David Bohm made
various contributions to physics and mathematics, but his most famous is the pilot-wave
theory, also known as Bohmian mechanics.“™ This was the first example of the hidden
variable theory. By introducing nonlocality, his theory solves the problems of wave-particle
duality, wave function collapse, and Schrodinger's cat. In this theory, each particle “lives”
on a pilot wave, which introduces deterministic behavior to Quantum Mechanics. | haven’t
had time to delve into the details of how this really works. Unfortunately, most of Bohm’s
work was rejected throughout his life. He challenges the status quo, and paid the price...
Due to his Marxist activities, he was exiled several times. He lived in America, Brazil, and
Britain at various points through his life. This made it difficult for him to present and
promote his work, which most Copenhagen Interpretation supporters had already shut
down. ™

John Stewart Bell is famously known for iterating on the work of the famous EPR
paper, as well as finding a mistake in one of Yon Neumann’s proofs. Bell’s theorem proved
the nonlocal nature of Quantum Physics, thereby proving the incompleteness of the
Copenhagen Interpretation. This further supports the concept of “spooky action at a
distance”. Bell knew that his ideas were not widely accepted and he always looked out for
other physicists. On several occasions, he would ask other physicist if they were tenured
before they start researching his work so as not to risk tenure-ship in the future. In 1957,
Hugh Everett proposed an alternative to the Copenhagen interpretation, known as the many-
worlds interpretation. Many science fiction films have adopted this idea, implying that there
is an infinite number of Universes covering all possible outcomes. This resolves Schrodinger’s
cat paradox by positing two Universes: one in which the cat lives and another in which the
cat dies. A couple of decades after Everett published his work, DeWitt published his work
on quantum decoherence. Rather than having wave functions collapse, the wave function
of a particle “merges” with its outer world. This, in a way, supports the many-worlds
interpretation. Everett’s work was met with widespread skepticism, and he never returned
to academia after completing his PhD. Instead, he started a company that consulted with
the US government on war strategies, making him quite wealthy.
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THE QUANTUM THEORY AND CONCEPTUAL FRAMEWORK
The Light Bulb as a Gateway to Quantum Theory

In the 1890s, Edison’s invention of the light bulb attracted widespread attention, with
engineering firms investing millions to secure European patents. Entrepreneurs envisioned
immense profits from illuminating the streets of the German Empire, but the invention’s
significance extended far beyond commerce. While it was understood that the filament
glowed when heated by electricity, the precise mechanism of light emission remained a
mystery. This puzzle led scientists to confront the limitations of classical physics.
Investigations revealed that heated filaments emitted specific colors at different
temperatures, a phenomenon classical theory could not explain.® In 1900, Max Planck
introduced the revolutionary idea that energy is quantized, existing in discrete packets
rather than continuous waves. This paradigm shift marked the birth of quantum mechanics.
What began as a practical innovation in lighting ultimately ignited a scientific revolution,
reshaping our understanding of nature and laying the foundation for modern physics.

Wave-particle Duality is a Cornerstone of Quantum Mechanics

In 1905, Albert Einstein revolutionized physics with his explanation of the photoelectric
effect, challenging the prevailing belief that light was purely a wave. He proposed that light
could also be understood as a stream of discrete energy packets, later known as quanta.
Each quantum carried a specific amount of energy, a concept that seemed radical and
challenging to accept at the time. Einstein’s idea not only clarified the photoelectric effect
but also laid the groundwork for a deeper understanding of light’s dual wave-particle nature.
Building on this, Louis de Broglie extended the principle of duality to matter, suggesting
that particles also exhibit wave-like properties.“" This breakthrough forced physicists to
reconsider classical divisions, revealing a profound interconnection between matter and
energy and establishing a cornerstone of quantum theory.

Atomic Structure and Quantum Stability

Rutherford’s discovery of the nucleus overturned the notion of a uniform atom but left
unanswered why electrons remained stable. Niels Bohr resolved this by proposing quantized
orbits with discrete energy levels. His model explained atomic spectra and successfully
merged experimental findings with emerging quantum principles, transforming nuclear
physics.“ The Davisson-Germer experiment confirmed de Broglie’s hypothesis by showing
electron diffraction patterns, proving particles can behave like waves. This groundbreaking
result established the probabilistic nature of quantum mechanics and laid the foundation
for the wavefunction, reshaping our understanding of matter.

Observer-dependent Reality and Quantum Uncertainty

The Copenhagen interpretation reshaped physics by presenting reality as probabilistic and
observer-dependent, with wavefunctions collapsing upon measurement. Heisenberg’s
uncertainty principle further revealed fundamental limits to knowledge, demonstrating that
at quantum scales reality is not predetermined but influenced by observation, challenging
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classical determinism. Building on this, Paul Dirac’s relativistic equation unified quantum
mechanics with special relativity, predicting antimatter long before its discovery. This
breakthrough highlighted the predictive power of mathematics and expanded our
understanding of cosmic symmetry, raising questions about the matter-antimatter
imbalance in the universe. Later, John Bell’s inequalities distinguished quantum theory from
hidden-variable alternatives. Experimental violations confirmed nonlocal entanglement,
revealing that nature permits instantaneous correlations across distances and compelling
physicists to abandon classical assumptions of locality and fixed reality.

QUANTUM THEORY: FROM FUNDAMENTAL FORCES TO TRANSFORMATIVE
TECHNOLOGY

Quantum field theory advanced physics by describing particles as excitations of underlying
fields, integrating quantum mechanics with special relativity, and providing a framework
for all fundamental forces except gravity. It illuminated the dynamic creation and
annihilation of particles, deepening our understanding of the universe’s structure and
guiding efforts toward a unified theory. Building on principles such as superposition and
entanglement, quantum computing demonstrates how foundational theory can drive
transformative technology. Yet philosophical reflections, such as those of Roger Penrose,
caution that the ultimate nature of quantum reality may remain elusive.“*" The ongoing
debate considers whether quantum mechanics represents a final theory or a stepping stone
toward deeper laws that may involve gravity and consciousness, highlighting scientific
inquiry as a continuous, evolving journey.

Photoelectric Effect and Quantum Electrodynamics

The Photoelectric Effect: A Challenge to Classical Physics. At the turn of the 20th century,
Max Planck initiated a revolutionary shift in physics while addressing the ultraviolet
catastrophe. He discovered a precise relationship between the frequency of light and its
energy, a mathematical connection that hinted at the particle-like nature of light. However,
Planck himself did not fully grasp its profound implications. Meanwhile, scientists exploring
radio waves sought to understand their transmission, often using spark-gap apparatuses that
generated electric discharges between metal spheres. Unexpectedly, they observed that
shining an intense light on the spheres made sparks easier to produce, suggesting a
mysterious link between light and electricity. To investigate further, researchers developed
the gold leaf electroscope, a sensitive device with two thin gold leaves attached to a metal
rod. When negatively charged, the leaves repelled each other. Experiments with this
apparatus revealed a striking phenomenon. Red light, regardless of brightness, did not
affect the separation of the leaves, indicating insufficient energy to influence electrons. In
contrast, blue or ultraviolet light caused the leaves to collapse immediately, showing that
high-frequency light could release electrons from the metal surface.

This discovery, known as the photoelectric effect, demonstrated that light’s energy
depends not only on intensity but also on frequency. Low-frequency red light lacked
sufficient energy to mobilize electrons, whereas higher-frequency blue and ultraviolet light
could. The effect provided critical evidence that light exhibits both wave-like and particle-
like properties, carrying discrete energy packets called quanta. The photoelectric effect
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thus laid the foundation for quantum mechanics, challenging classical physics and revealing
that energy is quantized at microscopic scales. By linking light’s frequency to its energy and
demonstrating particle-like behavior, this phenomenon transformed our understanding of
electromagnetic radiation. It set the stage for a new era in theoretical and experimental
physics, ultimately reshaping our view of the universe's fundamental workings.

Planck, Blackbody Radiation, and the Ultraviolet Catastrophe

The question of why a heated filament changes color puzzled scientists at the turn of the
20th century. A metal rod, when gradually heated, glows red at first, then shifts to orange
and yellow as its temperature rises, but never emits blue light. To investigate this
phenomenon, Max Planck and his colleagues developed the blackbody radiator, a specialized
furnace designed to measure light frequencies emitted at controlled temperatures.
Experiments revealed that at 841°C, the furnace glows orange-red, while at around 2000°C,
it emits bright whitish light. Even so, blue and ultraviolet components remain weak,
highlighting the difficulty of producing high-frequency light. This observation contradicted
classical physics, which predicted that objects at high temperatures should emit an infinite
amount of high-energy light, particularly in the ultraviolet. In reality, even the sun, with a
surface temperature of 5,500°C, emits primarily white light and very little ultraviolet
radiation. This glaring discrepancy, later termed the ultraviolet catastrophe, exposed a
fundamental failure of classical theory and demanded a new approach. Planck’s work on
blackbody radiation ultimately led to the revolutionary concept that energy is quantized,
introducing discrete energy packets linked to light frequency. This breakthrough not only
resolved the ultraviolet catastrophe but also laid the foundation for quantum mechanics,
reshaping our understanding of light, heat, and the behavior of matter at microscopic scales.

The Double-Slit Experiment and Wave-Particle Duality

The Davisson-Germer experiment excited the physics community by confirming de Broglie’s
hypothesis that electrons exhibit wave-like behavior. Around the same time, the double-slit
experiment further demonstrated this wave-particle duality. When electrons passed through
two slits, they produced interference patterns similar to light. Remarkably, even sending
electrons one at a time resulted in cumulative interference patterns, indicating that each
electron’s wavefunction traveled through both slits and interfered with itself. These
experiments provided compelling evidence that particles like electrons can behave
simultaneously as particles and waves, fundamentally challenging classical notions and
laying a cornerstone for quantum mechanics.

Quantum Electrodynamics: Uniting Electrons and Light

In the 1940s, Richard Feynman, Julian Schwinger, and Sin-Itiro Tomonaga revolutionized
physics with quantum electrodynamics (QED). This theory describes the electromagnetic
force governing interactions between light and electrons at the quantum level. Classical
electromagnetism failed to explain these subatomic behaviors, necessitating a new
framework. QED successfully integrated quantum mechanics with electromagnetic theory,

Vol. 14 No. 01 (2026): Transactions on Engineering and Computing Sciences Page | 76



Scholar Publishing

providing precise predictions and deep insights into the behavior of particles and light,
marking a significant milestone in modern physics.

Quantum Electrodynamics: Mapping the Dance of Light and Matter

Quantum electrodynamics (QED) revealed the intricate interactions between electrons and
photons, showing that light and matter are connected through profound symmetry and
harmony. Richard Feynman revolutionized the field with Feynman diagrams, a visual tool
that represents how electrons and photons are created and annihilated and how they
exchange energy. These diagrams transformed complex quantum calculations into intuitive
maps, enhancing understanding of the subatomic world. QED made exact predictions, such
as the electron's magnetic moment and its interactions with photons, demonstrating
remarkable agreement between theory and experiment. This precision established QED as
one of the most accurate and successful theories in physics. Beyond explaining
electromagnetic interactions, QED laid the groundwork for understanding the strong and
weak nuclear forces. Its success ultimately contributed to the development of the Standard
Model, the foundational framework describing the fundamental particles and forces of the
universe, cementing QED’s role as a cornerstone of modern particle physics.

QUANTUM MECHANICS THEORETICAL APPROACH
The Limits of Classical Light Theory

For early 20th-century physicists, the ultraviolet catastrophe and the photoelectric effect
presented unsolvable mysteries. At the time, light was firmly understood as a wave.
Everyday observations seemed to confirm this: diffraction caused the blur at shadow edges,
and rainbows formed as sunlight refracted and reflected through water droplets, separating
into vivid colors.”' These phenomena, easily explained by wave behavior, reinforced the
wave theory of light. Yet despite its elegance in describing visible effects, the wave theory
faltered when confronted with high-energy phenomena. The ultraviolet catastrophe
predicted infinite energy emission at high frequencies, clearly contradicting experimental
results. Similarly, the photoelectric effect showed that light could eject electrons from a
metal surface in ways that were unexplained by classical wave theory. These inconsistencies
exposed the limits of conventional understanding. While light’s wave nature explained the
observable world, it failed to account for behavior at microscopic and high-frequency
scales. The ultraviolet catastrophe and the photoelectric effect, therefore, served as
critical clues, signaling the need for a new framework—one that would eventually lead to
the birth of quantum mechanics.

Heisenberg and the Birth of Matrix Mechanics

Classical physics, relying on differential equations and continuous functions, struggled to
describe phenomena at the subatomic level. Werner Heisenberg revolutionized this
understanding by introducing matrices to represent physical quantities and their
interactions. These matrices encoded transitions between energy levels and probability
amplitudes, allowing Heisenberg to formulate a theory based entirely on observable
phenomena.*" This approach replaced the deterministic framework of classical physics
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with a probabilistic, statistical understanding, focusing on likelihoods rather than precise
positions or velocities. In Heisenberg’s model, an electron’s behavior was described through
probabilities instead of fixed orbits, marking a radical departure from traditional concepts.
Collaborating with Max Born and Pascual Jordan, he developed a robust mathematical
foundation for matrix mechanics, establishing the core principles of quantum mechanics. >
This theory accurately predicted atomic spectra and aligned closely with experimental
observations, demonstrating its effectiveness. Matrix mechanics transformed the
comprehension of the subatomic world, making its uncertain and probabilistic nature
intelligible.“** The deterministic vision of the universe gave way to a reality governed by
probabilities and uncertainties, reshaping our fundamental understanding of matter and
energy at microscopic scales.

Schrodinger and the Development of Wave Mechanics

While Heisenberg’s matrix mechanics provided a robust mathematical framework for
quantum phenomena, its abstract nature made it unintuitive for many physicists. Seeking a
more visual and wave-based understanding of the quantum world, Austrian physicist Erwin
Schrodinger developed wave mechanics in 1926. Schrodinger proposed that particles, such
as electrons, do not exist solely at a single point but spread across space like real waves.
This perspective allowed the behavior of subatomic particles to be described by the wave
function, a mathematical construct representing their spatial distribution and time
evolution.®™ Unlike purely probabilistic interpretations, Schrédinger’s wave function
carried physical reality, depicting particles as extended waves rather than isolated points.
His approach provided an intuitive, visualizable alternative to matrix mechanics, enriching
the understanding of quantum behavior and complementing Heisenberg’s formalism. %
Wave mechanics became a cornerstone of quantum theory, demonstrating the dual wave-
particle nature of matter and profoundly shaping modern physics.

Born, Schrodinger, and the Probabilistic Nature of Quantum Mechanics

In 1926, Max Born proposed a groundbreaking interpretation of the wave function,
suggesting it represents a probability amplitude rather than a physical wave. According to
Born, the absolute square of the wave function determines the likelihood of finding a
particle at a particular location. This concept became a cornerstone of the Copenhagen
interpretation, which embraces the inherently probabilistic and observer-dependent nature
of quantum mechanics. Erwin Schrodinger, however, strongly opposed this view. He
argued that the wave function should depict real physical waves, with particles existing as
extended waves in space governed by precise energy and momentum.“*V Schrodinger’s
deterministic approach aligned more closely with classical intuition, offering a vision of a
universe ruled by definite physical laws. Despite its appeal, the Copenhagen interpretation
gained wider acceptance, asserting that quantum phenomena cannot be fully predicted and
that observation fundamentally influences outcomes, highlighting a deep philosophical
divide between determinism and probability in understanding the quantum world.

Schrodinger’s Cat and Quantum Paradoxes. Schrodinger’s cat thought experiment
highlights the paradoxes of the Copenhagen interpretation. A cat, placed in a superposition
of being simultaneously alive and dead, illustrates how applying probabilistic quantum rules
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to macroscopic objects can lead to seemingly absurd conclusions, questioning the limits of
quantum mechanics’ probabilistic framework.

The Copenhagen Interpretation: Observation Shapes Reality

In 1927, Copenhagen became the stage for one of the most profound debates in physics, as
Niels Bohr and Werner Heisenberg sought to unravel the mysteries of the quantum world.
Their discussions led to the development of the Copenhagen interpretation, a revolutionary
framework that challenged classical notions of definite reality. According to this
interpretation, a particle’s wave function represents the probabilities of it occupying
particular locations or energy levels, rather than a single predetermined state. Particles
exist in a superposition of potential states and do not possess definite properties until
measured. Observation plays a central role: it causes the wave function to collapse,
transforming a particle from a range of possibilities into a specific, observable state. In this
view, reality at the quantum level is inherently probabilistic, and the act of observation
shapes outcomes.“™ When unobserved, the quantum universe exists as a dynamic field of
potentialities, highlighting the fundamental interplay between measurement and reality and
fundamentally redefining our understanding of the subatomic world.

Heisenberg, Bohr, and the Dual Nature of Quantum Reality

A central feature of quantum mechanics is Heisenberg’s uncertainty principle, which asserts
that a particle’s exact position and momentum cannot be simultaneously known with perfect
accuracy. The more precisely one property is measured, the greater the uncertainty in the
other.“ This limitation is intrinsic to nature, not a flaw in measurement tools,
highlighting the fundamentally probabilistic and indeterministic character of the quantum
world.®i Building on this, Niels Bohr introduced the principle of complementarity to
explain the dual behavior of quantum particles. Particles can exhibit both wave and particle
characteristics, but these properties cannot be observed simultaneously. Measuring one
aspect inevitably obscures the other.“ For instance, when electrons form interference
patterns, their wave-like nature is evident, but their precise positions remain
indeterminate.“** Conversely, pinpointing their positions conceals their wave behavior.
Bohr argued that both perspectives are essential for a complete understanding of quantum
phenomena. Together, the uncertainty principle and complementarity reveal that absolute
certainties do not govern quantum reality but emerge from the interplay of complementary
observations, reshaping our understanding of nature at its most fundamental level.®

THE PROFOUND INSIGHT OF QM

Einstein and the Birth of Quantum Mechanics

Einstein proposed that light consists of discrete quanta, or particles, with energy directly
proportional to their frequency. Low-frequency red light carries little energy per quantum,
while high-frequency ultraviolet light carries significantly more. This insight elegantly
explained the photoelectric effect, where only high-frequency light can eject electrons
from a metal surface.®" It also resolved Planck’s dilemma regarding blackbody radiation:
ultraviolet light is less abundant because producing its energetic quanta requires far more
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energy than generating red light quanta. This revolutionary idea marked a profound turning
point in physics, demonstrating that classical approaches were insufficient to describe
nature at microscopic scales. Einstein’s work introduced the concept of light’s duality:
exhibiting both wave-like and particle-like properties. This paradox challenged intuition
but laid the foundation for quantum mechanics, opening a new era of scientific inquiry.
Physics, long dominated by deterministic laws, now embraces a probabilistic,
counterintuitive understanding of the fundamental behavior of matter and energy.

Rutherford and the Discovery of the Atomic Nucleus

In 1911, Ernest Rutherford conducted an experiment that revolutionized the understanding
of atomic structure. By directing positively charged alpha particles at a thin sheet of gold
foil, he tested the prevailing notion that atoms were homogeneous. While most particles
passed through the foil, some were unexpectedly deflected, as if striking a dense,
impenetrable core. This surprising result revealed that atoms are far more complex than
previously thought. Rutherford concluded that at the heart of every atom lies a tiny,
extremely dense concentration of positive charge—the nucleus.®! This discovery not only
overturned classical models of the atom but also laid the foundation for modern atomic
physics, reshaping scientific understanding of matter and its internal structure.

Bohr’s Atomic Model and Quantized Electron Orbits

In 1913, Niels Bohr sought to solve fundamental questions about atomic structure by
integrating the emerging quantum ideas of Planck and Einstein. Planck had proposed that
energy is emitted in discrete packets, or quanta, and Einstein applied this concept to explain
the photoelectric effect. Building on these insights, Bohr developed a revolutionary atomic
model describing electron behavior. He proposed that electrons do not occupy arbitrary
orbits but exist in specific, quantized energy levels, maintaining stability without radiating
energy while in these orbits.“" Electrons could transition between these energy levels by
absorbing or emitting precise amounts of energy, providing a theoretical explanation for the
discrete lines observed in atomic spectra. Each energy level corresponded to a distinct
spectral line, as exemplified by hydrogen, whose electrons produced characteristic spectral
emissions. Bohr’s model marked a critical innovation in atomic theory, introducing the
concept of quantized electron orbits and linking energy transitions to observable spectral
phenomena, thereby laying the foundation for modern quantum mechanics and deepening
understanding of atomic structure.

De Broglie and the Wave Nature of Matter

Louis de Broglie proposed a revolutionary idea: matter, like light, could exhibit wave-like
behavior. He suggested that the wavelength of a particle could be calculated by dividing
Planck’s constant by its momentum. This concept, initially applied to electrons, was built
on earlier work relating the wavelength of light to its momentum, despite photons having
zero rest mass. Einstein’s theory of relativity had shown that light, though massless, carries
momentum, enabling such calculations. De Broglie extended this principle to all material
particles, including electrons, protons, and neutrons, hypothesizing that they too possess a
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wavelength. While some critics viewed this as merely applying existing equations to matter,
de Broglie’s insight had profound implications. His hypothesis provided a theoretical
foundation for the quantized electron orbits in Bohr’s atomic model and explained
phenomena that classical physics could not." By introducing the concept of matter waves,
de Broglie bridged the gap between particle and wave behavior, laying the groundwork for
modern quantum mechanics and offering a deeper understanding of the dual nature of
matter.

The EPR Paradox and the Debate over Quantum Reality

In 1935, Albert Einstein, Nathan Rosen, and Boris Podolsky formulated the Einstein-Podolsky-
Rosen (EPR) paradox to challenge the completeness of quantum mechanics. Central to the
paradox was quantum entanglement, a phenomenon in which two particles created together
remain interconnected, such that measuring one instantly influences the state of the other,
regardless of distance. Einstein famously called this “spooky action at a distance,” arguing
that it conflicted with relativity and violated the principle that nothing can travel faster
than light. Einstein proposed that entangled particles must possess definite properties
before measurement, illustrating the idea with the analogy of gloves in separate boxes:
opening one box reveals the state of the other without altering it. Niels Bohr, in contrast,
contended that particle states are only determined upon observation, existing otherwise as
probabilities. This debate highlighted a profound philosophical divide: Einstein favored an
observer-independent reality, while Bohr embraced a probabilistic, measurement-
dependent framework. Although the onset of World War Il temporarily shifted focus to
urgent human needs, the EPR paradox set the stage for future explorations of entanglement
and quantum foundations, influencing both theory and technological innovation.

Dirac’s Equation and the Impact of Antimatter

Dirac’s equation revolutionized the understanding of electron behavior, extending beyond
its prediction of antimatter. It provided a comprehensive framework for atomic and
subatomic processes, naturally explaining electron spin and magnetic moments, which
deepened insights into atomic structure and chemical bonding.™V' The concept of
antimatter, emerging from Dirac’s work, has significant modern applications. In medicine,
positron emission tomography (PET) utilizes antimatter by detecting gamma rays produced
when positrons interact with electrons, enabling detailed imaging of the human body. <
Antimatter also plays a crucial role in experimental particle physics, produced in high-
energy particle accelerators to probe fundamental properties of matter. Dirac’s
contributions thus bridge theoretical physics and practical technology, illustrating how
abstract quantum concepts can yield transformative scientific and technological
advancements.

QUANTUM FIELD THEORY AND TECHNOLOGICAL APPROACH
Quantum Field Theory: Unifying Particles and Fields

By the 1930s, physics faced a challenge: while quantum mechanics accurately described
subatomic particles and special relativity governed high-speed phenomena, no unified
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framework existed to combine the two. This gap was addressed through the development
of Quantum Field Theory (QFT), which revealed that particles and fields are inseparable. In
QFT, particles are viewed as excitations of underlying fields rather than isolated entities.
These quantum fields govern processes such as particle creation and annihilation, showing
that energy and matter are continuously interacting at the subatomic level. A particle can
only emerge where a field exists, and the quantization of these fields dictates its behavior.
This framework provides deep insights into the fundamental forces of nature. For example,
the electromagnetic force is mediated by quantized excitations of fields called photons. By
extending this approach, physicists could also explain strong and weak nuclear forces,
paving the way for the Standard Model. QFT thus established a comprehensive understanding
of how particles like electrons, protons, and neutrons interact, reshaping our grasp of the
universe’s microscopic structure.

Quantum Field Theory and the Dance of Particles

Quantum Field Theory (QFT) provides a profound understanding of particle creation and
annihilation and naturally incorporates the existence of antiparticles predicted by Dirac. In
QFT, particle-antiparticle pairs emerge from the quantized excitations of fields, reflecting
a deep symmetry between matter and antimatter. This continuous interplay resembles a
cosmic dance, where fields govern the birth and death of particles throughout the universe.
Beyond theoretical insights, QFT has driven experimental physics. Particle accelerators and
colliders were developed to test their predictions, leading to the discovery of fundamental
particles such as quarks, gluons, and the carriers of the weak force. These findings revealed
the intricate structure of matter and the mechanisms by which particles interact, exchange
energy, and transmit information. By connecting theory and experiment, QFT not only
reshaped our understanding of the microscopic universe but also provided a framework to
explore the fundamental forces and the elegant symmetries governing the cosmos.

Quantum Field Theory: From Subatomic Particles to the Cosmos

Quantum Field Theory (QFT) has profoundly impacted both microscopic physics and
cosmology. By applying QFT principles, scientists have gained insight into the earliest
moments of the universe, including the Big Bang, cosmic microwave background radiation,
and the behavior of black holes and dense stars.*" The theory explains how galaxies, stars,
and planets are interconnected, how space curves around massive objects, and how matter
moves on cosmic scales.®™ QFT also provides a unifying framework for understanding the
four fundamental forces—electromagnetic, weak, strong, and gravitational—showing they
arise from interactions between particles and fields that weave the universe’s fabric.
Beyond theoretical insights, QFT has driven numerous technological advancements. Modern
devices such as semiconductors, transistors, and medical imaging tools—including MRI and
radiation therapy—rely on quantum principles. Through the concept of second quantization,
QFT reveals that all particles emerge from the excitations of underlying fields.<" This
understanding demonstrates that the universe, from subatomic particles to galaxies, is
shaped by dynamic fields in continuous motion, highlighting the profound unity of nature
across scales.
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QUANTUM THEORY AND ITS APPLICATION IN THE REAL WORLD

QM can explain many aspects of our world with great success. All subatomic particles,
including electrons, protons, neutrons, photons, and others, make up matter, and their
unique behaviors are often best explained by quantum mechanics. String theory, a
contender for a theory of everything, has been dramatically influenced by quantum physics.
Statistical mechanics is also connected to it. Grasping how individual atoms join together
covalently to create compounds or molecules requires an understanding of quantum
mechanics. Quantum chemistry is the application of quantum mechanics to chemistry. In
theory, most chemistry can be described by (relativistic) quantum mechanics. By clearly
demonstrating which molecules are energetically favorable to which ones, and by about how
much, quantum mechanics may provide quantitative insight into ionic and covalent bonding
processes. Quantum mechanics is used in the majority of computations in computational
chemistry—a large portion of contemporary technology operates at scales where quantum
effects are essential. The laser, transistor, electron microscope, and magnetic resonance
imaging are a few examples. The diode and transistor, which are critical to contemporary
electronics, were developed through research into semiconductors. ' Strong techniques for
directly modifying quantum states are now being sought after by researchers. To ensure
secure information transfer, efforts are underway to develop quantum cryptography. The
creation of quantum computers, which are anticipated to do specific computational tasks
tenfold faster than conventional computers, is a more distant objective. Quantum
teleportation, which deals with methods for transferring quantum states over arbitrary
distances, is another current area of study. <"

There has long been discussion among physicists about measuring the unmeasurable
in quantum systems. It is generally acknowledged that the Heisenberg Uncertainty Principle,
which asserts that it is impossible to determine a particle's location and momentum with
infinite accuracy, is a fundamental restriction on our capacity to quantify specific particle
attributes.“"” However, new measurement methods that seem to contradict this idea have
emerged from recent developments in quantum technology. Quantum measurements using
entangled particles are one such method. The phenomenon known as entanglement occurs
when two or more particles become so coupled that, even when separated by large
distances, the state of one particle depends on the state of the other. As a kind of "quantum
probe,” entangled particles have enabled observations that would not be feasible otherwise.

For instance, scientists recently measured the characteristics of a superconducting
qubit with previously unheard-of accuracy using entangled photons. <V A method known as
"quantum tomography” was used to measure the state of the qubit, a small circuit composed
of a few billion atoms. To determine the qubit's characteristics, the entangled photons had
to be directed onto it, and their interactions measured. The experiment produced startling
results: the scientists measured the qubit's energy levels with a precision previously believed
unattainable. This has significant ramifications for the advancement of quantum computing
as it raises the possibility that these novel measurement methods may be used to create a
dependable and scalable quantum computer. Not everyone, however, is persuaded that this
experiment really calls into question the Heisenberg Uncertainty Principle. According to
some scientists, the experiment's measurements were simply the result of astute statistical
analysis and did not significantly advance our knowledge of quantum physics. ¢V This
discussion brings to light the ongoing dispute over how to interpret the findings of quantum
measurements.
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In recent years, the idea of wave function collapse has also been reexamined. It is
still often believed that a wave function collapses from a superposition of states to a single
definite state during the measuring process itself. Nevertheless, other scholars have put
forward different theories, such as the Many-Worlds Interpretation, which contends that the
world branches into many worlds as it is measured. The idea of the multiverse has provoked
considerable discussion among philosophers and physicists, casting doubt on the coherence
of formal theories and on our understanding of reality. In his work, Ivan Karpenko explores
this subject, examining how using multiverse models as the foundation may alter
mathematical theory and logic. Karpenko's work creates new opportunities for investigating
the nature of reality by analyzing the role of consistency in formal theories and its
consequences for intellectual intuition. <"

These concepts have significant ramifications for our understanding of quantum
physics. What does it indicate about the nature of reality itself if entangled particles can
be used to quantify particle attributes with infinite precision? Is it only the product of astute
statistical analysis, or does it indicate that the act of measuring has a fundamental effect
on the universe? Numerous disciplines are still investigating the ideas of superposition and
entanglement. These ideas are crucial to quantum computing. " Understanding the
behavior of particles at the atomic and subatomic levels is another benefit of studying
quantum systems. In several fields, including chemistry and materials science, quantum
mechanics has been thoroughly investigated and used. Creating new materials and
technologies requires a grasp of chemical processes and molecular interactions.<™

Understanding the behavior of particles at the atomic and subatomic levels is
another benefit of studying quantum systems. These ideas are crucial to quantum
computing. In several fields, including chemistry and materials science, quantum mechanics
has been thoroughly investigated and used. Creating new materials and technologies
requires a grasp of chemical processes and molecular interactions. What does it indicate
about the nature of reality itself if entangled particles can be used to quantify particle
attributes with infinite precision? Therefore, quantum mechanics is more than simply a
fascinating theory. It serves as the basis for much of the technology that shapes our daily
lives, ranging from energy systems and secure communications to cellphones and medical
imaging.

Quantum Chemistry and Material Science

Quantum chemistry applies quantum mechanics to predict and understand molecular
behavior, providing a powerful alternative to traditional experimentation. By simulating
interactions between atoms and molecules at the electronic level, researchers can
anticipate chemical reactions and optimize molecular designs. This predictive capability is
critical in drug discovery, enabling the rational design of pharmaceuticals that precisely
target biological systems.™ In material science, quantum chemistry guides the creation of
advanced materials with tailored properties, such as stronger alloys, lighter composites,
and high-performance batteries. At the nanoscale, it supports the design of novel
nanostructures and devices with unprecedented functionalities. Across these domains,
quantum chemistry accelerates scientific discovery, reduces experimental costs, and
enables the precise engineering of materials and compounds, transforming research
methodologies.
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Quantum Mechanics in Energy Technologies

In the energy sector, quantum mechanics is driving transformative technologies.
Understanding electron behavior in semiconductors has led to more efficient solar cells by
optimizing photon absorption and electron excitation for maximal energy conversion.*!
Superconductivity, explained by quantum phenomena such as Cooper pairs, promises zero-
resistance power transmission, potentially revolutionizing energy infrastructure.
Superconductors also enable the generation of strong magnetic fields for applications such
as maglev trains and advanced quantum computing.*" By harnessing the unique properties
of quantum materials, scientists are laying the foundation for a more sustainable, efficient,
and technologically advanced energy future.

Quantum Biology: Life Through a Quantum Lens

The advent of quantum biology was made possible by the emergence of quantum physics.
Its significance to biological things was not acknowledged, but as experimental research and
scientific understanding have advanced, new connections and recognitions of quantum
phenomena in biology are emerging. It is envisaged that the quantum effect will be applied
to molecules, which are composed of atoms and subatomic particles, as they form any
organic cellular structure. It's intriguing that nature has benefited from quantum biology
and has a billion-year head start on our current understanding of how it functions. So,
quantum biology is emerging as a frontier in life sciences, exploring how quantum
phenomena may influence biological processes.“" For example, the extraordinary
efficiency of photosynthesis may rely on quantum coherence, allowing energy to traverse
multiple pathways simultaneously. Quantum tunneling appears to enhance enzyme
catalysis, enabling reactions faster than classical physics would predict. Additionally, the
navigational abilities of migratory birds may exploit quantum effects in detecting Earth’s
magnetic field.® Although still in its early stages of development, this field suggests that
life may have evolved to utilize quantum principles, offering a new perspective on
fundamental biological mechanisms and potentially inspiring bio-inspired technologies.

Quantum Theory and the Cosmos

The universe is described as a wave function, where its past and future states are governed
by quantum probabilities, offering a more complete picture than classical
models.“™ Entangled particles, no matter how far apart, remain connected, a concept that
may play a role in the universe's initial formation and large-scale structure. To describe the
universe in its earliest moments or near-extreme objects like black holes, a theory of
quantum gravity is needed to reconcile general relativity with quantum mechanics, as
classical laws fail in these extreme conditions. Quantum theory helps in understanding
phenomena such as the nature of dark matter and dark energy, which are critical
components of the universe but are not fully explained by current models. Quantum
mechanics also informs our understanding of the universe at the largest scales. Cosmologists
propose that microscopic quantum fluctuations during the Big Bang were magnified by
cosmic inflation, seeding the formation of galaxies and large-scale structures. These ideas
bridge the most minor and largest scales of reality, connecting subatomic phenomena to
cosmic evolution. One of the central challenges in modern physics is unifying quantum
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mechanics with general relativity. Theoretical frameworks like quantum gravity and string
theory aim to provide a consistent description of spacetime, black holes, and the universe’s
ultimate fate, promising to illuminate fundamental questions about the cosmos.

Quantum Mechanics in Everyday Technology

Beyond research, quantum mechanics underpins humerous technologies integral to daily
life. Semiconductors in transistors, which form the foundation of modern processors and
memory, operate based on quantum principles. Solar panels harness photon-electron
interactions to generate electricity efficiently. Medical imaging technologies, such as MRI,
rely on quantum alignment of atomic nuclei in magnetic fields to produce detailed internal
images. From communication and computation to energy and healthcare, quantum
mechanics has transitioned from an abstract theoretical framework to an indispensable
practical tool, shaping the technological landscape of the 21% century.

Quantum Mechanics in Technology

Modern technology operates at scales where quantum effects are essential in many ways.
Vil Quantum chemistry and quantum optics—a subfield of atomic, molecular, and optical
physics that examines photon behavior—are significant uses of quantum theory.
il “Quantum computing (is a computer that essentially uses quantum mechanical
phenomena)®™*, superconducting magnets (is an electromagnet made from coils
of superconducting wire)®™, LEDs, or light-emitting diodes ( is a semiconductor device that
emits light when current flows through it ) Magnets that are superconducting (is an
electromagnet made from coils of superconducting wire)®™, the optical amplifier (is a
device that amplifies an optical signal directly, without the need first to convert it to an
electrical signal) “" and the transistor, a semiconductor device that amplifies or switches
electrical signals and power, and the laser, a device that produces light via an optical
amplification process based on the stimulated emission of electromagnetic radiation. It is
among the fundamental components of contemporary electronics. " as well as
semiconductors (is a material with electrical conductivity between that of a conductor and
an insulator) " such as electron microscopy (a microscope that uses an electron beam as
a source of illumination), medical and research imaging (such as magnetic resonance
imaging, or MRI, a medical imaging technique used in radiology to generate pictures of the
anatomy and physiological processes inside the body), and microprocessor (a computer
processor for which the data processing logic and control is included on an IC or ICs). The
nature of chemical bonds, particularly those seen in the macromolecule DNA, provides
explanations for a wide range of physical and biological phenomena. Beyond its theoretical
and philosophical significance, quantum mechanics underpins contemporary technology.
Quantum principles underlie the operation of hospital MRI scanners, the operation of
semiconductors in smartphones, and the operation of lasers in business and medicine.
Nuclear fusion in the Sun is explained by quantum tunneling, which also drives devices like
scanning tunneling microscopes. Quantum physics directly led to the development of
semiconductors and the transistor, an essential part of all contemporary electronics.
Quantum effects are responsible for the operation of today's semiconductor chips, which
are the foundation of modern computing. The diode and transistor, which are essential
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components of modern electronics systems, computers, and telecommunications
equipment, were developed through research on semiconductors.<

Many electronic devices operate using quantum tunneling.“™' Flash memory chips
found in USB drives™™ use quantum tunneling to erase their memory cells.*™"" Another
application is the manufacture of laser diodes and light-emitting diodes, which are high-
efficiency light sources. The global positioning system (GPS)*™ uses atomic clocks to
measure precise time differences and therefore determine a user's location. Quantum
mechanics forms the basis of modern electronics, computing, and telecommunications. It's
also crucial for precise measurements (such as atomic clocks for GPS) and energy
applications (such as solar cells)®™*. Emerging quantum technologies, such as quantum
computing, quantum communication, and quantum sensing, promise future advancements
in medicine, cybersecurity, material science, and artificial intelligence by harnessing the
unique properties of quantum systems.“ |n this sense, quantum mechanics is not only a
scientific triumph but also the invisible engine of contemporary civilization.

The Quantum Future: Computing, Communication, and Sensing

While the successes of quantum theory are undeniable, its story is far from complete. Today,
scientists are only beginning to unlock its full potential. One of the most promising frontiers
is quantum computing, which harnesses superposition and entanglement to perform
calculations unimaginable for classical computers. Unlike a traditional bit, which can
be either 0 or 1, a quantum bit (qubit) can exist in both states simultaneously, enabling
massive parallel computation.® |f fully developed, quantum computers could
revolutionize cryptography, drug design, climate modeling, artificial intelligence, and other
areas of technology. Closely related, quantum communication transmits information using
the principles of quantum mechanics, such as entanglement and superposition, to achieve
ultra-secure communication networks and uses quantum key distribution (QKD) to guarantee
ultra-secure data transfer, with security rooted not in human ingenuity but in the
fundamental laws of physics.®" QKD is useful for industries such as banking, government,
and healthcare, enabling the development of quantum networks for distributed quantum
computing and enhancing precision in scientific measurements and metrology.™ It also
contributes to the advancement of telecommunications by improving security and efficiency
in 5G/6G networks and potentially enabling advanced quantum sensing and future
applications such as quantum internet and quantum computing.® |t also generates
secure, unhackable encryption keys, protecting financial transactions, online banking, and
sensitive government and military information.“" Quantum communication can enhance
5G/6G networks by improving security and energy efficiency.® |t also supports the
development of a quantum internet for global quantum computing and communication
networks.“™ |n real-world situations, it is often used with encryption, employing
symmetric-key algorithms such as the Advanced Encryption Standard.¢

On the other hand, quantum sensing uses the principles of quantum mechanics to
enable ultra-sensitive measurements of physical quantities like magnetic fields (is the
magnetic influence on moving electric charges, electric currents)™“, gravity (is the effect
of a field that is generated by a gravitational source such as mass)™", or motion (is the
change in position of the body relative to that frame with a shift in time)™“" and is poised
to redefine precision in navigation, medical diagnostics, and geological exploration, opening
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possibilities well beyond current technological limits.““" It is enabling high-accuracy
applications in navigation, healthcare, resource exploration, environmental monitoring, and
scientific research. These sensors provide unprecedented sensitivity and stability, enabling
significant advancements across various fields by measuring changes that current
technologies cannot detect. ““" Quantum sensors are used to measure fundamental physical
quantities, such as gravity and magnetic fields, with unparalleled precision, thereby aiding
scientific research and industrial applications. It can also be utilized in non-photonic areas
such as spin qubits, trapped ions™", flux qubits, and nanoparticles.*"!

Gravitational wave sensing is a real-world application of quantum sensing.
Gravitational wave detectors, such as the Laser Interferometer Gravitational-Wave
Observatory (LIGO), measure the minuscule spacetime distortions known as gravitational
waves. 1 Squeezed light is used to measure signals below the conventional quantum limit
in this large-scale physics experiment and observatory, which aims to detect cosmic
gravitational waves and develop gravitational-wave observations as an astronomical
instrument. ““* Additionally, signals below the conventional quantum limit have been
detected using squeezed light in atomic force microscopy and plasmonic sensors. Squeezed
laser light has been used by the gravitational-wave observatories LIGO and Virgo since 2019,
significantly increasing the frequency of detected gravitational-wave events.
Furthermore, enhanced quantum sensing, which has applications in basic research,
navigation, and healthcare, employs quantum mechanics to provide highly accurate and
flexible measurements of time, temperature, gravity, and electromagnetic fields. <

Unlike classical sensors, quantum sensors operate at the atomic level, enabling
higher accuracy and new capabilities", such as GPS-independent navigation and improved
medical imaging, like enhanced Magnetic Resonance Imaging (MRI).“" Because advanced
quantum sensing may provide more precise information about the body's molecular
architecture and functions, it can improve medical imaging methods such as MRI.¥ The
development of practical applications will be essential to realizing the full promise of
quantum sensing, which has reached a critical phase. Significant advancements were made
in the sector in 2024 and early 2025, particularly in semiconductor and military use cases.
Now that quantum sensing technology has advanced beyond basic research, manufacturing
and deployment are the main priorities. Over the past year, notable developments have
included Sandbox-launch AQ's of AQNav, a real-time, Al-driven quantum navigation system;
Quantum Diamonds' launch of a diamond-based microscopy tool for semiconductor failure
analysis; Q-use CTRL's of quantum magnetometers to navigate GPS-denied environments;
and NASA's first demonstration of an ultracold quantum sensor in space. "

QUANTUM MARKET ANALYSIS

A significant turning point was reached in 2024 when the quantum technology (QT) sector
moved from expanding quantum bits (qubits) to stabilizing them. It lets mission-critical
businesses know that QT has the potential to become a dependable, secure part of their
technological infrastructure soon. To this end, this year's paper offers a unique, in-depth
look into the rapidly expanding field of quantum communication, which may provide the
security required for the broad adoption of QT. According to a recent study, by 2035, the
three main pillars of QT—quantum computing, quantum communication, and quantum
sensing could together provide up to $97 billion in global income. The majority of the income
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will come from quantum computing, which is expected to increase from $4 billion in 2024
to as much as $72 billion in 2035. ' The industries most impacted by QT include the
chemicals, life sciences, finance, and mobility sectors." Another survey has found that the
quantum market is attracting substantial investment, with projections for dramatic growth,
particularly in quantum computing, which could reach $28 billion to $72 billion by 2035.¢""
The industry features major tech giants like Google, Microsoft, and IBM, alongside a rapidly
growing number of startups specializing in hardware, software, and services. On a country
level, China and the United States filed the most QT patent applications in 2024, with China
leading in quantum computing patents. Despite rapid progress, the industry faces hurdles
such as technological immaturity, high costs, scaling difficulties, and a critical talent gap.“*
While widespread adoption for large-scale applications may take another 15-20 years,
practical applications for specific problems are expected to emerge sooner, promising to
revolutionize various industries.“*

Significant investment flows are occurring in the quantum market. Although overall
investments in QT companies suffered a 27% year-over-year decline in 2023, private
investments in QT startups reached $6.7 billion for quantum computing, $1.2 billion for
quantum communication, and $0.7 billion for quantum sensing. Investors are nevertheless
hopeful about the long run despite these swings. However, public financing remained
robust; as of 2023, governments all around the globe have announced a total of almost $42
billion in public support for QT development. The market for quantum computing is
expected to increase rapidly. Fortune Business Insights projects that by 2030, the market
will have grown from $928.8 million to $6.5 billion, or a compound annual growth rate of
32.1 percent.™ Further market size scenarios, including analysis by McKinsey, suggest the
quantum computing market alone could reach between $28 billion and $72 billion by 2035,
and $45 billion to $131 billion by 2040. This growth is part of a broader trend, with quantum
technology potentially unlocking up to $2 trillion in economic value across key industries
like chemicals, life sciences, finance, and mobility by 2035,

LEADING PLAYERS AND INNOVATORS IN QUANTUM TECH INDUSTRY

There are several startups as well as big, established businesses in the quantum technology
sector. Google, Microsoft, IBM, and Pascal are notable companies that are actively creating
platforms, software, and hardware. In only quantum computing hardware, software, and
services, there are more than 261 businesses; hardware makers continue to draw the most
startup capital. These industry leaders are making noteworthy progress." For example,
the newest cutting-edge quantum processor from Google Quantum Al, Willow, exhibits
"exponential quantum error correction—below threshold!" and completed a benchmark
calculation that would have taken a supercomputer ten septillion years in less than five
minutes (1025 years). According to Google Quantum Al founder and lead Hartmut Neven,
Willow is a "strong evidence that practical, extremely big quantum computers may actually
be developed.” .V IBM Quantum is also a major force, with a mission to build quantum
computing for otherwise unsolvable problems.““ They have developed a powerful quantum
computing stack and set an ambitious roadmap to achieve quantum advantage by 2026,
targeting a large-scale fault-tolerant quantum computer, Starling, capable of 100 million
quantum gates on 200 logical qubits by 2029.°“' Matthias Troyer, IBM Technical Fellow,
notes their commitment: “From the start we wanted to make a quantum computer for
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commercial impact, not just thought leadership”. IBM also operates 15+ utility-scale
quantum systems worldwide and their Heron chip features 156 qubits.

Microsoft has carved a new path with its Majorana 1 chip, powered by a Topological
Core architecture. This breakthrough leverages topo-conductors to produce more reliable
and scalable qubits, with a clear path to fit a million qubits on a single chip. As Chetan
Nayak, Microsoft Technical Fellow, states, “Whatever you’re doing in the quantum space
needs to have a path to a million qubits. If it doesn’t, you’re going to hit a wall before you
get to the scale at which you can solve the really important problems that motivate us”.
Microsoft’s approach aims for error resistance at the hardware level, simplifying quantum
computing through digital control. In addition to delivering Quantum as a Service (QaaS),
which enables enterprises and academics to access quantum computing power in the cloud
without developing their own hardware, several organizations are researching numerous
quantum technologies at the same time.“" Quantum technology development is happening
globally, with vibrant regional ecosystems emerging in North America, Asia, and Europe.
These innovation clusters are critical for facilitating close collaboration between
government, academia, and industry, which is essential for advancing technology and key
use cases.

When it comes to the amount of quantum computing firms, private finance, and QT
patents awarded, the US tops all other nations. The Mid-Atlantic Quantum Alliance, the
Chicago Quantum Exchange, and the Boston Area Quantum Network are important centers
of innovation. China demonstrates significant public investment (over $15 billion),
dedicated research institutions, and increasing patent activity, particularly in quantum
communication. Hefei is noted as a key innovation cluster. India has launched a National
Quantum Mission with $730 million in funding and plans to create 21 quantum hubs and four
quantum research parks. Israel has a quantum computing consortium exploring various qubit
technologies, supported by $368 million in public funding. There are also major public
financing and research centers in European nations including France, Germany, the United
Kingdom, and the Netherlands. The largest concentration of QT graduates is found in the
UK and the European Union.“" Paris (France), Delft (Netherlands), and Munich Quantum
Valley are notable clusters (Germany).

In order to reach its full potential, quantum technology is now undergoing active
research and substantial investment, with a clear emphasis on overcoming technical
obstacles. Large-scale applications could not become popular for another 15 to 20 years,
according to experts, although practical solutions for certain issues might appear sooner.
The sustained increase in job listings for tech trends and increased interest in using these
technologies for future development reinforce the optimistic long-term forecast. ™
Quantum computing is predicted to revolutionize various industries, including medicine,
finance, automotive, engineering, and cybersecurity, over the next two decades. Initiatives
like DARPA’s US2QC program are actively working to deliver utility-scale fault-tolerant
quantum computers, emphasizing that the horizon for transformative, real-world solutions
is within years, not decades.“

Quantum Al (QAI) integrates quantum computing to enhance machine learning
algorithms, allowing for more powerful Al models that can achieve results beyond classical
computers’ capabilities. This is due to QAI leveraging qubits, which can approximate
multiple computations simultaneously (massive parallelism), unlike classical Al that relies
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on binary bits.“ While scientists are striving for quantum advantage—the ability of
quantum computers to solve problems beyond classical computers—estimates vary. Some
companies are projected to reach quantum advantage by 2030. However, the hardware and
software for handling the most complex problems might not be available until 2035 or
later.c“* Quantum Al is expected to revolutionize industries by accelerating drug discovery,
optimizing supply chains and logistics, transforming financial modeling, and enabling
advancements in materials science.“™ |t also holds promise for cybersecurity through
quantum cryptographic protocols and could lead to breakthroughs in weather forecasting
and automotive industries.“" Quantum Neural Networks (QNNs) and Quantum Support
Vector Machines (QSVMs) are examples of specialized quantum algorithms that are being
created to outperform their classical equivalents in tasks including pattern recognition,
optimization, and reinforcement learning. ooV

VERY RECENT AND FUTURE USE OF QUANTUM MECHANICS

For generations, humanity has been captivated and perplexed by the universe's origin,
development, and nature. Cosmology was revolutionized by new concepts and significant
findings in the 20th century, which changed how we think about and investigate the cosmos.
But it is reality that much remains unknown to us. QC can accurately simulate the behavior
of molecules, aiding in the design of new drugs, understanding protein interactions, and
developing new chemical fertilizers. This technology can accelerate the discovery of new
materials, like energy-efficient batteries, superconductors, and stronger alloys, by
simulating their properties and interactions. QC uses the principles of QM to solve complex
problems that are intractable for classical computers, with key applications including drug
discovery, materials science, financial modeling, artificial intelligence, and cybersecurity.
These systems are particularly effective at simulating quantum systems for new chemical
and material development, accelerating machine learning by processing vast datasets,
optimizing complex logistical and financial processes, and creating more secure
cryptographic methods.“*" Quantum algorithms can improve optimization tasks, such as
feature selection and pattern recognition in Al systems, leading to better performance in
areas like fraud detection. QC can improve weather forecasting and climate modeling by
processing complex environmental data.

Quantum Mechanics: The Science that Redefined Reality

One of the most astounding and revolutionary discoveries in scientific history is quantum
mechanics. It emerged in the early 20th century as a reaction to the inability of classical
physics to explain new experimental findings rather than as the result of abstract
conjecture. Phenomena such as electrons jumping between discrete energy levels, particles
behaving like waves, and measurements yielding probabilities instead of certainties
demanded a complete rethinking of the natural world. What followed was not a minor
refinement of existing laws but the creation of an entirely new worldview—one where reality
is governed by probabilities, interconnectedness, and fundamental limits to knowledge. The
pioneers of this revolution—Werner Heisenberg, Erwin Schrodinger, Niels Bohr, Max Born,
Paul Dirac, and others—did more than write equations. They reshaped humanity’s
understanding of matter, energy, and the very fabric of reality. Dirac, in particular,
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expanded the theory by reconciling quantum mechanics with Einstein’s special relativity,
paving the way for quantum field theory and the prediction of antimatter.

Quantum Al

QC may be able to complete jobs much more quickly than traditional computing, which
might lead to more effective training of Al systems. This is particularly crucial as Al models
get increasingly intricate and data-intensive.““" Complex issues that are beyond the
capacity of traditional computers might be resolved by quantum Al. This covers activities
like as forecasting protein folding in biology, resolving intricate logistical issues in real time,
or improving forecasting accuracy in financial markets. “* Training and inference periods
for machine learning models, which form the basis of contemporary Al systems, might be
greatly accelerated. More sophisticated Al models and speedier decision-making result from
QC's far faster processing and analysis of massive datasets than traditional computers. “**
Despite the enormous promise of quantum Al, there are a number of obstacles that must be
addressed. The development of quantum computers is still in its infancy. One of the biggest
challenges is creating reliable quantum computers with sufficient qubits and low error rates.
The great susceptibility of quantum systems to noise can lead to computational errors.
Researchers are developing strong error-correcting methods for quantum computers. ©
Research is still being done to create quantum algorithms that can perform better than
conventional ones in real-world situations. It will be challenging for broad adoption in the
near future since only a small number of companies, like IBM, Google, and D-Wave, now
have access to quantum computers.

As QC technology develops, Quantum Al might transform industries such as
engineering, banking, health, and climate modeling by making it feasible to tackle
complicated problems that are now unsolvable by traditional computers. <" Al and QC
working together might result in innovations in autonomous systems and illness diagnostics.
A few probable future developments include exponential improvements in the training times
of machine learning models. “ Sophisticated pattern recognition that has the potential
to revolutionize industries like fraud detection and cybersecurity. real-time supply chain,
production, and logistics optimization. more precise financial simulations and projections.
coxxiv Thus, quantum artificial intelligence is the nexus of two of the most revolutionary
technologies available today. ““* Even though it is still in its early stages, it has the
potential to combine the intelligence of Al with the processing capacity of quantum
computing to solve some of the most challenging issues facing humanity. Driven by the
amazing potential of quantum Al, we are expected to see advances in domains including
healthcare, logistics, finance, marine, transportation, agriculture, industry, and more as
both continue to advance. "

The Unfinished Quest

Despite its successes, quantum mechanics leaves profound mysteries unsolved. Physicists
continue to seek a grand unified theory that merges quantum mechanics with Einstein’s
general relativity. The unfinished quest of quantum physics is focusing on debates since
Niels Bohr's Copenhagen interpretation. Key unresolved issues include the measurement
problem (why collapses happen), the role of consciousness, hidden variables, and whether
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quantum rules apply universally, with thinkers like David Bohm and Hugh Everett proposing
alternatives like pilot waves and many-worlds to reconcile quantum weirdness with a
coherent picture of reality, a quest still ongoing today. Questions about quantum gravity,
the nature of dark matter and dark energy, and the deeper connections between
entanglement and spacetime remain at the forefront of research. Yet even within its
mysteries lies its strength. Richard Feynman famously noted that one need not fully
understand quantum mechanics to appreciate its power—the crucial fact is that it works,
and it works with astonishing precision. The theory not only explains the unseen world of
atoms and particles but also continues to shape the technologies and philosophies of the
future.

HISTORY OF UNIVERSE AND FASCINATING THINKING OF SCIENTISTS

Physics ruled the twentieth century, and neurology will rule the twenty-first. One way to
look at this is that, whereas a large portion of the most renowned science of the previous
century focused on comprehending the motion of bodies in space, from the smallest
subatomic particles to superclusters of galaxies, a significant portion of the science of the
present century appears to be focused on the workings of the mind and the resulting
complexity of human behavior. While the twin cornerstones of general relativity and
quantum mechanics helped physics paint a picture of the outside world in the 20th century,
an increasing amount of scientific study in the present day attempts to describe the interior
world of human perception and experience. Einstein was a brilliant scientist, and his ideas
of mass-energy equivalency and special relativity are outstanding. Due of his high status, he
casually described "spacetime curvature,” which led to the incorrect philosophical paradigm
of general relativity. Despite having a vague meaning in human philosophy, space and time
each created a scientific philosophical framework for physics, but no philosopher ever
questioned it. This raises a very important question: are people smart or stupid? The fact
that our scientific community has actually shown the accuracy of spacetime’s curvature is
even more absurd. There must have been many tests, real-world circumstances, and findings
to substantiate the curvature of spacetime. However, what precisely is the curvature of
spacetime that has been shown by science? Spacetime curvature itself is a philosophical
conundrum, time and space are part of the morphological category of three-dimensional
material positional notions, and curvature itself is part of the unknown category of cosmic
truths. Spacetime cannot be explained by the "gravitational lensing effect” idea, but it can
explain the form of photon existence. The genesis of space and time is genuinely unknown
from the standpoint of the universe's fundamental principles. Time and space forms can be
used to explain matter, but the non-material time and space forms cannot be adequately
articulated.

Mathematical miracle for the physical universe. The four-dimensional Einstein
spacetime model contains three dimensions and a time dimension. Only four-dimensional
spacetime mathematical-philosophical study improves material universe research. Einstein
disregarded time and space. In "Mathematical Principles of Natural Philosophy,” he focused
on relative space and location. Considering time's appearance, not its essence. Instead of
studying space and time philosophically, Einstein devised a mathematical model called
"four-dimensional spacetime.” Relativity, along with quantum mechanics, complements
classical physics' universal gravity, electromagnetic force, optics, thermodynamics, and
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statistical mechanics. Conservation of energy states that energy, not matter, inhabits the
material universe where humans exist. Relativity and quantum mechanics work well with
classical physics' universal gravity, electromagnetic force, optics, and natural philosophy
thermodynamics and statistical mechanics.

Energy, not matter, occupies space in the material cosmos where people live,
according to the rule of conservation of energy. Physics has formally announced to mankind
that persons and materials arise from information and energy, but the true difficulty is that
they are substances. The natural God of the cosmos created these natural facts, not ‘The
God of Personification'. Cosmic Origin Philosophy might be humanity's next philosophy.
Aristotle condensed this pre-axial thinking into material philosophy and science. Material
philosophy has guided physics to its apex after 2000 years of growth in material science and
philosophy. It has also confirmed the trustworthiness of the Cosmic Origin Philosophy, which
may help resolve current physics' conflicts. Through a paradox, science has again allowed
Cosmic Origin Philosophy. This resolves contemporary physics' inconsistencies and raises
science to the apex of human intellectual reasoning, calling into question human existence
and survival.

Quantum Cosmology

In order to derive quantum theories that seek to apply to the whole universe at cosmic
scales—particularly at very early periods, when quantum effects are thought to be
significant—it uses the methods created by the community of quantum gravity to basic
cosmological models. “*" The cosmos grew from an initial condition of great density and
temperature, according to a scientific hypothesis known as the Big Bang.c“® A wide
variety of phenomena are explained by several cosmological theories based on the Big Bang
theory. ,““** such as the cosmic microwave background (CMB) radiation and the quantity
of light elements “*, and structure on a huge scale. Cosmic inflation, a period of rapid
expansion in the early cosmos, provides an explanation for the uniformity of the universe,
sometimes referred to as the horizon and flatness issues. Intriguing concepts like time being
discrete or substituting a Big Bounce for the Big Bang are suggested by works in quantum
cosmology. However, quantum cosmology likewise suffers from its conceptual flaws by
embracing the formal structures of complete quantum gravity. <

The study of quantum cosmology looks at the cosmos as a single quantum system and
tries to apply quantum theory to it. However, the No-Boundary Proposal is a quantum
cosmology hypothesis that aims to define the beginning circumstances of the universe
without a prior instant and avoid the Big Bang singularity. Thus, a cosmological explanation
for the beginning of the known universe is the Big Bounce hypothesis. It was initially
proposed as a phase of the oscillatory universe or cycle model interpretation of the Big
Bang, in which the first cosmic event was caused by the collapse of an earlier universe. A
cyclic model, often known as an oscillating model, is any of a number of cosmological
theories in which the cosmos has self-sustaining cycles that are endless or indefinite. For
instance, the oscillating universe theory, which Albert Einstein briefly considered in 1930,
postulated that the universe would expand for a while before collapsing back in and
undergoing a bounce due to the gravitational pull of matter. Each oscillation would start
with a Big Bang and end with a Big Crunch.c"<lii Again, Cosmic Inflation is a period of
rapid expansion in the early universe, which quantum fluctuations are thought to have
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initiated and which is crucial for the formation of cosmic structures like galaxies. Several
theoretical physicists, notably Alexei Starobinsky at the Landau Institute for Theoretical
Physics, Alan Guth at Cornell University, and Andrei Linde at the Lebedev Physical Institute,
made significant contributions to the development of inflation theory in the late 1970s and
early 1980s. <" Starobinsky, Guth, and Linde won the 2014 Kavli Prize "for pioneering the
theory of cosmic inflation".“" Hawking Radiation is the quantum mechanical process by
which black holes are predicted to emit particles, eventually leading to their
evaporation.““™ |t is black-body radiation®"" released outside a black hole's event
horizon due to quantum effects according to a model developed by Stephen Hawking in
1974.<“M However, the Loop Quantum Cosmology is an approach that uses quantum
mechanics to describe spacetime, aiming to resolve the problem of the Big Bang
singularity.< It is a finite, symmetry-reduced model of loop quantum gravity or LQG™
that predicts a "quantum bridge” between contracting and
expanding cosmological branches.c!,ii Modern theoretical physics attempts to unify
theories and explain phenomena in further attempts to understand the Universe, from
the cosmological to the elementary particle scale." Where experimentation cannot be
done, theoretical physics still tries to advance through the use of mathematical models. <"

Figure 4: The fascinating science of quantum entanglement proposes that particles of
the same origin are always connected" and singularity bursts- creating space-time in
their path: Goodbye Big Bang™"!

Cosmic Inflation

In order to explain a few aspects of the cosmos that are very difficult to explain without it,
inflation was created. The first is that mass notoriously bends space and time in Einstein's
general theory of relativity. ““ Therefore, a universe like ours that has mass must be
generally curved, either out on itself like a saddle or in on itself like a ball (positive
curvature) (as negative curvature). These issues are immediately resolved by cosmic
inflation. The universe grew faster than light in its early moments (the speed limit of light
only applies to objects within the cosmos). ““! This smoothed out the creases in its early
chaotic nature and meant that distant sections could still exchange heat since they were
formerly in close proximity. Our conventional narrative of cosmic development now includes
inflation. It is still debatable, however. Because distant sections were formerly in close
proximity to one another, heat could be exchanged, ironing out creases in its early chaotic
nature. These days, inflation is a fundamental component of the accepted theory of cosmic
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evolution. It is still controversial, however. However, this turned out to be incorrect, and
it's unclear what exactly would have caused the early cosmos to expand. Worse, inflation is
very difficult to stop, creating a multiverse of causally disconnected universes that eternally
bud off from one another. Weakening the steady speed of light might be one solution. If the
speed of light was faster in the early universe, that would also explain the temperature
problem. Maybe light is still slowing down now, but not as much as our most sensitive
detectors can detect. Cosmic inflation is the term for the brief period of time about 13.8
billion years ago when the cosmos expanded faster than the speed of light. Scientists don't
know what caused inflation or what preceded it. During this epoch, energy could have just
been a component of space-time. Cosmologists think inflation explains many aspects of the
universe we observe today, like its flatness, or lack of curvature, on the largest scales.
Additionally, density disparities that naturally exist on the tiniest, quantum-level scales in
space may have been amplified by inflation, ultimately contributing to the formation of the
universe's large-scale features.

Figure 5: Cosmic inflation is a faster-than-light expansion of the universe that spawned
many othersc*

Big Bang and Nucleosynthesis

The big bang occurred when the energy behind cosmic inflation shifted to matter and light.
The cosmos was a primordial soup of light and particles that was very hot—18 billion degrees
Fahrenheit or 10 billion degrees Celsius—one second after the big bang. The initial elements,
hydrogen, helium, and traces of lithium and beryllium, were created over the next few
minutes of a process known as nucleosynthesis, in which protons and neutrons collided. The
majority of the helium that exists today was generated after five minutes, and the cosmos
had cooled and expanded to the point where the creation of new elements ceased. However,
the cosmos was still too hot at this time for these elements’ atomic nuclei to absorb
electrons and become whole atoms.“* Because so many electrons generated a kind of fog
that dispersed light, the universe was opaque. Astronomers refer to this time as the epoch
of recombination because it occurred around 380,000 years after the big bang, when the
cosmos cooled sufficiently for atomic nuclei to absorb electrons. This affected the universe
in two significant ways. First the cosmic fog cleared since there were no longer enough free
electrons to scatter light entirely because the majority of them were already bonded into
atoms. For the first time, light could move freely across long distances, and the cosmos
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become transparent. Second, light was created by the creation of these first atoms. This
light is known as the cosmic microwave background, and it may still be seen today. It is the
earliest light in the cosmos that we can see. ““ We now accept the big bang, but without a
theory that unites general relativity with quantum theory, we can't explain why it occurred.
The proof came by accident in 1964. Telecoms engineers Arno Penzias and Robert Wilson
were developing an early mobile-phone technology when they found an unexplained,
persistent noise in a huge microwave receiver. This is the earliest light in the universe,
transmitted 380,000 years after the big bang, when the cosmos cooled enough for the first
atoms to form and photons to travel freely. ESA's Planck mission has meticulously mapped
this light, revealing its origins and current composition, supporting the standard model of
cosmology, which includes dark matter and dark energy. “"

.
History of the Universe B .
. % | ® ® A

Figure 6: History of creation and universe (by NASA)

The age of the universe is defined in Big Bang theories of physical cosmology as the cosmic
time back to the moment at which the cosmos's scale factor extrapolates to zero. According
to current models, the age is 13.79 billion years. “* There are two methods used by
astronomers to estimate the universe's age. One is based on the Lambda-CDM particle
physics model of the early cosmos, which is matched to observations of properties that are
far away and hence ancient, such as the cosmic microwave background. <" Two methods
are available to astronomers for estimating the universe's age. The first is based on the
Lambda-CDM particle physics model of the early cosmos, which is matched to observations
of the cosmic microwave background and other far-off, hence ancient characteristics.
™ The age of the cosmos may be ascertained by astronomers using two distinct methods.
One relies on the Lambda-CDM particle physics model of the early cosmos, which is matched
to observations of properties that are far away and hence ancient, such as the cosmic
microwave background. <"

Dark Ages

The absorbing actions of all those hydrogen atoms caused the cosmos to once again become
opaque at shorter wavelengths after the cosmic microwave background. The cosmos
remained black for the following 200 million years. The stars weren't shining. At this
moment, the universe was made up of a sea of hydrogen atoms, helium, and trace quantities
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of heavier elements. Astronomers will be able to unravel the puzzle of what the universe
was like during the Cosmic Dark Ages if they comprehend the earliest stars and their
predecessors. Dark matter is a hypothesized, unseen kind of stuff that does not interact
with light or other electromagnetic waves in astronomy and cosmology.“*!" Gravitational
events that general relativity cannot explain unless there is more matter than can be seen
imply the existence of dark matter. These impacts take place during the creation and
development of galaxies. ,“™ gravitational lensing,“*™ the mass location in galaxy

collisions and the present structure of the visible cosmos,“™ the cosmic microwave
background anisotropies and the migration of galaxies inside galaxy clusters. It is believed
that dark matter provides cosmic structures with gravitational scaffolding. <" At sizes
where, whole galaxies seem as small particles, dark matter clumped into blobs along thin

cclxxii

filaments with superclusters of galaxies to create a cosmic web after the Big Bang.

Figure 7: The history and future of the universe according to Big Bang cosmology<<"
and This artist’s conception shows two merging black holes, like those detected by the
LIGO and Virgo facilities on several occasions in 2018V ccbxv

The universe's mass-energy composition in the classic Lambda-CDM cosmological model is
composed of 68.2 percent dark energy, 26.8 percent dark matter, and 5 percent ordinary
matter, ccboviechovii,ccboviii,ccbxix Tharefore, dark energy and dark matter make up 95% of the
overall mass-energy content, while dark matter makes up 85% of the total
mass, cxcctai.ccboxii The |ocal density of dark matter in the Solar System is far lower than
that of normal matter, even though it is large in the halo around a galaxy. All of the dark
matter that reaches Neptune's orbit would weigh around 1017 kg, which is equivalent to a
big asteroid. Since dark matter is only known to interact with radiation and regular baryonic
matter via gravity, it is challenging to detect in a lab setting. The most common idea is that
dark matter is an unidentified subatomic particle, such axions or weakly interacting massive
particles (WIMPs).“>i Another major idea is that primordial black holes make up dark
matter, <V < papending on its velocity, dark matter is categorized as "cold,” "warm,"
or "hot" (more precisely, its free streaming length) .“** A cold dark matter scenario, in
which structures form via the slow accretion of particles, has been supported by recent
simulations, <>V

First Stars and Galaxies

When observing distant objects, we look back in time, so in theory, if we look far enough
into the Universe, we should be able to see the very first stars. The farthest
galaxies and quasars we've found are about 13 billion years old. What we see then is a
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Universe that resembles today's in many ways, with supernovae and gamma-ray bursts
occurring. We cannot confirm whether a Universe existed before the Big Bang, but we can
look back to roughly 300,000 years after it, when the Cosmic Microwave Background (CMB)
was emitted. At that epoch, we do not see galaxies, only a uniform glow of radiation across
the sky, originating from the era when protons and electrons first combined to form
hydrogen atoms.“™* We are interested in the conditions of the Universe prior to the
formation of the first stars. What we observe in the CMB is the sole hint. But what would
you look for if there were no stars and galaxies to shine? Perhaps, initially, the universe was
entirely smooth, with only tiny bumps forming over time. Without stars and galaxies, what
would you search for? The universe must have started out as a smooth, uniform expanse
before developing the small bumps we observe today. Stars formed when gas densities
reached a certain density due to gravity. The universe initially had uneven gas distribution.
The gas clouds in cooler space were denser and lumpier. Gravity drew stuff as these clusters
became larger. These aggregates got denser and more compact, heating their cores to the
point of nuclear fusion. First-ever stars. Their mass was 30-300 times that of the Sun and
millions of times brighter. The earliest galaxies formed from stars over several hundred
million years. Gravity holds stars, planets, and enormous gas and dust clouds together in
galaxies. The biggest have trillions of stars and are over a million light-years wide. The
smallest may have thousands of stars and cover a few hundred light-years. Some big galaxies
feature supermassive black holes with billions of times the Sun's mass at their cores.
Galaxies are generally spirals and ellipticals, although some are irregular. Most galaxies are
10-13.6 billion years old. Some are almost as ancient as the cosmos, which originated 13.8
billion years ago. Astronomers estimate the youngest galaxy emerged 500 million years ago.

cclxxxix

Our home galaxy is the Milky Way. It's a spiral galaxy with a 100,000-light-year star
disk. One of the galaxy's spiral arms holds Earth halfway from the center. Our solar system
orbits the Milky Way once every 240 million years.

Figure 8: NASA/ESA Hubble Space Telespe image features the central region of spiral
galaxy Messier 82°““ and Sun a main sequence star, emits a strong solar flare flashes in
this image captured by NASA's Solar Dynamics Observatory<®

From Earth, the Milky Way appears as a thin, milky bar of light arcing across the sky,
thus its name. This feature is our home galaxy's edge-on core disk. The Milky Way is part of
the Local Group, a neighborhood of roughly 50 galaxies. Its members include dwarf galaxies
with a few billion stars and Andromeda, our closest giant galactic neighbor. Galaxies may
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form gravity-held clusters of 100 or fewer individuals. Clusters may contain thousands of
galaxies. Non-gravitational superclusters may hold groups and clusters. The cosmic web of
matter includes superclusters, empty voids, galaxies' “walls” and other large-scale
formations.

Reionization and Future

The thick gas around the earliest stars dispersed starlight, preventing it from traveling far.
The ultraviolet radiation from these stars gradually ionized hydrogen atoms in the
atmosphere into electrons and protons. Starlight went further, breaking up more hydrogen
atoms during reionization. At 1 billion years old, stars and galaxies had changed practically
all this gas, making the cosmos transparent to light. Over time, astronomers believed the
cosmos was expanding slower. In reality, cosmic expansion is accelerating. Supernovae,
dazzling star explosions, were fainter than predicted in 1998. This could only happen if the
supernovae traveled quicker and further away than planned. A strange material called dark
energy may accelerate growth, say scientists. Future study may reveal new discoveries, but
cosmologists believe the cosmos will likely expand forever.

Ruliad or Rulial Universe

According to Stephen Wolfram's theory of a computational cosmos, basic computational
operations are the source of the universe's complexity. According to Wolfram's book "A New
Kind of Science,” these processes may simulate everything from plant development to
financial market activity since they resemble cellular automata. A novel perspective on the
complexity of the cosmos is presented in Stephen Wolfram's "A New Kind of Science,” which
contends that the huge array of phenomena we see is supported by simple computational
principles. The intricate mathematical frameworks and actual data supporting modern
physics, however, pose serious obstacles to this viewpoint. His concept/criticism,
proposition's which is based on complex mathematical formulas and concepts, encourages a
more in-depth examination of the fundamental structure of reality.“*“" It sheds light on the
wide range of scientific knowledge that must be included in a thorough account of the
cosmos. Although Wolfram's theories are innovative and thought-provoking, they must be
reconciled with these sophisticated mathematical principles and empirical data in order to
be accepted as part of contemporary scientific beliefs.

The Ruliad or rulial universe is a concept from Stephen Wolfram's Physics Project,
representing the ultimate totality of all possible computations, including every
mathematical structure, physical law, and potential universe, all arising from a universal,
simple, computational substrate. It's an abstract, hyperdimensional space containing every
rule and its applications, from which our perceived universe emerges as a specific ‘point of
view’ or branch of computation, explaining the fundamental nature of reality as a vast
computational process.“*“" Time experience is a fundamental manifestation of becoming
through our experience in our part of the Ruliad. The ruliad's theoretical investigation will
be a protracted and challenging process. However, because of the ruliad's extraordinary
universality and generality, any advancement is expected to have very potent effects. The
study of the ruliad might be seen as a type of ultimate abstract boundary of theoretical
research and more, since it encapsulates everything that it means to conduct theoretical
inquiry. The notion of space as ‘emes’ is intriguing. The term "emes” in relation to space
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likely refers to memes and the theoretical concept of a ‘memescape’ and that is a digital,
non-physical environment where ideas, representations, and meanings proliferate rapidly.
The "notion of space as memes" suggests an intriguing perspective on how online spaces
function and evolve, distinct from traditional physical locations.“*"

However, we have yet to achieve new predictions associated with concepts or find
"unification” at a mathematical level between, say, QFT and GR, from Stephen’s work.
Wolfram's work is simply opening new doors of perception as a work of ‘poetic naturalism’,
or will lend itself towards deeper objective understanding that can be practically applied in
science, physics, and engineering. Again, this contemporary, digital notion of space
contrasts with classical philosophical and physical interpretations of space, which debate
whether space is an absolute, objective reality (Newton), a relative relation between
objects (Leibniz), or a fundamental, a priori mode of human perception (Kant).“** The
"memescape” concept offers a new, abstract lens through which to view how social and
cultural "spaces” are formed in the digital age.““ The Ruliad is a comprehensive and
ambitious conceptual framework that seeks to use computational rules to explain the whole
world and its phenomena in the framework of Stephen Wolfram's work on computational
irreducibility and the computational universe. .“““" The Ruliad notion has significant
ramifications for theoretical physics and other fields. It suggests a new framework for
comprehending the basic principles of the world via the prism of computing rather than
conventional equations and physical laws. This viewpoint offers fresh opportunities for
investigating the nature of space and time, the origins of complexity, and the ultimate laws
governing reality. <<

CONCLUSION

Quantum field theory and QM by itself are insufficient. New, sophisticated civilizations are
continuously developed as a result of human cognition. A scientific approach to nature,
including consciousness, is based on quantum theory. Rethinking the underpinnings of
quantum theory has helped to address some of the mysteries surrounding consciousness.
The information we take in from our body and surroundings is processed by our
consciousness, which is an information structure. We get this information in the form of
characteristics of tangible things and photons, the massless units of light. Kinetic energy,
or motion, is one of the characteristics of matter. Motion may be transformed into matter,
as shown by Einstein's E = mc2. So, one of its qualities is equal to matter. A thorough
understanding of how complex systems are built from simpler structures has been made
possible by the mathematical-physical framework of quantum theory. The most basic
quantum structure, a quantum bit, may and ought to be the starting point for such a
creation. In the end, matter and photons may be seen as expressions of abstract quantum
information. Deterministic devices that follow only logical input and output rules are not
what living things are. This brings us to the vast realm of emotions. Emotion provides
creatures of all complexity levels with an active, adaptive role in evolution and fulfills the
age-old function of sensory-motor self-regulation.

A intriguing discussion between science and spirituality is made possible by the idea
that quantum physics seems to be a collection of miracles. The biblical or Quranic creation
account, which recounts the universe's creation over seven days by the spoken word of a
higher force or Almighty, is one of the most significant crossings of these domains (or period
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of time). By portraying creation as a methodical and intentional process by the Almighty or
Creator, this narrative evokes a feeling of purpose and order. On the other hand, quantum
physics describes how basic particles and forces interacted over billions of years to generate
the cosmos. These scientific ideas are explored by writers like as Brian Greene in "The
Elegant Universe" and Carlo Rovelli in "Reality Is Not What It Seems,"” who make connections
between philosophical questions about existence and the intricacies of the quantum
universe. These pieces demonstrate the ways in which spiritual and scientific viewpoints
may enhance one another and provide a variety of views on the mysteries of creation. Like
spiritual traditions, their work invites readers to reflect on life, awareness, and our role in
the wide world by combining scientific precision with philosophical reflection.

There would appear to be no reason why there shouldn't be various worlds based on
other rules if the universe were founded on a certain fundamental law. However, our
method has the first startling result that the universe is in fact founded on all formally
feasible laws. This leads to the conclusion that there can only be one universe, which is, as
we have demonstrated, rather inevitable. However, humans only perceive a little portion
of this vast "rulial cosmos," which is predicated on all imaginable laws. We are used to living
on a certain planet at the edge of a specific galaxy in physical space. However, we now
understand that we are merely sampling a small portion of the rulial space of all conceivable
universe descriptions. We would characterize the cosmos extremely differently if our
cerebral development or sensory equipment were different. The cosmos produced humans,
who employ language, writing, numbers, science, and coordinate systems to construct all
"man-made existences," including philosophy, religion, and science. Humans act in this way
because it is essential to their life and survival. With their senses, perception, and
subjective awareness, as well as their ability to write, speak, and use knowledge to create
existence, humans are the universe's ambassadors. This is the purpose of human life and the
natural capacity of people to learn, create, find inconsistencies, and resolve them.
Understanding oneself and the world around one is the primary goal of human life.

According to QM, the universe's reality may be summed up as follows: probabilities,
not certainties, are used to forecast the outcomes of events at the quantum level.
Entanglement depicts a cosmos in which everything is inextricably intertwined in ways that
are beyond the realm of traditional physics. Reality is modified by encounters and
measurements rather than existing as a static backdrop. According to Fuzzy and Granular,
the cosmos consists in discrete packets of matter and energy and is fundamentally
dominated by uncertainty. According to QM, the reality we see in our daily, macroscopic
world arises from a much weirder, counterintuitive substratum where connections defy
spatial separation and possibilities are actual. The lines between science and spirituality
may blur and change as we go further into the quantum world and uncover the depths of
our consciousness, revealing a more cohesive and inclusive view of the world. This musical
exchange encourages us to be receptive to the secrets that both disciplines want to unravel,
resulting in a conversation that not only enlightens but also motivates us to investigate the
limitless potential of life. Therefore, we appreciate the universe's complexity and wonder
by embracing both the scientific and the spiritual, and we acknowledge that our quest for
knowledge and wisdom is just as much a part of our path of discovery as the search for
meaning. The tapestry of creation continues to reveal itself as we stand on the brink of new
scientific discoveries and more profound spiritual understanding. This appeals to brilliance
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at the quantum wonders that characterize our existence and provide a clear image of the
universe's uncertainty.
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