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Abstract

Quantum entanglement presents one of the most striking departures from classical intuitions about the physical world. It
reveals correlations between spatially separated particles that cannot be explained within the framework of local realism.
Experimental violations of Bell's inequalities have firmly established that such correlations are not merely theoretical
curiosities but reflect the structure of nature itself. At the same time, the observer-dependent aspects of quantum mechanics
complicate the picture further, as the act of measurement appears to play an active role in determining outcomes. Together,
these features raise important philosophical questions about the independence of physical systems, the nature of causality,
and the status of objective reality. Various interpretations of quantum mechanics—such as the Copenhagen interpretation,
Many-Worlds interpretation, and relational approaches—offer different ways of understanding these issues, yet none
provides a universally accepted resolution. This paper examines how entanglement and observer dependence jointly
challenge classical realism and suggests that reality may be better understood as relational, contextual, and fundamentally

interconnected.
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Introduction

Quantum mechanics is not just a powerful predictive
framework; it also forces us to reconsider some of our most
basic assumptions about reality. Among its many conceptual
challenges, quantum entanglement stands out as particularly
unsettling. It describes situations in which two or more particles
exhibit correlations that cannot be accounted for by classical
ideas of separability or locality!.2.

When this phenomenon is considered alongside the observer-
dependent nature of quantum measurement, the conceptual
tension deepens. Questions naturally arise: Do physical systems
possess definite properties prior to observation? Is reality
independent of the observer, or is it, at least in part, shaped
through interaction and measurement3?

This paper explores these questions by examining entanglement,
non-locality, and the measurement problem, along with major
interpretations of quantum mechanics. The goal is not to settle
these debates but to highlight how quantum theory reshapes our
understanding of realism, causality, and objectivity™*®.

Quantum Entanglement: Rethinking Separability

Classical Separability: In classical physics, systems are
assumed to have well-defined, independent states. The
properties of one object are not expected to depend
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instantaneously on those of another distant object. This
principle, often taken for granted, is known as separability.
According to this view, the state of a composite system can be
completely understood by specifying the states of its constituent
partst.

Entanglement in Quantum Mechanics: Quantum mechanics
challenges this assumption. When two particles become
entangled, their states can no longer be described independently,
even after they are separated by large distances. A measurement
performed on one particle immediately constrains the possible
outcomes for the otherz.

A typical entangled state can be written as
1)=25(10)al1)s+1)4I0)e)

This expression represents not a simple mixture but a
superposition of correlated possibilities. In such a state, neither
particle possesses a definite individual state; only the system as
a whole does2.

Empirical Support: Bell's Inequalities: The conceptual
implications of entanglement were sharpened by Bell's theorem
(1964), which demonstrated that no theory based on local
hidden variables can reproduce all quantum predictions’.
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Subsequent experiments, most notably those by Aspect and later
by Zeilinger and others, have consistently confirmed violations
of Bell's inequalities®.

These results strongly suggest that nature does not conform to
classical notions of locality, even though relativistic constraints
on signal transmission remain intact. The significance of these
findings was further recognized through the 2022 Nobel Prize in
Physics, awarded for pioneering experimental investigations of
entangled quantum systems®.

Implication: Nature is fundamentally non-local in its
correlations, even though no information travels faster than
light.

Non-Locality and Causality

Understanding Quantum Non-Locality: Quantum non-
locality refers to the existence of correlations between distant
systems that cannot be explained by any local mechanism.
Importantly, this does not imply faster-than-light
communication; rather, it points to a deeper level of
interconnectedness between quantum systems. Bell's theorem
and subsequent experimental tests have shown that the
predictions of quantum mechanics are incompatible with any
theory based solely on local hidden variables’®.

The correlations observed in entangled systems therefore
challenge the classical assumption that spatially separated

objects possess entirely independent physical properties.
Although no usable information can be transmitted
instantaneously,  the  statistical  relationships  between

measurement outcomes reveal a form of connection that has no
direct analogue in classical physics’.

Philosophical Reflections: The existence of such correlations
invites reconsideration of several foundational ideas. The
classical notion of local cause and effect appears incomplete
when confronted with entangled systems. Likewise,
determinism becomes difficult to sustain in its traditional form
because measurement outcomes are not straightforwardly fixed
in advance. At an ontological level, reality may not consist
solely of independently existing objects but rather of relations
among physical systems™?.

In this sense, quantum theory seems to describe a world that is
less like a collection of isolated entities and more like a network
of interdependent relationships. Such a perspective has
influenced contemporary discussions in both physics and
philosophy concerning the nature of reality and the limits of
classical causality®.

Observer Dependence in Quantum Mechanics

The Measurement Problem: One of the central puzzles of
quantum mechanics is the transition from superposition to
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definite outcomes. Before measurement, a system exists in a
range of possible states described by a wave-function; after
measurement, only one outcome is observed. How and why this
transition occurs remains one of the most debated questions in
the foundations of quantum theory**.

The measurement problem highlights a tension between the
mathematical formalism of quantum mechanics and our
experience of definite outcomes. While the theory successfully
predicts probabilities, it does not provide a universally accepted
explanation for how a particular result emerges from a range of
possibilities®.

The Role of the Observer: Experiments such as the double-slit
experiment illustrate that the act of measurement influences the
behaviour of quantum systems. When no measurement is made,
particles exhibit interference effects associated with wave-like
behaviour. When measurements are performed to determine the
path of a particle, these interference patterns disappears.

Whether this influence should be interpreted as a physical
disturbance, an update of information, or something more
fundamental remains a matter of debate. Different
interpretations of quantum mechanics offer different answers,
reflecting deeper disagreements about the status of the wave-

function and the meaning of measurement*®.

Blurring the Boundary: What becomes clear from these
discussions is that the distinction between observer and
observed is not as sharp as classical physics would suggest.
Measurement outcomes appear to be relational in the sense that
they depend upon the interaction between the measuring
apparatus and the system under investigation®.

This does not necessarily imply that consciousness creates
reality; rather, it suggests that physical properties cannot always
be discussed independently of the experimental context in which
they are observed. Such a conclusion challenges traditional
notions of objectivity and has profound implications for our
understanding of physical reality®®.

Interpretations of Quantum Mechanics

Different interpretations of quantum mechanics attempt to make
sense of entanglement, non-locality, and the measurement
problem. Although they employ the same mathematical
formalism, they differ significantly in their understanding of
reality and observation.

Copenhagen Interpretation: The Copenhagen interpretation
treats the wave-function as a tool for predicting measurement
outcomes rather than a direct representation of physical reality.
According to this view, measurement plays a central role, and
physical properties acquire definite values only in the context of
observations.
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Many-Worlds Interpretation: The Many-Worlds
interpretation offers a different solution by rejecting wave
function collapse altogether. Instead, all possible outcomes of a
quantum measurement occur in separate branches of the
universe. What appears as collapse is interpreted as branching
within a larger quantum reality**.

Relational Quantum Mechanics: Relational Quantum
Mechanics proposes that physical properties exist only relative
to other systems. In this view, there is no single observer-
independent description of reality. Instead, states and properties
are meaningful only within specific interactions®.

QBism: QBism takes a more subjective approach by treating
the wave-function as a representation of an observer's personal
expectations about future experiences. According to this
interpretation, quantum probabilities reflect beliefs rather than
objective physical propertiest2.

Each of these interpretations captures certain aspects of
guantum phenomena while leaving other questions unresolved.
The continuing existence of multiple interpretations reflects the
depth of the conceptual challenges posed by quantum mechanics
and the absence of a universally accepted account of reality at
the quantum level.

A Combined Challenge to Classical Realism

Taken together, entanglement and observer dependence present
a serious challenge to classical realism. Classical realism
assumes that physical systems possess definite properties
independent of observation and that these properties exist
regardless of how or whether they are measured. Quantum
mechanics calls both assumptions into question.

Entanglement undermines the classical principles of separability
and locality by demonstrating that spatially separated systems
can exhibit correlations that cannot be explained through local
mechanisms alone®?’.

At the same time, observer dependence raises doubts about the
existence of completely observer-independent properties. The
outcome of a measurement appears to depend not only on the
system being observed but also on the experimental context in
which the observation takes place®®.

Non-local correlations suggest a deep interconnectedness within
nature, while the measurement problem indicates that outcomes
may not be fully determined prior to interaction. The emerging
picture of reality is therefore relational, context-dependent,
probabilistic, non-local, and holistic. Rather than describing a
world composed of independently existing objects, quantum
theory points toward a reality in which relations and interactions
play a central role®,
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Broader Philosophical Implications

Causality: The implications of quantum mechanics extend
beyond physics into broader philosophical discussions. One of
the most significant concerns causality. Classical science is built
upon the notion that causes produce effects through local
interactions. Quantum entanglement suggests that this picture
may be incomplete. While quantum theory does not violate
relativistic causality, it indicates that correlations can exist
without an identifiable local causal mechanism’®.

Determinism: Quantum mechanics also challenges traditional
determinism. In classical physics, complete knowledge of the
present state of a system is assumed to determine its future
evolution. Quantum theory, by contrast, provides probabilistic
predictions for measurement outcomes. Although some
interpretations attempt to preserve determinism, uncertainty and
probability remain fundamental features of the standard
quantum framework®,

Ontology: At the ontological level, quantum mechanics
encourages a reconsideration of what constitutes reality. Rather
than viewing the world as composed of discrete objects
possessing intrinsic properties, some interpretations emphasize
relations, information, and interactions as the fundamental
constituents of physical reality. This shift has significant
implications for how reality itself is conceptualized®*2.

Epistemology: Quantum theory also raises important
epistemological questions. What can be known about a system
appears inseparable from the means by which it is observed.
Knowledge is therefore not entirely independent of context.
This does not imply that objective knowledge is impossible, but
it does suggest that observation and measurement play a more
fundamental role than classical physics had assumed?.

Conclusion

Quantum entanglement and observer dependence together
represent one of the most profound shifts in our understanding
of nature. They challenge deeply held assumptions about
separability, locality, determinism, and objectivity, while
simultaneously expanding our understanding of the structure of
physical reality.

The experimental confirmation of entanglement has
demonstrated that quantum correlations cannot be fully
understood within the framework of classical local realism. At
the same time, the measurement problem and the role of the
observer continue to raise important questions about the
relationship between observation and reality. Different
interpretations of quantum mechanics provide alternative
perspectives on these issues, yet no single interpretation has
achieved universal acceptance.
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Despite these continuing debates, the broader philosophical
implications are clear. Reality may not be adequately described
as a collection of independent objects possessing fixed
properties. Instead, it may be fundamentally relational, shaped
through interactions, and resistant to purely classical modes of
description. Quantum mechanics therefore remains not only a
successful scientific theory but also a continuing source of

insight into some of the deepest questions concerning the nature
of reality.
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