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Abstract

Examining emergent properties in quantum systems and their
implications for scientific explanation is an interdisciplinary research that
holds enormous benefits for new insights and gains. This study explored
the limitations of reductionist approaches in quantum mechanics through
a philosophical analysis of emergence and holism. This study shall
challenge the dominant reductionist paradigm using the critical method of
Philosophy. The findings revealed the importance of holistic perspectives
in understanding complex quantum phenomena as it contributes to the
ongoing debates in the philosophy of science.

Keywords: Reductionism, Emergence, Holism, Quantum Mechanics, Scientific Explanation,
Complexity.

Introduction

Quantum mechanics is one of the fundamental branches of physics, depicting the behavior
of matter and energy at the smallest scales. Its progress mostly depended on the reductionism
approach, which, according to Licata (2009), explains that we may understand multi layered
systems by breaking them into simpler systems and studying the interactions between their
parts and components. Entanglement, superposition, and non-locality are some features of
quantum systems that make their behavior rooted in quantum mechanics much more
challenging, and in fact, these phenomena question the application of reductionism, which has
been so successful in other branches of science (Taylor et al., 2020). These phenomena more than
often underdetermine the behavior of the whole (Macklem, 2008) suggesting that grasping the
intricacies of quantum behavior may require a paradigm shift that focuses on the system and
not the parts.

Emergence is the phenomenon in which complex systems exhibit new and novel properties
that cannot be predicted from the individual parts, and holism, the doctrine that systems tend
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to be greater than the sums of their parts, provides different viewpoints (Anderson, 1972;
Bohm, 1980). They are much more useful in in-depth analysis and problem solving and focus
on the understanding of interrelations and interactions of a system to provide solutions. The
phenomenon where entangled particles seem to affect each other's behavior irrespective of the
distance between them calls for a deep reflection. Bell's theorem showed that local, part-based
explanations of quantum systems are false (Bell, 1964). Along the same lines, emergent
phenomena such as superconductivity, which is the complete absence of electrical resistance in
certain materials, also emphasize the collective, rather than individualistic, aspect of systems.
These examples show that even though reductionism is useful, it is equally important to have a
comprehensive viewpoint as holism stresses the predominance of the whole as well as the
properties of the whole rather than the parts. This theory provides a framework that is perhaps
better suited for quantum systems.

This paper examines the limitations of reductionism as regards quantum mechanics. It
focuses on how emergence and holism contribute to our understanding of quantum
phenomena and questions if reductionism can explain the complexities of these phenomena.
We can gain a deeper understanding of quantum behavior that goes beyond the usual models
by examining how these ideas interact. This examination could lead to new methods that better
fit the complexities of quantum systems and how they behave, an interdisciplinary matrix
showing how a holistic approach can create a better framework for understanding particle
behavior and their interactions in the quantum realm.

Objectives of the Study

This study aims to:

i.. Investigate the limitations of reductionist approaches in explaining quantum mechanical
phenomena, such as entanglement and emergent behaviors.

ii. Analyze the role of emergent properties in quantum systems and their implications for
scientificexplanation.

iii. Evaluate holism as an alternative framework for understanding complex quantum
behaviors.

Research Questions

This broad questions shall guide the study:

1. Are Emergent and holistic quantum system properties real (ontological) or merely
epistemic?

2. Is failure in reductionism in specific cases (e.g., entanglement, decoherence) interpretable
as amore general critique of the explanatory value of reductionism?

3. What are the consequences of these findings for the structure, purpose, and methods of
scientific explanation?

Statement of the Problem

The reductionist tradition influenced scientific method and thought for millennia. It offered
a powerful explanatory framework: to understand a system, deconstruct it into its component
parts, study those parts, and reassemble the system's behavior from this investigation. This

124



IDEAS: Uniuyo Journal of Philosophy and Multi-Disciplinary Studies Vol. 1, No. 3, SEPTEMBER 2025

paradigm that was founded upon early modern science's mechanistic vision and later codified
within the analytic and logical positivist traditions, was wonderfully productive in classical
physics, chemistry, and molecular biology. Quantum mechanics, however, expresses
conceptual and empirical limits within this tradition.

Quantum mechanics reveals phenomena that challenge reductionism's default
assumptions. Furthermore, the quantum mechanical measurement problem resists
reductionist explanation. The implications are that quantum systems possess properties that
cannot be accounted for or forecast on the basis of their most detailed parts, no matter the
accuracy or thoroughness of the account.

Despite such problems, reductionism remains steadfast not merely within physics but also
within the philosophy of science, persisting to influence disputes concerning scientific realism,
theory unification, and the causality of objects. The more remarkable fact that this paradigm
remains even when confronted with quantum anomalies raises a basic philosophical and
methodological question such as are we attempting to impose quantum phenomena onto a
conceptual framework no longer capable of embracing them?

The challenge, therefore, is not so much technical but ontological and epistemological. Once
the universe's building blocks of nature operate in ways irreducible to atomism, the
metaphysics and explanatory structures provided by classical science are in peril. There is now
need for new conceptual frameworks, specifically in emergence and holism.

Literature Review

Quantum mechanics is a giant leap in science, changing the way that we understand the
physical world. Traditionally, physics made the reassuring assumption that any physical
system is deconstructive into its individual parts, and that by analyzing those parts, one would
not lose any significant information regarding the system as a whole (Fan & Dongping, 2014).
Thishasbeen interpreted by scholars as a challenge to the reductionist framework.

However, quantum mechanics contradicts this standpoint. It shows that there are
characteristics and dynamics that become evident only when one views the whole system as an
integrated unit. The components themselves do not necessarily display or hold all the
information required to rebuild the system state. In other words, the whole is greater than the
sum of its parts. This realization undermines the groundwork of reductionist philosophy.

In addition, measurement in quantum mechanics comes with a new twist. The
inseparability of observer and observed implies that one cannot isolate or distinguish between
individual elements of a quantum system without changing their nature (Shafiee, 2008).

The other feature that compels reductionism to be hard in quantum theory is the law of
superposition. In quantum theory, a system exists in multiple possible states simultaneously
until its measurement. This means that, contrary to what happens with classical objects,
quantum systems are in a mixture or combination of states at the same time. This is beyond our
everyday experience and classical intuition. This principle leads to philosophical issues for
quantum mechanical attempts at calculation or prediction of the behavior of quantum systems
from their constituent pieces alone. Particles can be in many states simultaneously, and the
system as a whole can have properties richer and more diverse than any description in terms of
disentangled pieces (Alzeer & Benmerabet, 2024). Simon (2018) notes that such dynamics
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present difficulties for explanation through purely reductionist approaches.

The reductionist philosophy has its beginnings in the period of the Scientific Revolution.
This period saw the movement away from explanations of the natural world toward
mechanisms and mathematics. Thinkers like René Descartes and Isaac Newton set the stage for
understanding nature as a grand machine that consisted of more minute parts whose workings
and interactions accounted for larger things. Descartes, famous for his methodic doubt in
philosophy, hypothesized that by analyzing things into their fundamental building blocks, we
can build knowledge from the ground up. Physical reality, he imagined, amounted to matter in
motion whose movements were governed by laws allowing the prediction of all physical
outcomes. Similarly, Newton's laws explained how gravity and motion govern the movements
of bodies, integrating celestial and terrestrial mechanics with gorgeous mathematical truths.
This framework offered the foundation for thinking about scientific disciplines hierarchically.
The premise was that more advanced sciences like chemistry, biology, and so forth were finally
reducible to physics because all physical phenomena in principle are explainable in terms of
fundamental laws and interactions among constituent parts (Nagel, 1961). In this tradition,
some early quantum scholars like Paul Dirac were optimistic. Dirac (1931) was optimistic that
fundamental physics was mostly complete, with the supposition that the Schrodinger equation
embodies the laws that govern the universe and in the quantum mechanical formalism. This
assumption was taken by some as supporting a reductionist program aiming to explain natural
phenomena entirely through quantum principles.

While traditionally dominated by reductionism, it was increasingly challenged, especially
as scientists examine increasingly complex systems and phenomena. Philip Anderson's (1972)
argued that understanding the parts does not necessarily enable understanding the whole.
Anderson pointed out that novel principles and laws may emerge at collective or higher
organizational levels, which are not simply deducible from the fundamental lower-level laws.
These emergent phenomena have new properties, patterns, and behaviors that we must
explain in terms that are not reducible to constituent parts. For example, we cannot explain the
properties of magnets or superconductors by examining individual electrons. Anderson's
argument led scholars to question the boundaries and scope of reductionism, particularly in
condensed matter physics and biology.

Science of complexity further deepened this criticism as scientists like Stuart Kauffman
examined how self-organization and non-linear dynamics result in complex biological form.
He studied autocatalytic sets, which are molecular networks that catalyze one another's
formation, and found that these cannot be fully accounted for by chemistry's microphysical
laws. Kauffman and others showed that intricate systems exhibit behavior that is sensitive to
initial conditions, context-dependent, and non-deterministic and thus oversimplified bottom-
up explanations are insufficient. These results point to the insufficiency of reductionism in
explaining biological and complicated physical systems holistically (Kauffman, 1993).

In philosophy, emergence refers to when properties or behaviors arise at a collective or
systemic level that do not appear at the level of individual components. Emergence is often
classified into two types which are Weak Emergence: Where system-level properties are
unpredictable in practice due to complexity, but they are, in principle, reducible and
explainable from lower-level components. The other is Strong Emergence where the system-
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level properties are genuinely novel and cannot be fully explained or predicted based on parts.
These properties often have causal powers that influence the parts themselves.

Philosophers such as Mark Bedau (1997) defend weak emergence, emphasizing that
complexity and unpredictability do not violate scientific naturalism. Others, including
Jaegwon Kim (1999), critique strong emergence as it can imply violations of causal closure; the
principle that physical causes are sufficient to explain physical effects. While Kim's causal
exclusion argument questions strong emergence, proponents like Silberstein & Chemero (2015)
argue that quantum contextuality provides a naturalized framework for downward causation.
Some scholars connect these debates to results from Bell-type experiments, which illustrate
quantumnon-separability.

Discussions about emergence become especially relevant within the context of quantum
mechanics. Quantum phenomena such as entanglement suggest that we cannot simply reduce
or predict properties of the whole system from the parts' properties. For instance, two
entangled particles have outcomes that are not determined by either particle individually. This
questions reductionist frameworks and suggests that strong emergence may be a useful or
necessary concept to capture the reality quantum theory describes. The systemic properties
appear novel and ontologically significant, leading some philosophers and scientists to rethink
traditional metaphysical assumptions about causality and explanation in physics.

Holism offers an alternative philosophical outlook centered on the idea that we must
understand systems as irreducible whole. In quantum mechanics, holism comes into focus due
to the failure of separability. The famous Einstein-Podolsky-Rosen (EPR) paradox (1935)
pointed to the phenomenon that two particles, once interacted, could remain correlated in ways
that defied classical ideas of locality. Later, John Bell's theorem (1964) formalized this challenge
by proving that no local hidden variable theory could replicate quantum mechanical
predictions. This theorem suggested that quantum phenomena are inherently non-local and
holistic, directly contradicting reductionist assumptions.

In existing scholarship, reductionism and holism are often presented as opposing
approaches, though there are researchers who might hold them to be complementary to each
other in describing quantum phenomena. According to the literature, reductionism has played
akey role in precise predictive modeling within physics, while holism has become increasingly
relevantin explaining emergent properties and relational aspects of quantum systems.

Theoretical Framework

This study's theoretical framework stands at the basis of two interrelated philosophical
constructs which are emergence and holism. Together, these concepts provide an alternative
perspective to the reductionist paradigm traditionally used to interpret the nature and
behavior of quantum systems.

Emergence in Quantum Mechanics

In quantum mechanics, emergent phenomena such as superconductivity and Bose Einstein
condensation demonstrate how behavior at the macroscopiclevel can dominate behavior at the
particlelevel. At the single-particle scale, the dynamics are set by the Schrodinger equation:
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The equation gives the time evolution of a particle's quantum state, with ¥ (x, t) being the
wave function and H is the Hamiltonian operator of energy of the system. Although this
formalism is satisfactory for a single particle, it is insufficient by itself to account for the
emergent new properties exhibited by many particles when they interact with each other as a
collective. Phenomena such as superconductivity or Bose Einstein condensation cannot be
accounted for by simply solving the Schrodinger equation for uncoupled particles, but instead
require a description of how emergent behaviors arise at the system scale.

David Bohm's (1980) concept of implicate order emphasizes the interconnectedness of
quantum systems. Similarly, quantum entanglement exemplifies this interconnectedness,
where particles share a state such that measurements on one particle affect the other. We can
mathematically express this phenomenon through the Bell state equation:

-
V2

This state questions the reductionist assumption that we can understand parts independently.

|¥) = (10)a|1)B — [1)4]0) B)

Integration of Emergence and Holism

Emergence and holism, while conceptually distinct, converge in the context of quantum
mechanics. Emergence accounts for novel, irreducible properties, whereas holism explains the
non-decomposable relational structure of quantum systems. Together, they form a framework
for interpreting phenomena that are otherwise inexplicable under traditional reductionist
paradigms. Philosophically, the integration of emergence and holism serves as a counterpoint
to scientific monism which is the idea that we can derive all truths about the world from a
single, unified theory at the most fundamental level. Instead, this framework supports
ontological pluralism and explanatory pluralism, suggesting that different levels of reality may
require distinct but equally valid conceptual models.

Emergent quantum phenomena Holistic properties:

superconductivity, super fluidity, or Bose-Einstein irreducible to parts
condensation

L)

Many body systems

Includes solids, liquids, or gases where collective
interactions dominate

L

Atoms and Molecules
Formed from nuclei and electrons, govemed by quantum
mechanics

1 )

Protons, Neutrons, and Nuclei

Formed from quarks bound by the strong force,
described by quantum chromodynamics.

L}

Quarks and Fundamental Particles
Includes quarks, leptons and gauge bosons, govemed by

fundamental interaction

Reductionist focus;
individual particle properties
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Methodology

In this study, a qualitative, interdisciplinary, and philosophical approach that integrates
conceptual analysis with interpretative engagement in quantum physics was adopted. There
was no need for any testing a hypothesis in the normal empirical sense; instead, the objective is
to critically evaluate the background assumptions of quantum theory, extract insightful lessons
from quantum phenomena, and evaluate different explanatory frameworks especially in light
of recent advances in quantum science.

Findings

The findings of this study are not experimental within the conventional laboratory context
but are actually founded on a close, interdisciplinary-focused consideration of quantum
phenomena as understood within modern physics and philosophy. They show the constraints
of rigorous reductionist structures and the necessity to adopt holistic and emergentist
strategies in order to fully explain the behavior of quantum systems.

Entanglement as a Case of Ontological Holism

Quantum entanglement is perhaps the most egregious threat to reductionist metaphysics.
In an entangled system, the states of the elements are not independent entities; rather, they are
inextricably connected within a single, non-factorable quantum state. The system is described
by a single wave function so as to define the state of every particle only with respect to the
whole.

The experimental Bell inequality tests (initially demonstrated in Alain Aspect's landmark
experiments in the 1980s and later refined by Anton Zeilinger and others) exclude the
possibility of explaining the correlations through the use of local hidden variables. This implies
that the components' dynamics are notjust a function of their local surroundings but are indeed
fixed by a more transcendent, non-local structure to which the entire system is subject.
Entanglement demonstrates that ontological reductionism fails in certain contexts as the
whole's properties cannot be reduced to, or inferred from, the properties of the parts. Quantum
reality demands a system in which systems exist as indivisible wholes, reaffirming
metaphysical holism as an interpretive necessity.

This study therefore finds that entanglement reveals a failure of ontological reductionism;
the properties of a quantum system cannot always be deduced from the properties of its parts.
Instead, the system must be treated as a holistic unit, supporting metaphysical holism in
quantum theory.

Quantum Superposition and the Collapse of Classical Part Whole Logic

Superposition introduces a level of conceptual strangeness that goes beyond classical
classification. In everyday common sense, an object will be in one state or the other; it cannot be
both at once. But in quantum mechanics, particles and systems can be in coherent superposition
of states until measurement causes the wave function to collapse to a specific outcome.
Schrodinger's cat thought experiment illustrates this explicitly: the cat is neither dead nor alive
before observation; the catis analogous to the superposed quantum state of the system to which
itis coupled. A strict reductionist understanding would maintain that the microphysical details
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only determine the cat's fate. Yet in reality, this micro-to-macro relation is neither deterministic
nor linear.

This study finds that superposition violates the classical presupposition that macroscopic
behavior is nothing but the summation of microscopic states. It calls for emergentist treatment,
where certain properties, such as classical definiteness are emergent only at higher
organization levels and cannot be fully derived from the isolated constituents.

Decoherence and Environment-Induced Emergence

Decoherence provides a dynamical account of why quantum systems appear classical
without wave function collapse. When a quantum system becomes entangled with its
surroundings, coherence between certain states is effectively lost, and "pointer states" emerge
as robust configurations. This process provides an account of why we never observe
determinate outcomes but rather superpositions at the macroscopicscale.

But decoherence does not destroy the holistic entanglement between system and
environment as it simply moves the relevant correlations to degrees of freedom that are non-
observable. Classicality is thus contextual arising from the dynamics of a system and its
environment, rather than as an intrinsic feature of the system.

This study finds that decoherence shows that emergent classical patterns depend on
context and are not explicable on the basis of a closed system's properties alone. This favors a
relational ontology in which stability and definiteness are not inherent but a function of a
system's environment interaction.

Contextuality and the Bounds of Objectivity

Another finding is the contextuality of quantum properties by nature. Classical physics
possesses the feature that measurements disclose pre-existing features in a system. The value
measured in quantum mechanics relies on the context of measurement, a contextuality
realization formalized by the Kochen-Specker theorem.

It follows from this that no fixed set of hidden variables can specify definite values for all the
possible measurements simultaneously. Quantum systems do not possess a total set of
objective, observer-independent properties. Instead, measurement co-defines the property
itself.

This study finds that contextuality demonstrates that even our most fundamental
intuitions about physical existence, that things have definite properties regardless of
measurement, need to be corrected. This finds favor with an interpretation of quantum
mechanics in which properties are relational, having arisen from particular measurement
contexts and not being intrinsic.

Discussions

The findings of this study show the conceptual tension between the dominant reductionist
paradigm in science and the non-classical features of quantum mechanics. The following
discussion will situate those findings in the framework of three grand-scale philosophical
dimensions which are the nature of scientific explanation, the ontological status of emergent
properties, and the implications for metaphysical and methodological pluralism in science.
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Rethinking Scientific Explanation: Beyond Reductionism

In the traditional covering-law theory of explanation (as developed by Hempel and
Oppenheim), a phenomenon is explained by showing how it can be subsumed under general
laws, often grounded in microphysics. However, the behavior of quantum systems especially
in cases involving entanglement and decoherenceresists this approach. Such phenomena
cannot be fully explained by appealing only to the laws or properties of isolated subsystems.

This limitation invites consideration of alternative explanatory frameworks, such as
mechanistic explanation, which accounts for phenomena in terms of the organized interactions
of parts within a structured system. Yet in quantum systems, the underlying “mechanisms” are
often non-decomposable and relational, meaning that the system cannot be broken down into
independent parts whose properties and behaviors explain the whole.

As a result, macro level behaviors must be understood as emergent from micro-level
processes, but not reducible to them. This resonates with context sensitive explanations, where
the behavior of individual components is constrained or even determined by the system as a
whole.

Consequently, a shift is required: from a bottom-up reductionist perspective to a more
pluralistic approach to explanation what might be called middle-out or top-down explanatory
pluralism. This shift is especially crucial in quantum systems, where relationality takes
precedence over local, isolated properties.

Emergence as an Ontological Fact

Some philosophers, such as Jaegwon Kim, question whether emergence exists or is only
epistemic (i.e., the result of our ignorance of the micro details). Yet, in quantum mechanics,
emergent structures e.g., classicality via decoherence are not epistemic artifacts but exhibit real
ontological changes. The supervenience thesis (higher-level properties depending on, but not
reducible to, lower level ones) may perhaps be insufficient in accounting for non-
decomposability and context-dependency in entangled systems. This is in support of the
strong emergence view, where higher-level properties have causal powers not found at lower
levels and these properties arise from new relations and interactions, not merely from
aggregating simpler constituents. For instance, a traditional object like a pointer or measuring
device gains determinacy only once it has interacted with the quantum system and its
environment, which is anon-local emergent relation initself.

Holism: From Epistemology to Ontology

Science holism has classically been treated as epistemological, a focus on what we can't
know about the parts independent of the whole. Quantum mechanics forces a shift to
ontological holism, where the whole doesn't just constrain but determines the reality of the
parts. Non separability of quantum states demonstrates that particles possess no intrinsic
properties independently of their relations. Relational ontology appears in line with solutions
in relational quantum mechanics (e.g., Rovelli), where system properties exist only in relation
to other systems. This relocates the metaphysical assumptions from substance based
metaphysics to relation based metaphysics and from isolation based objectivity to objectivity
from interaction.
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Such an approach is consistent with systems theory, ecological philosophy, and even non-
Western philosophy emphasizing interdependence over individuality.

Philosophical Implications

This study finds from a philosophical lens that reductionism doesn't hold universally as its
power is localized in entanglement, contextuality, and non-locality areas. Emergence and
holism are not just abstractions, but they are a requirement for understanding quantum
phenomena consistently. Scientific realism must be reconsidered, if the world is relationally
fundamental just as objects aren't the basic reality building blocks, but relations are. In
addition, epistemology must counteract metaphysical transformation, because the nature of
explanation, observation, and reality itself becomes more interdependent. Quantum
mechanics opens up the prospect of a scientific metaphysical transformation away from
atomisticreduction toward a more holistic, contextual and relational view of nature.

Conclusion

This study critically reviewed the limits of reductionism in explaining quantum
phenomena, framing the debate through the philosophical traditions of emergence and holism.
Through the examination of essential quantum features of entanglement, superposition, and
decoherence, the study finds that quantum mechanics does not simply push the boundaries of
reductionist thinking but actively contravenes its assumptions. The traditional reductionist
approach, that one can entirely explain the behavior of a system through the properties and
interactions of its component pieces, is wanting when confronted with the necessarily non-
local, non-separable, and context-dependent nature of quantum systems.

The empirical and theoretical findings come together to point toward a world where the
whole is more than a sum of parts. Philosophically, the consequences are far-reaching;should
the ontology of the quantum realm be holistic, then we must revise reductionism's
methodological hegemony in physics and the philosophy of science.

These results suggest a broad paradigm shift in scientific inquiry, calling for a return to a
more interdisciplinary vision that unites physics, philosophy, and complexity science. The
challenge, and perhaps the problem, is to construct conceptual devices and theoretical tools
that can describe both the definite properties of the micro-world and the emergent structures of
the macro-world without collapsing one completely into the other.

Recommendations

On the basis of the conceptual, scientific, and philosophical insight examined in this
research, there are many concrete recommendations that emerge for the further evolution of
both the theoretical and applied understanding of quantum phenomena viz:.

Redesign Philosophical Frameworks to Accommodate Emergence and Holism

Philosophers of science should therefore:

i. Rethink models of explanation to include systems where entire properties are not
deductible fromisolated parts.
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ii. Pay greater attention to non-reductive metaphysics that put context-sensitivity,
relationality, and interdependence between system and environment front and center.

iii. Establish longer contact with other approaches, such as process philosophy, relational
ontology, and systemicrealism, which can yield metaphysical foundations more hospitable
to the non-intuitive facts of quantum theory.

Encouraging Methodological and Epistemic Pluralism

Scientific communities need to accept explanations at various scales, microphysical
(mesoscopic, and macroscopic) on an equal basis, without falling into the fallacy that one has to
be necessarily “more fundamental.”

Scholarly communities, funding agencies, and journal editors must promote theoretical
pluralism across scales and fields, granting importance both to systematic understanding and
coherence and to formal correctness.

i. Philosophically inclined scientists must extend the conditions for explanatory adequacy to
include contextual strength, coherence across scales, and capacity to capture emergent
order, rather than justlaw-based predictability.

Strengthening Interdisciplinary Collaboration

We cannot address quantum mechanics' theoretical issues from within a single discipline
by itself. The emergence of holistic structures in quantum systems, structures not in harmony
with classical expectation, requires collaboration between physicists, philosophers, complexity
theorists, and systems scientists.

Rethinking Reductionismin Science Education

There is a pressing need to rethink the way science education accounts for the relationship
between wholes and parts, particularly physics. The reductionist myth, that everything can
eventually be reduced to being explained by microphysical laws, mustno longer be given as the
sole or ultimate framework. Instead: Students must be introduced early to emergence, systems
thinking, and relational models as necessary and workable scientific perspectives.
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