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Chapter

1: Defining the Meta-Pattern — From Mathematical Tools to Physical Things

The practice of physics, like all scientific inquiry, operates through a delicate interplay between the observable
world and the conceptual frameworks we construct to understand it. At the heart of this interplay lies a persistent
cognitive trap: the tendency to mistake our mathematical models, theoretical constructs, and epistemic labels for
mind-independent physical realities. This systematic error—reification—represents a meta-pattern that has shaped
the development of physics across centuries, often leading to conceptual stagnation, paradox proliferation, and
misallocation of intellectual resources. This chapter defines reification in the specific context of scientific practice,
traces its standard sequence, examines the crucial distinction between mathematical scaffolding and physical reality,
analyzes the misuse of epistemic labels, explores the psychological and philosophical roots of noun-based thinking,
and introduces Spencer-Brown’s calculus of distinction as a foundational alternative. The central thesis is that much
of contemporary physics suffers from unrecognized reification, and that recognizing this pattern is the first step

toward more epistemically humble and conceptually flexible approaches to understanding physical reality.

1.1

The Concept of Reification in Scientific Practice

Reification, from the Latin res (thing) and facere (to make), literally means “to make into a thing.” In scientific
practice, it refers to the cognitive error of treating abstract concepts, mathematical constructs, or theoretical models
as concrete, mind-independent physical entities. While the philosophical tradition of analyzing reification extends
from Marx’s commodity fetishism through Lukacs’ historical analysis to Berger and Luckmann’s social
constructionism, scientific reification possesses unique characteristics. Specifically, it involves mistaking
components of mathematical formalisms—equations, parameters, fields, operators—for elements of physical reality.
Unlike general philosophical reification, scientific reification often occurs through the intermediary of highly
successful predictive mathematics, which lends an aura of ontological inevitability to what are ultimately human-

constructed tools.

This pattern appears across scientific disciplines. Psychology has reified “intelligence” as a fixed, measurable
substance via IQ tests. Economics treats “market forces” as natural laws rather than emergent patterns of human
behavior. Biology historically posited “vital force” or élan vital as a substantial entity explaining life. Physics,
however, is particularly susceptible due to its heavy reliance on mathematical formalization. The map-territory
distinction, articulated by Alfred Korzybski, provides the fundamental metaphor: scientific models are maps of
reality, but reification occurs when we confuse features of the map with features of the territory. All maps are

incomplete, selective, and convention-dependent; no map is the territory itself.
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Reification must be distinguished from useful metaphorical thinking in science. Productive metaphors—*“DNA as

» o«

code,” “atom as solar system”—are understood as analogical tools that highlight certain aspects while remaining
provisional. Reification crosses the line when metaphor becomes literal belief. A diagnostic indicator is linguistic:
when scientists stop saying a system “behaves like” something and start saying it “is” that thing. This shift reflects
movement along the spectrum from instrumentalism (theories as tools for prediction) through critical realism
(theories as approximate truths) to naive realism (theories as literally true descriptions). Reification represents naive

realism applied to model components.

Why does this meta-pattern matter? First, it leads to stagnation: resources become devoted to detecting reified
entities rather than exploring alternative conceptual frameworks. Second, it generates paradoxes: many foundational
paradoxes in physics (measurement problem, information paradox) arise directly from reification. Third, it threatens
epistemic integrity: science’s self-correcting mechanism requires recognizing our own constructive acts, not
mistaking them for discoveries of pre-existing realities. Addressing reification is thus essential for both the progress

and philosophical coherence of physics.

1.2 The

Standard Sequence of Scientific Reification

Historical analysis reveals a remarkably consistent sequence in scientific reification, comprising seven identifiable

stages. Understanding this sequence provides a diagnostic tool for recognizing contemporary instances.

**Stage 1: Introduction of a mathematical construct to solve a theoretical problem or preserve consistency.** The
reification sequence typically begins not with empirical discovery but with mathematical necessity. A construct is
introduced to resolve inconsistencies, preserve symmetries, or explain anomalies within an existing theoretical
framework. Examples include the luminiferous aether (required for wave propagation in mechanical worldview),
phlogiston (explaining combustion and calcination), and the cosmological constant (maintaining a static universe in
Einstein’s equations). Initially, these constructs may be understood as provisional calculational devices or formal

requirements.

**Stage 2: Empirical success of predictions based on the construct, building credibility.** The construct proves
empirically fruitful. The aether successfully explained diffraction, polarization, and stellar aberration. Phlogiston
unified explanations of combustion, respiration, and metal transformation. This predictive success breeds
ontological commitment via the “no miracles” argument: if the theory works so well, its components must

correspond to reality. Success transitions the construct from “as if” to “possibly real.”

**Stage 3: Gradual ontological commitment to the construct’s physical reality among practitioners.**
Psychological, sociological, and linguistic shifts solidify the reification. Psychologically, researchers move from
conditional to declarative thinking. Sociologically, community consensus develops through peer reinforcement and
institutional validation. Linguistically, language shifts from hypothetical (“if there were an aether...”) to definite

(“the aether has properties...”). What began as a mathematical convenience becomes an article of faith.

**Stage 4: Institutionalization through textbooks, curricula, and popular science communication.** The reified
concept enters the educational and public discourse as established fact. Textbooks present it without historical

»

context as simply “how things are.” Popularizations proclaim “scientists have discovered...” narratives that
reinforce substantial existence. Across generations, students learn the concept as reality rather than as one possible

interpretation among many.



**Stage 5: Experimental programs designed specifically to detect the presumed “entity.”** Research shifts from
testing predictions to detecting the entity itself. The Michelson-Morley experiment sought the aether wind; the
Large Hadron Collider hunted the Higgs particle; direct detection experiments search for dark matter particles.
Crucially, these experiments presuppose the entity’s existence in their design. Null results are typically interpreted
as technical challenges (insufficient sensitivity, wrong energy range) rather than reasons to question ontological

assumptions.

**Stage 6: Confirmation bias in data interpretation reinforcing belief in the entity.** Ambiguous data is interpreted
as support for the entity’s existence. The file-drawer problem ensures negative results are underreported. A gradual
escalation of commitment occurs despite accumulating anomalies, as researchers develop increasingly complex
auxiliary hypotheses to preserve the core reified concept. This psychological investment makes disconfirmation

increasingly difficult.

**Stage 7: Resistance to paradigm shifts that would challenge or eliminate the reified concept.** When alternative
frameworks emerge that dissolve the need for the entity, entrenched communities resist. Historical examples include
resistance to continental drift (which eliminated need for land bridges), quantum theory (which challenged classical
substance-based thinking), and relativity (which eliminated absolute space and time). Sociological mechanisms—
marginalization of dissent, funding allocation, peer review bias—protect the reified concept. Often, paradigm

change requires generational turnover or external pressure.

This seven-stage sequence provides a template for analyzing contemporary physics. The pattern suggests reification

is not accidental but systematic, arising from deep-seated cognitive tendencies reinforced by institutional structures.

1.3

Mathematical Scaffolding vs. Physical Reality

Mathematics serves as the indispensable language of physics, but its extraordinary effectiveness creates a persistent
ontological illusion: the confusion of mathematical necessity with physical existence. Eugene Wigner’s
“unreasonable effectiveness of mathematics” celebrates this effectiveness but also warns against ontological
overreach. Mathematics provides an extraordinarily precise and powerful descriptive language—but description is

not identity.

The aesthetic dimension of mathematics compounds this problem. Paul Dirac’s dictum—*“It is more important to
have beauty in one’s equations than to have them fit experiment”—reflects a widespread intuition that
mathematically beautiful theories are more likely to be true. While beauty can guide discovery, it also creates
powerful psychological illusions: elegant mathematics feels “deep” or “true” in ways that bypass critical evaluation.
Historical counterexamples—Kepler’s nested crystalline spheres, beautifully wrong—remind us that beauty alone

guarantees nothing about physical truth.

Singularities in physical theories exemplify the confusion between mathematical breakdown and physical reality.
General relativity’s equations predict mathematical singularities at points of extreme curvature. The standard
interpretation reifies these as “points of infinite density”—physical locations with extraordinary properties. This
constitutes a category error: a singularity indicates where our mathematical description breaks down, not a feature
of reality itself. Analogously, division by zero in mathematics signals the limit of a model’s domain, not an
invitation to postulate infinite quantities. The proper response to singularities is to seek more fundamental theories,

not to reify the mathematical artifact.



A crucial distinction exists between mathematical necessity within a formalism and physical existence in reality.
Complex numbers in quantum mechanics provide a clear example: they are calculational necessities for the theory’s
consistency, but their ontological status remains debated. Are they merely convenient tools, or do they represent
something physically real? Similarly, free parameters in the Standard Model—mathematical requirements for theory
construction—become reified as “fundamental constants” or even entities (the Higgs mass parameter becomes “the
God particle”). The principle is clear: consistency within a mathematical formalism does not imply existence in

physical reality.

This confusion extends to computational tools and intermediate variables. The quantum wavefunction ¥ began as a
computational device for calculating probabilities (Born rule) but became reified as a physical wave or field in some
interpretations (de Broglie-Bohm, Many-Worlds). Quantum fields, mathematical tools for calculating scattering
amplitudes, become reified as fundamental “stuff.” The distinction is between what appears in equations
(mathematical objects) and what is measured (empirical outcomes). Maintaining awareness of this distinction
requires explicit labeling of mathematical entities as provisional, regular philosophical “audits” of foundational

concepts, and teaching the history of science as a series of reifications and corrections.

Strategies for maintaining this awareness include: (1) explicit epistemological labeling of mathematical entities in
papers and textbooks; (2) regular interdisciplinary review of foundational assumptions; (3) historical education
showing how past reifications were eventually corrected; (4) cultivating comfort with multiple incompatible
mathematical representations of the same phenomena. The goal is not to reject mathematics but to recognize it as

scaffolding—essential for construction but not itself the building.

1.4 Epistemic Labels

and Their Misuse

Language shapes thought, and nowhere is this more evident than in the transition from descriptive labels to reified
entities. Epistemic labels—names for observable patterns, measurement limits, or theoretical roles—serve essential
functions in science. “Weather” labels complex atmospheric processes; “climate” labels statistical patterns of
weather; “gene” labels functional units of heredity (patterns in DNA). Properly used, these terms point to
phenomena without implying independent substantial existence. We do not search for “the weather particle” or

believe climate is a separate entity from weather.

The precise moment when an epistemic label transitions to ontological entity involves linguistic, experimental, and
conceptual shifts. Linguistically, capitalization and definite articles transform “black hole” (process description) into
“the Black Hole” (proper-noun entity). Experimentally, designing detectors to find “it” rather than measure effects
presupposes entityhood. Conceptually, asking “what is it made of—rather than “what pattern produces it—frames

reality in substance-based terms. This transition often occurs gradually, unnoticed by practitioners.

Noun-based language and grammatical structures facilitate this transition. Indo-European languages with subject-
verb-object structures force thing-based descriptions: sentences require noun subjects performing actions on noun
objects. This grammatical tyranny makes process-based descriptions linguistically awkward. Compare “the electron
moves” (noun-based) with “electron-like behavior manifests here” (process-based). The former implies a persistent

substance with properties; the latter describes a pattern without substantial commitment.

Cross-cultural linguistic variations suggest alternative possibilities. Some Native American languages, for example,
are more verb-focused and process-oriented. The Whorf-Sapir hypothesis—that language shapes thought—suggests
physics developed in Indo-European language contexts may be inherently biased toward substance ontology. While
controversial, this perspective invites reflection on how our linguistic tools constrain our conceptual possibilities.



Developing explicit criteria for identifying reified terms provides diagnostic tools. Criterion 1: Are we searching for
the term’s “constituents” or “composition”? (Searching for “parts of the Higgs” indicates reification.) Criterion 2:
Has the term been capitalized or given definite articles in literature? (“The Inflation” vs. “inflationary epoch.”)
Criterion 3: Are experiments designed to detect “it” rather than measure effects? (Dark matter detectors vs. tests of
modified gravity.) Criterion 4: Does the community treat skepticism about its existence as heresy? (Dogmatic

defense indicates reification.)

Conscious linguistic reform offers corrective strategies. Using verb-based language (“spacetime curving” not
“curved spacetime”), avoiding capitalization and definite articles (“Higgs mechanism” not “the Higgs”), replacing
“is” with “manifests as” or “behaves like,” and teaching with process-first language from introductory courses.
Creating glossaries of de-reified terms—“particle” — “stable excitation pattern,” “field” — “relational influence

gradient”—can guide community practice.

The power of epistemic labels lies in their ability to point to patterns without substantializing them. Preserving this
epistemic humility requires constant vigilance against the linguistic and cognitive tendencies that transform useful

descriptions into ontological commitments.

1.5

Psychological Roots of Noun-Based Thinking

Reification finds fertile ground in innate cognitive architectures evolved for survival in a world of manipulable
objects. Evolutionary psychology suggests object-oriented cognition conferred survival advantages: tracking
predators, prey, and tools required treating bounded entities as persistent substances with properties. Neural systems
dedicated to object recognition and manipulation extend unconsciously to abstract domains, applying object-

oriented thinking to concepts like “particles,” “fields,” and “forces.”

Infant development reveals the origins of this tendency. Piaget’s object permanence (developing 8-12 months)
establishes the cognitive template: objects continue existing when unobserved. Adults unconsciously extend this to
“concept permanence”—the belief that abstract concepts have independent, persistent existence. If we have a word
for it, it must be a “thing” with properties. This unconscious assumption underlies much reification: mathematical

constructs become conceptual objects inheriting the cognitive architecture of physical objects.

Cognitive science demonstrates the ease of visualizing and reasoning about objects versus processes or fields. The
human visual system is optimized for bounded objects with properties like color, shape, and location. Working
memory handles objects more efficiently than dynamic processes. Consequently, theories featuring clear “things”
(particles, strings, branes) prove more intuitively appealing than process-based alternatives, regardless of empirical
adequacy.

Scientific visualizations, diagrams, and metaphors reinforce substance thinking. Feynman diagrams depict particles
as lines, reinforcing particle ontology despite being calculational tools. Spacetime diagrams reify spacetime as
substantive fabric. Ball-and-spring models of solids depict atoms as little balls, perpetuating substance metaphors.

These representations, while pedagogically useful, create powerful ontological illusions.

The linguistic structures of Indo-European languages compound these cognitive tendencies. Subject-verb-object
grammar forces thing-based descriptions: every sentence requires a noun subject acting on a noun object. This
template casts reality into thing-action-thing patterns, making process-based descriptions linguistically awkward.

Nominalization—turning verbs into nouns (“inflation” from “inflating”)—further substantivizes processes.



Cross-cultural linguistic variations offer contrasting possibilities. Some Native American languages are more verb-
focused, describing events and relationships rather than substances. While the strong Whorf-Sapir hypothesis
(language determines thought) is contested, weaker versions (language influences thought) suggest physics might
develop differently in different linguistic contexts. This invites reflection on how our linguistic tools might limit our

conceptual horizons.

Conscious strategies can recognize and overcome innate noun-bias. Mindfulness practices help notice when
reification occurs in one’s own thinking. Deliberate verb-based description exercises (“electron-like behavior
manifests” not “the electron exists”) retrain cognitive habits. Collaboration with scholars from different linguistic
traditions provides fresh perspectives. Educational reforms introducing process-based language early can shape

developing minds before noun-bias solidifies.

Understanding these psychological roots does not eliminate reification but provides tools for recognition and
correction. By acknowledging that our cognitive and linguistic architectures predispose us to substance thinking, we

can consciously cultivate alternative modes of conceptualization.

1.6

Philosophical Frameworks: Realism and Its Discontents

Philosophical commitments about the relationship between theories and reality profoundly influence susceptibility
to reification. The spectrum from instrumentalism to naive realism represents different positions on this relationship,

each with distinct vulnerabilities.

Scientific realism, particularly the “no miracles” argument articulated by Hilary Putnam, provides the strongest
justification for ontological commitment: the empirical success of scientific theories would be miraculous if their
theoretical terms did not refer to real entities. While powerful, this argument tends toward reification of successful
theory’s components. If quantum field theory works spectacularly well, then quantum fields must really exist—a

straightforward but potentially fallible inference.

Entity realism, championed by Ian Hacking, offers a more cautious criterion: manipulability. “If you can spray
them, they are real.” Electrons are real because we manipulate them in cathode ray tubes and electron microscopes.
This pragmatic approach avoids commitment to unmanipulable entities but still reifies manipulable ones. It also

fails for entities beyond direct manipulation (quarks, singularities, cosmic inflation fields).

Structural realism, developed by John Worrall, represents a middle path focusing on relational invariants rather than
entities. The mathematical structure of successful theories survives theory change, even if interpretations of entities
change. Fresnel’s equations describing light propagation (structure) survived the demise of the aether (entity). This
approach reduces reification risk by focusing on relations rather than relata, but debates continue about whether

structures can exist without relata.

Anti-realism or constructive empiricism, associated with Bas van Fraassen, limits belief to empirical adequacy:
theories are tools for prediction, not descriptions of reality. We should believe theories are empirically adequate, not
true. This minimizes reification risk but faces challenges: it seems to deny science’s explanatory ambition and

conflicts with intuitive scientific practice.

Each framework handles reification risk differently. Naive realism poses the highest risk—direct identification of
model components with reality. Structural realism offers moderate protection—focus on relations rather than
substances. Instrumentalism/anti-realism provides maximum protection—denial of ontological commitment
altogether. Entity realism occupies a middle ground—requiring manipulability but still reifying manipulable
entities.



The particular vulnerability of naive realism warrants emphasis. By directly identifying successful theory
components with reality, it fails to maintain the crucial map-territory distinction. Historically, this leads to resistance
when paradigms shift: if electrons are literally tiny balls, quantum mechanics seems incomprehensible. Maintaining

critical distance between models and reality preserves conceptual flexibility.

An “epistemic humility” framework for practicing physics proposes four principles: (1) All models are provisional,
approximate, and partial. (2) Mathematical entities are tools for prediction and description, not necessarily realities.
(3) Maintain historical awareness of past reifications and corrections. (4) Value multiple incompatible models for

the same phenomena. This framework encourages ontological caution while preserving scientific rigor.

Philosophical frameworks are not mere academic exercises—they shape research programs, experimental design,
and interpretation of results. Conscious engagement with philosophy of science helps physicists navigate the

delicate balance between justified ontological commitment and reification.

1.7

The Central Thesis: Physics’ Systemic Reification Problem

The evidence compiled in this chapter supports a central thesis: much of modern physics suffers from systematic,
largely unrecognized reification. This is not merely occasional error but a pervasive meta-pattern arising from
psychological, linguistic, philosophical, and institutional factors. The historical sequence recurs with striking
regularity, affecting foundational concepts including particles, fields, spacetime, singularities, and cosmological

constructs.

Primary case studies illustrating this thesis include: black hole singularities (mathematical breakdown reified as
physical place), the Higgs resonance (symmetry-breaking mechanism reified as “God particle”), dark matter
anomalies (gravitational effects reified as invisible substance), dark energy/cosmological constant (expansion
parameter reified as vacuum energy), cosmic inflation (explanatory device reified as fundamental field), the
quantum wavefunction (knowledge representation reified as physical wave), and string theory entities
(mathematical objects reified as fundamental constituents). To these we add condensed matter emergents (collective
behaviors reified as new substances) and quantum computing qubits (computational abstractions reified as physical

objects).

The historical pattern suggests this is not accidental but inherent to current methodological approaches. The same
cognitive tendencies that produced aether, phlogiston, and caloric now produce dark matter, inflation fields, and
wavefunction realism. Physics’ heavy reliance on mathematics—while providing extraordinary predictive power—

creates particular vulnerability: mathematical necessities within formalisms become mistaken for physical realities.

Consequences of this systemic reification are substantial: stalled progress (decades without fundamental
breakthroughs despite massive investment), resource misallocation (billions spent detecting reified entities),
conceptual confusion (paradox proliferation), and institutional inertia (resistance to paradigm-challenging ideas).
The “more of the same” approach—more particles, more dimensions, more fields—perpetuates rather than solves

these problems.

The proposed conceptual shift moves from “what is it—(ontological question) to “what pattern is it, and how is it
sustained—(pattern-process question). Instead of asking “what is an electron—we ask “what stable pattern
manifests as electron-like behavior—Instead of “what is spacetime—we ask “what relational network manifests as
spacetime geometry—This reframing treats apparent entities as emergent patterns rather than fundamental

substances.



A complementary linguistic shift moves from noun-based to verb-based and relation-based descriptions. Particles
become “particling” or “stable resonances”; fields become “fielding” or “relational influences”; laws become
“habitual patterns” or “consistent regularities.” Language reform supports conceptual reform, helping maintain

awareness of the provisional, processual nature of our descriptions.

The document’s structure develops this argument systematically: Chapters 2-3 present historical and contemporary
evidence; Chapters 4-5 analyze causes and consequences; Chapters 6-7 explore alternatives and future directions.
Crucially, the critique applies reflexively to its own alternatives: process ontology, informational approaches, and

Spencer-Brown’s calculus are themselves provisional frameworks, not new dogmas to be reified.

1.8

Spencer-Brown’s Calculus of Distinction: From Acts to Things

George Spencer-Brown’s Laws of Form (1969) provides a mathematical foundation for understanding reality as acts
of distinction rather than collections of things. The calculus begins with a single primitive operation: drawing a
distinction. This act—marking a space, indicating a difference—is fundamentally processual. It is not a thing but an
activity. From this simple beginning, Spencer-Brown derives Boolean algebra, logic, and arithmetic, demonstrating

how complex mathematical structures emerge from repeated acts of distinction.

Reification, in Spencer-Brown’s framework, occurs when we mistake the act of distinction for a thing distinguished,
the mark for an object. The distinction “electron here” becomes reified as “the electron,” a persistent substance with
properties. The linguistic shift from “distinguishing electron-like behavior” to “the electron” exemplifies this
reification. Spencer-Brown’s calculus helps maintain awareness: the mark is not the marked, just as Korzybski’s

map is not the territory.

The map-territory relation finds precise expression in Spencer-Brown: the distinction (map) indicates but is not
identical to the distinguished (territory). Confusing the two constitutes the fundamental reification error. This
parallels Bateson’s definition of information as “a difference that makes a difference”—the distinction must make a
difference to some observer or process. Physics, from this perspective, becomes the study of distinctions that make

differences at various scales.

Gregory Bateson’s informational epistemology connects directly to Spencer-Brown. Information is not a substance
but a relation: a difference that makes a difference. Spencer-Brown’s distinction is the primitive informational act.
Unifying these perspectives suggests physics studies how distinctions at one scale (quantum) give rise to differences

at another (classical), and how informational constraints shape physical processes.

The Monna map and p-adic numbers provide mathematical representation of hierarchical distinction structures. The
Monna map relates p-adic numbers (with hierarchical, discrete valuation) to real numbers (continuous). p-adic
valuation measures the “level” of a distinction in a hierarchy. Ultrametric geometry—where distances satisfy the
strong triangle inequality—describes spaces of hierarchical distinctions. This mathematics formalizes how discrete
acts of distinction can appear continuous at coarse scales, offering insights into quantum-classical transition and

emergence.

Laws of nature, in this framework, are not things but syntactic patterns of distinction—rules for how distinctions
combine, interact, and propagate. Physics becomes syntax: the study of permissible distinction patterns. This aligns
with the view that physical laws are not imposed on reality but are regularities emerging from more fundamental
distinction-making processes. The search for “fundamental laws” becomes the search for primitive distinction rules

from which observed regularities emerge.



Applying the calculus of distinction to de-reify physics concepts yields fruitful reinterpretations. Particles become
stable, re-entrant patterns of distinction—self-maintaining distinction structures. Fields become gradients of
distinction density—variations in how distinctions are distributed. Spacetime becomes a network of distinctions
with metric relations—connectivity patterns among distinctions. Crucially, we must avoid reifying “distinction”

itself into a new substance: distinction is an act, not a thing.

Spencer-Brown’s calculus offers a non-reifying mathematics: it starts with process (distinction) rather than
substance (object). Unlike set theory (which presupposes objects as elements of sets) or number theory (which treats
numbers as abstract objects), Laws of Form begins with the act of marking. This makes it uniquely suited for
process-based physics, providing mathematical tools that don’t presuppose the very substance ontology we seek to

overcome.

The integration of Spencer-Brown with process philosophy (Whitehead’s actual occasions as distinction events),
informational approaches (Bateson’s differences), and hierarchical mathematics (Monna map, p-adic numbers)
creates a coherent alternative framework. This framework treats reality as fundamentally processual, informational,
and distinction-based—offering a path beyond the reification meta-pattern while maintaining mathematical rigor

and empirical accountability.

Toward Epistemic

Humility

Chapter 1 has defined the meta-pattern of reification, traced its standard sequence, examined its psychological and
philosophical roots, and introduced Spencer-Brown’s calculus as a foundational alternative. The central insight is
that much of what physics treats as fundamental entities may be reified patterns—mistaken identities between our

maps and the territory.

This recognition does not diminish physics’ achievements but reframes them: our mathematical models are
extraordinarily successful maps, not literal territories. The challenge is to maintain the creative tension between
ontological commitment (necessary for research programs) and epistemic humility (necessary for avoiding
dogmatism). Spencer-Brown’s calculus of distinction provides tools for this balance: we can distinguish without

reifying, mark without substantializing.

The following chapters will apply this analytical framework to historical case studies (Chapter 2) and contemporary
physics (Chapter 3), examining causes and consequences (Chapters 4-5) before exploring alternatives and future
directions (Chapters 6-7). Throughout, the critique remains reflexive: the alternatives proposed are themselves

provisional frameworks, subject to the same reification risks they seek to overcome.

Physics stands at a crossroads: continue pursuing reified entities with diminishing returns, or cultivate new
approaches that treat reality as process, relation, and distinction. The choice will shape not only physics’ future but

our cultural understanding of what is real.

Chapter

2: Historical Case Studies — Lessons from Superseded Concepts

History provides the most compelling evidence for the reification meta-pattern. Across centuries and scientific
domains, concepts once considered fundamental realities—aether, phlogiston, caloric, crystalline spheres, electric
fluids, absolute space and time—have been revealed as reified constructs: mathematical necessities mistaken for

physical entities. These historical cases are not mere curiosities but essential diagnostics for understanding



contemporary physics. Each follows a remarkably consistent pattern: introduction as mathematical or conceptual
requirement, empirical success leading to ontological commitment, institutionalization, experimental programs to
detect the presumed entity, confirmation bias reinforcing belief, and finally resistance to paradigm shifts that
eliminate the need for the concept. By examining these cases in detail, we identify common mechanisms of
reification and extract crucial lessons for avoiding repetition with modern concepts like dark matter, inflation fields,
and quantum wavefunctions. This chapter analyzes six paradigmatic historical cases, then synthesizes their lessons,
demonstrating that reification is not accidental but systematic—a cognitive-institutional pattern requiring conscious

correction.

2.1

Luminiferous Aether: The Medium That Wasn’t There

The luminiferous aether stands as perhaps the most instructive case of scientific reification. In 19th-century physics,
the mechanical worldview demanded that all waves require a material medium: sound waves travel through air,
water waves through water. Light, understood as a wave phenomenon following Thomas Young’s interference
experiments (1801) and Augustin-Jean Fresnel’s wave theory, logically required its own medium—the
“luminiferous aether.” This was not an empirical discovery but a deductive necessity: within the
Newtonian-mechanical paradigm, waves without medium were inconceivable. The aether thus entered physics as a

conceptual requirement, a mathematical placeholder for “whatever carries light waves.”

As the concept solidified, increasingly elaborate properties were attributed to this reified medium. To explain light’s
enormous speed (~300,000 km/s), the aether needed immense rigidity—far exceeding steel. Yet to avoid resisting
planetary motion, it required perfect transparency and zero density. These paradoxical properties were
mathematically modeled: George Green and others treated the aether as an elastic solid with specific modulus and
density parameters. Gradually, these mathematical properties became reified as physical attributes of a real
substance. The aether transformed from “whatever medium is necessary” to “a substance with these specific

mechanical properties.”

The aether theory achieved notable empirical successes. Fresnel’s equations (1818) quantitatively predicted
reflection and refraction coefficients. The phenomenon of stellar aberration (discovered by James Bradley in 1728)
found elegant explanation through aether drag. These predictive triumphs reinforced belief in the aether’s reality via
the “no miracles” argument: such success would be miraculous if the aether didn’t exist. By the mid-19th century,

most physicists considered the aether as established as air or water—a real substance filling all space.

The Michelson-Morley experiment (1887) aimed to detect Earth’s motion through this stationary aether. The null
result—no detectable “aether wind”—presented a profound anomaly. Initial interpretations preserved the aether
concept through auxiliary hypotheses: George FitzGerald and Hendrik Lorentz proposed length contraction (objects
shrink in motion direction), while others suggested aether drag (Earth carries local aether with it). These ad-hoc
adjustments maintained the reified entity while modifying its properties—a classic symptom of reification

protecting dogma.

Einstein’s 1905 special relativity dissolved the problem not by improving aether models but by changing
foundational axioms. The constancy of light speed for all observers and the relativity principle eliminated the need
for any absolute reference frame—and thus for the aether itself. The solution emerged not from detecting a better
aether but from recognizing that the aether was a mathematical necessity within a specific paradigm (Newtonian

mechanics plus wave theory), not a physical discovery. Outside that paradigm, no such entity was required.



The aether exemplifies paradigm-dependent mathematical necessity mistaken for physical reality. Within the
mechanical worldview, it was logically indispensable; within relativity, it became superfluous. This demonstrates
how mathematical requirements within frameworks become reified as entities. The lesson is profound: anomalies
like Michelson-Morley may require questioning axioms, not inventing new substances to patch old models. The

correct response to persistent anomalies is paradigm examination, not entity proliferation.

2.2 Phlogiston: Reifying

Combustion

Pre-modern chemistry’s phlogiston theory illustrates reification of chemical processes. Georg Ernst Stahl (1697)
proposed phlogiston as the fire-element released during combustion and calcination. Metals contained phlogiston;
when burned (calcined), they released it, leaving “calx” (oxide). Phlogiston unified diverse phenomena:
combustion, respiration, and metal transformation all involved phlogiston release. Substances stopped burning in
confined spaces because air became saturated with phlogiston. The theory successfully predicted new chemical

behaviors and guided research for nearly a century.

Phlogiston’s explanatory power led to ontological commitment. What began as a theoretical construct became a

» «

substantial entity with properties. Chemists spoke of “containing phlogiston,” “releasing phlogiston,” and measuring
“phlogiston content.” The concept framed research questions: “How much phlogiston does this substance contain?”
rather than “What chemical changes occur during combustion?” This framing directed attention away from crucial

evidence.

The negative mass paradox revealed phlogiston’s inadequacy. Careful weighing showed metals gain weight after
calcination (burning). If calcination releases phlogiston, metals should lose weight. Phlogiston theorists responded
with ad-hoc adjustments: phlogiston must have negative mass or “levity.” This preserved the theory at the cost of

plausibility—a hallmark of reification protecting dogma rather than following evidence.

Antoine Lavoisier’s precise quantitative experiments in the 1770s-1780s revolutionized chemistry. By meticulously
measuring masses before and after reactions, he showed weight gain exactly equaled air loss. He identified
“dephlogisticated air” (oxygen) as the substance consumed during combustion. The paradigm shift was complete:
“release of phlogiston” became “combination with oxygen.” Lavoisier’s new framework explained weight gain

naturally (adding oxygen atoms) and reframed chemical questions fundamentally.

Phlogiston was a reified placeholder for the process of oxidation, viewed through an incorrect theoretical lens. The
oxidation process is real; phlogiston was the mistaken substantialization of that process. Analogously, medieval
medicine posited “dormitive virtue” as the substance causing sleep—reifying the process of sleep induction rather
than investigating physiological mechanisms. Reification obscures true underlying processes by misdirecting

inquiry.

The lesson: reified entities frame questions in ways that can hide crucial evidence. Asking “how much phlogiston?”
focused on hypothetical substance content, while “what combines with what?” directed attention to measurable
mass changes. De-reification—recognizing phlogiston as a mistaken substantialization of oxidation—allowed
chemistry to progress. Modern parallels abound: asking “how much dark matter?” may similarly misdirect from

alternative gravitational explanations.

2.3 Caloric: The Fluid of

Heat



Eighteenth-century physics modeled heat as “caloric’—a weightless, conserved fluid flowing from hot to cold
bodies. This substance-based theory successfully explained thermal phenomena: temperature difference drives
caloric flow; thermal equilibrium represents caloric distribution. The conservation principle (total caloric constant in

isolated systems) aligned with intuitive experience: heat seems to transfer, not create or destroy.

Remarkably, brilliant scientific work proceeded within this reified framework. Sadi Carnot’s analysis of heat engine
efficiency (1824)—foundational for thermodynamics—used caloric theory. Carnot derived correct efficiency limits
(Carnot cycle) from incorrect ontology. This demonstrates that predictive success is possible with wrong underlying
models—mathematical consistency within a framework can yield correct predictions even when ontological

commitments are false.

Experiments by Benjamin Thompson (Count Rumford) in 1798 and Humphry Davy in 1799 challenged caloric’s
substance nature. Rumford’s cannon-boring produced unlimited heat through friction, suggesting heat could be
created, not merely transferred. Davy melted ice through friction alone, showing mechanical work could generate
heat indefinitely. These results contradicted caloric conservation but were initially accommodated through auxiliary

hypotheses rather than paradigm questioning.

The mid-19th century shift from caloric to kinetic theory revolutionized thermal physics. Heat reconceptualized as
disordered molecular motion—a process, not a substance. James Prescott Joule’s mechanical equivalent of heat
(1845) sealed the transition: mechanical work could be converted quantitatively to heat, undermining caloric’s status
as conserved substance. The conservation principle was preserved but reinterpreted: caloric — internal energy

(kinetic + potential energy of particles).

Caloric served as a useful calculational device—a “bookkeeping” fiction for tracking heat transfer in engines and
processes. It was mathematically consistent within its domain and pragmatically valuable. Yet no corresponding
physical substance existed. This case illustrates that even highly useful and mathematically consistent theoretical

entities can be ontological fictions. Utility and mathematical elegance do not guarantee physical reality.

The transition from conserved substance (caloric) to conserved process property (energy) represents a paradigm
shift from substance to process thinking. Energy is not a fluid but a quantitative measure of system capacity for
change—a property of processes, not a substance itself. This shift resolved paradoxes (indefinite heat generation)
and opened new avenues (thermodynamics, statistical mechanics). The lesson: mathematical consistency and utility

can mask fictional nature for extended periods, requiring vigilant ontological scrutiny.

24

Crystalline Spheres and Epicycles: Reifying the Coordinate System

Ancient and medieval astronomy’s geocentric model required elaborate mechanisms to explain planetary motion.
Aristotelian cosmology posited perfect, unchanging heavens composed of nested crystalline spheres carrying
planets and stars. These spheres began as conceptual devices but became reified as physical, transparent celestial

machinery. Mathematical descriptions transformed into ontological commitments.

The Ptolemaic system introduced epicycles and deferents—circles upon circles—as mathematical tools to fit
observed retrograde motion (planets appearing to move backward). Initially understood as calculational fictions for
prediction, these geometric devices gradually became reified as actual circular orbits. Medieval illustrations
depicted literal crystalline spheres with epicyclic gears. Over centuries, the mathematical artifact became physical

reality.



The Ptolemaic model achieved remarkable predictive success for over a millennium. Accurate to within 2° for
planetary positions, it enabled navigation, eclipse prediction, and calendar creation across civilizations. This
empirical success reinforced belief in the physical reality of the system. The spheres and epicycles transitioned from

useful fictions to components of cosmic architecture.

The Copernican revolution (1543) and Kepler’s elliptical orbits (1609) dissolved the need for spheres and epicycles.
Retrograde motion revealed as perspective effect: Earth moving faster than outer planets creates apparent backward
motion. In heliocentric coordinates with elliptical orbits, no epicycles are needed—the complex motion was artifact
of Earth-centered reference frame. The mathematical complexity wasn’t in the solar system but in the chosen

description.

Spheres and epicycles were reified artifacts of coordinate choice—mathematical features of a particular descriptive
framework mistaken for physical structures. This case highlights how reification can occur through mathematical
convenience: tools for prediction become mistaken for reality. The lesson: we must distinguish features of our

descriptions from features of the described system.

Modern parallels are striking: certain “particles” or “fields” may be mathematical artifacts of our chosen theoretical
frameworks rather than fundamental constituents. Just as epicycles disappeared with coordinate change, some
contemporary entities might dissolve with different mathematical representations. The caution: don’t reify the

mathematical artifacts of your descriptive framework.

2.5 Electric and Magnetic

Fluids

Eighteenth-century electricity and magnetism theories posited subtle fluids as explanatory substances. Benjamin
Franklin’s one-fluid theory (1747) treated electricity as a fluid that could be accumulated (positive) or deficient
(negative). This substance-based model successfully explained attraction/repulsion, conduction, insulation, and
grounding. Fluid metaphors provided intuitive understanding: “current” flows, “pressure” (voltage) drives flow,

“resistance” impedes flow.

The fluid model achieved significant explanatory success. Like charges repel (excess fluid repelling excess); unlike
charges attract (deficit seeking excess). Conductors allowed fluid flow; insulators resisted. Grounding connected to
an infinite reservoir. These explanations guided experimentation and technological development (Leyden jars,

lightning rods). The fluid became reified as a real substance permeating materials.

The discovery of the electron (J.J. Thomson, 1897) and charge quantization (Robert Millikan, 1909) revealed
electricity’s particulate nature. Electricity wasn’t a continuous fluid but discrete particles with specific
charge-to-mass ratios. The fluid model was fundamentally wrong at the microscopic level—yet it survived as a

useful macroscopic approximation.

This case presents subtle reification: the fluid model correctly captured emergent collective behavior while missing
microscopic constituents. At human scales, many electrons behave like a continuous fluid—Ohm’s law, Kirchhoff’s
laws, circuit theory all use fluid metaphors successfully. The model was “right” at one level (emergent phenomena)
but “wrong” at another (fundamental constitution). Reification occurred when the macroscopic description was

mistaken for fundamental truth.

The transition from continuum fluid to discrete particles illustrates levels of description. Circuit theory remains
invaluable for engineering while quantum electrodynamics describes microscopic reality. Different models apply at
different scales without contradiction—unless one level is reified as exclusively real. The fluid model’s utility

doesn’t make it fundamentally true; its microscopic inaccuracy doesn’t make it useless.



The lesson: models can be pragmatically successful at one scale while ontologically incorrect at another. Reification
occurs when we mistake a level-specific description for the complete truth. This caution applies to contemporary

physics: effective field theories describing emergent phenomena shouldn’t be reified as fundamental descriptions.

2.6 Absolute

Space and Time: Reifying the Stage

Isaac Newton’s Principia (1687) posited absolute, true, mathematical space and time as background containers.
“Absolute space, in its own nature, without relation to anything external, remains always similar and immovable.”
This framework treated space as infinite, homogeneous, isotropic void and time as universal, flowing uniformly—a
fixed stage upon which physical events unfold. The mathematical convenience of this absolute background became

reified as physical reality.

Newton’s contemporaries recognized reification risks. Gottfried Leibniz critiqued absolute space as philosophically
untenable: space should be understood as relation between objects, not independent entity. Ernst Mach later argued
inertia arises from relation to distant masses (Mach’s principle), not motion relative to absolute space. These
critiques questioned the reality of unobservable background, but Newton’s framework dominated for two centuries

due to empirical success.

Special relativity (Einstein, 1905) made space and time observer-relative. Simultaneity, length, and duration lost
absolute status; they depended on reference frame. The aether’s demise removed need for absolute rest frame. Space
and time became relational features of measurement, not independent substances. This dissolved absolute

space/time as physical realities while preserving their mathematical utility in appropriate limits.

General relativity (1915) completed the conceptual revolution: spacetime became dynamic participant, not passive
stage. Matter/energy curvature spacetime; spacetime curvature guides matter/energy. The container became content;
the stage became actor. Spacetime transformed from background substance to relational field—a dramatic

de-reification through paradigm shift.

The stage-to-actor transition exemplifies profound ontological reassessment. What seemed obviously real (absolute
background) revealed as theoretical construct. This cautions against reifying our current “obvious” categories:
spacetime, quantum fields, wavefunctions may undergo similar reassessment. The lesson: even our most basic

ontological categories can be reified constructs requiring periodic re-examination.

Absolute space/time’s history demonstrates how mathematical frameworks become ontologically committed. The
convenience of absolute coordinates for calculation led to belief in absolute reality. Contemporary physics faces
similar risks: the convenience of quantum fields for calculation may lead to their reification as fundamental

substances. Maintaining distinction between mathematical tool and physical reality remains crucial.

2.7 Synthesizing

Historical Lessons

Six historical cases reveal consistent patterns of reification. Each began with mathematical or conceptual necessity
within a theoretical framework: aether for wave propagation, phlogiston for combustion, caloric for heat flow,
spheres/epicycles for planetary motion, electric fluids for charge phenomena, absolute space/time for mechanics.
Predictive success transformed these constructs from provisional tools to presumed realities. Community consensus

institutionalized them through education and research programs. Experimental efforts shifted from testing



predictions to detecting entities. Confirmation bias reinforced belief despite anomalies. Finally, paradigm shifts—
relativity, oxidation theory, kinetic theory, heliocentrism, electron theory, relativity again—dissolved the need for
reified concepts, often against entrenched resistance.

Reification often functions as pragmatically useful heuristic rather than simple error. Aether, phlogiston, and caloric
advanced understanding in their time, guiding productive research. Useful fictions become problematic when reified
as dogma—when “as if” becomes “is.” The heuristic value of a concept doesn’t guarantee its ontological truth;

utility and truth must be distinguished.

A recurring pattern emerges: solutions to paradoxes involve shifting from substance to process or relation. Aether
gave way to relativistic relations between frames. Phlogiston yielded to oxidation processes. Caloric became
molecular kinetic energy (process). Spheres/epicycles dissolved into coordinate-free elliptical orbits (relational
geometry). Electric fluids became discrete charge carriers (process patterns). Absolute space/time became spacetime

relations. The antidote to reification consistently involves process-based, relational thinking.

This historical shift from substance to process aligns with Spencer-Brown’s calculus of distinction, introduced in
Chapter 1. Where historical reification turned processes (distinguishing, relating, transforming) into substances
(aether, phlogiston, caloric), de-reification recovers the primitive acts. Spencer-Brown’s fundamental operation—
drawing a distinction—is inherently processual: not a thing but an activity. The historical cases demonstrate
reification’s error: mistaking the distinction (act) for the distinguished (object). Aether reified the distinction “light
propagates here” into a substance “aether fills space.” Phlogiston reified the distinction “combustion occurs” into a
substance “phlogiston is released.” Recognizing this pattern connects historical lessons to contemporary analytical
tools: Spencer-Brown’s calculus provides formal methods for describing reality as acts of distinction rather than

collections of substances.

These connections extend to Bateson’s informational epistemology and the Monna map’s hierarchical mathematics.
Bateson defined information as “a difference that makes a difference”—a distinction that matters within a context.
Historical reifications often involve mistaking such differences (distinctions) for substances. The Monna map,
relating p-adic hierarchical distinctions to real continuum, models how discrete acts of distinction can appear
continuous—paralleling how discrete historical reifications (aether, phlogiston) appeared as continuous substances
within their paradigms. Together, Spencer-Brown, Bateson, and the Monna map provide an integrated framework

for understanding reification as confusion of distinction levels.

Community inertia and confirmation bias play crucial roles. Generations trained in reified concepts build careers
around detecting reified entities. Social structures reward conformity, marginalize dissent. Funding flows toward
established paradigms. These institutional factors make paradigm shifts difficult, often requiring generational
change or external pressure. Recognizing these sociological dimensions is essential for addressing contemporary

reification.

Triggers for de-reification include persistent anomalies (Michelson-Morley, negative mass in phlogiston, indefinite
heat generation), paradigm-shifting new axioms (relativity principles, conservation of energy), and focus on
relations rather than substances. Historical awareness provides diagnostic tools: when contemporary physics
exhibits similar patterns—mathematical necessities becoming entities, detection programs despite null results,
resistance to alternatives—we should suspect reification.

The central question emerges starkly: are we repeating these identical errors with modern concepts? Black hole
singularities, Higgs particles, dark matter, dark energy, inflation fields, quantum wavefunctions, string theory
entities—each displays reification patterns. Historical cases establish the meta-pattern; contemporary physics
provides potential instances. The prophylactic is historical consciousness: learning from past reifications to

I‘ECOgl’liZE current ones.



This chapter’s historical analysis establishes the foundation for examining contemporary physics in Chapter 3. The
same analytical lens—tracking the reification sequence, identifying substance-to-process shifts, recognizing
institutional inertia—applies to modern cases. By understanding how aether, phlogiston, and caloric were reified
and corrected, we gain critical perspective on dark matter, inflation, and quantum fields. History doesn’t repeat

exactly, but patterns recur—and recognizing those patterns is the first step toward avoiding their pitfalls.

Historical

Consciousness as Corrective

Chapter 2°s historical case studies demonstrate that reification is not occasional error but systematic meta-pattern
arising from cognitive tendencies reinforced by institutional structures. Each case followed a recognizable sequence
from mathematical necessity to ontological commitment to paradigm-locked dogma. The consistent resolution

involved shifting from substance-based to process-based or relational thinking.

These historical lessons provide essential diagnostics for contemporary physics. When mathematical necessities
within theories become targets of detection experiments, when null results lead to more complex versions of the
same entity rather than paradigm questioning, when skepticism about an entity’s existence is treated as heresy—
these are reification red flags. History shows that persistent anomalies often require axiom changes, not entity

proliferation.

The transition to Chapter 3 applies this historical lens to modern physics. With awareness of how aether, phlogiston,
and caloric were reified, we can examine black holes, dark matter, inflation, and quantum wavefunctions with
appropriate skepticism. The goal is not cynical dismissal but critical engagement—recognizing that today’s
established entities might be tomorrow’s superseded concepts. Frameworks like Spencer-Brown’s calculus of
distinction, Bateson’s informational epistemology, and the Monna map’s hierarchical mathematics provide
analytical tools for this vigilance, helping distinguish acts of distinction from reified objects. Maintaining epistemic

humility requires constant awareness of reification’s historical patterns and conceptual antidotes.

Chapter
3: Contemporary Physics — Modern Instances of Reification

The historical cases examined in Chapter 2 demonstrate that reification is not a relic of pre-modern science but a
recurring meta-pattern. This chapter applies the same analytical lens to contemporary physics, examining nine cases
where mathematical constructs, theoretical devices, or epistemic labels risk being mistaken for fundamental
physical realities. From black hole singularities to quantum computing qubits, these modern instances reveal the
same cognitive patterns that produced aether, phlogiston, and caloric. Each case follows the reification sequence:
mathematical necessity within a theory becomes ontological commitment; predictive success breeds belief in
entityhood; institutional structures reinforce the reification; and alternative interpretations face marginalization.
Crucially, this analysis integrates the framework developed in Chapter 1—Spencer-Brown’s calculus of distinction,
Bateson’s informational epistemology, and the Monna map’s hierarchical mathematics—to understand these
reifications as confusions of acts of distinction with distinguished objects. This framework treats physical laws not
as “things” but as syntactic patterns—regularities in how distinctions combine and interact. By examining black
holes, the Higgs resonance, dark matter, dark energy, cosmic inflation, the quantum wavefunction, string theory
entities, condensed matter emergents, and quantum computing qubits through this integrated lens, we develop

diagnostic tools for recognizing and correcting reification in contemporary physics.



3.1

Black Hole Singularities: From Mathematical Breakdown to Physical Place

General relativity’s mathematical formalism predicts singularities—points where the Einstein field equations break
down, producing infinite curvature and density in the Schwarzschild solution. This mathematical feature—
essentially a division-by-zero indicating the model’s domain of validity has been exceeded—has been reified as a
physical “point of infinite density” where “everything is crushed to infinity.” Popular science depicts black holes as
cosmic vacuum cleaners with singularities at their centers; professional discourse often treats singularities as actual
locations or objects requiring “resolution” through quantum gravity. This reification exemplifies the pattern: a

mathematical breakdown within a theoretical framework becomes mistaken for a feature of reality.

The fundamental error lies in assuming general relativity’s smooth manifold description is complete rather than
recognizing its limitations. Singularities signal where the model breaks down, analogous to division by zero in
mathematics warning of domain limits, not inviting postulation of infinite quantities. The proper response to
singularities is not to reify them but to seek more fundamental theories that avoid such mathematical pathologies—
precisely the approach of quantum gravity research, though often framed as “resolving the singularity” rather than

recognizing it as an artifact of an incomplete description.

A de-reified interpretation treats “black hole” as an epistemic label for an extreme information bottleneck. From this
perspective, black holes are not objects but processes: “spacetime is black-holing” represents extreme information
compression. The event horizon functions as an informational bottleneck, not a physical membrane. This viewpoint
aligns with the bandwidth-horizon isomorphism: the event horizon sets a Nyquist-type limit on information flow,
with Bekenstein-Hawking entropy representing information capacity. Black holes become extreme cases of

information-processing constraints rather than geometric objects with singular centers.

The information paradox—whether information is destroyed in black holes—dissolves in this framework.
Information isn’t destroyed but “aliased” into nonlocal correlations, eventually emerging via Hawking radiation as
“decoded” information. Black hole evaporation represents information decompression. This perspective eliminates
the need to reify singularities while preserving empirical content. It also connects to Spencer-Brown’s calculus: the
distinction “extreme curvature here” becomes reified as “singularity object.” De-reification recovers the act of

distinguishing extreme gravitational effects from treating that distinction as a thing.

The linguistic shift from noun (“black hole object”) to verb (“information bottlenecking process”) supports
conceptual clarity. Instead of searching for “what’s inside a black hole” or “what happens at the singularity,” we ask
“how does spacetime process information under extreme curvature?” This reframing focuses on relational,
informational aspects rather than substantial, geometric ones. It maintains compatibility with general relativity’s

empirical successes while avoiding ontological overcommitment to its mathematical artifacts.

3.2

The Higgs Resonance: From Symmetry-Breaking Mechanism to “God Particle”

The Standard Model of particle physics requires electroweak symmetry breaking to give mass to gauge bosons. The
Higgs mechanism—a mathematical device involving a scalar field acquiring a vacuum expectation value—provides
an elegant solution. Originally conceived as a calculational tool, this scalar field became reified as the “Higgs
boson,” a fundamental scalar particle. The 2012 discovery at the Large Hadron Collider of a resonance at
approximately 125 GeV was immediately interpreted as “finding the Higgs boson,” reinforcing the reified narrative
while marginalizing alternative interpretations (composite models, emergent phenomena, deeper algebraic

structures).



The reification process is clear: a mathematical requirement (symmetry breaking) — a mathematical device (scalar
field) — a hypothetical entity (Higgs boson) — a detected resonance confirming the entity. This follows the
historical pattern seen with aether: a theoretical necessity becomes an object of search, detection confirms belief,
and alternatives face heightened skepticism. The “God particle” media narrative further solidified the reification,

imbuing the mathematical construct with almost mystical significance.

A process-based interpretation treats the Higgs as a stable, persistent pattern of symmetry-breaking rather than an
intrinsic thing. The 125 GeV resonance represents a detectable signature of electroweak symmetry-breaking
processes—analogous to a phonon in a solid, which is a collective excitation rather than a fundamental particle.
This perspective aligns with mass-frequency identity (m = hw/c?): the Higgs resonance is a particular vibrational

mode of the vacuum, a pattern of activity rather than a substance.

Possible composite or “syntactic invariant” interpretations within deeper calculi offer alternatives to reification. The
Higgs could emerge as a bound state of more fundamental entities (technicolor models) or as an invariant in deeper
algebraic structures. These approaches treat the Higgs as an emergent pattern rather than a fundamental constituent.
They also connect to Spencer-Brown’s calculus: the distinction “symmetry breaks here” becomes reified as “Higgs

particle exists.” De-reification recovers the act of distinguishing symmetry-breaking behavior.

The shift from “God particle” to “detectable signature of electroweak symmetry-breaking process” maintains
empirical content while avoiding ontological overcommitment. We can say “we detect signatures consistent with
electroweak symmetry breaking manifesting as a 125 GeV resonance” without asserting the existence of a
fundamental scalar particle. This epistemic humility preserves the predictive power of the Standard Model while

acknowledging its provisional, model-dependent nature.

3.3

Dark Matter Anomalies: From Gravitational Effect to Invisible Substance

Observational astronomy reveals gravitational anomalies: galactic rotation curves show stars orbiting faster than
visible matter predicts; gravitational lensing exhibits more bending than accounted for by luminous mass. These are
empirical facts—gravity behaves differently on galactic scales than Newtonian or Einsteinian theories predict with
visible matter alone. The standard inference reifies this discrepancy as “dark matter”—a new, non-luminous particle

species (WIMPs, axions, etc.) comprising most of the universe’s mass.
b )

This reification follows the familiar pattern: observed anomaly — theoretical entity to explain it — search for the
entity. Decades of direct detection experiments (XENON, LUX, PandaX) have yielded null results, yet the response
has typically been to propose different dark matter particles or detection strategies rather than to question the
reification itself. Community investment in the dark matter paradigm—careers, funding, institutional structures—

creates inertia against considering alternatives.

Modified Newtonian Dynamics (MOND) and related approaches offer a different interpretation: the anomalies
result from modified geometric/informational constraints at galactic scales rather than invisible matter. While
MOND has its own theoretical challenges, its empirical success in fitting rotation curves with a single parameter
suggests the gravitational anomalies might indicate scale-dependent physics rather than missing substance. From a
relational or network-based perspective, “dark matter” could label emergent geometric properties at large scales—

different effective geometry arising from cosmic-scale relational structures.

This alternative interpretation connects to Spencer-Brown’s calculus and Bateson’s informational epistemology. The
distinction “gravity behaves differently here” becomes reified as “invisible substance exists.” Bateson’s “difference
that makes a difference”—the gravitational anomaly—is mistaken for a substance rather than understood as



informational constraint. The Monna map’s hierarchical mathematics models how discrete scale-dependent

distinctions can appear as continuous substance-like effects.

De-reifying dark matter involves shifting from “invisible cosmic substance” to “epistemic label for unexplained
gravitational phenomena at galactic scales.” This preserves the empirical content—something interesting is
happening gravitationally—while avoiding premature ontological commitment to a specific entity. It opens research
avenues beyond particle detection to include modified gravity, emergent geometry, and scale-dependent physics,

potentially resolving the anomaly through framework changes rather than entity proliferation.

3.4

Dark Energy / Cosmological Constant: From Expansion Parameter to Vacuum Energy

The 1998 discovery of accelerating cosmic expansion, parameterized by Einstein’s cosmological constant A,
presented a major cosmological puzzle. The standard interpretation reifies A as “dark energy”—a new cosmic
substance comprising ~68% of the universe’s energy density, often identified with vacuum energy from quantum
field theory. This reification creates the “vacuum catastrophe”: quantum field theory predicts vacuum energy density

~1012° times larger than observed A, the worst numerical discrepancy in physics history.

This enormous discrepancy suggests fundamental misunderstanding rather than fine-tuning problem. If A truly
represented vacuum energy, the universe would have ripped apart immediately after the Big Bang. The catastrophic
mismatch indicates A might be an entirely different kind of parameter—perhaps emergent from cosmic dynamics
rather than summing microscopic zero-point energies. Reifying A as “dark energy substance” may be a category

erTor.

A process-based interpretation treats A as an emergent property of cosmic self-organization dynamics—a parameter
describing the universe’s intrinsic expansive tendency rather than an energy density. Analogously, biological growth
rates describe system dynamics without corresponding to stored fuel. This perspective connects to broader

evolutionary frameworks where A represents a “creative advance” or “persistence drive” in cosmic evolution.

Geometrically, A could represent curvature of cosmic phase space—a macroscopic emergent property rather than a
microscopic sum. This shifts A’s ontological category from substance (energy density) to process parameter
(expansion rate). The Monna map’s mathematics models how hierarchical distinctions (micro-macro relations) can

produce such category shifts: discrete microscopic processes appear as continuous macroscopic parameters.

De-reifying dark energy involves shifting from “mysterious cosmic substance” to “parameter describing universe’s
expansive tendency.” This removes the mystery: A is a measured parameter, not an unexplained substance. Research
then focuses on why this parameter has its observed value within cosmic process dynamics, potentially connecting
to informational constraints, relational network properties, or evolutionary principles. The vacuum catastrophe

becomes not a problem to solve but evidence that A isn’t vacuum energy at all.

3.5

Cosmic Inflation Field: From Explanatory Device to Fundamental Entity

Cosmic inflation was introduced by Alan Guth in 1981 as an ad-hoc scalar field solving horizon and flatness
problems—mathematical puzzles about the early universe’s initial conditions. Originally understood as an effective

description, this scalar field gradually became reified as “the inflaton”—a fundamental field pervading the early



universe, with specific potential, dynamics, and particle content. Inflation exemplifies reifying a mathematical
solution to fine-tuning problems: rather than questioning initial conditions or fundamental framework, physics

invents a new entity.

This pattern mirrors historical cases: aether solved the “problem” of wave propagation medium; inflation solves
fine-tuning “problems.” Both involve introducing entities to preserve existing frameworks rather than questioning
foundational assumptions. The multiverse represents a reification cascade: inflation field — eternal inflation —
infinite ensemble of universes. Each step adds ontological commitment while moving further from empirical

testability.

Alternative interpretations treat inflation as a geometric phase transition or informational reset—process-based
descriptions without reified fields. The early universe might have undergone topological phase changes or
information-theoretic “resets” rather than being driven by a fundamental scalar field. These alternatives maintain

inflation’s explanatory successes while avoiding substance ontology.

Process-based reinterpretation frames “inflation” as a label for the universe’s initial rapid self-organization.
Verb-based language—“the universe initially self-organized rapidly”—avoids reifying a field while describing the
same phenomenon. This connects to Spencer-Brown’s calculus: the distinction “rapid expansion occurred” becomes

reified as “inflaton field existed.” De-reification recovers the act of distinguishing early universe dynamics.

Maintaining inflation’s utility as an effective description while avoiding ontological overcommitment represents
balanced epistemic practice. Like fluid descriptions of many particles, inflation can be pragmatically valuable
without corresponding to fundamental reality. The challenge is recognizing when a useful computational device
transitions from “as if” description to believed entity—precisely the reification boundary historical cases help

identify.

3.6

Quantum Wavefunction: From Knowledge Representation to Physical Wave

The quantum wavefunction y began as a mathematical device for calculating probabilities via the Born rule (Jy|?
gives probability densities). In Copenhagen and related epistemic interpretations, | represents knowledge or
information about quantum systems, not physical reality. However, some interpretations reify {r as a physical entity:
de Broglie-Bohm theory treats it as a physically real “guiding wave”; Many-Worlds interpretation treats it as
fundamental substance with all branches equally real; y-ontology asserts the wavefunction directly represents

physical reality.

This reification creates the measurement problem: if ys is physical, how does “collapse” occur? Interpretations then
invent collapse mechanisms (GRW spontaneous collapse), consciousness-caused collapse, or deny collapse entirely
(Many-Worlds). These solutions address problems created by reification itself. If Y is epistemic—representing
agents’ knowledge (Quantum Bayesianism) or relations between systems (Relational QM)—the measurement

problem dissolves: no physical collapse occurs because s never represented physical stuff.

The wavefunction can be understood as a stable pattern in deeper algebraic or informational calculi. Algebraic
quantum mechanics derives i from deeper algebraic structures; informational approaches treat y as encoding
constraints on possible measurements. Process-based interpretations describe { as representing regularities in
quantum processes rather than substantial reality. These alternatives avoid reification while preserving quantum

mechanics’ predictive power.



Spencer-Brown’s calculus provides insight: the distinction “quantum system has these possible measurement
outcomes” becomes reified as “wavefunction exists as physical field.” Bateson’s informational epistemology
clarifies: s represents “differences that make differences” for quantum observers, not a substance. The Monna map

models how discrete quantum distinctions appear as continuous wave-like functions.

De-reifying the wavefunction shifts from “wavefunction of the universe” to “our mathematical representation of
cosmic quantum constraints.” This maintains epistemic humility: yr is our description, not the universe’s state. It
resolves interpretational problems economically while refocusing research on quantum information processing,

relational dynamics, and algebraic structures underlying quantum phenomena.

3.7

String Theory Entities: From Mathematical Objects to Fundamental Constituents

String theory originated as a mathematical model of the strong nuclear force (dual resonance models, 1960s), then
was repurposed as a quantum gravity theory when discovered to naturally include gravitons. Its mathematical
richness—extra dimensions, vibrational modes, Calabi-Yau manifolds—became reified as physical reality: extra
dimensions as actual compactified spaces, vibrational modes as particle species, mathematical structures as cosmic

architecture. This exemplifies reification of beautiful mathematics as physical ontology.

The falsifiability problem is severe: string scale (~Planck scale, 10*° GeV) is far beyond experimental reach,
making direct testing impossible. Reliance on mathematical consistency as “evidence” risks conflating
mathematical beauty with physical truth—a recurring reification pattern where elegant mathematics feels “deep” or
“true” psychologically. The landscape problem—105°° possible vacuum states without selection principle—leads to

anthropic/multiverse reasoning, further distancing from empirical science.

String theory can be reinterpreted as describing topological structures in a fundamental relational network. Strings
as topological defects, extra dimensions as relational degrees of freedom, mathematical structures as describing
relations rather than substances—this maintains string theory’s mathematical insights while avoiding substance
reification. The theory becomes a source of mathematical tools and conceptual frameworks rather than a literal

description of fundamental constituents.

The cautionary lesson: when beautiful mathematics becomes mistaken for physical ontology, science risks
detachment from empirical accountability. String theory’s value as mathematical exploration and inspiration for
quantum gravity research remains, but ontological commitment should await experimental evidence. This balanced

approach recognizes mathematics’ indispensable role while maintaining the map-territory distinction.

Spencer-Brown’s calculus reminds us that mathematical distinctions (extra dimensions, vibrational modes) are acts
of distinguishing within formal systems, not necessarily features of reality. Bateson’s epistemology asks what
“differences” these mathematical distinctions make empirically. The Monna map models how hierarchical

mathematical structures can appear substance-like without corresponding to physical entities.

3.8

Condensed Matter Emergents: From Collective Behavior to Reified Substance

Condensed matter physics provides paradigmatic examples of emergence: collective behaviors not reducible to
individual component properties. Superconductivity, superfluidity, ferromagnetism, and topological phases exhibit

novel properties arising from many-body quantum interactions. However, these emergent phenomena often become



reified as new “substances” or “states of matter’—Bose-Einstein condensates as “fifth state of matter,”

superconductors as “superconducting substances.”

The Bose-Einstein condensate (BEC), predicted in 1924 and first achieved in 1995, represents a macroscopic
quantum state where particles occupy the same ground state. Describing BECs as “new state of matter” or
“superfluid substance” substantializes what is actually a process-pattern of quantum coherence. The analogy to
historical aether is striking: both were conceived as media for wave propagation (aether for light waves, BEC for

matter-waves), both are collective behaviors mistaken for substances.

Alternative interpretation treats condensates as process-patterns of quantum coherence: not a “thing” but a way
atoms behave collectively. Process description—“atoms are cohering quantum-mechanically”—avoids reification
while capturing the phenomenon. This applies to other condensed matter emergents: superconductivity as collective
electron behavior, topological phases as global wavefunction properties, spin liquids as emergent quantum states

(not literal liquids).

The linguistic shift from “state of matter” to “collective quantum process” supports conceptual clarity.
“Superconducting behavior” rather than “superconductor substance,” “ferromagnetic ordering” rather than
“ferromagnetic material”—these emphasize processes over substances. This aligns with Spencer-Brown’s calculus:
the distinction “collective quantum behavior here” becomes reified as “new state of matter.” De-reification recovers

the act of distinguishing emergent patterns.

Epistemic humility recognizes emergents as patterns requiring explanation through interactions and relations, not
fundamental entities. Research then focuses on mechanisms of emergence—how collective behaviors arise from
component interactions and constraints—rather than cataloging properties of reified “states.” This maintains

condensed matter physics’ empirical richness while avoiding ontological inflation.

3.9

Quantum Computing Qubits: From Computational Abstraction to Physical “Thing”

Quantum computing’s foundational concept—the qubit—is a mathematical abstraction for a two-level quantum
system, generalizing the classical bit to quantum information theory. Qubits can be physically implemented in
multiple ways: superconducting circuits (microwave photons in resonators), trapped ions (electronic states),

photonic systems (polarization states), among others. Despite this multiplicity of implementations, qubits are often
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reified as physical objects: “we have 50 qubits,” “qubit coherence time,” “qubit error rate,” “ideal qubit material.”

This reification involves substantializing an information-processing pattern. The search for “perfect qubit” or “ideal
qubit material” treats qubits as intrinsic properties of substances rather than functional roles in information
processing. Different implementations demonstrate that qubit behavior is a pattern reproducible across diverse

physical systems—a sign it’s an abstraction rather than a substance.

Qubits are better understood as stable, reproducible patterns of quantum information processing: reliable mappings
from input to output via quantum evolution, maintaining coherence despite noise. This process-based view treats
quantum computing as “orchestration of quantum coherent processes” with qubits as labels for particular process
patterns. The hardware-software distinction becomes crucial: physical systems implement qubit behavior; qubits

themselves are logical abstractions.

Alternative formulation: quantum computing as engineering systems that reliably exhibit qubit behavior. De-reified
language—“system exhibiting qubit-like information processing”—emphasizes functional, behavioral criteria over
substance attributes. This avoids reifying the abstract computational concept while preserving quantum computing’s

empirical content and engineering goals.



Spencer-Brown’s calculus clarifies: the distinction “quantum information processing occurs” becomes reified as
“qubit exists.” Bateson’s epistemology identifies qubits as “differences that make differences” in quantum
computation. The Monna map models how discrete quantum information processing appears as continuous qubit
“substance” across implementations. Recognizing qubits as abstractions supports more flexible engineering

approaches and avoids substance-based thinking limitations.

Patterns And

Diagnostics

Chapter 3‘s nine contemporary cases reveal consistent reification patterns mirroring historical examples. Each
begins with mathematical necessity or theoretical device within a framework (singularities in GR,
symmetry-breaking mechanism in SM, gravitational anomalies in cosmology, etc.). Predictive success or
explanatory power leads to ontological commitment. Institutional structures (research programs, funding, education)
reinforce reification. Alternative interpretations face marginalization. The sequence—mathematical construct —

entity — detection effort — confirmation bias — resistance to alternatives—recurs across domains.

Integrating Spencer-Brown’s calculus, Bateson’s epistemology, and the Monna map provides analytical tools.
Reification involves mistaking acts of distinction for distinguished objects: distinguishing extreme curvature
becomes “singularity object”; distinguishing symmetry-breaking becomes “Higgs particle”; distinguishing
gravitational anomalies becomes “dark matter substance.” De-reification recovers the primitive acts of
distinguishing while maintaining empirical content. This framework treats physical laws as syntactic patterns—rules

for how distinctions combine—rather than as “things” governing reality.

Diagnostic indicators emerge: when mathematical necessities become targets of detection experiments; when null
results lead to more complex versions of the same entity rather than framework questioning; when skepticism about
an entity’s existence is treated as heresy; when beautiful mathematics feels like physical truth; when emergent

patterns are described as substances. These red flags signal potential reification.

The transition to Chapters 4-5 examines causes and consequences of this persistent meta-pattern, while Chapters 6-7
explore alternatives and future directions. Contemporary physics stands at a crossroads: continue pursuing reified
entities with diminishing returns, or cultivate approaches treating reality as process, relation, and distinction.
Historical awareness combined with analytical frameworks offers a path forward—one that maintains physics’

empirical rigor while embracing epistemic humility about our conceptual constructions.

Chapter

4: Causes and Mechanisms — Why Reification Persists in Physics

The historical and contemporary cases examined in Chapters 2 and 3 demonstrate that reification is not an
occasional error but a persistent meta-pattern in physics. Understanding why this pattern persists—despite historical
corrections like the abandonment of aether, phlogiston, and caloric—requires examining the deep-rooted causes and
mechanisms that perpetuate reification across generations of physicists. This chapter analyzes seven interconnected
factors that sustain reified thinking: linguistic determinants, cognitive and perceptual biases, sociological and
institutional factors, mathematical formalization, educational system reinforcement, psychological comfort with
substance-based explanations, and economic and political influences. These factors operate at multiple levels—from
individual cognition to community structures to societal funding—creating a self-reinforcing ecosystem that favors
substance-based ontologies over process-based or relational alternatives. Crucially, this analysis applies the

integrated framework from Chapter 1: Spencer-Brown’s calculus of distinction helps us understand how linguistic



and cognitive patterns turn acts of distinguishing into reified objects; Bateson’s informational epistemology reveals
how information processing constraints shape conceptualization; and the Monna map’s hierarchical mathematics
models how micro-level distinctions aggregate into macro-level substance-like appearances. By examining these
causes systematically, we identify leverage points for intervention—strategies for cultivating more de-reified

scientific practice while maintaining physics’ empirical rigor and predictive power.

4.1

Linguistic Determinants and Their Influence

Physics, like all scientific discourse, operates within specific linguistic structures that powerfully shape conceptual
possibilities. Modern physics developed primarily within Indo-European languages—English, German, French—
whose noun-based grammar demands subject-predicate constructions with clear noun subjects. This grammatical
structure forces process descriptions into thing-based formulations: we say “the electron moves” rather than
“electron-moving occurs,” creating the grammatical illusion of persistent substances performing actions. The
linguistic requirement for nouns as sentence subjects leads to widespread nominalization—turning verbs into nouns
—which subtly reifies processes. When we nominalize “to oscillate” into “an oscillator” or “to compute” into “a

computer,” we linguistically transform activities into objects, predisposing ontological thinking toward substances.

The cognitive ease of naming versus describing processes relationally reinforces this linguistic bias. Nouns are
psychologically easier to store, recall, and manipulate than complex relational descriptions. Naming provides
satisfying conceptual closure: saying “it’s a Higgs boson” feels explanatory in a way that describing electroweak
symmetry-breaking processes does not. This naming illusion—the sense that labeling equals understanding—is
particularly potent in scientific contexts where precise terminology is essential. Capitalization and definite articles
further amplify reification: “the Higgs,” “the Electron,” “the Universe” carry ontological weight, implying unique,
specific entities rather than provisional labels for patterns or processes. Proper noun status psychologically elevates

theoretical constructs to the realm of established realities.

Dead metaphors that have become substantive technical terms exemplify linguistic reification in action.
“Wavefunction” began as a metaphor (wave-like function describing quantum probabilities) but now functions as a
noun denoting a supposed physical entity. “Field” originated as agricultural metaphor (area where crops grow) but
now denotes fundamental physical substance in field theory. “Flow” as a process metaphor becomes reified as
“current”—a measurable quantity of something flowing. These linguistic fossils carry ontological assumptions from

their metaphorical origins while obscuring their processual nature through substantivization.

Comparison with linguistic structures from non-Indo-European traditions reveals alternative possibilities. Some
Native American languages, such as Hopi, are more verb-focused and process-oriented, with grammatical structures
that naturally describe events and relations rather than objects and properties. The Whorf-Sapir hypothesis—that
language shapes thought—suggests physics developed in an Indo-European linguistic context may be biased toward
substance-based ontologies. While linguistic determinism has limits, language undoubtedly influences
conceptualization: the categories and structures available in our linguistic toolkit shape what kinds of descriptions

feel natural and complete.

Conscious language reform represents a practical corrective strategy. Deliberately using verb-based language in
scientific papers—“quantum systems entangle” rather than “entanglement exists”—can counteract grammatical
reification. Avoiding capitalization for theoretical entities (Higgs boson rather than The Higgs) reduces ontological
weight. Teaching physics with process-first language—emphasizing activities, relations, and patterns—from

introductory courses onward could cultivate different cognitive habits. These linguistic interventions connect to



Spencer-Brown’s calculus: recognizing that nouns reify distinctions (marked states) while verbs better preserve the
act of distinguishing. Language reform aims to keep the distinction-making process visible rather than collapsing it

into distinguished objects.

Implementing linguistic awareness requires balancing clarity with conceptual precision. Scientific communication
needs stable terminology, but terminology can evolve to reflect more accurate ontological commitments. The shift
from “caloric fluid” to “thermal energy” exemplifies successful linguistic de-reification: a substance term replaced
by a process-property term while maintaining empirical content. Similar shifts could be encouraged for
contemporary reifications: “dark matter effects” rather than “dark matter,” “Higgs-like resonance” rather than
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“Higgs particle,” “quantum information processing” rather than “qubit objects.” Such linguistic precision maintains

scientific rigor while reducing ontological overcommitment.

4.2 Cognitive and

Perceptual Biases

Human cognitive architecture evolved for survival in environments where tracking discrete objects with clear
boundaries was crucial. These evolutionary adaptations produce cognitive biases that favor substance-based
thinking even when examining quantum fields or cosmological parameters. Object permanence—the understanding
developed in infancy (Piaget’s 8-12 month stage) that objects continue to exist when not perceived—extends
unconsciously to abstract scientific concepts, creating “concept permanence”: if we have a word for it, the concept
must correspond to an independently existing entity. This cognitive extension from concrete objects to theoretical

constructs is automatic and largely unconscious, making reification feel natural rather than problematic.

Visual processing systems further reinforce object-based thinking. The human visual cortex specializes in object
recognition, edge detection, and figure-ground separation—optimized for identifying discrete entities against
backgrounds. Processes, fields, and relations lack clear visual boundaries and are therefore harder to visualize and
mentally manipulate. Scientific visualization tools that render mathematical objects as geometric shapes with colors
and textures (Feynman diagrams, spacetime curvature visualizations, particle tracks in detectors) amplify this bias
by making abstract constructs look like tangible objects. The psychological principle “seeing is believing” applies

even to mathematical visualizations: if we can visualize it as an object, it feels more real.

Cognitive load limitations make object-based representations more efficient than process-based ones. Working
memory can hold approximately 4-7 chunks of information; objects function as single chunks, while processes
require maintaining multiple relations simultaneously. This efficiency advantage makes theories with clear entities
more cognitively manageable and therefore more appealing. The “just-so story” quality of particle-based
explanations—*“the universe is made of these fundamental building blocks”—provides satisfying conceptual closure
that process-based explanations often lack. This closure desire represents a psychological need for completeness and

finality that substance-based frameworks readily satisfy.

Anthropomorphic projection—attributing agency, intention, or substance-like qualities to patterns—further reifies
abstract concepts. We speak of “the universe wanting to expand” (dark energy), “fields interacting” as if choosing,
“particles knowing” their quantum states. While these are convenient metaphors, they subtly reinforce
substance-based thinking by imbuing mathematical constructs with agency or substantiality. This projection arises
from our social cognition systems, evolved for understanding intentional agents, which get applied inappropriately

to physical phenomena.

These universal cognitive biases systematically shape theory construction and community consensus. Theories
featuring clear entities with measurable properties gain quicker acceptance because they align with cognitive

predispositions. Process-based or relational theories face inherent cognitive resistance, requiring more mental effort



to comprehend and evaluate. Community dynamics amplify individual biases: when most physicists share similar
cognitive tendencies, theories matching those tendencies receive disproportionate support through confirmation

bias, selective attention, and social reinforcement.

Training methodologies to recognize and counteract these cognitive tendencies offer a path toward more balanced
conceptualization. Explicit education about cognitive biases in physics—how object permanence extends to concept
permanence, how visualization biases thinking, how cognitive load favors simple entities—can cultivate
metacognitive awareness. Exercises in de-reifying familiar concepts—analyzing “the electron” as a pattern of
measurable relations rather than a tiny billiard ball—develop critical thinking skills. Mindfulness practices applied
to conceptual thinking help physicists notice when they are unconsciously reifying mathematical constructs. These
approaches connect to Bateson’s epistemology: recognizing that our cognitive apparatus processes “differences that

make differences” through evolved filters that may distort rather than reveal underlying patterns.

Developing cognitive flexibility—the ability to shift between substance-based and process-based perspectives as
appropriate—represents an advanced scientific skill. Just as expert chess players see both individual pieces and
positional patterns, expert physicists should be able to think in both entity and process terms, recognizing when each
perspective is useful and when it becomes reified. This cognitive agility supports more nuanced ontological

commitments and reduces dogmatic attachment to specific conceptual frameworks.

4.3 Sociological

and Institutional Factors

Scientific knowledge production occurs within complex social and institutional structures that powerfully influence
conceptual development. Modern physics’ extreme specialization—with researchers focusing on narrow subfields
like string phenomenology, neutrino oscillations, or topological insulators—Ileads to loss of philosophical and
historical perspective. Specialists become experts in their domain’s technical details but often lack awareness of
historical patterns of reification and correction. This narrowed focus makes it harder to recognize when current

concepts might be following the same reification patterns as past superseded ones.

Textbook presentation reinforces reification by presenting established concepts as discovered facts rather than

constructed models. Standard physics textbooks typically present clean, logically organized narratives: “the electron
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is...,” “quantum mechanics says...,” “general relativity teaches...” This presentation style obscures the messy
historical development—the controversies, false starts, and conceptual struggles—that produced current
understanding. Students learn reified concepts as givens, not as provisional tools within specific theoretical
frameworks. This educational approach cultivates what Thomas Kuhn called “normal science” practitioners who

work within paradigms rather than questioning them.

Career incentives systematically favor established paradigms over radical alternatives. Funding agencies, journal
editors, and tenure committees generally reward incremental work within mainstream frameworks. Research
proposals targeting detection of reified entities (dark matter particles, supersymmetric partners, cosmic strings)
receive funding more readily than proposals exploring alternative frameworks (modified gravity, emergent
spacetime, process-based quantum mechanics). Publication in high-impact journals favors results that confirm or
extend established paradigms rather than challenge foundational assumptions. This incentive structure creates what
sociologist Robert Merton called the “Matthew effect”: resources flow to already-established research directions,

reinforcing reification.

The “bandwagon effect” in research creates positive feedback loops that amplify reification. When a research
direction gains momentum—string theory in the 1980s-90s, dark matter detection in the 2000s-20s, quantum

computing today—it attracts more researchers, more funding, more conference sessions, more graduate students.



This social convergence creates the appearance of consensus and inevitability: “everyone is working on this, so it
must be right.” Alternative approaches get marginalized not through empirical disproof but through social
dynamics: fewer researchers work on them, they receive less funding, their papers get rejected from mainstream

journals, their proponents face career disadvantages.

Authority structures in physics—senior scientists as gatekeepers, peer review conservatism, citation networks—
create resistance to “heretical” ideas challenging reified concepts. Young researchers proposing alternatives to dark
matter or questioning the ontological status of quantum wavefunctions risk being labeled cranks or lacking proper
understanding. Peer review often functions as a conformity-enforcement mechanism, rejecting papers that challenge
foundational assumptions even when mathematically sound and empirically adequate. This authority structure

maintains conceptual stability but at the cost of potentially suppressing paradigm-changing insights.

Institutional structures perpetuate reified concepts across generations through self-reproducing systems. Universities
hire faculty trained in mainstream paradigms who then teach students using textbooks presenting reified concepts,
who become the next generation of researchers working within those paradigms, who hire faculty like themselves.
Research institutes organize around entity-based research programs (particle physics centers, dark matter detection
consortia, quantum computing labs) that institutionalize specific ontological commitments. Funding agencies create
programmatic divisions (high-energy physics, astrophysics, condensed matter) that reinforce domain-specific

conceptual frameworks.

Strategies for creating more open, pluralistic scientific communities could mitigate these institutional pressures.
Protected spaces for heterodox thinking—dedicated journals, conference tracks, research centers for foundational
questions—provide venues for alternative approaches without requiring immediate mainstream acceptance. Funding
mechanisms specifically for high-risk foundational work—modeled on DARPA’s approach or the NSF’s
early-career programs for transformative research—could support paradigm-diversifying investigations. Educational
reform emphasizing historical and philosophical context from introductory courses onward could cultivate critical
perspective. These institutional changes connect to the Monna map’s hierarchical mathematics: just as the map
models how micro-level distinctions aggregate into macro-level patterns, institutional reforms aim to create
structures where diverse micro-level ideas can flourish without being prematurely collapsed into monolithic

macro-level paradigms.

Balancing institutional stability with conceptual innovation represents a perennial challenge. Physics needs stable
frameworks for cumulative progress but also needs periodic paradigm reevaluation. The optimal balance point may
involve structured pluralism: maintaining multiple research programs with different ontological commitments,
encouraging cross-paradigm dialogue, and creating mechanisms for periodic foundational reassessment. Such an
approach recognizes that reification occurs not just in individual minds but in social systems, requiring

social-structural solutions alongside individual cognitive ones.

4.4

Mathematical Formalization and Its Effects

Mathematics provides physics with an extraordinarily precise and powerful descriptive language, but this
formalization carries ontological risks. The historical pattern is clear: mathematical necessities within theories
become reified as physical entities. Differential equations require variables representing quantities; these variables
become interpreted as measures of substances. Field theory’s mathematical structure of continuous functions over
spacetime suggests continuous physical substances. Particle physics’ formalism of creation and annihilation
operators implies discrete entities being created and destroyed. The mathematics doesn’t merely describe; it

suggests specific ontological interpretations that physicists often adopt uncritically.



Specific mathematical formalisms practically demand substance-based interpretations. Calculus, developed
alongside classical physics, naturally describes rates of change of quantities—implying persistent quantities that
change. The very notation dx/dt suggests x as a quantity existing through time whose rate of change is measured.
Differential equations like Schrodinger’s equation or Einstein’s field equations describe evolution of mathematical
objects (wavefunctions, metric tensors) that readily become interpreted as physical objects evolving. The

mathematical tools available shape what kinds of descriptions are possible and natural.

Visualization tools and computational software further reify mathematical constructs. Software that renders
mathematical objects as 3D visualizations with colors, textures, and lighting—spacetime curvature as rubber sheets,
quantum wavefunctions as probability clouds, Feynman diagrams as particle trajectories—makes abstract
mathematics look like tangible reality. Simulations treat mathematical variables as direct representations of physical
quantities, reinforcing the map-territory confusion. The psychological impact is profound: if we can visualize it and
simulate it behaving according to physical laws, it feels real, regardless of whether the mathematics was originally
intended as representational or merely calculational.

Alternative mathematical frameworks that resist reification offer different conceptual possibilities. Category theory
focuses on relations, mappings, and structures rather than objects with properties. Topology studies properties
preserved under continuous deformation, emphasizing relational invariants over intrinsic attributes. Algebraic
approaches treat physical theories as systems of relations satisfying certain axioms, avoiding commitment to what
the relata “are.” Process calculus and sheaf theory provide mathematical languages for describing processes and
local-to-global relations without substantializing components. These frameworks support viewing physical laws as
syntactic patterns—rules for how distinctions combine—rather than as descriptions of substantial entities. This
aligns with the perspective developed in Chapter 1: laws are regularities in how acts of distinction relate, not things
governing reality. These frameworks, while often more abstract, support process-based or relational ontologies that

avoid reification pitfalls.

The historical coincidence of physics’ development alongside specific mathematical traditions—primarily calculus,
differential equations, and linear algebra—has shaped physics’ conceptual possibilities. Had physics developed in a
mathematical culture emphasizing combinatorics, graph theory, or algebraic geometry, different ontological
commitments might have emerged. This historical contingency suggests that current substance-based tendencies in

physics are not inevitable but path-dependent outcomes of particular historical developments.

Conscious selection of mathematical tools based on their ontological suggestions represents a strategic intervention.
When developing new physical theories, physicists could choose mathematical frameworks that don’t naturally
suggest substances—category-theoretic formulations of quantum mechanics, topological descriptions of spacetime,
informational approaches to statistical mechanics. Developing new mathematical languages specifically for
process-based physics—extending Spencer-Brown’s calculus of indications, creating “process algebras” for
physical systems, developing mathematical tools for describing distinctions and their dynamics—could support
alternative conceptualizations. This requires mathematicians and physicists collaborating not just on calculational

tools but on conceptual frameworks.

Training physicists in multiple mathematical perspectives helps avoid formalism-driven reification. Teaching the
history of mathematical physics—how concepts like “derivative,” “integral,” “field,” and “operator” developed and
what ontological assumptions they carried—provides critical perspective. Introducing alternative mathematical
frameworks alongside standard ones—category theory with linear algebra, topology with calculus, process calculi
with differential equations—cultivates mathematical pluralism. Encouraging physicists to reflect on the ontological
suggestions of their mathematical tools develops metacognitive awareness. This approach connects to
Spencer-Brown’s insight that mathematics itself involves acts of distinction; different mathematical frameworks

make different distinctions, with different reification risks.



Balancing mathematical precision with conceptual clarity remains essential. Physics cannot abandon mathematics—
its predictive power depends on mathematical formalization. But physics can become more reflective about how
mathematics shapes conceptualization, choosing and developing mathematical tools that support rather than
undermine accurate ontological commitments. This reflective mathematical practice represents a form of epistemic

hygiene: keeping the mathematical map clearly distinguished from the physical territory it describes.

4.5 Educational System

Reinforcement

Physics education functions as the primary transmission mechanism for conceptual frameworks across generations,
making its role in reification particularly consequential. Traditional physics education presents reified concepts as
established facts from introductory courses onward. Textbooks declare “the electron is a fundamental particle with
charge -e and mass 9.11x1073 kg,” not “the electron model posits entities with these measurable properties.”
Laboratory exercises measure properties of “entities” (charge-to-mass ratio, g-factor, lifetime) reinforcing their
substantial reality. Examinations test knowledge of entity properties rather than understanding of models and their
domains of applicability. This educational approach instills what philosopher Wilfrid Sellars called the “manifest

image”—a commonsense world of objects with properties—extended to microscopic and cosmic scales.

The lack of philosophical and historical context in standard curricula exacerbates reification. Most physics programs
include minimal history of physics and virtually no philosophy of science. Students learn current theories as
finished products, not as evolving constructs emerging from specific historical contexts with particular
philosophical assumptions. They don’t study the long debates about whether light is particle or wave, whether atoms
are real or calculational devices, whether fields are mathematical tools or physical realities. This ahistorical

presentation makes current concepts appear inevitable and eternal rather than contingent and provisional.

The “just calculate” mentality pervasive in physics education avoids conceptual questions in favor of computational
proficiency. Students are taught to solve differential equations, compute cross-sections, diagonalize matrices—but
not to question what the symbols represent. The infamous “shut up and calculate” attitude—often attributed to
Richard Feynman though he didn’t originate it—discourages philosophical inquiry as unscientific or unproductive.
Conceptual questions about the meaning of wavefunction collapse, the nature of quantum entanglement, or the
reality of spacetime curvature get dismissed as “mere interpretation” not worth class time. This cultivates

instrumentalist thinking: theories are tools for prediction, not descriptions of reality.

How educational methods shape cognitive habits of practicing physicists cannot be overstated. Years of training in
reified thinking—from introductory mechanics through graduate quantum field theory—create automatic,
unconscious cognitive patterns. Physicists learn to think in terms of entities with properties, forces between objects,
particles moving through fields. These habits become so ingrained that alternative ways of thinking—process-based,
relational, informational—feel unnatural, confusing, or “not really physics.” Changing these habits after decades of
reinforcement is extraordinarily difficult, explaining why senior physicists often resist paradigm challenges more

strongly than students or early-career researchers.

Early introduction and systematic reinforcement of substance-based ontology creates deep conceptual inertia. From
the first physics course, students learn about “mass,” “charge,” “force” as properties of objects. Newton’s laws
describe relationships between these object-properties. Later courses introduce “fields” as entities permeating space,
“particles” as point-like objects, “waves” as things that propagate. Quantum mechanics presents the confusing
“wave-particle duality”—trying to make microscopic reality fit macroscopic substance categories. Each course
reinforces the same basic ontological framework with increasing mathematical sophistication but little conceptual

reflection.



Proposals for reformed physics education emphasize models and processes from the beginning. Introductory
courses could present physics as model-building: “We’re developing mathematical models that describe patterns in
nature. Sometimes it’s useful to model nature as made of particles with properties; sometimes as fields; sometimes
as networks of relations.” Laboratories could focus on model testing rather than entity measurement: “Does the
particle model or the wave model better explain these experimental results?” Historical case studies could illustrate
how models evolve and get replaced. This approach cultivates metacognitive awareness: students learn physics

content while also learning about how physics knowledge is constructed.

The challenge of changing deeply ingrained educational patterns involves multiple barriers. Institutional inertia in
education is powerful: curriculum committees move slowly, faculty teach what they were taught, textbook
publishers follow market demand. Textbook industry economics favor incremental updates over radical
restructuring. Faculty trained in traditional approaches may resist teaching methods that feel unfamiliar or that
challenge their own conceptual frameworks. Addressing these barriers requires coordinated efforts across multiple
levels: departmental curriculum reform, faculty development programs, textbook authoring initiatives, and

professional society support.

Educational reform represents perhaps the most powerful long-term strategy for addressing reification. By shaping
how future generations of physicists think about physical reality, education can either perpetuate or transform
ontological commitments. A physics education that emphasizes models over entities, processes over substances, and
relations over objects could gradually shift the conceptual foundations of the field. This aligns with Bateson’s
educational philosophy: teaching not just facts but “patterns that connect,” helping students see physics as a way of

making distinctions that reveal nature’s regularities rather than as a catalogue of discovered entities.

4.6

Psychological Comfort with Substance-Based Explanations

Beyond cognitive efficiency and educational habit, deep psychological factors make substance-based explanations
intuitively satisfying in ways that process-based alternatives often are not. Evolutionary psychology suggests our
brains evolved for survival in environments where tracking discrete objects with persistent identities was crucial.
Predators, prey, tools, shelter—these are objects with boundaries, locations, and properties. Our intuitive physics—
the naive understanding of how the world works that develops in childhood—is fundamentally substance-based:
things have properties, forces act on things, causes produce effects through contact or mediation. This intuitive
framework makes substance-based scientific explanations feel “right” in a visceral way that relational or

process-based explanations do not.

Substance-based explanations provide satisfying conceptual closure that feels like genuine understanding. Asking
“what is it made of?” feels like a fundamental question; finding “fundamental building blocks” feels like reaching
bedrock. The reductionist program in physics—explaining complex phenomena in terms of simpler constituents—
aligns perfectly with this psychological need for foundational substances. When physics claims to have found “the
fundamental particles” or “the basic fields,” it offers the psychological comfort of having reached the bottom of
explanation. Process-based explanations, by contrast, often feel open-ended, incomplete, or unsatisfying: if

everything is process, what are the processes of? If everything is relation, what relates?

The psychological discomfort with process-based, relational, or non-substantial realities reflects deep existential
anxieties. A world of pure process with no underlying substances feels insubstantial, ungraspable, even nihilistic to
many. The desire for something substantial to “ground” reality—whether particles, fields, or spacetime itself—

connects to basic human needs for stability and permanence in a changing world. Historical resistance to field



theories (Are fields real or just mathematical?), relational space (Can space be just relations between objects?), and
quantum information approaches (Is information primary or just about substances?) reveals this psychological

unease.

Anthropocentric projection leads us to expect reality to conform to human-scale intuitions. At our scale, the world
appears made of solid objects with clear boundaries that persist through time. We naturally extend these
expectations to quantum and cosmic scales, expecting electrons to be tiny balls and the universe to be a container.
When quantum mechanics reveals entities that don’t behave like macroscopic objects, or relativity reveals
spacetime that isn’t an absolute container, the psychological response is often to try to force them into familiar

substance categories (hence “wave-particle duality”) rather than develop new conceptual frameworks.

The search for permanence in a changing world drives reification at a psychological level. Particles conceived as
eternal, unchanging building blocks (electrons are identical, photons are massless forever) provide psychological
anchors in a universe of flux. Fields as fundamental substances offer stability amid dynamical change. Even when
physics acknowledges evolution (particle decay, field excitation, spacetime expansion), it typically posits something
permanent underlying the change (conserved quantities, invariant principles, fundamental laws). Process-based

ontologies that take change as fundamental challenge this psychological need for permanence.

These psychological factors systematically influence theory choice and community consensus. Theories that align
with intuitive substance-based thinking gain quicker acceptance and feel more plausible, even when their
mathematics is equally complex as alternatives. Process-based theories face inherent psychological resistance,
requiring what Thomas Kuhn called a “gestalt shift” in thinking. Community dynamics amplify individual
psychological biases: when most physicists share similar intuitive reactions, theories matching those intuitions

receive disproportionate support through what feels like “obviousness” or “naturalness.”

Developing intellectual comfort with process-based understanding represents an advanced form of scientific
maturity. Just as intellectual development involves moving beyond childish literalism in religion or simplistic moral
dichotomies in ethics, scientific maturity involves moving beyond intuitive substance-based thinking to more
nuanced ontological commitments. Education and exposure to process thinking—through history of science,
philosophy of physics, or alternative theoretical frameworks—can cultivate this comfort. Appreciating the beauty
and explanatory power of relational understanding—how patterns of relations can generate the appearance of

substances—provides its own psychological rewards.

This psychological development connects to Spencer-Brown’s calculus at a deep level. Spencer-Brown begins not
with substances but with the act of distinction—the most primitive operation from which both “thing” and
“no-thing” emerge. Learning to think from this starting point—before substances, before objects, before entities—
requires psychological reorientation. It means becoming comfortable with a world where distinctions come first and
distinguished things emerge later, where the map precedes (in a logical, not temporal sense) the territory. This

psychological shift supports the de-reified scientific practice advocated throughout this work.

4.7 Economic and

Political Factors

Scientific research occurs within economic and political contexts that powerfully shape conceptual development,
often reinforcing reification through funding mechanisms, institutional structures, and public relations
considerations. Funding agency preferences systematically favor research targeting “tangible” entities over
exploratory investigations of alternative frameworks. Proposals to “detect dark matter particles” or “discover

supersymmetric partners” present clear, concrete goals: build detector, collect data, find signal. Proposals to



“explore modified gravity alternatives to dark matter” or “develop process-based interpretations of quantum
mechanics” seem vaguer, less tangible, harder to evaluate by standard metrics. This funding bias creates economic

incentives for reification-reinforcing research.

The “big science” model dominating contemporary physics inherently favors entity-based paradigms. Large-scale
experiments like the Large Hadron Collider (13billion), LIGOgravitationalwaveobservatory(1.1
billion), or upcoming dark matter detectors require massive investments that demand clear justification to funding
bodies and the public. “Searching for the Higgs boson” or “detecting gravitational waves from black hole mergers”
provides compelling narratives; “exploring alternative geometric formulations of particle interactions” does not.
These economic realities create path dependence: after billions are invested in facilities designed to detect specific
entities, research directions focusing on those entities receive disproportionate support, regardless of whether

alternative approaches might be equally or more promising.

Political and public relations considerations amplify reification through media narratives and public understanding

1%

of science. “Scientists discover new particle!” makes compelling headlines; “Physicists develop new mathematical
framework for understanding symmetry-breaking” does not. Political leaders prefer announcing tangible discoveries
that demonstrate return on research investment. Public science communication naturally focuses on concrete entities
—particles, waves, black holes—because they’re easier to visualize and explain than abstract relational structures or
mathematical frameworks. This public-facing reification then feeds back into the scientific community through

funding decisions and institutional priorities.

Career structures in academic physics reward incremental work within established paradigms over risky
foundational challenges. Junior researchers pursuing mainstream dark matter detection or quantum computing
hardware development have clearer publication tracks, more certain funding prospects, and better job market
prospects than those working on modified gravity alternatives or process-based quantum foundations. Tenure
committees favor candidates with strong publication records in high-impact journals, which generally means
working within, not challenging, mainstream paradigms. These career economics create powerful disincentives for

pursuing alternative approaches that might avoid reification.

The industrial-military complex has historically influenced physics research directions in ways that often reinforce
substance-based thinking. Nuclear physics developed alongside nuclear weapons programs, emphasizing particles
and interactions as discrete entities. Contemporary quantum computing research is driven partly by cryptographic
and sensing applications that favor qubit-as-object conceptualizations. Applied research generally seeks to
manipulate or measure things, encouraging reified ontologies even when foundational theories might support
process-based interpretations. This applied focus can distort conceptual development toward substance-based

frameworks that align with engineering goals.

Economic factors create path dependence in theoretical development through sunk costs and institutional inertia.
When billions have been invested in particle accelerators to detect specific entities, theories predicting those entities
receive disproportionate attention regardless of their conceptual elegance or foundational coherence. When entire
research communities have built careers around certain paradigms, changing direction becomes economically costly
for individuals and institutions. This economic inertia makes conceptual innovation difficult even when
intellectually warranted, creating what economist Thorstein Veblen called “trained incapacity”: the inability to see

alternatives because of heavy investment in existing approaches.

Strategies for creating economic incentives for paradigm-diversifying research could mitigate these pressures.
Funding mechanisms specifically for high-risk foundational work—modeled on DARPA’s approach of funding
diverse approaches to hard problems—could support alternative frameworks without requiring immediate empirical

success. Reward structures that recognize conceptual innovation alongside experimental discovery—prizes for



theoretical synthesis, awards for philosophical clarity—could value de-reified thinking. Support for small-scale,
diverse approaches alongside big science could maintain conceptual pluralism. These economic interventions

recognize that reification has economic dimensions requiring economic solutions.

The Monna map’s hierarchical mathematics provides a model for understanding these economic-conceptual
dynamics. Just as the map shows how micro-level distinctions aggregate into macro-level patterns, economic factors
cause micro-level research decisions by individual physicists to aggregate into macro-level conceptual convergence
around reified paradigms. Economic interventions aim to diversify the micro-level landscape so that multiple
conceptual approaches can coexist and compete, preventing premature collapse into monolithic ontological

commitments. This economic pluralism supports the epistemic pluralism needed for healthy scientific progress.

Balancing economic efficiency with conceptual diversity presents a challenge. Big science delivers big results but
risks conceptual monoculture; small-scale diverse approaches maintain conceptual diversity but may lack resources
for major experiments. The optimal balance likely involves maintaining both: large facilities pursuing mainstream
research programs alongside dedicated funding for exploratory, paradigm-diversifying work. This mixed economy
of science recognizes that conceptual innovation often comes from the margins but requires resources to develop

into viable alternatives to mainstream approaches.

Interconnected

Causes and Intervention Points

Chapter 4‘s analysis reveals that reification persists not through any single cause but through a complex network of
interconnected factors operating at multiple levels. Linguistic structures predispose substance-based thinking;
cognitive biases make it feel natural; institutional structures reward it; mathematical formalizations suggest it;
educational systems transmit it; psychological factors favor it; economic and political forces reinforce it. These
factors create a self-reinforcing ecosystem where reification becomes the default conceptual mode in physics,

perpetuated across generations despite historical corrections.

The interconnectedness of these causes means interventions must be similarly multifaceted. Linguistic reform alone
won’t overcome cognitive biases; educational changes alone won’t alter economic incentives; philosophical
reflection alone won’t change institutional structures. Effective intervention requires coordinated efforts across all
levels: developing new mathematical tools that resist reification while reforming education to teach them; changing
funding mechanisms while cultivating psychological comfort with process-based thinking; promoting linguistic

precision while creating institutional spaces for conceptual innovation.

The transition to Chapters 5-7 builds on this causal analysis. Chapter 5 examines the consequences of persistent
reification—what physics loses when it mistakes maps for territories. Chapter 6 explores alternative frameworks—
mathematical, conceptual, and methodological approaches that avoid or mitigate reification. Chapter 7 proposes
future directions for cultivating de-reified scientific practice. This progression from diagnosis (Chapters 2-3) to
causes (Chapter 4) to consequences (Chapter 5) to alternatives (Chapter 6) to prescriptions (Chapter 7) provides

comprehensive understanding of the reification meta-pattern and pathways beyond it.

Crucially, this analysis applies its own critique reflexively: the frameworks used here—Spencer-Brown’s calculus of
distinction, Bateson’s informational epistemology, the Monna map’s hierarchical mathematics—are themselves
tools that could be reified. Their value lies not in representing ultimate reality but in helping us distinguish acts of
distinction from distinguished objects, differences that make differences from substantialized differences,
hierarchical patterns from reified levels. Maintaining this reflexive awareness prevents replacing one set of reified

entities with another, modeling the epistemic humility advocated throughout.



Ultimately, addressing reification requires what might be called “conceptual ecosystem engineering”: deliberately
shaping the linguistic, cognitive, institutional, mathematical, educational, psychological, and economic
environments in which physics operates to support more accurate ontological commitments. This engineering aims
not to eliminate models or entities—physics needs both—but to maintain clear distinctions between mathematical
tools, conceptual frameworks, and physical realities. By understanding why reification persists, we gain leverage

points for cultivating scientific practice that combines empirical rigor with conceptual clarity.

Chapter

5: Consequences — The Costs of Reification for Physics

Reification is not merely an abstract philosophical error; it imposes substantial costs on physics as a scientific
enterprise. These costs manifest across multiple dimensions: stalled progress in fundamental physics, proliferation
of conceptual paradoxes, misallocation of scientific resources, barriers to interdisciplinary insight, distorted public
understanding, philosophical impoverishment, and the risk of scientific dogmatism. This chapter examines these
consequences systematically, demonstrating that reification’s price is paid in diminished scientific returns,
conceptual confusion, and missed opportunities. The analysis integrates the frameworks established in earlier
chapters: Spencer-Brown’s calculus of distinction helps identify how mistaking acts of distinction for distinguished
objects generates paradoxes and stagnation; Bateson’s informational epistemology reveals how reification distorts
the “differences that make differences” that physics should track; and the Monna map’s hierarchical mathematics
models how collapsing levels of description leads to resource misallocation and dogmatic thinking. By quantifying
and qualifying these costs, we establish the urgent need for de-reification—not as philosophical luxury but as
practical necessity for physics’ continued vitality and progress. The consequences examined here provide

compelling motivation for the alternative frameworks and reformed practices explored in Chapters 6 and 7.

5.1 Stalled

Progress in Fundamental Physics

The most tangible cost of reification is stalled progress in fundamental physics despite unprecedented resources.
The Standard Model of particle physics was essentially completed in the 1970s; subsequent decades have produced
no major beyond-Standard-Model discoveries despite the exponential increase in experimental capability and data.
The Large Hadron Collider (LHC), representing a $10-billion investment, confirmed the Higgs boson in 2012 but
found no evidence of supersymmetry, extra dimensions, or other anticipated new physics. In cosmology, the ACDM
model was established around 2000 and has seen little fundamental revision since, despite persistent anomalies like
the Hubble tension and small-scale structure problems. Quantum gravity research has proceeded for decades
without consensus or empirical confirmation. This stagnation pattern—diminishing returns on massive investments

—suggests structural rather than incidental barriers to progress.

Resources flow disproportionately toward detecting reified entities rather than exploring alternative frameworks.
Billions have been spent searching for Weakly Interacting Massive Particles (WIMPs) as dark matter candidates,
with increasingly sensitive experiments consistently reporting null results. The response has typically been to
propose different dark matter particles or detection strategies rather than to question the reified entity framework
itself. This “more of the same” approach characterizes much of contemporary fundamental physics: when anomalies
appear, the default response is to propose more particles, more dimensions, more complex versions of existing
entities rather than questioning foundational assumptions. This pattern follows the historical precedent of aether

theory, where null results led to more elaborate aether models rather than paradigm questioning.



Supersymmetry provides a telling case study. As an elegant mathematical extension of the Standard Model solving
multiple theoretical problems (hierarchy problem, dark matter candidate, unification), supersymmetry became
widely accepted as inevitable among particle physicists. Extensive searches at the LHC and elsewhere have found
no evidence for supersymmetric partners at accessible energy scales. Despite this negative evidence, many
physicists maintain belief in supersymmetry at higher energies—a classic example of reification protecting a
theoretical construct from empirical disconfirmation. The opportunity costs are substantial: resources devoted to
supersymmetry searches might have funded alternative approaches to the same problems (composite Higgs models,

extra dimensions, modified gravity, emergent spacetime).

Reification prevents the paradigm shifts that historically drove major advances in physics. Thomas Kuhn’s analysis
of scientific revolutions emphasizes that progress stalls when anomalies accumulate but the community cannot
question foundational assumptions. Reification makes foundational entities seem unassailable: dark matter must
exist because gravity anomalies exist; inflation must have happened because of horizon and flatness problems;
fundamental particles must be the building blocks because reductionism demands it. This ontological commitment
creates conceptual inertia that resists even empirically motivated paradigm change. The result is what physicist Lee
Smolin calls “the crisis in theoretical physics”: decades of sophisticated work producing mathematically elegant but

empirically disconnected theories.

Developing metrics for assessing theoretical stagnation versus healthy pluralism could guide resource allocation and
community self-assessment. Indicators of stagnation include: diminishing empirical returns on investment,
proliferation of theoretical variants without empirical differentiation, marginalization of alternative approaches, and
declining rate of conceptual innovation. Indicators of healthy scientific ecosystems include: multiple competing
approaches receiving resources, cross-paradigm dialogue and critique, periodic reassessment of foundational
assumptions, and conceptual innovation alongside empirical discovery. Applying such metrics to contemporary
physics reveals alarming signs of stagnation in certain subfields while others (quantum information, condensed

matter) show more vitality—correlating with their relative freedom from reified ontologies.

The connection to Spencer-Brown’s calculus clarifies this stagnation: when acts of distinguishing (identifying
gravitational anomalies, symmetry-breaking patterns, quantum correlations) become reified as distinguished objects
(dark matter particles, Higgs bosons, entangled particles), research focuses on detecting the objects rather than
understanding the distinctions. This misdirects inquiry from processes to presumed substances, from relations to
relata, from patterns to pattern-bearers. De-reification would refocus physics on understanding distinctions and their
dynamics—the differences that make differences—rather than cataloging hypothetical entities. This shift could
revitalize fundamental physics by returning attention to what actually requires explanation: the regularities and

patterns in physical phenomena, not the substantial carriers we imagine behind them.

5.2

Conceptual Confusion and Paradox Proliferation

Reification generates conceptual confusion and paradoxes that plague contemporary physics. Many celebrated
“deep problems” are artifacts of mistaken ontological commitments rather than features of reality. The quantum
measurement problem exemplifies this: if the wavefunction Y is reified as a physical entity, its “collapse” during
measurement requires explanation, spawning multiple interpretations (Copenhagen, Many-Worlds, objective
collapse, de Broglie-Bohm). Yet if s is understood epistemically—as representing knowledge or information about

quantum systems—the measurement problem dissolves: no physical collapse occurs because | never represented



physical stuff. The paradox arises from reifying a mathematical tool, then inventing mechanisms to explain its
puzzling behavior. This pattern repeats across physics: create entity — encounter paradoxical behavior — invent

auxiliary mechanisms — complexity multiplies.

Black hole information paradoxes similarly stem from reifying geometric features. If black holes are objects with
singularities and event horizons, information loss at singularities creates paradoxes, and firewall paradoxes arise at
horizons. Yet if black holes are understood as extreme information bottlenecks—processes of spacetime
“black-holing” information—the paradoxes resolve: information isn’t destroyed but aliased into nonlocal
correlations, eventually emerging via Hawking radiation. The mathematical singularity indicates where general
relativity’s description breaks down, not a physical point of infinite density. Reifying this mathematical feature

creates problems that disappear with proper epistemic framing.

The “hard problem of consciousness” in philosophy of mind illustrates how reification in physics creates
philosophical problems elsewhere. If physics describes reality as consisting of dead matter particles and fields—
reified substances without intrinsic experience—then consciousness becomes inexplicable: how does experience
emerge from non-experiencing stuff? This hard problem arises from substance-based physics imported into
philosophy of mind. Process-based physics, where reality consists of experiential events or distinctions
(Whitehead’s actual occasions, Spencer-Brown’s distinctions), dissolves the hard problem: experience isn’t
emergent from non-experience but fundamental. The mind-body problem is thus partly an export of physics’

reification problem.

Distinguishing genuine physical paradoxes from artifacts of descriptive frameworks is crucial. Genuine paradoxes
involve empirical contradictions within the same descriptive framework—predictions that contradict observations.
Artifactual paradoxes arise from reification, linguistic confusion, or framework choice—like Zeno’s paradoxes
arising from continuous mathematical descriptions of motion. Quantum non-locality exemplifies an artifactual
paradox: if particles are separate things, spooky action-at-a-distance seems paradoxical; in relational quantum
mechanics (where particles aren’t separate things but aspects of relational wholes), no spooky action occurs. The

paradox emerges from thing-based thinking, not from quantum phenomena themselves.

Spencer-Brown’s calculus provides diagnostic tools for such paradoxes. Many arise from confusing acts of
distinction with distinguished objects: distinguishing quantum correlation becomes reified as “entangled particles”;
distinguishing gravitational anomaly becomes “dark matter particle”; distinguishing symmetry-breaking becomes
“Higgs boson.” Each reification creates puzzles about how the objects behave. Returning to the primitive acts—
correlating, anomalizing, symmetry-breaking—eliminates the puzzles while preserving empirical content. This
aligns with Bateson’s informational epistemology: physics should track “differences that make differences”

(distinctions) rather than inventing substantial carriers for those differences.

The conceptual clarity gained from consistent process-based descriptions represents a significant benefit of
de-reification. Process-based physics eliminates unnecessary entities, resolves artificial paradoxes, and provides
more coherent worldviews. Quantum mechanics becomes about information processing constraints rather than
wave-particle duality; gravity becomes about relational geometry rather than force-carrying particles; cosmology
becomes about universe-scale process dynamics rather than substances (dark matter, dark energy) with paradoxical
properties. This clarity isn’t merely philosophical—it directs research toward fruitful questions and away from

dead-end puzzles of our own making.

5.3 Misallocation

of Scientific Resources



Reification drives massive misallocation of scientific resources toward detecting hypothetical entities rather than
exploring diverse approaches. The financial scale is staggering: the Large Hadron Collider cost approximately $10
billion to construct with annual operating costs around $1 billion; dark matter detection experiments represent
hundreds of millions in investment; gravitational wave observatories like LIGO cost over $1 billion. While these
projects have produced important discoveries (Higgs boson, gravitational waves), their opportunity costs are
substantial: the same resources could fund thousands of smaller, more diverse experiments exploring alternative

approaches to fundamental questions.

Comparative underfunding of alternative approaches creates conceptual monoculture. Modified gravity theories
receive perhaps 1% of dark matter detection funding despite their empirical successes in fitting galactic rotation
curves. Foundational work in quantum mechanics—exploring interpretations and alternatives to standard formalism
—receives minimal support compared to particle physics. Theoretical alternatives to inflation, string theory, or
standard cosmology struggle for funding and publication venues. This resource concentration creates positive
feedback: well-funded approaches attract more researchers, produce more papers, gain more credibility, securing

more funding—regardless of intrinsic merit or empirical success.

The opportunity cost of single-purpose megaprojects versus diverse small experiments represents a significant
economic inefficiency. One LHC-scale investment could fund hundreds of smaller experiments exploring different
approaches to fundamental physics: table-top quantum gravity tests, precision measurements of gravitational
constants, experiments on emergent spacetime, tests of alternative quantum formulations. A portfolio approach—
distributing resources across multiple approaches with different risk profiles—would likely yield higher scientific
returns than concentrating on a few high-stakes bets. The current allocation reflects reification’s influence: tangible

entities (particles to detect, waves to measure) seem more fundable than abstract processes or relational frameworks.

Career structures become path-dependent on reified paradigms. Young physicists naturally gravitate toward
well-funded research areas with clear career paths—particle physics, dark matter detection, quantum computing
hardware. Once established in these fields, switching to alternative approaches becomes professionally risky:
different publication venues, different funding sources, different peer networks. This creates generational lock-in:
each generation trains the next in reified paradigms, who then reproduce them through teaching and research.
Educational systems reinforce this by focusing curricullum on entity-based physics with little exposure to

alternatives, process thinking, or history/philosophy of science.

Quantitative analysis reveals stark imbalances. In particle physics, over 90% of theoretical papers assume
supersymmetry or similar beyond-Standard-Model entities despite null experimental evidence. In cosmology,
ACDM parameters are treated as established facts rather than provisional fits. In quantum foundations, Copenhagen
interpretation dominates textbooks despite its philosophical problems and viable alternatives. These imbalances
reflect social and institutional dynamics more than empirical superiority: reified paradigms gain momentum through

bandwagon effects, authority structures, and funding flows rather than through decisive evidence.

Principles for more balanced investment include: portfolio approaches allocating resources across multiple
paradigms; protected spaces for minority views through dedicated funding streams and publication venues; rewards
for conceptual innovation alongside experimental discovery; and periodic reassessment of funding distributions
based on progress metrics. The Monna map’s hierarchical mathematics models this: just as the map relates
micro-level distinctions to macro-level continua, a healthy scientific ecosystem maintains diverse micro-level
approaches that can aggregate into macro-level progress through competition and cross-fertilization. Monoculture—

collapsing the distinction hierarchy into a single level—reduces resilience and innovation capacity.



Addressing resource misallocation requires recognizing that reification has economic dimensions. Funding
decisions aren’t neutral assessments of scientific merit but reflect ontological preferences, institutional inertia, and
social dynamics. Creating economic incentives for paradigm diversity—funding mechanisms that reward
risk-taking, conceptual innovation, and cross-paradigm dialogue—could counterbalance reification’s centripetal
forces. This economic reengineering complements the conceptual and educational reforms discussed elsewhere,

recognizing that ideas require material support to flourish.

5.4 Barriers to

Interdisciplinary Insight

Reification creates barriers between physics and other disciplines by promoting ontologies that don’t translate
meaningfully across domains. Physics’ fundamental entities—particles, fields, spacetime points—offer little insight
to biology, psychology, economics, or social sciences. Biologists study processes: metabolism, development,
evolution, signaling. Psychologists study cognitive processes, perception, emotion. Economists study market
dynamics, innovation, institutional evolution. Physics’ thing-based ontology provides no natural bridge to these
process-focused disciplines, creating what philosopher Wilfrid Sellars called the “clash between the manifest and

scientific images.”

The mind-body problem exemplifies how physics’ reification exacerbates interdisciplinary divides. If physics
describes reality as consisting of non-experiencing matter particles and force fields, consciousness becomes an
inexplicable emergent property. This creates the “hard problem” that resists reduction to physics. Process-based
physics, where experience or distinction-making is fundamental (Whitehead’s actual occasions, Spencer-Brown’s
primitive distinction), offers natural bridges to consciousness studies: both deal with experiential events or
informational processes. The barrier isn’t between “physical” and “mental” but between substance-based and

process-based ontologies—a barrier physics itself creates through reification.

Biology’s process-based understanding contrasts sharply with physics’ thing-based ontology. Biology has largely
abandoned substance thinking: organisms aren’t collections of parts but integrated processes; evolution isn’t change
in static types but dynamic process of variation and selection; ecosystems aren’t collections of organisms but
networks of relationships. This process orientation makes biology’s insights difficult to integrate with physics’
entity-based fundamental level. A process-based physics—where fundamental reality consists of events, relations, or
distinctions—would align naturally with biological thinking, potentially enabling genuine theoretical unification

rather than mere reduction.

Reification impedes the unification of knowledge across disciplines by making physics’ fundamental level
incommensurable with other sciences’ conceptual frameworks. The reductionist program—explaining all
phenomena in terms of physics’ fundamental entities—assumes those entities are the proper reduction base. But if
those entities are reified mathematical constructs rather than fundamental realities, reduction fails: you can’t reduce
processes to substances that don’t exist. Genuine unification requires compatible ontologies across scales, which
process-based frameworks provide: processes at quantum, biological, psychological, and social scales share formal

similarities (organization, information flow, self-maintenance) even if their specific implementations differ.

Case studies illustrate these barriers. Consciousness research struggles to connect neural processes to subjective
experience when physics offers only particles and fields as reduction base. Systems biology develops sophisticated
network models that resist reduction to molecular parts-lists. Ecology describes complex feedback systems that
can’t be captured by analyzing components separately. In each case, physics’ reified ontology provides inadequate
conceptual resources for interdisciplinary integration. The solution isn’t to make other sciences more like physics

but to develop physics with ontologies compatible with what other sciences reveal about reality.



Process ontology offers promising bridges across disciplines. If reality at all scales involves processes—quantum
processes, chemical processes, biological processes, cognitive processes, social processes—then different sciences
study different process domains with shared formal features. Physics would study the most general process
constraints and patterns; biology would study self-maintaining, replicating processes; psychology would study
experiential, cognitive processes. This framework supports integration without reduction: each domain has its own
principles while sharing process ontology. Such integration could yield new insights, like applying biological
concepts of autonomy and meaning to physical systems, or physical concepts of symmetry and conservation to

social systems.

Encouraging cross-disciplinary critique of reification patterns represents a practical strategy. Philosophers can
analyze physics’ ontological commitments; biologists can offer process perspectives; cognitive scientists can
contribute understanding of how conceptualization works; historians can trace reification patterns across disciplines.
Interdisciplinary dialogue helps physicists recognize when their concepts are framework-dependent rather than
reality-revealing. This aligns with Bateson’s epistemology: different disciplines track different “differences that
make differences” within their domains; recognizing these as distinctions rather than substances facilitates
integration. The goal isn’t physics imperialism but coherent understanding across domains—a goal reification

actively frustrates.

5.5

Public Understanding and Science Communication

Reification distorts public understanding of physics through simplified media narratives that emphasize entity
discovery over process understanding. Popular science reporting focuses on “discovering new particles,” “finding
gravitational waves,” “detecting dark matter’—tangible entities that fit intuitive substance-based thinking. This
reinforces naive realism: science reveals what exists “out there,” with physics revealing fundamental building
blocks. Lost is the more nuanced understanding that physics develops models describing patterns and regularities,
with entities being useful fictions within those models. This distortion has consequences for science literacy, public

support for research, and cultural worldview formation.

The “God particle” media frenzy around the Higgs discovery exemplifies extreme reification in science
communication. The Higgs mechanism—a mathematical description of electroweak symmetry-breaking—became
reified as “the God particle,” implying a divine-like fundamental entity. Media coverage emphasized the particle’s
discovery rather than the symmetry-breaking process it manifests. This narrative simplified complex physics but at
the cost of accuracy: the public learned physicists found a particle, not that they confirmed a mechanism for mass
generation. Such simplifications trade understanding for accessibility, potentially creating misconceptions that

hinder deeper engagement with science.

Reification simplifies communication but distorts understanding. “Scientists discovered new particle” is a simple,
compelling story; “Scientists found evidence supporting symmetry-breaking mechanism in quantum field theory” is
complex and abstract. Journalists naturally prefer the former, and physicists often acquiesce to secure public interest
and funding. The trade-off involves significant costs: the public develops substance-based understanding of science
that can’t accommodate process-based realities (quantum superposition, relational spacetime, emergent properties).
This limits science literacy and creates cognitive dissonance when confronted with non-substantial aspects of

modern physics.

Lost is the opportunity to educate about process-based, relational reality—arguably one of science’s most profound
insights. Quantum entanglement reveals deep interconnectedness; relativity reveals spacetime as dynamic

relationship; thermodynamics reveals directionality and organization in natural processes. These insights challenge



substance-based common sense but offer richer, more accurate worldviews. Science communication that reifies
entities misses this educational opportunity, leaving the public with 19th-century substance-based understanding of
21st-century process-based science. This gap between scientific and public understanding represents a failure of

science communication with cultural consequences.

The intuitive appeal of substance-based explanations drives this communication pattern. Humans evolved to think in
terms of objects with properties; process-based explanations require more cognitive effort. Effective communication
often meets audiences where they are, using intuitive metaphors. The challenge is to move audiences from intuitive
substance-based understanding toward more accurate process-based understanding—a gradual educational process
that reification-heavy communication short-circuits. Strategies include starting with substance-based metaphors but

explicitly identifying their limitations, then introducing process-based alternatives as more accurate if less intuitive.

Successful examples of process-based science communication demonstrate possibilities. Quantum computing is
often explained as manipulating information rather than “qubit objects.” Ecology describes ecosystems as networks
of relationships rather than collections of organisms. Systems biology explains cellular function as process networks
rather than parts-lists. These approaches maintain accuracy while finding accessible metaphors: computation,
networks, flows, patterns. Physics communication could similarly emphasize processes: particle collisions as
information-creating events, spacetime as relational network, quantum states as information encodings. Such

communication requires more effort but yields more accurate public understanding.

Science communicators face ethical choices: simplify and distort, or complicate and lose audience. A middle path
involves layered communication: simple entity-based narratives for initial engagement, with explicit caveats about
their metaphorical nature, followed by deeper process-based explanations for interested audiences. This approach
recognizes different audience segments and learning pathways. It also models scientific thinking itself: starting with
simple models, recognizing their limitations, developing more sophisticated models. Such communication not only
conveys facts but also conveys how science works—including its provisional, model-based nature that reification

obscures.

Ultimately, physics communication shapes cultural worldview. If physics presents reality as collection of particles in
void, that influences how people understand their place in the world. If physics presents reality as dynamic network
of processes and relations, that supports different ethical, existential, and ecological orientations. Physicists thus
have cultural responsibility beyond accurate fact-transmission: their communication contributes to society’s
metaphysical foundations. Recognizing this responsibility might motivate more careful communication that avoids

reification while maintaining accessibility—a challenging but essential task for 21st-century physics.

5.6 Philosophical

Impoverishment

Reification contributes to philosophical impoverishment by promoting reductionist materialism as default
worldview, excluding richer philosophical alternatives. Substance-based physics supports what philosopher David
Chalmers calls “type-A materialism”: the view that consciousness, meaning, and value are illusions or byproducts of
material processes. This worldview—often called “scientific materialism” or “physicalism”—derives partly from
physics’ reified ontology: if fundamental reality consists of particles and fields, everything else must reduce to or
emerge from these. This excludes process philosophy, panpsychism, idealism, and other frameworks that might

offer more comprehensive accounts of reality including experience, meaning, and value.

The disenchantment of nature—Max Weber’s “Entzauberung der Welt”—finds strong support in reified physics.
Newton’s clockwork universe of dead matter moving deterministically according to mathematical laws alienated

humans from a nature seen as mechanical, purposeless, and valueless. While quantum mechanics and relativity



challenged this picture scientifically, their reified interpretations often preserve the disenchanted worldview:
quantum fields as blind probabilistic mechanisms, spacetime as geometric container. Process-based interpretations
offer re-enchantment possibilities: quantum processes as creative, relational, participatory; spacetime as dynamic,
responsive, meaningful. Reification preserves disenchantment by keeping physics thing-based rather than

process-based.

Alternative philosophical perspectives marginalized by reified physics include process philosophy (Whitehead,
Bergson), panpsychism (Chalmers, Goff), idealism (Kastrup, Bernardo), and various Eastern philosophical
traditions emphasizing interconnectedness and process. These frameworks often align better with process-based
physics than with substance-based physics. For example, Whitehead’s actual occasions—brief experiential events
constituting reality—resonate with quantum events and Spencer-Brown’s distinctions. Panpsychism’s view that
experience is fundamental aligns with taking quantum observation seriously as primitive. Idealism’s view that
consciousness is fundamental fits with quantum measurement’s observer-dependence. Reification excludes these

potentially fruitful dialogues.

The ethical and existential implications of different ontologies are substantial. Substance-based ontologies support
separation, individualism, and instrumental relationships: if reality consists of separate things, relationships are
external and contingent. Process-based ontologies support interconnection, relationship, and intrinsic value: if
reality consists of processes, everything participates in dynamic networks where relationships are constitutive.
These ontological differences influence ethics, politics, ecology, and spirituality. Physics, through its cultural
authority, indirectly promotes certain ethical frameworks by promoting certain ontologies—often without

recognizing this influence or responsibility.

Re-enchantment through process-based understanding offers antidote to philosophical impoverishment. Process
physics presents universe as creative unfolding, participatory reality, meaningful whole rather than dead mechanism.
This doesn’t require supernaturalism but recognizes nature’s intrinsic creativity, complexity, and value-ladenness.
Such re-enchantment aligns with ecological consciousness, systems thinking, and holistic health perspectives. It
supports worldviews where humans belong within nature rather than standing outside as observers, where science
reveals nature’s depth rather than reducing it to mechanism. This philosophical enrichment represents a significant

cultural contribution physics could make but often doesn’t due to reification.

Physics’ role in cultural worldview formation carries responsibility. As the science studying fundamental reality,
physics’ conclusions ripple through culture, influencing philosophy, religion, arts, and ethics. When physics presents
reified, disenchanted worldview, it contributes to cultural alienation, environmental disregard, and existential
meaninglessness. When physics could present process-based, enchanted worldview, it could support cultural
integration, ecological awareness, and meaningful existence. This responsibility suggests physicists should consider
not just empirical accuracy but also worldview implications of their theories and how they present them—a

consideration often dismissed as “merely philosophical” but with real-world consequences.

Bateson’s concept of “patterns that connect” offers framework for philosophically enriched physics. Rather than
reducing reality to separate entities, physics could seek patterns connecting different domains and scales: quantum
patterns mirroring biological patterns (self-organization), physical patterns mirroring cognitive patterns (information
processing), cosmological patterns mirroring social patterns (network dynamics). This approach sees physics not as
foundation reducing everything else but as participant in interdisciplinary dialogue revealing deeper unities. Such
physics would be philosophically richer, more connected to other domains of knowledge and human concern, and

potentially more scientifically fruitful through cross-disciplinary inspiration.



Overcoming philosophical impoverishment requires physicists to engage philosophy not as add-on but as integral to
scientific practice. This includes: studying philosophy of science to understand conceptual frameworks; engaging
with alternative philosophical traditions; considering worldview implications of theories; communicating physics in
ways that don’t reinforce impoverished ontologies. It also requires philosophers to engage physics not as outsiders
but as collaborators in conceptual clarification. This interdisciplinary engagement could yield physics that’s not only
empirically adequate but philosophically coherent and culturally enriching—addressing what physicist-philosopher

David Bohm called the “fragmentation” of knowledge and experience.

5.7 The Risk of

Scientific Dogmatism

Reification fosters scientific dogmatism by transforming hypotheses into articles of faith within research
communities. When mathematical constructs become reified as physical entities, questioning their existence
becomes heresy rather than scientific skepticism. Dark matter provides a contemporary example: despite decades of
null detection results, suggesting alternatives to particle dark matter often meets resistance, marginalization, or
accusations of not understanding the evidence. Similar dogmatisms exist around cosmic inflation, string theory, and
certain interpretations of quantum mechanics. This dogmatism slows science’s self-correcting mechanism, where

evidence should drive theory revision rather than community belief.

Historical examples illustrate how reification breeds dogmatism with long-term costs. Continental drift proposed by
Alfred Wegener in 1912 was rejected for decades because it challenged the reified concept of fixed continents. The
geological community had substantial investment in permanence theories; Wegener’s evidence was dismissed
despite its explanatory power. Quantum theory faced resistance from physicists like Einstein who found its
implications philosophically unacceptable. These cases show that reified concepts create community investment that

resists change even with compelling evidence. The pattern repeats today with different entities but similar dynamics.

Current potential dogmatisms in physics include: particle physics’ assumption that beyond-Standard-Model physics
must involve new particles rather than modified principles; cosmology’s treatment of ACDM parameters as
established facts rather than provisional fits; string theory’s elevation of mathematical elegance to truth criterion
despite empirical inaccessibility. Each involves reification: mathematical necessities (hierarchy problem, cosmic
initial conditions, quantum gravity consistency) become presumed entities (supersymmetric particles, inflation field,
strings/extra dimensions). Community consensus around these entities then becomes dogmatic, resisting alternatives

even when evidence is weak or contradictory.

Dogmatism manifests through social mechanisms: heresy accusations and marginalization of challengers,
gatekeeping in publication and funding, educational indoctrination, and social reward for conformity. Researchers
proposing modified gravity alternatives to dark matter report difficulty publishing in mainstream journals, securing
funding, or advancing careers. Those questioning inflation or standard quantum interpretation face similar barriers.
This social enforcement maintains conceptual orthodoxy but at the cost of suppressing potentially fruitful
alternatives. It creates what sociologist Robert Merton called the “Matthew effect in science”: established ideas get

more attention while novel ideas struggle for recognition.

The consequences for science’s self-correcting mechanism are severe. Science progresses through conjecture and
refutation, paradigm competition, and occasional revolutions. Dogmatism short-circuits this process by protecting
theories from refutation, marginalizing competitors, and preventing paradigm questioning. The result is what

philosopher Imre Lakatos called “degenerating research programmes”: theories protected by ad-hoc adjustments



that yield diminishing empirical returns. Contemporary physics shows signs of such degeneration in certain
subfields: decades of work on supersymmetry without detection, inflation models multiplying without empirical
differentiation, string theory landscapes expanding without selection principles.

Fostering critical pluralism and “heresy-friendly” research environments represents an antidote. This involves:
actively encouraging multiple approaches to unsolved problems; creating protected spaces for minority views
through dedicated funding, journals, and conferences; rewarding conceptual innovation and paradigm questioning;
teaching physics as contested terrain rather than settled facts. Critical pluralism differs from relativism: it maintains
rigorous standards while allowing multiple approaches to compete, recognizing that which approach is best may not
be knowable in advance. This aligns with philosopher John Stuart Mill’s argument that truth emerges from

competition of ideas, not suppression of alternatives.

Institutional structures can discourage dogmatism and encourage epistemic humility. These include: funding
mechanisms specifically for high-risk, paradigm-challenging research; interdisciplinary review panels that include
philosophers and historians to provide perspective; publication venues with open review processes that focus on
argument quality rather than conformity; educational reforms emphasizing fallibility, revision, and model-based
understanding. The Monna map’s hierarchical mathematics models healthy scientific ecosystems: multiple
distinction levels (different approaches) coexisting without premature collapse into single level (dogmatic

orthodoxy). Maintaining this hierarchy—this conceptual diversity—preserves science’s adaptive capacity.

Ultimately, addressing dogmatism requires cultural change within physics communities. This involves shifting from
seeing science as accumulating established truths to seeing it as ongoing process of model-building and revision;
from valuing conformity to valuing innovation; from dismissing philosophy as irrelevant to engaging it as essential
for conceptual clarity. It requires what psychologist Carol Dweck calls “growth mindset” applied to scientific
communities: viewing challenges as opportunities for learning rather than threats to established understanding. Such
cultural change is difficult but necessary for physics to overcome current stagnation and fulfill its potential as

creative, self-correcting enterprise.

The integrated frameworks from earlier chapters support this cultural shift. Spencer-Brown’s calculus reminds us
that all scientific concepts are distinctions we draw, not discoveries of pre-existing things—maintaining this
awareness prevents dogmatic attachment. Bateson’s epistemology emphasizes tracking differences that make
differences rather than defending substantialized theories. The Monna map models maintaining multiple levels of
description without collapsing them prematurely. Applying these frameworks cultivates the epistemic humility that

counters dogmatism, supporting science as open-ended inquiry rather than dogmatic orthodoxy.

The

Cumulative Cost and Imperative for Change

Chapter 5°s analysis reveals that reification’s costs accumulate across multiple dimensions, creating what might be
called a “reification tax” on physics’ progress and vitality. This tax includes: stalled fundamental progress despite
massive resources; proliferation of conceptual paradoxes requiring elaborate resolutions; massive misallocation of
resources toward entity detection; barriers to interdisciplinary insight and unification; distorted public understanding
reinforcing naive realism; philosophical impoverishment supporting disenchanted worldviews; and dogmatism
slowing science’s self-correcting mechanism. These costs aren’t incidental but systematic consequences of

mistaking mathematical tools for physical realities.

The cumulative impact suggests reification isn’t merely philosophical error but practical problem with measurable
consequences for physics as scientific enterprise. When billions fund searches for reified entities yielding null

results, when brilliant minds work on paradoxes of our own making, when physics becomes isolated from other



sciences by incompatible ontologies, when public understanding lags decades behind actual science, when cultural
worldview becomes impoverished, and when dogmatism replaces open inquiry—the costs are real and substantial.
Addressing reification becomes not philosophical luxury but practical necessity for physics’ continued health and

progress.

The integrated frameworks provide diagnostic tools and corrective perspectives. Spencer-Brown’s calculus helps
recognize when acts of distinction become reified as distinguished objects. Bateson’s epistemology refocuses on
differences that make differences rather than their substantial carriers. The Monna map models maintaining multiple
distinction levels without premature collapse. Applying these frameworks reveals alternatives: physics as study of
distinctions and their dynamics, of informational patterns, of hierarchical relations. This approach treats physical
laws as syntactic patterns—rules for how distinctions combine—rather than as descriptions of substantial entities.
This alternative physics could avoid the costs documented here while maintaining—even enhancing—empirical

rigor and predictive power.

The transition to Chapters 6 and 7 builds on this analysis of consequences. Chapter 6 explores alternative
frameworks—mathematical, conceptual, and methodological approaches that avoid or mitigate reification. Chapter
7 proposes concrete steps for cultivating de-reified scientific practice. Together, these chapters offer pathways
beyond the costs documented here, toward physics that combines empirical success with conceptual clarity, that
contributes to integrated understanding across disciplines, that enriches rather than impoverishes philosophical and

cultural discourse, and that maintains the open, self-correcting spirit essential to scientific progress.

Chapter

6: Alternative Frameworks — Mathematics, Models, and Methods Beyond Reification

The previous chapters diagnosed reification as a persistent meta-pattern in physics, analyzed its historical and
contemporary instances, identified its causes, and documented its costs. This chapter presents positive alternatives—
mathematical, conceptual, and methodological frameworks that avoid or mitigate reification while maintaining
physics’ empirical rigor and predictive power. These alternatives share a common orientation: they treat physical
reality as consisting of processes, relations, distinctions, and patterns rather than substances, entities, and things.
They reconceive physical laws not as descriptions of substantial entities but as syntactic patterns—rules for how
distinctions combine, relations organize, and processes unfold. This chapter examines seven alternative approaches:
mathematical formalisms that resist substance-based interpretation; process ontology and relational approaches;
informational and computational frameworks; category theory and topological methods; p-adic numbers and
ultrametric geometry; generative grammars and algorithmic approaches; and methodological reforms shifting from
entity detection to pattern discrimination. The chapter culminates with an in-depth analysis of Spencer-Brown’s
Laws of Form as a non-reifying mathematics that starts from the act of distinction rather than presupposing objects.
Throughout, the integrated frameworks from Chapter 1—Spencer-Brown’s calculus of distinction, Bateson’s
informational epistemology, and the Monna map’s hierarchical mathematics—provide unifying threads,
demonstrating how different alternatives converge on treating physics as the study of distinctions that make

differences, organized hierarchically, and described by syntactic rules.

6.1

Mathematical Alternatives to Substance-Based Formalisms

Standard mathematical tools in physics—calculus, differential equations, linear algebra—naturally suggest
substance-based interpretations: variables as quantities of substances, fields as continuous media, operators as acting

on pre-existing states. Alternative mathematical formalisms resist such reification by focusing on relations,



processes, and structures rather than objects and quantities. Category theory exemplifies this approach: instead of
studying sets of objects with properties, category theory studies mappings between objects, functors between
categories, and natural transformations between functors. This relational emphasis makes category theory inherently
process-oriented: a morphism f: A — B represents a process transforming A into B, not a relationship between static
entities. Applied to physics, category-theoretic formulations of quantum mechanics (as in categorical quantum
mechanics) treat quantum processes as primitive, with states and observables derived from process structure. This

avoids reifying quantum states as objective entities and instead treats them as summaries of possible processes.

Topology offers another anti-reification mathematical framework. Topology studies properties preserved under
continuous deformation—connectivity, holes, boundaries—without reference to specific shapes or metrics. In
topological quantum field theory, physical observables are topological invariants insensitive to microscopic details.
This shifts focus from constituent entities to global relational properties. Knot theory, used in some approaches to
quantum gravity, studies entanglement as topological linking without positing underlying particles or fields. These
topological approaches treat physical reality as network of relations with certain invariant properties, not as

collection of entities with intrinsic attributes.

Algebraic approaches reformulate physics in terms of algebras of observables rather than particles or fields. In
algebraic quantum field theory, the fundamental structure is a net of local algebras representing possible
measurements in spacetime regions. Particles emerge as representations of these algebras under certain conditions,
not as primitive entities. This operationalist-inspired approach treats physics as study of possible measurement
outcomes and their relations, avoiding ontological commitment to entities behind the measurements. Similarly,
convex operational theories treat states as equivalence classes of preparation procedures and measurements as tests

distinguishing states—a thoroughly process-based formulation.

Process calculi and operational logics provide mathematical languages for describing processes without reifying
their stages. Inspired by computer science’s process algebras, these frameworks treat physical systems as concurrent
processes communicating via channels. Quantum process theories extend this to quantum information processing.
These approaches naturally accommodate non-locality and entanglement as features of process communication
rather than spooky action between distant particles. They also support compositional reasoning: complex processes

built from simpler ones without assuming underlying substances.

Non-standard analysis and infinitesimal approaches offer alternatives to continuum-based mathematics that may
reduce reification. Standard calculus treats derivatives as limits of ratios, subtly suggesting quantities changing
continuously. Non-standard analysis uses hyperreal numbers with actual infinitesimals, providing an alternative
foundation that may better align with discrete quantum processes. Similarly, constructive mathematics requires
explicit construction of mathematical objects, discouraging reification of ideal entities like actual infinities or
perfect continua. These approaches encourage precision about what mathematical constructions correspond to

physically realizable procedures.

The common theme across these mathematical alternatives is shifting from substance-based to process-based, from
entity-focused to relation-focused, from descriptive to operational. They provide mathematical tools that don’t
naturally suggest substances, helping physicists avoid unconscious reification. Their adoption requires mathematical
retooling but offers conceptual clarity: physics becomes the study of possible transformations, relational invariants,

and information processing—not the cataloguing of hypothetical entities.

6.2 Process

Ontology and Relational Approaches



Process philosophy, dating to Heraclitus and developed by Whitehead, Bergson, and others, offers a comprehensive
ontological alternative to substance-based thinking. In process ontology, reality consists fundamentally of events,
occurrences, or actual occasions—temporal happenings rather than persistent things. Whitehead’s actual occasions
are the fundamental constituents: brief experiential events that prehend (feel, incorporate) previous occasions and
concresce into novel unities. This framework treats process as primary, with apparent substances emerging as stable
patterns of recurrent processes. Applied to physics, particles become world-lines of successive actual occasions;
fields become gradients of prehensive relationships; spacetime becomes the extensive continuum of possible
relations between occasions. Process ontology naturally accommodates quantum non-locality (prehensions acting at
a distance), temporal becoming (concrescence), and the observer-dependence of quantum measurement (each

occasion has its subjective perspective).

Relational approaches treat relations as fundamental, with relata derived. In relational quantum mechanics (RQM),
developed by Carlo Rovelli, quantum states are relative to observers, not absolute. There are no intrinsic properties
of systems, only properties relative to other systems. This dissolves the measurement problem: no collapse occurs
because there’s no absolute state to collapse. RQM treats physics as the study of information that systems have
about each other—a thoroughly relational, informational approach. Similarly, relational spacetime theories treat
spacetime as network of relations between events, not container existing independently. This aligns with Leibniz’s

critique of Newtonian absolute space and Einstein’s insight that spacetime intervals are relational.

Network-based models represent physical reality as graphs or networks where nodes represent events or
measurements and edges represent causal or informational connections. Causal set theory models spacetime as
partially ordered set of events with causal relations. Quantum graphity models spacetime as dynamical graph whose
connectivity evolves. These approaches treat geometry and matter as emergent from network dynamics, not
fundamental. They avoid reifying continuous spacetime or point-like particles, instead positing discrete relational

structures as primitive.

Process-based interpretations of existing physics demonstrate the viability of these approaches without requiring
new mathematics. Quantum Bayesianism (QBism) treats quantum states as agents’ beliefs about consequences of
interventions, not objective states. This epistemic interpretation dissolves many quantum paradoxes while
maintaining predictive power. Consistent histories formalism treats quantum mechanics as describing possible
histories of events, not evolving states of systems. These interpretations show that standard quantum formalism can

be understood processually without adding new physics.

The advantages of process ontology include: dissolving mind-body problem (experience is fundamental in actual
occasions); accommodating quantum non-locality (prehensional relations); explaining temporal asymmetry
(concrescence is irreversible); providing natural account of emergence (complex patterns from simple processes).
Challenges include: mathematical formalization of process concepts; connecting to empirical predictions;
overcoming psychological preference for substance-based thinking. However, these challenges are being addressed

through interdisciplinary work combining physics, philosophy, and mathematics.

Process ontology’s connection to Spencer-Brown’s calculus is direct: actual occasions are acts of distinction that
mark differences. Whitehead’s prehension is a form of distinction-making where an occasion feels previous
occasions. The calculus of indications provides formal tools for describing processual reality. Bateson’s
informational epistemology complements this: differences that make differences are the content of prehensions.

Together, they offer a coherent framework for physics as study of distinctions and their relationships across scales.

6.3

Informational and Computational Frameworks



Informational approaches treat information as fundamental, with matter, energy, and spacetime as derived or
emergent. Quantum information theory provides a powerful framework: quantum states represent information,
unitary evolution represents information processing, measurement represents information acquisition. This
perspective treats physics as study of possible information processing constraints. The holographic principle—that
information in a volume scales with surface area—suggests information-theoretic foundations for spacetime itself.
Black hole thermodynamics relates entropy to horizon area, connecting geometry to information capacity. These

developments point toward physics as essentially informational.

Computational frameworks treat the universe as computational process. Digital physics, inspired by Konrad Zuse
and Edward Fredkin, posits that physical reality is discrete computation at Planck scale. Cellular automata models,
like Stephen Wolfram’s computational universe, explore simple rules generating complex behavior. These
approaches treat physical laws as algorithms, particles as patterns, and forces as information flow. While
speculative, they offer concrete alternatives to continuum-based, entity-focused physics. They also naturally
accommodate the apparent fine-tuning of physical constants: different computational rules produce different

“universes” with different properties.

Quantum computation as fundamental paradigm treats quantum processes as primitive computation. The universe
computes its own evolution via quantum circuits or similar structures. This perspective unifies quantum mechanics
and computation: quantum superposition is parallel computation, entanglement is non-local information sharing,
measurement is read-out. It also suggests new approaches to quantum gravity: spacetime as emergent from quantum

computational networks. Recent work on quantum complexity and tensor networks supports this view.

Algorithmic information theory connects physics to computation via Kolmogorov complexity—the minimum
program length generating a description. Physical laws could be seen as highly compressible regularities in the
universe’s computational output. This approach treats simplicity and symmetry not as mysterious metaphysical
principles but as computational efficiency: simple laws generate complex phenomena with minimal program length.
It also provides criteria for theory selection: the best theory is the shortest program reproducing observations

(Occam’s razor formalized).

The “it from bit” philosophy of John Archibald Wheeler and the participatory universe concept treat information as
primary. Wheeler’s famous dictum—*“it from bit”—proposes that every physical quantity derives from binary
choices (bits). The participatory principle suggests observers play essential role in bringing reality into existence
through measurement. These ideas, while controversial, push informational thinking to its logical conclusion: reality
is informational structure brought into being through observation. This aligns with quantum Bayesianism and

relational quantum mechanics.

Informational frameworks avoid reification by treating physical entities as patterns in information flow. Particles are
stable informational patterns; fields are gradients of information density; spacetime is informational network. This
perspective naturally connects physics to computer science, cognitive science, and biology—all dealing with
information processing at different scales. It also provides new approaches to old problems: the arrow of time as
computational irreversibility; quantum non-locality as non-local information sharing; consciousness as integrated

information processing (Giulio Tononi’s integrated information theory).

Bateson’s epistemology—information as difference that makes a difference—finds natural expression in these
frameworks. Physics becomes the study of differences that make differences across scales, with mathematical laws
describing regularities in how differences propagate and transform. Spencer-Brown’s calculus provides formal tools
for describing distinction-making as primitive informational act. The Monna map models hierarchical information
structures: distinctions at different scales (p-adic levels) appearing continuous at macroscopic level. Together, these

frameworks support physics as informational science studying syntactic patterns of distinction.



6.4 Category

Theory and Topological Methods

Category theory provides perhaps the most powerful anti-reification mathematical framework. Its fundamental
concepts—objects, morphisms, functors, natural transformations—are defined relationally. An object is
characterized not by intrinsic properties but by its relationships to other objects via morphisms. This relational
emphasis makes category theory inherently anti-substantialist: what matters is how things relate, not what they
“are” in isolation. Applied to physics, category theory has yielded categorical quantum mechanics, topological

quantum field theory, and homotopy type theory approaches to foundations.

Categorical quantum mechanics, developed by Samson Abramsky, Bob Coecke, and others, reformulates quantum
theory in diagrammatic language where processes are primitive. The formalism uses string diagrams to represent
quantum processes compositionally, emphasizing information flow rather than state evolution. This approach treats
quantum mechanics as theory of processes that can be composed, paralleled, and transformed. It avoids reifying
quantum states as objective entities and instead treats them as interfaces between preparation and measurement
processes. The diagrammatic language also makes quantum phenomena like entanglement visually intuitive as

topological linking.

Topological quantum field theory (TQFT) studies quantum field theories whose observables are topological
invariants. In TQFT, spacetime manifolds without metric structure suffice; physical information is encoded in global
topological features. This represents extreme form of relational physics: only relations between spacetime regions
matter, not distances or shapes. TQFT has applications in quantum gravity (Chern-Simons theory), topological
phases of matter, and knot theory. It demonstrates that physics can be formulated without reifying metric or

geometric structures as fundamental.

Homotopy type theory and higher category theory offer foundations for mathematics that avoid set-theoretic
reification. Instead of building mathematics from sets as collections of objects, these approaches use types as spaces
with points and paths, where equality is replaced by homotopy equivalence. This aligns with process thinking: two
things are “the same” if there’s a continuous transformation between them, not because they’re identical elements of
a set. Applied to physics, this could provide new foundations avoiding reification of identical particles, point-like

entities, and continuous spacetime.

Sheaf theory and topos theory provide mathematical frameworks for local-to-global reasoning. A sheaf assigns data
to open sets of a space with consistency conditions across overlaps. This naturally describes physical fields as local
data that glue together globally. Topos theory generalizes set theory to categories that behave like sets but can have
internal logic different from classical logic. Topos quantum theory, developed by Chris Isham and Andreas Déring,
reformulates quantum mechanics using non-classical internal logic of a topos, addressing measurement problem and

contextuality.

Applied category theory provides tools for complex systems and network science. Monoidal categories model
systems with parallel composition; operads model hierarchical composition; profunctors model relationships
between categories. These tools help describe physical systems at multiple scales without reifying entities at any
particular scale. They support compositional reasoning: understanding whole from parts and their interactions,

without reductionism (parts aren’t necessarily more fundamental).

The philosophical implications of category-theoretic approaches are significant. They support structural realism—
the view that what’s real is structure, not entities instantiating structure. They also align with ontic structural realism

in philosophy of physics: relations are fundamental, relata derivative. Category theory provides precise



mathematical language for these philosophical positions, moving them from metaphor to formalism. This helps

physics avoid reification by building relational thinking into its mathematical foundations.

Category theory’s connection to Spencer-Brown’s calculus is through their shared focus on relationships over relata.
While category theory starts with objects and morphisms, the objects are essentially placeholders; the morphisms do
the real work. Spencer-Brown starts even more primitively with distinction, from which both “object” and
“morphism” emerge. Together, they provide hierarchical framework: distinctions (Spencer-Brown) organize into

categorical structures, which then support physical descriptions.

6.5 p-adic

Numbers and Ultrametric Geometry

p-adic numbers provide a non-Archimedean alternative to real numbers that naturally encodes hierarchical structure.
For a prime number p, the p-adic metric measures distance based on divisibility by powers of p: numbers are
“close” if their difference is divisible by high power of p. This creates ultrametric geometry satisfying strong
triangle inequality: d(x,z) < max(d(x,y), d(y,z)). In ultrametric spaces, all triangles are isosceles, and points cluster
hierarchically in disjoint balls. This hierarchical structure offers natural models for scale-dependent physics and

emergent phenomena.

p-adic quantum mechanics explores using p-adic numbers instead of real numbers for spacetime coordinates or
wavefunction values. This leads to discrete, hierarchical structures that may regularize divergences in quantum field
theory. The Bruhat-Tits tree—infinite regular tree representing p-adic projective line—provides geometric picture:
physical states live on tree vertices, with distance from root representing scale. This tree structure naturally
incorporates renormalization group flow: moving toward root corresponds to coarse-graining, toward leaves to

fine-graining.

Ultrametric geometry appears naturally in complex systems: spin glasses, protein folding, evolutionary trees. These
systems exhibit hierarchical organization where similar elements cluster at multiple scales. Applying ultrametric
ideas to spacetime suggests hierarchical structure at Planck scale that smooths to continuum at macroscopic scales.
This could resolve singularities in general relativity: what appears as point singularity in continuum description is

actually entire branch of tree in ultrametric description.

The Monna map connects p-adic hierarchies to real continuum. It maps p-adic numbers to real numbers in way that
preserves hierarchical structure while appearing continuous. This provides mathematical model for how discrete,
hierarchical micro-structure could appear continuous at macro-scale. Applied to physics, it suggests that continuum
spacetime and fields are approximations to underlying discrete hierarchical reality. This aligns with quantum gravity

approaches positing discrete spacetime, while providing specific hierarchical structure.

p-adic analysis offers alternative calculus based on p-adic derivatives and integrals. This calculus naturally handles
functions with fractal properties and hierarchical discontinuities. It may be better suited for describing quantum
processes than standard calculus, which assumes smooth continuity. p-adic differential equations could model

processes with inherent scale hierarchy, like turbulence or quantum measurement.

Applications to number theory and physics connections are explored in p-adic string theory and adelic physics. The
adelic approach uses all p-adic completions of rational numbers simultaneously, suggesting deep number-theoretic
basis for physics. While speculative, this research demonstrates that alternatives to real-number-based physics exist

and can yield new insights.



Ultrametric geometry provides geometric foundation for process-based physics. The hierarchical clustering of
ultrametric spaces mirrors Whitehead’s extensive continuum with its nested regions. The tree structure represents
order of becoming: each branch represents alternative possible development. This connects to quantum

many-worlds interpretation but with hierarchical structure distinguishing “close” versus “distant” branches.

The anti-reification value of p-adic approaches lies in their treatment of scale as fundamental aspect of geometry,
not incidental property. In standard physics, scale enters through parameters; in ultrametric geometry, scale is built
into metric itself. This makes hierarchical organization primitive, not emergent from interactions of scale-less
entities. It thus avoids reifying entities without scale properties and instead builds scale directly into mathematical

framework.

p-adic numbers and ultrametric geometry connect naturally to Spencer-Brown’s calculus through hierarchical
distinction. Each p-adic digit represents distinction at a particular scale; the p-adic expansion represents nested
distinctions. The Bruhat-Tits tree visually represents hierarchy of distinctions. This provides geometric picture of

distinction-making across scales, supporting physics as study of hierarchical distinctions.

6.6

Generative Grammars and Algorithmic Approaches

Generative grammar, developed by Noam Chomsky for linguistics, provides model for physics as rule-based system
generating complexity from simplicity. A generative grammar consists of alphabet, rules for combining symbols,
and axioms. Starting from axioms and applying rules recursively generates language of valid strings. In physics
analog, alphabet represents primitive events or distinctions, rules represent physical laws, axioms represent initial
conditions, and generated strings represent physical histories. This approach treats physics as syntactic system—

study of allowable combinations—rather than as study of entities.

Cellular automata (CA) exemplify generative approach: simple rules updating cells in grid generate complex
patterns. Conway’s Game of Life demonstrates how simple rules can produce gliders, oscillators, and computational
universality. Stephen Wolfram’s computational universe explores all possible simple programs, suggesting our
physical laws might be one such program. This approach treats particles as persistent patterns (like gliders), forces
as interactions between patterns, and spacetime as grid on which computation occurs. It avoids reifying particles as

fundamental entities—they’re emergent patterns.

Algorithmic information theory (AIT) provides criteria for evaluating generative theories. Kolmogorov complexity
measures minimal program length generating observed data. A physical theory can be seen as program generating
universe’s history. The best theory has minimal complexity while reproducing observations. This formalizes
Occam’s razor and provides objective measure of theory quality. It also suggests that simple laws generating

complex universe are algorithmically likely—most short programs produce complex output.

Genetic programming and artificial life explore rule-based systems that evolve complexity. These approaches start
with simple rules and allow variation and selection to discover complex behaviors. Applied to physics, this suggests
physical laws might be result of evolutionary process in space of possible algorithms. While speculative, it offers
alternative to anthropic principle for explaining fine-tuning: laws evolved through variation and selection in

multiverse of possible laws.

Process calculi from computer science—r-calculus, ambient calculus, bigraphs—provide formal languages for
describing concurrent, mobile processes. These calculi treat processes as primitive, with elegant algebraic rules for

composition, interaction, and scope. Applied to physics, they could describe quantum processes, particle



interactions, and spacetime dynamics in process-based language. They naturally accommodate non-locality,

entanglement, and context-dependence as features of process communication.

Rewriting systems and term rewriting provide foundations for algorithmic transformations. A rewriting system
consists of rules replacing subterms with other subterms. Applied to physics, particles could be terms, interactions
rewrite rules, and histories sequences of rewrites. This approach treats physics as computational process

transforming states according to rules—thoroughly algorithmic perspective.

The advantages of generative/algorithmic approaches include: natural account of emergence (complex patterns from
simple rules); built-in computability (laws are programs); connection to computer science tools; avoidance of
infinite regress (rules stop at primitive operations). Challenges include: connecting to continuum physics;

explaining particular rule set; empirical testing. However, these challenges are active research areas.

Generative approaches connect to Spencer-Brown’s calculus through shared emphasis on rules for manipulating
marks. The calculus of indications is essentially generative grammar with two operations: making distinction,
re-entering form. All mathematics emerges from these rules. This demonstrates generative power of simple rules.
Applied to physics, it suggests that simple distinction-making rules could generate physical complexity. Bateson’s

informational epistemology complements this: rules describe how differences make differences.

6.7

Methodological Reforms: From Detection to Discrimination

Methodological reforms complement conceptual and mathematical alternatives by changing how physics is
practiced. The dominant methodology in fundamental physics focuses on detecting hypothesized entities: build
detector sensitive to dark matter particle, search for supersymmetric partner, etc. This methodology reinforces
reification by treating mathematical constructs as detection targets. Alternative methodology focuses on
discriminating between competing process models rather than detecting entities. Experiments would test predictions
of modified gravity versus particle dark matter, different quantum interpretations, alternative inflation scenarios—

without presupposing which entities exist.

Model-based inference provides framework for this shift. Instead of testing hypothesis H: “entity X exists,” test
models M1, M2 describing different processes. Bayesian model comparison calculates evidence for each model
given data. This treats models as tools for predicting observations, not as descriptions of reality. It naturally
accommodates multiple models with different ontological commitments, selecting based on predictive power rather

than intuitive plausibility or mathematical elegance.

Predictive process signatures replace entity properties as experimental targets. Instead of searching for
WIMP-nucleon scattering (entity property), search for modified rotation curve predictions (process signature).
Instead of looking for Higgs decay channels (particle property), test symmetry-breaking mechanism predictions
(process pattern). This redirects experimental effort from detecting hypothetical entities to testing observable

consequences of different processes.

Exploratory experimentation, advocated by historian of science Friedrich Steinle, emphasizes systematic variation
without theoretical preconception. Rather than testing specific theory, explore parameter space to discover
regularities. This approach reduces theory-ladenness and avoids premature reification. It’s particularly valuable in
new domains where theories are immature. Contemporary examples include quantum simulation experiments

exploring many-body physics without specific model.



Engineering as discovery recognizes that building novel devices tests foundational principles. Quantum computing
engineering tests quantum mechanics foundations; metamaterial engineering tests wave propagation principles;
ultracold atom experiments test statistical mechanics. This methodology treats technology development as
fundamental physics research, blurring distinction between applied and basic science. It focuses on what can be

built and measured rather than what supposedly exists.

Diverse small experiments versus megaprojects offer methodological alternative. Instead of few billion-dollar
experiments targeting specific entities, many smaller experiments testing diverse ideas. This portfolio approach
spreads risk, supports innovation, and prevents conceptual lock-in. It’s more compatible with process-based physics

where many different models need testing rather than few entity-based theories needing confirmation.

Open-source methodology and citizen science broaden participation. Making experimental data openly available
allows multiple groups to analyze with different models. Citizen science projects like Galaxy Zoo demonstrate
collective pattern recognition. These approaches diversify perspectives and reduce community groupthink that

reinforces reification.

Methodological reforms require changes in funding, publication, and evaluation. Funding agencies would support
model-comparison experiments, exploratory work, and diverse portfolios. Journals would publish negative results
and model discrimination studies. Evaluation would reward predictive success and conceptual innovation rather

than entity confirmation. These institutional changes support methodological shift.

The connection to anti-reification frameworks is direct: methodology focusing on processes rather than entities
aligns with process ontology; model comparison rather than entity detection aligns with epistemic humility;
exploratory experimentation aligns with avoiding premature ontological commitment. Spencer-Brown’s calculus
reminds us that experiments are acts of distinction—making differences that make differences. Methodology should

maximize discriminative power of these distinctions rather than reinforce pre-existing categorical commitments.

6.8

Spencer-Brown’s Laws of Form as Non-Reifying Mathematics

George Spencer-Brown’s Laws of Form (1969) presents a calculus of distinctions that begins not with objects, sets,
or numbers but with the act of drawing a distinction. This primitive operation—marking a difference—generates all
mathematics without presupposing entities. The calculus has two initial injunctions: “Draw a distinction” and “Call
the space cloven by any distinction, together with the entire content of the space, the form of the distinction.” From
these simple beginnings, Spencer-Brown derives Boolean algebra, logic, arithmetic, and algebra. This approach
makes Laws of Form perhaps the most radical anti-reification mathematics: it builds mathematics from process

(distinction-making) rather than assuming pre-existing things.

Standard mathematics presupposes entities, inviting reification. Set theory begins with sets as collections of objects;
number theory with numbers as abstract objects; geometry with points, lines, planes as ideal objects. These starting
points subtly condition users to think in terms of things. Spencer-Brown reverses this: begin with act, from which
both “thing distinguished” and “space of distinction” emerge together. This aligns with process philosophy and

avoids substance-based assumptions from the outset.

The calculus of indications—Spencer-Brown’s formal system—has astonishing generative power. From the mark
(distinction) and two laws (calling and crossing), he derives: the law of calling (duplication), the law of crossing

(cancellation), arithmetic (numbers as patterns of marks), algebra, and logic. He shows how imaginary values



(square root of negation) emerge naturally, connecting to complex numbers and quantum mechanics. This
demonstrates that complex mathematics can arise from simple distinction-making rules, supporting generative

approaches to physics.

Connection to process philosophy is direct: Spencer-Brown’s distinction corresponds to Whitehead’s actual
occasion. Both are primitive events that demarcate, separate, and create novelty. Whitehead’s prehension—an
occasion feeling previous occasions—is a form of distinction-making where differences are incorporated.
Spencer-Brown provides formal calculus for such processes. Synthesis yields rigorous mathematics for process

philosophy, potentially solving its formalization challenges.

Bateson’s difference that makes a difference finds mathematical expression in Laws of Form. A distinction is
precisely a difference that makes a difference—it creates a marked state distinct from unmarked. Bateson’s
informational epistemology becomes operational: information is distinction that transforms subsequent distinctions.
Physics as study of distinctions that make differences thus has precise mathematical foundation in Spencer-Brown’s

calculus.

The Monna map and p-adic numbers connect to hierarchical distinction structures. Each p-adic digit represents
distinction at a particular scale; p-adic expansion represents nested distinctions. The Bruhat-Tits tree visualizes
hierarchy of distinctions. Spencer-Brown’s re-entry of form—where a distinction re-enters the space it distinguishes
—models self-reference and recursion central to hierarchical structures. Together, they provide mathematics for

multi-scale distinction processes.

Applying Laws of Form to de-reify physical concepts yields intriguing results. Particles become re-entrant patterns
of distinction—stable solutions to distinction equations. Fields become gradients of distinction density—contours of
markedness. Spacetime becomes network of distinctions with metric relations based on crossing sequences.
Physical laws become syntactic rules for distinction combinations—grammar of distinction-making. This provides

concrete alternative to entity-based physics.

Quantum mechanics finds natural expression in calculus of indications. The mark corresponds to quantum
distinction (measurement outcome); superposition corresponds to unresolved distinction; entanglement corresponds
to shared distinction space; complementarity corresponds to incompatible distinctions. Spencer-Brown’s imaginary
values (square root of negation) connect to quantum phase. This suggests quantum mechanics might be

fundamentally about distinction-making rather than about particles or waves.

The anti-reification value of Laws of Form is profound: it provides mathematics that doesn’t suggest substances,
doesn’t presuppose objects, doesn’t reify abstractions. It keeps the act of distinction primary and the distinguished
secondary. This aligns perfectly with the critique of reification developed throughout this work. Adopting such
mathematics could help physicists avoid unconscious reification by building distinction-based thinking into their

formal tools.

Implementing Spencer-Brown’s approach requires mathematical retraining and development of physics-specific
extensions. While Laws of Form derives basic mathematics, applications to differential equations, field theory, and
general relativity need development. However, initial work shows promise: applications to logic circuits, computer
science, and foundations of mathematics demonstrate its power. Extending to physics represents exciting research
frontier.

Ultimately, Laws of Form offers not just alternative mathematics but alternative metaphysical starting point: reality
as distinction-making process. This aligns with process philosophy, informational approaches, and relational

physics. It provides mathematical foundation for physics as study of distinctions that make differences—a



formulation that avoids reification while maintaining rigor. As such, it represents perhaps the most complete

alternative framework for physics beyond reification.

Synthesizing

Alternatives for Physics Beyond Reification

Chapter 6 has presented seven alternative frameworks—mathematical, conceptual, methodological—that avoid or
mitigate reification while maintaining physics’ empirical success. These frameworks share common themes: treating
processes as primary over substances, relations over relata, distinctions over distinguished objects, patterns over
pattern-bearers. They reconceive physical laws as syntactic patterns—rules for how distinctions combine, processes
unfold, relations organize—rather than as descriptions of substantial entities.

The integrated frameworks from Chapter 1—Spencer-Brown’s calculus of distinction, Bateson’s informational
epistemology, the Monna map’s hierarchical mathematics—provide unifying threads across these alternatives.
Spencer-Brown offers mathematics starting from distinction-making act; Bateson offers epistemology treating
information as difference that makes difference; Monna map offers hierarchical modeling of distinctions across

scales. Together, they support physics as study of distinctions organized hierarchically and described syntactically.

These alternatives are not mutually exclusive but complementary. Category theory provides relational mathematics;
process ontology provides conceptual framework; informational approaches provide operational perspective; p-adic
numbers provide hierarchical geometry; generative grammars provide rule-based modeling; methodological reforms
provide practice guidelines; Laws of Form provides foundational mathematics. A synthesis could yield
comprehensive physics beyond reification: mathematically rigorous, conceptually clear, empirically adequate, and
ontologically humble.

Crucially, these frameworks themselves must avoid reification. Category theory could be reified as describing
ultimate categorical reality; process ontology could be reified as asserting processes as fundamental substances;
informational approaches could be reified as claiming information is stuff. The reflexive critique developed
throughout this work applies equally to its proposed alternatives: they are tools for making distinctions, not
descriptions of ultimate reality. Their value lies in helping us avoid reification, not in providing new reified

metaphysics. Maintaining this awareness prevents replacing one set of reified entities with another.

The transition to Chapter 7 builds on these alternatives to propose concrete steps for cultivating de-reified physics:
revised research goals, new experimental paradigms, interdisciplinary integration, institutional reforms, science
communication changes, and continuous vigilance against reification. By combining alternative frameworks with
practical reforms, physics can move beyond the reification meta-pattern while maintaining—and potentially

enhancing—its explanatory power and cultural value.

Ultimately, physics beyond reification would be physics that knows its maps are maps, its models are models, its
entities are useful fictions within those models. It would be physics that studies distinctions that make differences,
patterns that connect, processes that unfold—and treats laws as syntactic patterns describing regularities in these
phenomena. Such physics would be both scientifically rigorous and philosophically coherent, offering not just

predictions but understanding, not just technology but wisdom.

Chapter

7: The Future — Physics Beyond Reification



Chapter 7 represents the culmination of this work’s journey—from diagnosing reification as a persistent
meta-pattern (Chapters 1-2), through analyzing contemporary instances and their causes (Chapters 3-4),
documenting consequences (Chapter 5), and exploring alternative frameworks (Chapter 6)—to proposing concrete
pathways toward physics beyond reification. This final chapter outlines practical steps for transforming physics
from within: revising fundamental research goals, developing new experimental paradigms, fostering
interdisciplinary integration, implementing social and institutional changes, reforming science communication,
articulating philosophical and cultural implications, and establishing mechanisms for continuous vigilance against
reification. Crucially, these proposals integrate the frameworks developed throughout: Spencer-Brown’s calculus of
distinction reminds us that physics should study acts of distinction rather than reified distinguished objects;
Bateson’s informational epistemology guides us toward tracking differences that make differences; the Monna
map’s hierarchical mathematics models maintaining multiple descriptive levels without premature collapse into
substance-based ontologies. This chapter treats physical laws as syntactic patterns—rules for how distinctions
combine and processes unfold—and physics as the ongoing activity of discovering these patterns. The proposals
here are not utopian but practical, building on existing movements within physics while addressing the reification
meta-pattern systematically. By implementing these changes, physics can move beyond reification while

maintaining—indeed enhancing—its empirical rigor, explanatory power, and cultural relevance.

7.1 Revised Goals

for Fundamental Physics

Fundamental physics needs revised goals that shift from cataloging entities to understanding processes. The current
pursuit of a “Theory of Everything” as a list of fundamental particles, fields, and interactions exemplifies
reification: it assumes reality consists of things that interact, with the goal being to complete the inventory. This
approach faces infinite regress: if particles are fundamental, what are they made of? If fields are fundamental, what
substantiates them? The alternative is a “Theory of Processes” or “Generative Grammar” describing how
complexity emerges from simplicity through iterative application of rules. This approach treats physical reality as
patterns generated by underlying processes, with the goal being to discover the minimal set of process rules that

generate observed complexity.

The generative grammar analogy, drawn from Noam Chomsky’s linguistics, proves illuminating. Just as a finite set
of grammatical rules can generate infinite sentences, a finite set of physical process rules might generate the
complexity of the physical universe. The search shifts from constituents to operations, from things to
transformations. Spencer-Brown’s calculus of indications provides a concrete example: starting with the single
primitive operation of drawing a distinction, all of Boolean algebra, logic, and arithmetic emerge through iterative
application. This demonstrates how complex mathematical structures can emerge from simple process rules—a

model for how physical complexity might emerge from simple physical process rules.

Process-based success criteria differ from entity-based ones. Explanatory depth measures not how many entities a
theory posits but how elegantly it explains emergence of complexity from simplicity. Predictive power remains
essential but focuses on process signatures rather than entity properties. Conceptual clarity means avoiding
paradoxes, reifications, and unnecessary ontological commitments. A successful process-based theory would show
how particles, fields, spacetime, and forces emerge as stable patterns or regularities in underlying processes, not as

fundamental constituents.

Cellular automata and computational universe models illustrate the generative approach. Stephen Wolfram’s
exploration of simple programs shows how complex behavior emerges from minimal rules. Conway’s Game of Life

demonstrates how gliders (particle-like patterns), oscillators, and computational universality emerge from simple



cellular update rules. These models suggest that our physical laws might be similarly simple rules generating
apparent complexity. The research program becomes: search the space of possible simple rules for those that

generate behavior matching our universe.

Implementing this conceptual shift requires changes in research programs and funding priorities. Funding agencies
would support work exploring process-based foundations: generative models, cellular automata applied to physics,
extensions of Spencer-Brown’s calculus to physical systems. Research programs would focus on identifying
minimal process rules capable of generating observed physics. Academic positions would be created for researchers
working in these paradigms. This represents not abandonment of empirical rigor but redirection of effort toward

more fruitful conceptual foundations.

The calculus of indications serves as a candidate generative grammar for physics. Its two operations—drawing a
distinction and re-entering the form—generate all of logic and mathematics. Extending this to physics would
involve identifying physical interpretations of these operations: what constitutes a physical distinction? How does
re-entry manifest physically? Research exploring these questions could yield new foundations for quantum
mechanics (quantum measurement as distinction, superposition as unresolved distinction), spacetime (network of

distinctions with metric relations), and matter (re-entrant patterns of distinction).

Ultimately, revised goals transform physics from noun to verb: from “Physics” as body of knowledge about entities
to “physicking” as activity of discovering process patterns. This aligns with the verb-based language advocated
throughout: not “what exists” but “what happens,” not “things” but “happenings.” Such physics would be more
modest in its ontological claims but more ambitious in its explanatory scope: explaining not just how things interact

but how the appearance of things emerges from more fundamental processes.

7.2 New Experimental

Paradigms

Experimental physics must evolve from detecting entity properties to testing process predictions. Current
experiments often target specific entities: build detector sensitive to WIMP-nucleon scattering, search for Higgs
decay channels, measure gravitational wave signatures of black hole mergers. This methodology reinforces
reification by treating mathematical constructs as detection targets. The alternative: design experiments to
discriminate between competing process models without presupposing which entities exist. Instead of “detect dark
matter particle,” test modified gravity predictions versus particle dark matter predictions. Instead of “find Higgs

particle,” test different symmetry-breaking mechanisms.

Process signatures replace entity properties as experimental targets. These include: network connectivity measures
in complex systems, information flow patterns in quantum systems, topological invariants in condensed matter,
relational invariants in cosmology. For example, testing whether galactic rotation curves follow MOND predictions
or dark matter halo predictions doesn’t require assuming either is fundamentally correct—it tests which process
description better fits data. Similarly, testing different quantum interpretations through delayed-choice or weak

measurement experiments tests process descriptions without reifying wavefunctions.

Engineering represents a powerful form of experimental discovery that naturally focuses on processes. Building
quantum computers tests quantum foundations through what can actually be constructed and measured. Engineering
metamaterials with negative refractive indices tests wave propagation principles. Creating ultracold atom systems
tests statistical mechanics and emergence. This approach treats technology development as fundamental physics
research, blurring the applied-basic distinction. It focuses on what can be built and measured—processes that can be

implemented and observed—rather than what supposedly exists.



A compelling case: building ultrametric quantum devices to test geometric foundations. p-adic quantum mechanics
makes specific predictions about hierarchical structure and noise immunity. Building physical systems with
ultrametric architecture—engineered hierarchical energy landscapes—could test these predictions experimentally.
Such devices would implement the Bruhat-Tits tree structure discussed in earlier chapters, providing empirical tests
of non-Archimedean geometric approaches. This represents concrete experimental translation of theoretical

alternatives to continuum-based physics.

Smaller, cheaper, more diverse experiments offer advantages over megaprojects for exploring process-based
physics. While LHC-scale projects target specific entities, many smaller experiments can test diverse process
models. A portfolio approach—distributing resources across multiple small experiments testing different ideas—
reduces risk, supports innovation, and prevents conceptual lock-in. Lower barriers to entry allow more researchers
to contribute, including those outside traditional particle physics centers. This experimental pluralism matches the

conceptual pluralism needed to avoid reification.

Funding and peer review mechanisms must evolve to support process-based experiments. Grant programs
specifically for novel experimental paradigms would encourage innovation beyond entity detection. Reviewers need
education in process approaches to evaluate proposals fairly. Metrics beyond “discovery of new particle” would
value model discrimination, precision measurements of process parameters, and engineering achievements that test
foundations. Publication venues would highlight experiments that discriminate between models rather than just

confirm existing paradigms.

These new experimental paradigms connect to Spencer-Brown’s calculus through their focus on distinction-making.
Experiments are acts of distinction that make differences in our knowledge. Designing experiments to maximally
discriminate between process models maximizes their informational value. Bateson’s epistemology guides this:
experiments should make differences that make differences in our understanding. The Monna map models
experimental design across scales: different experiments probe different hierarchical levels, with consistency
required across scales. Together, these frameworks support experimental physics as systematic distinction-making

across scales.

7.3 Interdisciplinary

Integration

Physics suffers from isolation due to reified ontologies that don’t translate meaningfully to other disciplines.
Particles and fields offer little insight to biology, psychology, economics, or social sciences. Interdisciplinary
integration requires physics to develop ontologies compatible with what other sciences reveal about reality. Biology
provides particularly important lessons: it has largely abandoned substance thinking in favor of process-based
understanding. Organisms are integrated processes (metabolism, development, evolution), not collections of parts.
Ecosystems are networks of relationships, not collections of organisms. Physics could learn from biology’s deep
understanding of process, organization, and emergence.

Cognitive science offers insights on conceptualization, categorization, and metaphor that can help physics avoid
reification. Research on how humans form concepts reveals our tendency toward essentialism—attributing hidden
essences to categories. Studies of metaphor show how conceptual frameworks shape thinking. Understanding these
cognitive processes can help physicists recognize when they’re engaging in reification rather than describing reality.

Collaboration with cognitive scientists could yield tools for more accurate conceptualization in physics.

Computer science provides models of emergent processes, networks, and information flow directly applicable to
physics. Complex systems modeling, agent-based simulations, network algorithms, and information theory offer

mathematical tools for describing processes without reifying entities. These approaches naturally accommodate



features that challenge substance-based physics: non-locality as network connectivity, entanglement as information
sharing, emergence as complex behavior from simple rules. Physics-computer science collaboration could yield new

foundations for physical theory.

Philosophical rigor in foundational work helps avoid naive metaphysics. Collaboration with philosophers of science
provides critical examination of metaphysical assumptions, clarification of concepts, and avoidance of category
errors. Philosophers can help physicists recognize when mathematical constructs are being reified, when
explanatory gaps are being filled with substances, when linguistic habits are shaping ontology. This collaboration
isn’t about adding philosophy to physics but about doing physics with philosophical awareness—recognizing the

conceptual dimensions of scientific practice.

Genuine interdisciplinary dialogue requires moving beyond physics imperialism—the assumption that physics is
“fundamental” and other sciences must reduce to it. Instead, interdisciplinary integration means mutual learning,
respect for different methodologies, and recognition that different sciences study different aspects or scales of
reality with appropriate tools. Process ontology provides common ground: all sciences study processes—quantum,
chemical, biological, cognitive, social—with different emphases but shared focus on dynamics, organization, and

information flow.

Institutional structures must support long-term interdisciplinary teams. Joint appointments between physics,
biology, cognitive science, and philosophy departments would facilitate collaboration. Interdisciplinary institutes
dedicated to foundational questions would provide protected spaces for this work. Funding mechanisms for
long-term collaborative projects would enable deep engagement across disciplines. Academic reward structures

would value interdisciplinary contributions alongside traditional disciplinary achievements.

Training physicists in multiple disciplinary perspectives cultivates “cognitive flexibility”—the ability to shift
between different conceptual frameworks as appropriate. Required courses in biology, cognitive science,
philosophy, and computer science would expose physics students to different ways of knowing. This education
would help future physicists recognize when their conceptual tools are limiting their understanding and when
insights from other disciplines could prove valuable. It would also foster the epistemic humility essential for

avoiding reification.

This interdisciplinary integration connects to the frameworks developed throughout. Spencer-Brown’s calculus
provides common language for distinction-making across disciplines. Bateson’s epistemology—information as
difference that makes a difference—applies to biological signaling, cognitive processing, and physical measurement
alike. The Monna map models hierarchical relationships across scales from quantum to cosmic to social. Together,
they support integrated understanding of reality as distinction-making processes organized hierarchically across

scales—a framework that transcends disciplinary boundaries while respecting disciplinary expertise.

7.4 Social and

Institutional Changes

Reification persists partly through social and institutional structures that reward conformity and punish heresy.
Changing these structures is essential for cultivating physics beyond reification. Reward structures must value
paradigm-questioning work and conceptual innovation alongside traditional achievements. Tenure and promotion
criteria should recognize foundational contributions that challenge established paradigms. Prizes should honor
conceptual breakthroughs, not just experimental discoveries or theoretical elaborations within existing frameworks.

Recognition should extend beyond citation counts and grant dollars to include intellectual courage and creativity.



Protected spaces for heresy and heterodox thinking provide essential counterbalance to mainstream consensus.
Dedicated research institutes for alternative approaches offer sanctuary for paradigm-challenging work. Conferences
designed for genuine debate rather than presentation-only formats foster critical dialogue. Journals publishing
paradigm-challenging work provide dissemination channels for minority viewpoints. These protected spaces prevent
premature consensus and allow alternative ideas to develop before facing mainstream scrutiny—often necessary for

paradigm shifts.

Journal policies encouraging publication of alternative interpretations would diversify physics literature. Special
issues on foundational questions would highlight ongoing debates. Peer review processes would include reviewers
from diverse perspectives to avoid conformity enforcement. Acceptance criteria would emphasize rigor and
argument quality rather than alignment with mainstream views. Open-access publishing would ensure wide
dissemination of alternative ideas. These policies would create more pluralistic literature reflecting genuine

uncertainty in foundations.

Conference formats fostering genuine debate transform scientific communication. Debates between proponents of
different approaches, roundtable discussions, workshops with extended discussion time—these formats encourage
critical engagement rather than passive reception. Inclusion of minority viewpoints ensures all perspectives are
heard. Conference organizers would actively seek representation from diverse approaches, avoiding echo chambers

that reinforce reification. Such conferences model the kind of critical pluralism needed in physics.

Funding agency initiatives specifically for high-risk foundational work would support paradigm-diversifying
research. Programs modeled on DARPA’s approach—funding multiple approaches to hard problems with tolerance
for failure—would encourage innovation. European Research Council advanced grants for foundational physics
provide one model. Private foundations supporting heterodox research offer another. These funding mechanisms
create economic incentives for exploring alternatives to mainstream paradigms, counterbalancing the natural

conservatism of large-scale funding.

Academic tenure’s original purpose—protecting intellectual independence and criticism—must be reaffirmed.
Tenure should shield paradigm challengers from professional retaliation, ensuring job security for pursuing risky
ideas. Academic freedom should protect criticism of orthodoxy. This protection is essential for science’s
self-correcting mechanism: without it, young researchers face prohibitive career risks when challenging established
views. Tenure committees should recognize that foundational work often challenges rather than extends existing

paradigms.

Building a scientific community that values epistemic humility and continuous learning represents cultural
transformation. This shift involves moving from certainty to curiosity, from defending established truth to exploring
open questions. Celebrating revision and correction as scientific progress—not embarrassment—would encourage
admission of error. Community norms supporting intellectual humility would counteract dogmatism. This cultural
change is perhaps most challenging but most essential: it transforms how physicists see themselves and their work,

from defenders of truth to explorers of mystery.

These social and institutional changes implement the reflexive critique developed throughout. They recognize that
reification occurs not just in individual minds but in social systems, requiring systemic solutions. They apply the
map-territory distinction to scientific institutions: recognizing that scientific communities themselves are human
constructions that can be designed better or worse for discovering truth. They embody the epistemic humility
advocated: creating structures that acknowledge fallibility and encourage correction. Ultimately, they aim to build
scientific communities that are themselves learning systems—continuously improving their ability to avoid

reification and other epistemic errors.



7.5 Science Communication

Reform

Science communication often reinforces reification through simplified narratives emphasizing entity discovery.
“Scientists discover new particle!” makes compelling headlines but distorts public understanding. Reform involves
communicating physics as ongoing inquiry rather than settled truth, highlighting process over entity, and teaching
the public about model-building rather than fact-transmission. This reform serves not just public education but
physics itself: how physicists communicate shapes how they think, and public understanding influences funding and

cultural support.

Communicating physics as process rather than product emphasizes questions, mysteries, and unknowns. Instead of
“scientists have discovered final truth,” communication would highlight open problems, competing explanations,
and the provisional nature of scientific knowledge. This approach educates the public about how science actually
works—as fallible, corrigible, ever-evolving enterprise. It counters naive realism while fostering appreciation for
scientific process. It also models epistemic humility, showing that uncertainty and revision are strengths, not

weaknesses, of science.

Highlighting process, relation, and pattern over entity and substance requires new metaphors and examples. Instead
of “universe made of particles,” explain “universe as network of relationships.” Instead of “forces between objects,”
describe “patterns of interaction.” Quantum computing communication provides a model: explaining qubits as
information processing rather than tiny objects, entanglement as correlation rather than spooky action. Ecology
communication offers another: ecosystems as networks of relationships rather than collections of organisms. These

approaches maintain accuracy while avoiding reification.

Teaching the public about model-building, testing, and revision educates about scientific method at deeper level.
Science becomes not about discovering what exists but about building models that predict and explain. Models are
tools—approximate, revisable, useful for specific purposes. This understanding helps the public evaluate scientific
claims, recognize when models are being reified, and appreciate scientific progress as model improvement rather

than truth accumulation. It also connects to everyday experience: everyone uses mental models to navigate world.

Journalistic standards for covering theoretical physics need reform to avoid reification. Media training for scientists
would help them communicate accurately without oversimplification. Journalist guidelines would emphasize
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distinguishing mathematical models from physical reality, avoiding sensationalism (“God particle,” “theory of
everything”), and including appropriate caveats about theoretical status. Science journalists with physics
background would better navigate these complexities. These standards would improve accuracy while maintaining

accessibility.

Scientist engagement with communication as professional responsibility recognizes physics’ cultural role.
Communication training should be part of graduate education, teaching physicists to explain their work accurately
to diverse audiences. Time allocation for public engagement should be recognized as valuable professional activity,
not distraction from “real work.” Recognition for communication excellence—through awards, promotion
consideration, community esteem—would incentivize quality communication. This engagement benefits both public

and physics: educated public supports science, and explaining work clarifies thinking.

Case studies of effective process-based communication provide models. Quantum computing communication
successfully explains complex concepts through information processing metaphors. Systems biology

communication describes cellular function as process networks rather than parts-lists. Ecology communication



presents ecosystems as relationship networks. Climate science communication explains complex systems through
feedback loops and tipping points. Lessons from these domains can guide physics communication toward more

accurate, less reified narratives.

Long-term cultural shift in public understanding of science’s nature requires generational change through education.
Science education from elementary school onward should emphasize process, models, and uncertainty. Media
representation of science should show it as dynamic human activity rather than static body of facts. Public
participation in scientific dialogue—through citizen science, science festivals, online forums—fosters deeper
engagement. This cultural shift would create public better equipped to understand 21st-century physics and support

the foundational work needed to advance it.

Science communication reform implements Bateson’s epistemology at societal level: helping the public understand
science as tracking differences that make differences. It applies Spencer-Brown’s insight that communication itself
involves distinction-making: how we draw distinctions in communication shapes what distinctions audiences can
make. It recognizes, through the Monna map analogy, that different communication levels (technical, popular,
metaphorical) relate hierarchically: each has its place, but confusion between levels creates misunderstanding.

Ultimately, reformed communication helps create cultural context where physics beyond reification can flourish.

7.6

Philosophical and Cultural Implications

Physics’ reification has profound philosophical and cultural implications that a de-reified physics would transform.
Physics shapes cultural worldview through the metaphors and concepts it provides. Newtonian clockwork universe
contributed to disenchantment and mechanistic worldview. Quantum mechanics’ reified interpretations often
preserve this disenchantment while adding paradox. Process-based physics offers re-enchantment: universe as
creative process, participatory reality, meaningful whole. This philosophical shift has ethical, existential, and

cultural consequences worth articulating.

Physics’ role in cultural worldview formation carries responsibility. The metaphors physics provides—*“atoms as
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building blocks,” “universe as machine,” “reality as computation”—shape how people understand their place in
cosmos. These metaphors influence philosophy, religion, art, literature, and everyday thinking. Physicists thus have
responsibility beyond empirical accuracy: their theories contribute to society’s metaphysical foundations.

Recognizing this responsibility might motivate more careful ontological commitments and communication.

Process-based understanding supports environmental ethics through emphasis on interconnectedness and
interdependence. If reality consists of processes and relationships rather than separate substances, then separation is
illusion and interconnection is fundamental. This supports ethics of care for dynamic processes rather than
exploitation of static resources. Sustainability becomes maintaining healthy processes rather than preserving things.
Environmental responsibility follows naturally from ontological interconnection—a significant cultural contribution

from reformed physics.

New approaches to mind-body issues emerge from non-reified physics. Substance-based physics creates “hard
problem” of consciousness: how experience emerges from non-experiencing matter. Process-based physics, where
experience or distinction-making is fundamental (Whitehead’s actual occasions, Spencer-Brown’s distinctions),
dissolves the hard problem. Panpsychism (mind-like aspects at all scales) and neutral monism (reality neither
mental nor physical but more fundamental) become viable options. This opens new dialogues between physics and

consciousness studies.



A more participatory, less alienating relationship to cosmos emerges from process physics. Universe as creative
process we participate in through observation and measurement contrasts with universe as alien machine we observe
from outside. This participatory relationship restores meaning and purpose to physical reality: we’re not accidental
byproducts but participants in cosmic becoming. This addresses existential alienation characteristic of modern

consciousness while remaining fully compatible with scientific rigor.

Re-enchantment through appreciation of process mystery and complexity counters scientific disenchantment.
Wonder at emergence—how simple rules generate complex patterns—replaces wonder at divine creation. Beauty of
mathematical patterns in physical processes provides aesthetic dimension. Science becomes source of awe at
nature’s creativity rather than reduction of mystery to mechanism. This re-enchantment maintains scientific

explanation while restoring sense of mystery appropriate to infinite complexity emerging from finite rules.

Physics’ contribution to answering “What is real?” in 21st century could be profound if it moves beyond naive
materialism. Process-based, relational, informational ontologies offer richer answers than “particles and fields.”
Reality as network of distinctions, as information processing, as creative becoming—these frameworks
accommodate quantum strangeness, consciousness, meaning, and value better than substance-based alternatives.

Physics could thus guide culture toward more adequate understanding of reality in all its dimensions.

The cultural value of epistemic humility in an age of certainty cannot be overstated. Physics modeling uncertainty,
fallibility, and revision provides antidote to dogmatism and fundamentalism in other domains. Showing that even
our most successful science is provisional and corrigible demonstrates intellectual humility as virtue. This cultural
contribution—modeling how to hold beliefs tentatively, revise them based on evidence, and respect disagreement—

may be as important as physics’ technological contributions in 21st century.

These philosophical and cultural implications connect deeply to the frameworks developed throughout.
Spencer-Brown’s distinction-making as fundamental activity supports participatory reality. Bateson’s patterns that
connect support ecological ethics. The Monna map’s hierarchical modeling supports integrated understanding across
scales. Viewing laws as syntactic patterns supports re-enchantment through appreciation of nature’s “grammar.”
Together, they outline physics’ potential cultural contribution: not just technology but wisdom about our place in

COosmaos.

7.7 Continuous

Vigilance and Renewal

Reification tendency is perpetual challenge requiring continuous vigilance, not one-time fix. Human cognitive
tendencies toward substance thinking, institutional inertia toward established paradigms, linguistic habits favoring
nouns over verbs—these forces constantly reassert themselves. Building self-correcting mechanisms into physics
practice and education ensures ongoing renewal rather than eventual stagnation. This final section proposes

structures for maintaining physics as forever-becoming activity rather than settled doctrine.

Recognizing reification as perpetual challenge means expecting it to recur and preparing accordingly. Each
generation will rediscover substance-based thinking; each new theory will tempt reification; each successful model
will risk being mistaken for reality. Institutionalizing this recognition—through education, community norms,
research practices—creates resilience against reification’s inevitable return. This aligns with all sophisticated
practices: medicine expects new diseases, engineering expects material fatigue, physics should expect conceptual

eITors.



Building self-correcting mechanisms into physics practice involves regular “reification audits” of foundational
concepts. Periodically examining key concepts—particle, field, spacetime, wavefunction, dark matter, etc.—for
reification would involve interdisciplinary teams (physicists, philosophers, historians, cognitive scientists) assessing
whether mathematical constructs are being mistaken for physical realities. Publication of audit results would

maintain community awareness. This institutionalized self-critique embodies scientific spirit at its best.

Regular philosophical “audits” of foundational assumptions extend beyond specific concepts to broader
frameworks. Examining the metaphysical assumptions underlying current research programs, the ontological
commitments of dominant theories, the epistemological foundations of experimental interpretations—these audits
would maintain philosophical awareness in physics practice. They would catch reification early, before it becomes

dogma. They would also foster dialogue between physics and philosophy as equal partners in understanding reality.

Teaching each new generation about past reifications and how to avoid them makes history of science essential
curriculum. Case studies of aether, phlogiston, caloric, crystalline spheres, absolute space/time—and contemporary
candidates like dark matter particles, inflation field, quantum wavefunction—would illustrate reification patterns.
Students would learn diagnostic tools: when mathematical necessity becomes entity, when null results lead to more
complex entities rather than paradigm questioning, when skepticism is treated as heresy. This education cultivates

“reification literacy.”

Celebrating de-reification and paradigm shifts as scientific progress transforms how physics views its own history.
Recognizing moments when physics abandoned reified concepts as advances equal to discoveries of new
phenomena would create cultural values supporting de-reification. Awards for paradigm-shifting work that
eliminates unnecessary entities would incentivize conceptual clarification. Historical narratives emphasizing

corrections of reification would provide role models for current physicists.

Embracing the never-finished, always-becoming nature of scientific understanding requires comfort with
uncertainty and incompleteness. Physics as endless frontier rather than final truth accepts that understanding evolves
forever. This doesn’t mean giving up on truth but recognizing that our approximations improve asymptotically. Joy
in perpetual discovery and revision replaces anxiety about final answers. This attitude supports risk-taking,

innovation, and willingness to abandon cherished concepts when evidence demands.

Physics as eternal becoming rather than final truth—a verb forever unfolding—captures the ultimate vision.
“Physicking” rather than “Physics” emphasizes activity over doctrine. This verb-based understanding aligns with
process ontology, with Spencer-Brown’s distinction-making as fundamental activity, with Bateson’s differences that
make differences. It recognizes that physics, like reality it studies, is process not product, becoming not being. This

perspective sustains physics as vital, creative, self-correcting enterprise across generations.

These structures for continuous vigilance implement the reflexive critique at institutional level. They recognize that
the frameworks proposed in this work—Spencer-Brown’s calculus, Bateson’s epistemology, the Monna map—are
themselves tools that could be reified. They therefore include mechanisms for critiquing and revising these
frameworks. They model the epistemic humility they advocate: creating institutions that acknowledge their own
fallibility and build in correction mechanisms. This completes the reflexive circle: critiquing reification while

avoiding creating new dogma.

Ultimately, physics beyond reification would be self-aware enterprise that knows its maps are maps, its models are
models, its entities useful fictions within those models. It would study distinctions that make differences, patterns
that connect, processes that unfold—treating laws as syntactic patterns describing regularities in these phenomena.
It would combine empirical rigor with conceptual clarity, technological power with philosophical wisdom. Such
physics would honor its past while embracing its forever-unfolding future—a human activity contributing to

understanding of, and participation in, the magnificent process that is reality.



