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Article Abstract
Energy is one of science's most powerful unifying quantities, but everyday language easily turns it into a
misleading substance. This essay examines what physicists and chemists actually mean by energy: a
calculable property of a specified system whose changes can be tracked through motion, configuration,
radiation, internal degrees of freedom and mass. It distinguishes stored state quantities from transfers
such as work and heat, explains why conservation depends on drawing the system boundary correctly,
and shows how Noether's theorem links conserved energy to time-translation symmetry. It then marks
two important limits. Conserved energy does not imply that all energy is equally available for useful
change, and general relativity does not supply a unique, universally applicable global energy for
arbitrary spacetimes. The result is a concept that unifies many descriptions without becoming a material
fluid or a universal substance.

In 60 Seconds
Energy is not a stuff that hides inside objects and flows as identical little parcels. It is a physical quantity
that different theories calculate in different but mutually compatible ways. A moving object can
contribute kinetic energy; a system's configuration can contribute potential energy; matter has internal
energy; radiation carries energy; mass itself contributes to relativistic energy. Work and heat are better
treated as ways energy crosses a chosen system boundary, not as substances stored inside it. The
conservation law works only after the system and its interactions are specified. Mechanical energy alone
can decrease through friction while the broader energy account remains balanced because internal
energy rises. Noether's theorem gives a deeper structural reason for conservation in many physical
theories: invariance under shifts in time is associated with a conserved energy. But the slogan has
boundaries. Entropy constrains how energy can be used, and in curved, evolving spacetime a single
global total energy need not be definable. Energy is therefore a disciplined accounting concept with
extraordinary reach, not a universal fluid.
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Why This Question Matters
Energy appears in almost every scientific story: falling stones, chemical reactions, stars, batteries,
metabolism and the expansion of the Universe. That breadth makes it tempting to treat the word as if it
named one hidden material. Doing so creates persistent confusions: heat becomes something an object
‘contains’, friction seems to destroy energy, ATP becomes an energy packet, and cosmological redshift
looks like energy disappearing into nowhere. A careful definition does more than tidy vocabulary. It tells
us what must be measured, which boundary has been chosen, what quantity is conserved, and when the
familiar conservation slogan needs qualification.

1. A number that survives change

Energy earns its importance by surviving transformations in a precisely constrained sense. In
elementary mechanics, kinetic and potential terms can trade against one another. In
thermodynamics, internal energy changes when energy crosses a boundary by heat or work. In
electromagnetic and quantum descriptions, fields and quanta carry energy. Relativity links a body's
mass to its energy content. These are not rival definitions attached to unrelated substances. They
are domain-specific ways of calculating contributions to a common accounting structure.[1,7-9]

That is why the familiar list of 'forms of energy' can mislead. The useful idea is not that energy
repeatedly changes costume while remaining a microscopic material. The useful idea is that
different state variables and dynamical terms contribute to a quantity whose changes obey exact
relations. Feynman's famous block analogy captures the bookkeeping but also its limitation: the
conserved number is real as a physical constraint even when no single picture shows what all its
contributions 'look like'.[1,7]

The SI reinforces this abstraction. Energy, work and amount of heat are measured in joules, the
coherent derived unit kg m”2 sA-2.[5] Sharing a unit does not make them the same kind of concept.
A state quantity can describe a system at an instant; a transfer quantity describes a process across a
boundary. The equation and the experimental procedure decide which is meant, not the unit alone.

Where That Leaves Us
Energy is best treated as a calculable quantity constrained across transformations, not as a material
ingredient. Different theories expose different contributions, while the joule provides a common unit. The
next step is therefore not to ask where energy 'really sits', but to ask which system has been defined and
which terms belong in its account.[1,5,7,8]

2. The system boundary does the hidden work

Conservation statements are always statements about a system. Drop a ball through air and its
mechanical energy does not remain exactly constant: drag reduces the ball's kinetic-plus-
gravitational-potential account. Enlarge the system to include the air, the ball and their microscopic
degrees of freedom, and the apparent loss reappears chiefly as internal energy and motion in the
surroundings. Nothing mystical was recovered. The bookkeeping changed because the boundary
changed.[8]

This is one reason 'potential energy belongs to the object' is often a poor sentence. Gravitational
potential energy near Earth is naturally assigned to the configuration of the Earth-object system;
elastic potential energy belongs to a deformed system; electrostatic potential energy belongs to a
configuration of charges and fields. In many calculations we assign terms to a convenient
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subsystem, but the assignment is partly a modelling choice. Observable predictions remain
invariant when the bookkeeping is transformed consistently.[14]

The same discipline matters in chemistry and biology. A reaction vessel, a cell and an ecosystem
exchange matter and energy with their surroundings in different ways. Before saying energy was
produced, consumed, stored or wasted, the analyst must declare the boundary and the variables
retained. Many verbal paradoxes disappear at that point.[8]

Where That Leaves Us
An energy balance is never boundary-free. Apparent creation or destruction often signals that the chosen
account omitted a transfer, an interaction or internal degrees of freedom. This makes system definition
part of the physics rather than clerical setup, and it prepares the distinction between energy a system
has and energy that crosses its boundary.[8]

3. Heat and work are transfers, not stored fluids

Thermodynamics sharpens the distinction. Internal energy is a state function: once the
thermodynamic state is fixed, its value does not depend on the path by which the state was reached.
Heat and work, by contrast, describe transfers during a process. IUPAC defines heat as energy
transferred because of a temperature difference, while mechanical work can be represented by the
force-displacement integral.[3,4] A body can have internal energy; it is usually misleading to say
that it 'contains heat' in the same technical sense.

The first law connects them. With the sign convention in which work done on the system is positive,
AU = q + w. Other disciplines sometimes adopt the opposite sign for work, so the sign convention
must be stated. What does not change is the structural claim: a change in the system's stored energy
is related to energy transferred across its boundary.[2]

This vocabulary also clarifies friction. Friction does not violate energy conservation.[8] It redirects
organized mechanical energy into less organized microscopic motion and other internal degrees of
freedom. That distinction becomes crucial when we ask not merely how much energy exists but
how much can drive a specified change.

Where That Leaves Us
Internal energy characterizes a state; heat and work characterize transfers. Conflating them creates the
false image of heat as a substance and makes friction look destructive. Once state and transfer are
separated, the first law becomes an accounting relation rather than a story about invisible fluids. That
distinction prepares the next question: why should such balances be conserved at all?[2]

4. Conservation is deeper than a useful trick

In many physical theories, energy conservation is tied to a symmetry. Noether's first theorem
shows that continuous symmetries of an action correspond to conserved quantities. When the laws
governing a closed system do not change under a shift of the time coordinate, the associated
conserved quantity is energy. Spatial translation is similarly associated with momentum, and
rotational symmetry with angular momentum.[6]

This result does not mean that every school-level statement of energy conservation requires solving
a variational problem. It explains why conservation laws are structurally embedded in large classes
of modern theories. It also prevents a common overstatement: 'energy is conserved because time
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exists'. The relevant condition is not the mere existence of time but a specific invariance of the
dynamics under time translations.[6]

The theorem also reveals why defining the system still matters. If an explicitly time-dependent
external influence acts on a subsystem, that subsystem's energy need not be conserved. The larger
theory may possess a conserved quantity once the external degrees of freedom are included, but
conservation does not license us to ignore what we have left outside the model.

Where That Leaves Us
Noether's theorem links energy conservation to time-translation symmetry in variational theories.[6]
That is stronger and more precise than saying energy is conserved 'by definition'. It also exposes the
boundary of the claim: an open or explicitly time-dependent subsystem need not carry a conserved
energy by itself. The next step is to see how that structure survives when relativity and quanta enlarge
the account.

5. Mass, light and the widening of the account

Special relativity enlarged the classical energy account. A massive body at rest has rest energy EO =
mc”2, while its total relativistic energy includes motion as well.[1] This does not mean mass is a
separate substance that can be poured into energy. Mass and energy are related properties of a
physical system,[9] and changes in binding energy can alter the mass of a composite system.

Light carries energy even though photons have zero rest mass. For a photon, E = hv, so frequency is
directly related to energy. Radiation can therefore transfer energy and momentum, heat matter,
drive transitions and exert pressure. The classical image in which energy must belong to massive
particles is too narrow.[1,15]

The broader lesson is methodological. Each extension of physics preserved the accounting role
while changing which terms had to be included. Conservation survived by becoming more
comprehensive, not by forcing new phenomena into an old mechanical picture.[1,7,9,15]

Where That Leaves Us
Relativity and quantum physics did not abolish energy; they enlarged what counts in the balance. Rest
mass contributes energy, while massless radiation carries energy through its frequency. The durable
feature is the conservation structure, not any one classical picture of what the contributing terms must
be. That widening raises a different question: even when total energy balances, how much remains
available to do useful work?[1,15]

6. Conserved does not mean available

If energy is conserved, why can a battery run down, a hot drink cool, or a machine become unable
to do further work? Because the amount of energy and the capacity to drive a particular process are
different questions.[7] The second law of thermodynamics constrains spontaneous change through
entropy, the quantity whose change IUPAC defines as the heat brought to a system in a reversible
process at constant temperature, divided by that temperature.[12] Thermodynamic potentials such
as Gibbs energy, defined as enthalpy minus the product of thermodynamic temperature and
entropy,[13] are constructed for specified environmental constraints.

A room-temperature ocean contains immense internal energy, but a device in equilibrium with that
same ocean cannot turn all of it into directed work without other changes.[7] Conversely, a modest
energy difference maintained across a gradient can be highly effective because it is organized
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relative to the process that can exploit it. This is the point at which the language of 'high-energy'
and 'low-energy' becomes context dependent.

The article stops short of a full treatment of entropy. The essential boundary here is simply that
conservation answers how an energy account balances, whereas thermodynamics asks which
transformations are possible, in which direction, and with what available driving capacity.

Where That Leaves Us
Energy conservation does not guarantee usefulness. Entropy and thermodynamic constraints determine
how readily energy differences can drive change. This prevents a major conceptual error: a process can
conserve total energy perfectly while irreversibly reducing the fraction that can be converted into a
desired form of work. The final boundary is geometric: what becomes of the slogan when spacetime itself
is dynamical?[7]

7. The cosmological boundary of the slogan

The strongest caution arrives in general relativity. Matter is described by a stress-energy tensor
whose covariant divergence vanishes, expressing a local conservation structure. But curved
spacetime complicates the idea of a unique gravitational energy density, and a single globally
conserved total energy is not available in every spacetime. Global energy definitions work cleanly
only under additional geometric conditions, such as appropriate symmetries or asymptotic
structure.[10,11]

This matters in cosmology. In an expanding Friedmann-Lemaitre-Robertson-Walker universe,
photon wavelengths stretch and their measured energies decrease. Asking 'where did that energy
go?' assumes in advance that the whole evolving universe possesses the same kind of global
conserved scalar familiar from time-translation-invariant laboratory systems. General relativity
does not generally provide that object.[10,11] The local equations remain consistent; the global
bookkeeping intuition has been pushed beyond its domain.

This is not evidence that energy conservation is approximate or optional. It is evidence that
conservation laws have mathematical conditions. A slogan learned from isolated systems in nearly
flat spacetime should not be promoted into a stronger theorem than the theory itself supplies.
[10,11]

Where That Leaves Us
General relativity preserves local energy-momentum structure but does not guarantee a unique globally
conserved energy for arbitrary spacetimes.[10,11] Cosmological redshift therefore cannot be understood
safely by demanding a missing global energy reservoir. The boundary condition is part of the law, not an
embarrassment added after the fact. That boundary sets the final synthesis: separate the robust
accounting principle from the conditions under which global conservation can be stated.

What We Know, and How

e Energy is a quantitatively defined property used across mechanics, thermodynamics,
electromagnetism, quantum physics and relativity.[1,5,7]

e Experiments and theory support exact balance relations when the system and relevant
transfers are specified.[8]

e Heat and work are process quantities; internal energy is a state quantity.
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e Noether's theorem connects time-translation invariance with a conserved energy in variational
theories.[6]

e Special relativity requires rest energy and relativistic contributions to be included, and
radiation carries energy.[1,15]

e Conservation alone does not determine how much energy is available for useful work.[7]

e General relativity preserves local energy-momentum structure but does not provide one unique
global energy in every spacetime.[10,11]

What We Still Don’t Know

e How best to define gravitational energy quasi-locally in general relativity, and which of the
available definitions is most useful in a given spacetime.[10,11]

e How future quantum-gravity frameworks will connect their conserved quantities to the familiar
low-energy descriptions.

e None of this is an unresolved empirical question about whether ordinary closed-system energy
balances work within their tested domains. These questions do not weaken the laboratory
conservation laws; they mark where the concept meets the structure of spacetime itself.[10,11]

What Could Change Our Minds

e Areproducible failure of energy accounting in a genuinely isolated system, after all known
particles, fields, radiation and boundary transfers were included, would force a major revision.
[6]

e Evidence that a time-translation-invariant fundamental theory systematically lacked the
corresponding conserved quantity, under conditions where Noether's assumptions apply, would
do the same.[6]

e In gravitation, a new fundamental framework could change which global or quasi-local energy
definitions are preferred, but it would have to recover the extremely successful local and weak-
gravity limits already measured.[10,11]

If You Remember Only One Thing

Energy is a conserved accounting quantity whose meaning depends on the system and theory; it is not a
substance, and global conservation has geometric limits.

Related Articles

e IDE-003 — Entropy
e IDE-005 — Symmetry
e IDE-022 — Mass
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Article Abstract
Information is a quantitative language for distinguishable alternatives, statistical uncertainty and
dependence. In Shannon's theory, a source is represented by possible messages with probabilities;
entropy summarizes average uncertainty, while mutual information measures how much observing one
variable reduces uncertainty about another. These quantities set rigorous limits on compression and
reliable communication, but they do not by themselves supply semantic meaning, causal direction or a
physical substance called information. A bit is a unit defined by logarithms to base two, and the same
logical distinction can be embodied in many physical systems. Physical implementation nevertheless
matters: memory must be represented, manipulated and sometimes erased, and logically irreversible
operations have thermodynamic consequences. This article separates the mathematical measure from
its physical carriers and from causal signalling, establishing the boundary with IDE-024, which asks
what a signal is and how influence is physically conveyed.

In 60 Seconds
Start with a set of possible outcomes and probabilities. Shannon entropy, measured in bits when
logarithms use base two, gives the average uncertainty of that distribution; mutual information
measures statistical dependence between two variables. These are not vague metaphors. They support
coding theorems: frequent outcomes can receive shorter descriptions, noisy channels have finite
capacities, and processing data cannot create information about an upstream variable that was absent
from the input.[1,2] Yet the mathematics intentionally abstracts away from meaning. Two bit strings can
have the same Shannon statistics while differing completely in what a human interprets them to mean.
[1] Information also is not a weightless fluid that exists independently of representation. A logical bit can
be stored in voltage, magnetization or another physical degree of freedom, while erasing logically
distinguishable states under thermal conditions carries a minimum thermodynamic cost in the ideal
limit.[3,4] Finally, shared information is not proof of communication or causation: common causes and
prior interactions can correlate variables without any present signal between them.[5]
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Why This Question Matters
The word information moves easily between telecommunications, physics, biology, computing and
everyday speech, and that portability is both useful and dangerous. Without stating the random
variables, probabilities and coding assumptions, a numerical information claim may be undefined;
without a causal model, mutual information can be mistaken for influence; without a physical model,
Landauer's principle can be misquoted as a universal energy cost for every computational step. A
disciplined account lets us use the same mathematical tools across fields while keeping distinct
questions distinct: how uncertain a source is, how strongly variables depend on one another, how a
message is encoded, and how a physical signal actually travels.

1. What Shannon Information Measures

Shannon's starting point is not a substance but a set of possible messages and their probabilities.
For a discrete random variable X with outcomes x and probabilities p(x), the entropy H(X) = -Z p(x)
log2 p(x) is the expected logarithmic surprise. The base of the logarithm fixes the unit: base two
gives bits. Entropy is zero when one outcome is certain and grows when probability is spread
among alternatives.[1,2]

That definition is operational because it connects to coding. For long sequences generated by a
source, entropy sets the fundamental scale for average lossless description length: highly
predictable sources can be compressed more than highly uncertain ones. Shannon's noisy-channel
theory likewise links reliable communication to channel capacity rather than to any particular
alphabet or hardware.[1,2] The abstraction is powerful precisely because it ignores the material
form of the symbols.

Mutual information asks a different question. I(X;Y) quantifies how much the joint distribution of X
and Y departs from independence, equivalently how much knowing one reduces uncertainty about
the other. It is non-negative and vanishes when the variables are statistically independent under
the specified distribution.[2] A high value therefore means strong statistical dependence, not that X
caused Y or that a message physically travelled from X to Y.

Where That Leaves Us
Information theory begins with explicit alternatives and probability distributions, then turns them into
quantities that constrain compression and communication. Entropy and mutual information are
properties of a probabilistic description, not hidden fluids inside objects. That makes the next question
unavoidable: if the mathematics is abstract about hardware, what changes when the same logical
distinctions are implemented in real physical devices?

2. A Bit Is Logical, but Its Implementation Is Physical

A bit is a binary distinction, not a microscopic bead. The logical states 0 and 1 can be represented by
two voltage ranges, two magnetization directions, two optical states or many other physically
distinguishable configurations. Information theory can treat these realizations as equivalent when
only the logical alternatives matter, while engineering must also track noise, stability, energy
barriers, error probabilities and the dynamics used to read or change the state.[1,2]

Landauer identified a specific bridge between logical and thermodynamic irreversibility. When a
physical operation maps two distinguishable logical states onto one, as idealized erasure does,
information about the prior state is discarded. In a thermal environment, carrying out that logically
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irreversible operation reversibly as far as possible still requires entropy to be exported to the
surroundings; for erasing one unbiased bit the familiar ideal lower bound is KT In 2 of dissipated
heat.[3]

The principle does not say that every logical operation must dissipate kT In 2. Bennett showed that
general computation can, in principle, be arranged through logically reversible steps, retaining
enough information to retrace intermediate states and avoid erasure until it is actually required.[4]
Real computers dissipate far more energy for many engineering reasons, but the conceptual lesson
is precise: information is abstract enough to admit many embodiments, while operations on
embodied information remain subject to physical law.

Where That Leaves Us
The same logical bit can inhabit very different hardware, so information cannot be identified with one
material carrier. Yet implementation is not irrelevant: storing, reading and erasing distinctions are
physical processes with noise and thermodynamic constraints. This separates information as a
quantitative relation among alternatives from the signal that physically carries a change between
locations, the subject reserved for IDE-024.

3. Information Is Not the Same as Meaning

Shannon explicitly designed his communication theory so that semantic aspects of messages were
not required for the engineering problem.[1] A code can preserve a sequence with arbitrarily low
error without understanding whether that sequence is a poem, a genome, a software file or
random-looking output. The mathematics cares about symbol probabilities, code lengths, channel
statistics and recoverability under a specified task.

This is not a claim that meaning is unreal. It is a boundary statement about what Shannon
quantities measure. Meaning depends on users, conventions, reference, goals and larger models
that are not determined by H(X) alone. Two messages can have similar length and entropy while
differing radically in semantic content; conversely, the same proposition can be encoded in many
strings with different statistical properties. Quantitative information measures therefore do not
become a universal theory of semantics merely because the word information is shared.

Context nevertheless enters the mathematics in a disciplined way. One must choose variables, an
alphabet or state space, a probability model and often a coding or observational protocol before
entropy or mutual information can be computed. Different choices can answer different legitimate
questions. Once those choices are fixed, however, the resulting quantity is not arbitrary: the
probability model and definitions determine the value and the theorems constrain what
transformations can do.[2]

Where That Leaves Us
Shannon information deliberately answers a narrower question than ordinary-language meaning. It
quantifies uncertainty and dependence once variables and probabilities are specified; it does not infer
what symbols refer to or why they matter to an organism or observer. That boundary prevents a
common category error and prepares the next one: statistical dependence can be strong even when no
causal influence or present communication exists.

4. Dependence Is Not Causation or Signalling
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Mutual information detects statistical dependence. If two variables share a common cause, were
correlated by an earlier interaction or are both effects of a third process, observing one can reduce
uncertainty about the other even when neither currently sends anything to the other. Information
theory alone therefore cannot decide whether the dependence arose by direct influence, common
cause, selection or some other causal structure.[2,5]

Causal inference requires additional assumptions or interventions. Pearl's graphical framework
makes this explicit by combining probability distributions with structural information about which
variables can directly affect which others; only under such assumptions can observational data
identify causal effects, and sometimes they cannot.[5] This is a different task from measuring
dependence. The distinction matters whenever phrases such as 'information flows from A to B' are
used as though a non-zero correlation had already established a physical route.

The data-processing inequality provides a useful but limited constraint. If X influences Y and Y is
then processed into Z through a Markov chain X—Y—Z, ordinary processing cannot increase the
mutual information that Z contains about X beyond what Y already contained.[2] The theorem
constrains statistical structure given a model; it does not establish that the assumed causal chain is
the true physical history. Model and measurement must therefore be kept separate.

Where That Leaves Us
Shared information can arise without a contemporaneous signal, so dependence, causation and
communication must not be collapsed into one word. Information theory constrains probability
distributions; causal inference adds assumptions about intervention and direction; signal physics asks
what interaction can actually carry a change. With those roles separated, the final section can state
what information does unify across disciplines without turning it into a universal substance.

5. What the Concept Unifies - and Where It Stops

Information theory unifies problems that can be expressed as alternatives, probabilities, coding
constraints and statistical dependence. The same formal tools can describe source compression,
noisy communication, inference and parts of statistical physics because each problem contains a
structure of distinguishable states and uncertainty.[1,2] That common mathematics is substantive,
but it does not imply that every use of the word information names the same physical mechanism.

The concept also has boundaries inside mathematics. Differential entropy can be negative and
changes under coordinate transformations and scaling, whereas mutual information has stronger
invariance properties.[2] Statements such as 'the system contains N bits' therefore require the
representation, resolution and probabilistic model to be specified.

The division of labor across this series is deliberate. IDE-003 treats entropy as a broader concept,
including its thermodynamic role; IDE-008 treats probability itself; IDE-024 asks what a signal is,
focusing on physical carriers, propagation and the conditions for signalling. IDE-002 stops at
quantitative information: how alternatives, uncertainty, dependence and coding are represented
and constrained. The handoff is conceptual, not evidential, so it needs no citation.

Where That Leaves Us
Information is a rigorous family of quantitative relations, not a universal material ingredient. Its power
comes from separating what depends on probability and coding from what requires semantics, causal
structure or a physical transmission mechanism. That boundary makes the neighboring articles
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complementary rather than redundant: entropy, probability and signal each inherit part of the story, but
none is simply another name for information.

What We Know, and How

e For discrete sources, Shannon entropy quantifies average uncertainty and sets the fundamental
scale for lossless compression.[1,2]

e Mutual information measures statistical dependence and obeys the data-processing inequality
under the specified probabilistic structure.[2]

e Logically irreversible erasure has a thermodynamic lower bound in the ideal thermal limit,
while logically reversible computation can in principle avoid paying that cost at every step.[3,4]

e Statistical dependence alone does not identify a causal direction; causal claims require
additional structural assumptions or interventions.[5]

What We Still Don’t Know

e How best to connect information-theoretic quantities to semantic or functional notions in
specific biological and cognitive systems without conflating the definitions.

e  Which information measures are most informative for strongly non-stationary, high-
dimensional systems when the relevant state variables themselves are uncertain.

e How close future physical computing architectures can approach reversible-computation limits
while remaining fast, reliable and manufacturable.

What Could Change Our Minds

e Areproducible violation of the lossless source-coding or channel-coding limits under their
stated assumptions would require revision of the corresponding information-theoretic
framework.

e A controlled erasure experiment that, after accounting for all reservoirs and errors, repeatedly
dissipated less than the Landauer bound for an unbiased bit in the quasistatic thermal regime
would challenge the standard thermodynamic account.[3]

e A causal-inference procedure that identified direction uniquely from arbitrary observational
joint distributions without additional assumptions, while succeeding on cases with common
causes and observational equivalence, would overturn the boundary drawn here between
dependence and causation.[5]

If You Remember Only One Thing

Information quantifies uncertainty and statistical dependence under explicit choices of variables and
probabilities; it is neither semantic meaning, causal influence nor a physical substance.

Related Articles

e IDE-003 — Entropy
e IDE-008 — Probability
e IDE-024 — What Is a Signal?
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Article Abstract
Entropy appears in thermodynamics, statistical mechanics and information theory, but the same word
does not denote one unrestricted quantity. In equilibrium thermodynamics, entropy is a state function
that enters the second law and constrains macroscopic change.[4] Statistical mechanics connects
entropy to probability distributions over microscopic possibilities compatible with stated constraints.
[1,2] Shannon entropy quantifies uncertainty in message probabilities and shares the -p log p form used
in statistical mechanics.[3] These uses overlap mathematically while differing in variables, units and
operational roles. The article follows those boundaries to explain why local entropy can decrease, why
coarse-graining matters, why visible disorder is not a definition, and how information erasure creates a
specific thermodynamic bridge.[5,6] The result is a controlled picture of entropy as quantitative
accounting over alternatives and state changes, with interpretation fixed by the system, ensemble,
constraints and physical process under discussion.

In 60 Seconds
Thermodynamic entropy is a state variable. For an isolated macroscopic system, the second law says
that spontaneous evolution does not reduce total entropy; equilibrium corresponds to the maximum
entropy compatible with the imposed conserved quantities and constraints.[4] Statistical mechanics
supplies a microscopic language for that rule. A macrostate can be compatible with many microstates,
and probability distributions over microscopic states lead to Gibbs entropy.[1,2] Shannon later
introduced an entropy for uncertainty in message ensembles; mathematically it has the same -p log p
form, but the variables and interpretation are different.[3] This is why 'entropy is disorder'is a poor
definition: a shuffled deck, a crystal, a gas and a coded message require different state spaces and
constraints, and visual messiness does not tell you which entropy is being computed.[5] Local entropy
can fall when entropy is exported elsewhere: refrigerators cool compartments, crystals form ordered
structures and living systems maintain organization while producing entropy in their surroundings.[4]
Irreversible information erasure provides one concrete bridge between logical distinctions and
thermodynamic entropy production, but not a license to identify all information entropy with heat.[6]
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Why This Question Matters
Entropy appears in physics, chemistry, computing, cosmology and popular explanations of time. That
breadth makes sloppy transfers especially costly. If entropy is treated as a mystical measure of chaos,
local organization can look like a violation of the second law; if Shannon entropy is treated as
automatically thermodynamic, a probability calculation can be mistaken for a heat balance. The
scientific discipline is to name the system, state variables, ensemble, boundary and allowed exchanges
before drawing conclusions. With those pieces explicit, entropy becomes a powerful bookkeeping tool for
irreversibility and uncertainty rather than a slogan that explains everything and therefore nothing.

1. Thermodynamic Entropy Is a State Function

Classical thermodynamics defines entropy through relations among equilibrium states, heat
transfer and temperature rather than through a picture of molecular messiness. For a reversible
transfer of heat, the differential relation dS = §Qrev/T provides a route to entropy differences, while
the second law constrains real processes by requiring that the total entropy change of an isolated
system be non-negative.[4] Entropy is therefore tied to a specified system and its state variables.

The word total matters. A subsystem may lose entropy while its environment gains more. A
refrigerator lowers the entropy associated with the cooled compartment by consuming work and
rejecting heat to the room; the complete device-plus-environment process respects the second law.
[4] The same logic applies when a crystal grows from a solution or when an organism maintains
internal organization. Local order does not provide a loophole because the accounting boundary
cannot be chosen after the fact.

At equilibrium, the entropy principle can be expressed as a maximum subject to the relevant
constraints. Those constraints can include energy, volume, particle numbers or externally imposed
conditions.[4] Change the constraints and the comparison changes. Entropy is not a ranking of all
conceivable states by a single cosmic scale; it is a state function used within a thermodynamic
description whose variables and exchanges have been specified.

Where That Leaves Us
Thermodynamic entropy is rigorous because its system boundary and constraints are part of the
statement. The second law concerns the complete entropy balance, so local decreases are allowed when
compensated elsewhere. That macroscopic rule still leaves a deeper question: why do equilibrium states
dominate, and how can a quantity defined without visible disorder emerge from microscopic
possibilities? Statistical mechanics supplies that bridge.

2. Statistical Mechanics Counts Possibilities Under Constraints

Statistical mechanics represents a macroscopic state through an ensemble of microscopic
possibilities. Gibbs formulated an entropy for a probability distribution over phase space, S =-k £
p_iln p_iin a discrete representation, with continuous versions requiring additional care.[1] When
the accessible microstates are assigned equal probability, the expression reduces to Boltzmann's
familiar logarithmic dependence on the number of compatible microstates. The logarithm makes
multiplicities additive for independent system:s.

The important phrase is compatible with the macroscopic constraints. A gas at fixed energy and
volume does not explore arbitrary configurations with equal relevance; the ensemble is defined by
what is held fixed and by the dynamical and probabilistic assumptions of the model.[1,2] Jaynes
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emphasized that statistical mechanics can be understood as inference under incomplete
information: maximize entropy subject to known expectation values rather than inventing
unsupported microscopic detail.[2] That interpretation is powerful, but it does not erase the
physical content of the constraints.

Coarse-graining enters whenever many microscopic distinctions are ignored in favor of
macroscopic variables. Different partitions of phase space can produce different coarse-grained
entropies, and fine-grained Hamiltonian evolution has subtleties that simple 'entropy always
increases microscopically’ slogans hide.[1,2] The observed thermodynamic arrow depends on
preparation, macroscopic resolution and overwhelmingly larger regions of phase space
corresponding to equilibrium-like macrostates, not on molecules literally becoming more untidy.

Where That Leaves Us
Statistical entropy connects macroscopic irreversibility to weighted microscopic alternatives, but only
after an ensemble and constraints have been chosen. Coarse-graining is therefore not decorative
language: it specifies which distinctions the macroscopic description retains. The same mathematics of
weighted alternatives appears in communication theory, yet there the objects being counted are
messages rather than molecular states. That similarity needs a careful boundary.

3. Shannon and Statistical Entropy: Shared Form, Different Conditions

Shannon entropy H =-Z p_i log p_i quantifies uncertainty in a probability distribution over symbols
or messages.[3] Its formal resemblance to Gibbs entropy is exact enough to support deep
connections, and Jaynes deliberately used information-theoretic reasoning to construct statistical
ensembles.[2] But the unit, variables and operational task differ. Shannon entropy in bits concerns
a coding problem; thermodynamic entropy in joules per kelvin participates in energy and heat
balances. Inference: the shared notation alone does not establish thermodynamic identity; that
identification requires the relevant constraints and ensemble assumptions.

The distinction prevents two opposite mistakes. First, a physical system can be assigned a Shannon
entropy for many different chosen variables, none of which automatically equals its
thermodynamic entropy. Second, thermodynamic entropy can be used without asserting that
nature is literally processing messages. Shared mathematics often indicates a common structure -
probability over alternatives and logarithmic additivity - while interpretation comes from the
physical or informational problem in which the formula is embedded.[2,3]

Landauer's principle shows a genuine but specific bridge. Resetting a logically unknown bit to a
standard state is a many-to-one logical operation. When physically implemented in a thermal
environment, the lost logical distinction must be accompanied by entropy production elsewhere,
giving the ideal kT In 2 scale for erasing one unbiased bit.[6] This links information handling to
thermodynamics through an operation and a physical implementation; it does not make every
Shannon bit a fixed packet of heat.

Where That Leaves Us
Shannon and thermodynamic entropy belong to a shared mathematical family, but their equality is
never guaranteed by notation alone. A valid bridge requires a defined physical encoding, probability
distribution and process, as Landauer's erasure argument illustrates. Once that distinction is secure, the
most persistent public shortcut can be examined directly: why visual disorder is neither a definition nor
a reliable measurement of entropy.
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4. Why “Entropy Means Disorder” Fails

The disorder metaphor is attractive because gases spread, ice melts and mixtures often look less
structured as entropy increases. But appearance is not the variable in the equations. Lambert
argued that 'disorder’ is a poor teaching crutch because it encourages students to infer entropy
from visual untidiness rather than from energy dispersal, multiplicity and the specified
thermodynamic process.[5] A shuffled deck is visually random, yet card shuffling is not a
thermodynamic entropy measurement.

Examples that appear ordered can carry high entropy under one description, while visually
irregular states can be tightly constrained under another. A crystal at nonzero temperature
contains vibrational degrees of freedom; a glass can possess configurational complexity; a
probability distribution over a perfectly regular symbol sequence can have low Shannon entropy
even when the physical storage medium is warm. The correct question is not 'does it look ordered?'
but 'what states, probabilities and constraints define the entropy being discussed?'[1-5]

The metaphor also obscures scale. Mixing two ideal gases, allowing heat to flow across a
temperature difference or erasing a bit are different processes with different entropy accounting.
Calling all of them 'more disorder' hides the mechanism and can make the second law seem
circular. Entropy becomes explanatory only when tied to a quantitative model that predicts a
change or constrains an allowed process.

Where That Leaves Us
Visible disorder may accompany some entropy increases, but it cannot define entropy because it does not
specify a state space, probability distribution or thermodynamic boundary. Replacing the slogan with
explicit variables also clarifies why entropy can support an arrow of time without being a universal
clock. The final step is to separate the statistical asymmetry of irreversible macroscopic processes from
the microscopic laws used to model them.

5. Entropy, Irreversibility and the Arrow of Time

Many microscopic dynamical laws are approximately time-reversal symmetric, whereas
macroscopic processes such as diffusion, friction and heat flow exhibit a strong direction in
ordinary conditions. Statistical mechanics reconciles these facts by combining dynamics with
special low-entropy preparations, coarse-grained macroscopic descriptions and the overwhelming
phase-space weight of equilibrium-like macrostates.[1,2] The second law is therefore statistical in
microscopic interpretation while remaining extraordinarily reliable for macroscopic systems.

This reliability is not the same as logical impossibility of every fluctuation. Small systems can show
transient entropy-reducing fluctuations under carefully defined stochastic descriptions, and
fluctuation relations quantify such events. What matters for ordinary thermodynamics is scale:
fluctuations capable of undoing a macroscopic entropy increase are fantastically improbable. The
macroscopic arrow emerges from probability, constraints and initial conditions rather than from
adding a new microscopic force that pushes time forward.

Entropy also does not by itself explain why the universe began in a low-entropy condition or settle
every question about cosmological arrows of time. Those are deeper boundary-condition problem:s.
Within its established domain, however, entropy gives a precise language for distinguishing
reversible idealizations from irreversible processes and for tracing where compensating entropy
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must go. IDE-010 will treat feedback, while IDE-017 will treat uncertainty; neither substitutes for
this thermodynamic accounting.

Where That Leaves Us

Entropy links thermodynamic direction, statistical multiplicity and information-theoretic uncertainty
without collapsing them into one meaning. Its explanatory force comes from explicit constraints,
ensembles and boundaries. The concept therefore survives both local order and microscopic
reversibility: irreversibility belongs to the statistical behavior of physical processes under specified
conditions, not to a visual tendency toward mess. That is the controlled meaning carried forward in the
series.

What We Know, and How

For an isolated macroscopic system, the second law requires non-negative total entropy
production; local entropy decreases are compatible with it when compensated by larger
changes elsewhere.[4]

Gibbs and related statistical entropies quantify weighted microscopic alternatives under
specified ensembles and constraints.[1,2]

Shannon entropy quantifies uncertainty in message probabilities and shares the -p log p form
used in statistical mechanics.[2,3]

The disorder metaphor is not a definition of entropy and can misclassify processes when state
variables, boundaries or probability distributions are omitted.[5]

Landauer's bound connects logically irreversible erasure to thermodynamic entropy production
for a physical implementation in a thermal environment.[6]

What We Still Don’t Know

How the low-entropy boundary condition of the early universe should ultimately be explained,
rather than merely used as an initial condition in statistical accounts of the thermodynamic
arrow.

How best to define and measure entropy production in strongly nonequilibrium systems far
from local equilibrium when no simple thermodynamic state description applies.

Which coarse-grained variables provide the most informative and robust macroscopic
description for complex systems whose relevant degrees of freedom change over time.

What Could Change Our Minds

A reproducible macroscopic isolated-system experiment showing sustained negative total
entropy production after all heat, work, matter and information reservoirs were quantitatively
closed would contradict the standard second-law account.[4]

A coding experiment that systematically violated Shannon's source or channel theorems under
their stated probabilistic assumptions would force revision of the information-theoretic entropy
framework rather than merely its physical interpretation.[3]

A controlled one-bit erasure experiment operating in the quasistatic thermal regime that, after
complete reservoir accounting, repeatedly dissipated below the Landauer limit would challenge
the standard link between logical irreversibility and thermodynamic entropy production.[6]

If You Remember Only One Thing
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Entropy quantifies constrained alternatives or thermodynamic state changes under a specified
description; it is not a universal measure of visible disorder.

Related Articles

e IDE-002 — Information
e IDE-010 — Feedback
e IDE-017 — Uncertainty

References

[1] Josiah Willard Gibbs. Elementary Principles in Statistical Mechanics. Charles Scribner's Sons (1902).

[2] E. T. Jaynes. Information Theory and Statistical Mechanics. Physical Review 106, 620-630 (1957). DOI
10.1103/PhysRev.106.620.

[3] Claude E. Shannon. A Mathematical Theory of Communication. Bell System Technical Journal 27, 379-423 and
623-656 (1948). DOI 10.1002/j.1538-7305.1948.tb01338.x; 10.1002/j.1538-7305.1948.th00917.x.

[4] Herbert B. Callen. Thermodynamics and an Introduction to Thermostatistics, 2nd ed. Wiley (1985).

[5] Frank L. Lambert. Disorder - A Cracked Crutch for Supporting Entropy Discussions. Journal of Chemical
Education 79(2), 187 (2002). DOI 10.1021/ed079p187.

[6] Rolf Landauer. Irreversibility and Heat Generation in the Computing Process. IBM Journal of Research and
Development 5(3), 183-191 (1961). DOI 10.1147/rd.53.0183.

Juan Segurola | v0.3 | Page 22



THE UNIVERSE AND ITS OBSERVERS | SCIENTIFIC EDITION
THE UNIVERSE AND ITS OBSERVERS

Causality: Intervention, Counterfactuals and

Physical Influence
IDE-004 - Fundamental Ideas

Concept essays for The Universe and Its Observers

Author: Juan Segurola

Version: v0.7 EN - 17 September 2026

Status: Publication version

Article form: Concept essay

Scale / context: Experimental science, causal inference and physical propagation
Boundary: Causality is separated from correlation, prediction and mere temporal order
Related works: IDE-005, IDE-010, IDE-023

Epistemic profile: Established knowledge

Licence at publication: All Rights Reserved

Article Abstract
Causal questions ask more than whether variables move together. They ask what would change under
intervention, which background conditions must be controlled, and which alternative explanations have
been excluded. Randomized experiments create causal leverage by deliberately changing treatment
assignment, while observational sciences rely on stronger assumptions about structure, confounding,
timing and mechanism.[1,2] Granger causality formalizes a predictive asymmetry in time series, but
prediction is not identical to intervention causality.[3] Physics adds a further boundary: relativity
constrains where influences can propagate through spacetime, while Bell's theorem rules out broad
classes of local hidden-variable explanations for quantum correlations without providing a controllable
faster-than-light signalling channel. [4-6] This article separates these meanings so that 'cause’ does not
collapse into correlation, chronology or predictability. The result is a hierarchy of evidence: association
can suggest a causal question, but causal conclusions require design, structure or physical constraints
that rule out relevant alternatives.

In 60 Seconds
Suppose smoking and disease are correlated. The correlation alone does not tell us what would happen if
smoking were changed while relevant background factors were held appropriately fixed. That
counterfactual or interventional question is the core of modern causal inference.[1,2] Randomized
experiments help by breaking systematic links between treatment assignment and many potential
confounders. When randomization is impossible, causal graphs, natural experiments, instrumental
variables, temporal information and mechanistic knowledge can sometimes identify effects, but only
under explicit assumptions.[1] Granger's test asks whether past values of one time series improve
prediction of another beyond its own past; useful as that is, it does not by itself prove a manipulable
mechanism.[3] ‘A happened before B' is weaker still, because common causes, feedback and selection can
generate misleading sequences.[1] In physics, relativity makes the speed of light a limiting velocity, so
controllable influences cannot outrun it.[4] Quantum Bell correlations violate local hidden-variable
inequalities, yet standard quantum theory still forbids controllable superluminal signalling.[5,6]
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Causality is therefore not one statistic. It is a disciplined claim tied to interventions, model structure and
physically allowed influence.

Why This Question Matters
Causal language drives decisions: which treatment works, which policy changes risk, which mechanism
produced a failure, and whether one physical event can influence another. Confusing correlation with
cause can recommend useless or harmful interventions; confusing prediction with cause can make a
forecasting model look mechanistic; confusing quantum correlation with signalling can turn a precise
result into science fiction. The remedy is not to demand randomized experiments for every question, but
to state what causal notion is intended, what assumptions identify it and what observations could reveal
confounding or a violated physical constraint.

1. Association Is Not Yet a Causal Effect

A statistical association describes how variables co-vary in an observed distribution. A causal effect
asks how an outcome would differ if a treatment or input were changed by intervention, compared
with an appropriate alternative.[1,2] Those are different objects. Two variables can be strongly
associated because one causes the other, because a third variable causes both, because selection
depends on both, or because the data-generating process contains feedback.

Counterfactual language makes the distinction explicit. Rubin's potential-outcomes framework
defines treatment effects by comparing outcomes that would occur under alternative treatment
states, even though only one potential outcome is observed for a given unit.[2] Pearl's structural
framework expresses interventions by modifying the causal model rather than merely conditioning
on an observed value.[1] The formalisms differ in emphasis but agree that causal questions require
more than the joint distribution alone.

Conditioning can even create an association that was not present. If two independent causes both
influence whether a case enters a selected sample, restricting analysis to that selected group can
make the causes statistically dependent. This collider or selection bias is one reason 'control for
everything' is not a safe causal rule.[1] The variables adjusted for must be chosen from a causal
structure, not from correlation strength alone.

Where That Leaves Us
Association can reveal patterns worth explaining, but causal effects concern interventions or
counterfactual contrasts that observational distributions do not determine by themselves. Confounding
and selection can imitate direction. The next step is therefore methodological rather than semantic: ask
which study designs and assumptions create enough leverage to identify a causal effect instead of merely
redescribing the same correlation.

2. Experiments Gain Leverage by Intervention

Randomized treatment assignment is powerful because, in expectation, it makes treatment
independent of pre-treatment characteristics that could otherwise confound comparison.
Differences in outcomes can then be attributed to the intervention subject to adherence,
measurement, interference and sampling limitations.[2] Randomization does not guarantee perfect
balance in every finite sample, nor does it answer whether results generalize beyond the studied
population.
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Intervention also separates manipulation from observation. Seeing that people who choose a
treatment fare better can reflect prognosis, access or motivation; assigning the treatment according
to a randomized protocol changes the data-generating process. Pearl formalizes that distinction
with intervention operators, while potential-outcome analysis frames it as contrasts among
treatment-specific outcomes.[1,2] Both force the analyst to say what action is being compared with
what alternative.

Experiments are not always possible or ethical. Astronomy cannot randomize stars, geologists
cannot rerun continental collisions and epidemiologists cannot assign many harmful exposures.
Causal inference then depends on quasi-random variation, natural experiments, instrumental
variables, negative controls, mechanistic knowledge and carefully defended structural
assumptions.[1] The absence of randomization raises the burden of argument; it does not make
causality scientifically inaccessible.

Where That Leaves Us
Intervention gives causal questions their cleanest empirical form, but science often works without direct
experimental control. In those cases, identification comes from assumptions linking observations to a
causal structure. The crucial discipline is to make those assumptions visible enough to be challenged.
That opens the observational problem: how graphs, adjustment choices and alternative designs can
distinguish causal pathways from confounding.

3. Observational Causality Depends on Structure

Causal diagrams encode hypotheses about which variables directly influence which others. Their
value is not decorative: graphical separation criteria can tell an analyst which variables should be
adjusted for, which should not be conditioned on, and when an effect is not identifiable from the
available observational distribution.[1] A graph therefore combines empirical information with
assumptions that are not supplied by correlation coefficients themselves.

Common causes are the classic confounders. If socioeconomic conditions influence both an
exposure and an outcome, an exposure-outcome association can persist even without a direct
causal effect. But adjustment is not automatically beneficial. Conditioning on mediators can remove
part of the effect one aims to estimate; conditioning on colliders can introduce bias.[1] Causal
analysis is consequently about the role a variable plays in a hypothesized data-generating process,
not about whether its p-value is small.

Natural experiments and instrumental variables exploit situations where some factor shifts
treatment while affecting the outcome only through that treatment under stated assumptions. Such
designs can be powerful, but their identifying assumptions are substantive and often untestable
from the observed data alone.[1] Sensitivity analyses, replication across settings and mechanistic
coherence help because different failure modes then have to conspire to produce the same
apparent causal result.

Where That Leaves Us
Observational causal inference is possible when structure supplies information that raw association
lacks. Graphs and quasi-experiments do not remove assumptions; they organize them so that
adjustment, identification and failure modes are explicit. One major source of extra structure is time, but
temporal order has its own trap: prediction from the past can be useful evidence without becoming the
same thing as intervention causality.
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4. Time Helps, but Prediction Is Not Intervention

Causes normally cannot occur after their effects in ordinary forward-time interventions, so
temporal information constrains many causal hypotheses. Yet 'A came first' is not sufficient.
Seasonal cycles can drive both A and B, a latent process can create delayed responses in both, and
feedback can make each variable informative about the future of the other.[1] Temporal
precedence narrows possibilities without selecting a unique mechanism.

Granger causality is a deliberately predictive concept. In its classic time-series form, X Granger-
causes Y when past X improves prediction of Y beyond information already contained in past Y,
under the chosen model and information set.[3] This can reveal directional dependence and is
valuable in economics, neuroscience and other sequential data. But omitted common drivers,
measurement delays and model misspecification can create or erase Granger relations.

The distinction is constructive rather than dismissive. Predictive asymmetry can be one piece of
causal evidence when embedded in a design or structural model that addresses confounding and
measurement. It becomes misleading only when the word 'causality’ in the technical label is treated
as proof of intervention response. A forecast can succeed for reasons that would disappear if the
predictor were physically manipulated.

Where That Leaves Us
Time orders candidate influences and predictive asymmetry can reveal useful directional structure, but
neither chronology nor Granger predictability alone identifies an intervention effect. Causality still
depends on the model of what could have produced the observations. Physics adds a sharper outer
boundary: spacetime geometry restricts which events can influence which others at all, even before a
statistical causal model is chosen.

5. Physical Causality Has a Spacetime Boundary

Special relativity makes the speed of light a limiting velocity: composing two velocities below it
always yields a velocity below it, and greater velocities have no possibility of existence.[4]
Minkowski recast this as geometry. At each world-point a light cone separates the events that send
light towards it from those that receive light from it, and a world-point lying between the two cones
can be regarded, by choice of reference system, as earlier than, simultaneous with, or later than the
apex.[7] This article calls that region spacelike separated, and because that limiting velocity holds,
[4] no controllable influence crosses it. This is more than saying causes precede effects: Einstein
already showed that two events simultaneous in one frame need not be simultaneous in another,[4]
so causal order must be tied to the invariant spacetime structure.

Bell's theorem adds a different lesson. Bell formulated the local hidden-variable idea
mathematically and showed it to be incompatible with the statistical predictions of quantum
mechanics, so the correlations cannot be explained by assigning local pre-existing variables in the
classical way he constrained.[5] His paper proposed the decisive experiment rather than reporting
one. But Bell nonlocality is not an operational faster-than-light telephone. Standard quantum
theory preserves no-signalling: choices made at one wing cannot be used to control the marginal
outcomes observed at a wing spacelike separated from it.[6,7]

These two statements are compatible because 'local causality’, statistical dependence and
controllable signalling are not identical concepts. Physics therefore reinforces the general
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methodological rule of this article: define the causal claim before testing it. IDE-005 turns to
symmetry, asking what remains invariant under transformation rather than what changes what.
That is an editorial handoff, not evidence for any claim in this section.

Where That Leaves Us

Causality ranges from intervention contrasts in experiments to structural identification in observational
data and physically allowed influence in spacetime. The common discipline is exclusion of alternatives
under explicit assumptions. Correlation, temporal precedence, Granger predictability and Bell
correlation each supply information, but none can simply be renamed 'cause'. The concept remains
useful precisely because its operational meaning is specified before the evidence is interpreted.

What We Know, and How

Randomized and well-designed interventions can identify causal effects by changing treatment
assignment rather than merely observing exposure.[1,2]

Observed association alone does not identify causal direction because confounding, selection
and feedback can generate the same statistical pattern.[1]

Granger causality is a predictive time-series relation and is not identical to intervention
causality.[3]

Special relativity makes the speed of light a limiting velocity, so controllable causal propagation
cannot outrun it.[4]

Bell correlations rule out broad local hidden-variable explanations while standard quantum
theory preserves operational no-signalling.[5,6]

What We Still Don’t Know

How to identify many causal effects in complex biological, social and ecological systems when
interventions are impossible and latent confounding is only partially measured.

Which causal abstractions remain stable when variables themselves change meaning across
scales, contexts or measurement regimes.

How best to integrate mechanistic models, machine-learning predictors and formal causal
identification without allowing predictive performance to substitute for causal validity.

What Could Change Our Minds

A randomized intervention repeatedly producing no outcome change where a well-specified
causal model predicts a substantial effect, with adherence and measurement verified, would
force revision of that model rather than the observed correlation.[1,2]

A time-series method that uniquely recovered intervention effects across systems with arbitrary
hidden common causes using predictive ordering alone would overturn the present distinction
between Granger prediction and causal identification.[1,3]

A reproducible protocol that used Bell correlations to transmit a freely chosen message outside
the light cone would contradict the standard no-signalling account and require a major revision
of relativistic quantum physics.[4-7]

If You Remember Only One Thing

A causal claim says what would change under a defined intervention or physically allowed influence;
correlation, chronology and prediction are evidence, not substitutes for that claim.
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Article Abstract
Symmetry is a statement about what remains unchanged when a specified transformation is applied. A
snowflake suggests rotational symmetry, but modern physics uses a broader idea: equations, actions,
states or probability laws may remain invariant under rotations, translations, internal transformations
or exchanges even when nothing looks geometrically regular. Continuous symmetries can constrain
dynamics, and Noether's theorem links differentiable symmetries of an action to conserved currents
under defined assumptions.[1] Symmetry also classifies possibilities: Wigner used representations of
spacetime symmetries to organize relativistic particle states.[2] Yet a symmetric law need not produce a
symmetric realized state. Ferromagnets and field theories show spontaneous symmetry breaking, where
the equations retain a symmetry while the selected state does not.[3-5] Gauge symmetry adds a further
caution because local gauge transformations represent descriptive redundancy, so 'breaking a gauge
symmetry'is not literally the same as breaking an observable global symmetry.[6]

In 60 Seconds
To call something symmetric, first name the transformation and the object being tested. A circle is
invariant under any rotation about its center; a crystal may be invariant only under a discrete set of
translations and rotations; a physical action can be invariant even when an individual solution is not.
Symmetries compose, and their algebraic structure is captured by groups and representations. Noether's
first theorem shows that continuous differentiable symmetries of an action generate conserved currents
when its assumptions hold: time-translation invariance is associated with energy conservation, spatial
translations with momentum and rotations with angular momentum.[1] That does not mean 'time
causes energy conservation’; it means a particular invariance of the dynamical description has a precise
mathematical consequence. Wigner used representations of the Poincare group to classify one-particle
states by invariants including mass and spin.[2] Symmetry can also be hidden by the state. Below a
critical temperature a ferromagnet may choose a magnetization direction even though the underlying
interactions are rotationally symmetric. In relativistic field theory, spontaneous breaking leads to
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characteristic excitations, while the Higgs mechanism gives gauge bosons mass through a more subtle
gauge-theoretic structure.[3-6]

Why This Question Matters
Symmetry compresses scientific reasoning. Instead of solving every orientation, location or internal
configuration independently, an invariance tells us which situations are physically equivalent and which
quantities must be conserved or classified together. But the same power makes symmetry easy to
oversell. A beautiful shape is not enough, a conservation law does not follow from any vague
resemblance, and a broken-symmetry state does not imply that the underlying equations lost their
symmetry. Precise symmetry language separates the transformation, the invariant object and the state
that realizes it, preventing several common confusions at once.

1. Symmetry Is Always Symmetry Under Something

A symmetry is defined relative to a transformation. Rotate a perfect circle in its plane and the figure
is unchanged; translate an ideal infinite crystal by one lattice vector and its atomic pattern is
unchanged; exchange two identical particles in a quantum description and the physically allowed
state changes according to the relevant permutation symmetry. The transformation and the object
acted upon must both be specified before the word symmetry has scientific content.

The invariant object need not be a visible shape. A differential equation may retain its form under a
coordinate transformation; an action may be invariant under a continuous family of
transformations; a probability distribution may be invariant even though one sample drawn from
it is not. This distinction explains why physics can be highly symmetric without producing pictures
that look symmetric to the eye.

Exact, approximate and accidental symmetries should also be separated. An exact symmetry is built
into the model at the level being considered. An approximate symmetry holds only when smaller
effects are neglected. An accidental symmetry can emerge from the available operators at a given
scale without being imposed as a fundamental principle. The predictive consequences differ, so
simply labelling all three 'symmetry' hides what the model actually commits to.

Where That Leaves Us
Symmetry becomes precise only after transformation, object and level of description are named. Visual
regularity is one example, not the definition. Once an invariance is expressed mathematically, it can
constrain dynamics rather than merely describe appearance. The most celebrated case is Noether's
theorem, which turns continuous symmetries of an action into conservation laws under specific
assumptions.

2. Noether Turns Continuous Symmetry into Conservation

Noether's theorem concerns continuous differentiable transformations of a variational system. If
the action is invariant under such a transformation, the equations imply a corresponding
conserved current.[1] In familiar mechanics and field theory, invariance under shifts in time is
associated with conservation of energy, invariance under spatial translations with momentum and
rotational invariance with angular momentum. These are structural results, not empirical
coincidences added after solving the equations.

The assumptions matter. The theorem is about a specified action and its symmetry; it does not say
that every system has every conservation law or that time itself somehow manufactures energy. A
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time-dependent external drive breaks time-translation invariance of the subsystem description,
and energy can then flow between the subsystem and the driver. Enlarging the boundary can
restore a conservation statement for the combined closed system.

Noether's theorem is therefore a model-diagnostic tool. If an allegedly isolated model has exact
time-translation symmetry but its equations do not yield the expected conserved quantity, either
the calculation, the symmetry claim or the variational assumptions need re-examination.
Conversely, observing a conservation law can motivate a search for an underlying symmetry, but
the logical route from a measured regularity to a unique fundamental symmetry is not automatic.

Where That Leaves Us
Continuous symmetry is more than aesthetic economy: in variational dynamics it can generate
conserved currents. But symmetry also organizes what kinds of states are possible even before a
particular interaction is solved. Quantum theory makes that role especially visible, because physical
states carry representations of symmetry groups. Wigner's classification shows how invariants such as
mass and spin emerge from spacetime symmetry itself.

3. Symmetry Classifies States and Allowed Distinctions

In relativistic quantum theory, Wigner studied unitary representations of the inhomogeneous
Lorentz, or Poincare, group.[2] The representation structure classifies one-particle states by
invariant labels. For massive particles, mass and spin arise from Casimir invariants of the
spacetime symmetry group; for massless particles, helicity and related representation structure
play the corresponding role. The classification is kinematic: it organizes possible state types
independently of the detailed forces among them.

Symmetry also constrains transitions. Selection rules in atomic and nuclear physics often follow
because matrix elements vanish unless initial state, operator and final state combine in a
symmetry-allowed way. The rule can be exact when the symmetry is exact or only approximate
when weak interactions, external fields or higher-order effects break it. A forbidden transition is
therefore not metaphysically impossible; it is suppressed relative to the symmetry and
approximations used.

This way of thinking reverses a common intuition. Symmetry does not merely remove distinctions;
it tells us which distinctions are physically meaningful. States that transform into one another
under a symmetry may belong to the same multiplet, while invariant labels separate physically
inequivalent sectors. Classification and conservation are two faces of the same broader strategy:
use invariance to reduce the number of independent possibilities the theory must treat.

Where That Leaves Us
Symmetry can classify states and suppress processes as well as generate conservation laws. Yet the laws
may be symmetric while nature settles into one of several asymmetric states. That is not a contradiction
but a change in what carries the symmetry: the equations can remain invariant while the realized state
selects one option. Spontaneous symmetry breaking makes this distinction experimentally concrete.

4. A Symmetric Law Can Have an Asymmetric State

Consider a ferromagnet with rotationally symmetric microscopic interactions. Above its ordering
temperature, there may be no preferred magnetization direction. Below the transition, a
macroscopic sample can choose one direction, producing a state that is not rotationally invariant
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even though the underlying equations still are. Rotating the chosen state generates another equally
allowed state rather than leaving the same state unchanged.

In field theory, spontaneous breaking of a continuous global symmetry has characteristic
consequences. Goldstone showed that under broad assumptions the broken continuous symmetry
is accompanied by massless excitations.[3] The important logic is that degeneracy of the vacuum
and the symmetry of the underlying theory together constrain low-energy behavior. The symmetry
is hidden in the family of allowed states, not erased from the equations.

This distinction prevents a linguistic trap. '‘Broken symmetry' usually means that the state, vacuum
or order parameter does not share the full symmetry of the laws. Explicit breaking is different: an
extra term in the equations itself violates the symmetry. Experiments can distinguish them because
explicit breaking typically lifts degeneracies and modifies the spectrum in ways controlled by the
symmetry-breaking term.

Where That Leaves Us
Spontaneous symmetry breaking explains how asymmetric states and new collective behavior can arise
from symmetric laws. For global symmetries, Goldstone's theorem links that structure to low-energy
modes. Gauge theories require one more refinement: local gauge transformations are redundancies in
description, so the electroweak Higgs mechanism cannot be understood simply as an ordinary
observable symmetry choosing a direction in the same sense as a ferromagnet.

5. Gauge Symmetry and the Higgs Mechanism Need Extra Care

Higgs, and Englert with Brout, showed in abelian gauge models how gauge fields coupled to a field
with a symmetry-breaking potential acquire massive spin-one excitations, the modes that would
otherwise be massless becoming their longitudinal degrees of freedom.[4,5] In the electroweak
theory, the Higgs field has a nonzero vacuum expectation value in a conventional gauge-fixed
description, and the observed spectrum contains massive W and Z bosons together with a physical
Higgs excitation. The mechanism is experimentally central, but its language is easy to oversimplify.

Alocal gauge transformation changes descriptive variables without changing the physical state, so
it behaves differently from an ordinary global physical symmetry. Elitzur's theorem shows that a
local gauge symmetry cannot spontaneously break in a gauge-invariant formulation in the naive
order-parameter sense.[6] Physicists still use the phrase 'spontaneous gauge symmetry breaking' as
efficient shorthand in gauge-fixed perturbation theory, but the underlying gauge redundancy
remains a redundancy.

The broader lesson is methodological. Symmetry statements must say what transforms and
whether the transformation connects physically distinct states or merely different descriptions of
the same state. IDE-006 moves from transformations such as rotation and internal symmetry to
changes of scale and coarse-graining. That handoff is conceptual rather than evidentiary: it asks
what remains invariant when the transformation itself becomes magnification or resolution
change.

Where That Leaves Us
Symmetry is a controlled language of transformations, invariants, conservation laws and state
structure. It can be exact, approximate, explicitly broken, or spontaneously hidden by the state a system
selects, and gauge redundancy is a further category that should not be confused with a global symmetry.
The next article asks a different invariance question: what survives a change of scale?

Juan Segurola | v0.3 | Page 32



THE UNIVERSE AND ITS OBSERVERS | SCIENTIFIC EDITION

What We Know, and How

e A scientific symmetry is invariance of a specified object under a specified transformation, not
merely visible regularity.

e Noether's theorem links continuous differentiable symmetries of an action to conserved
currents under its stated variational assumptions.[1]

e Representations of spacetime symmetry classify relativistic particle states by invariant labels
such as mass and spin.[2]

e Spontaneous symmetry breaking allows symmetric laws to possess asymmetric realized states
and, for broken continuous global symmetries, characteristic low-energy modes.[3]

e Local gauge symmetry is a descriptive redundancy and requires more careful language than
ordinary spontaneous breaking; Elitzur's theorem blocks a naive gauge-invariant local order
parameter.[4-6]

What We Still Don’t Know

e  Which approximate symmetries in beyond-Standard-Model physics, if any, are remnants of
deeper exact symmetries at currently inaccessible energies.

e How emergent symmetries arise and disappear across strongly coupled phases when no weakly
coupled microscopic description makes the relevant degrees of freedom obvious.

e  Which symmetry principles are fundamental constraints on physical law and which are
effective regularities produced by deeper dynamics or low-energy limits.

What Could Change Our Minds

e Areproducible isolated-system experiment showing violation of a Noether conservation law
while the tested action retained the corresponding exact continuous symmetry and all theorem
assumptions were independently satisfied would force revision of the model or the symmetry
assignment.[1]

e Arelativistic particle whose measured one-particle states could not be organized consistently by
the representation structure of spacetime symmetry would undermine the standard Wigner
classification used by quantum field theory.[2]

e A gauge-invariant local observable acquiring a nonzero expectation value solely by
spontaneously breaking an exact local gauge redundancy, in direct contradiction with Elitzur's
theorem under its assumptions, would require a fundamental reassessment of the standard
gauge-theory description.[6]

If You Remember Only One Thing
Symmetry means invariance under a specified transformation; conservation, classification and broken
states follow only after the transformed object and assumptions are made explicit.

Related Articles

e IDE-006 — Scale
e IDE-013 — Time
e IDE-020 — What Is a Particle?

References

Juan Segurola | v0.3 | Page 33



THE UNIVERSE AND ITS OBSERVERS | SCIENTIFIC EDITION
[1] Emmy Noether. Invariant Variation Problems. English translation by M. A. Tavel. Transport Theory and
Statistical Physics 1, 186-207 (1971). DOI 10.1080/00411457108231446.

[2] Eugene P. Wigner. On Unitary Representations of the Inhomogeneous Lorentz Group. Annals of Mathematics
40(1), 149-204 (1939). DOI 10.2307/1968551.

[3] Jeffrey Goldstone. Field Theories with Superconductor Solutions. Il Nuovo Cimento 19, 154-164 (1961). DOI
10.1007/BF02812722.

[4] Peter W. Higgs. Broken Symmetries and the Masses of Gauge Bosons. Physical Review Letters 13(16), 508-509
(1964). DOI 10.1103/PhysRevLett.13.508.

[5] F. Englert; R. Brout. Broken Symmetry and the Mass of Gauge Vector Mesons. Physical Review Letters 13, 321-323
(1964). DOI 10.1103/PhysRevLett.13.321.

[6] S. Elitzur. Impossibility of Spontaneously Breaking Local Symmetries. Physical Review D 12, 3978-3982 (1975).
DOI 10.1103/PhysRevD.12.3978.

Juan Segurola | v0.3 | Page 34



THE UNIVERSE AND ITS OBSERVERS | SCIENTIFIC EDITION
THE UNIVERSE AND ITS OBSERVERS

Scale: Which Details Matter at Which Level?

IDE-006 - Fundamental Ideas

Concept essays for The Universe and Its Observers

Author: Juan Segurola

Version: v0.7 EN - 19 September 2026

Status: Publication version

Article form: Concept essay

Scale / context: Cross-scale modelling, coarse-graining and effective theory

Boundary: Scale concerns the dependence of useful variables and laws on resolution; emergence is
treated in IDE-007

Related works: IDE-007, IDE-016, IDE-021

Epistemic profile: Established knowledge

Licence at publication: All Rights Reserved

Article Abstract
Scientific descriptions change with scale because not every degree of freedom matters equally for every
question. A gas may be described through molecular trajectories, hydrodynamic fields or
thermodynamic variables, and none of these is simply the real level for all purposes. Scale separation
allows smaller or faster details to be summarized when their effect on the phenomenon of interest is
controlled, and effective theories formalize that strategy by retaining the degrees of freedom relevant
below a chosen cutoff.[3] Near continuous phase transitions fluctuations span many length scales and
simple separation fails. Wilson's renormalization group explains how repeated coarse-graining changes
effective descriptions and why distinct microscopic systems can flow toward the same large-scale
behavior.[1,4,5] Scaling laws therefore have domains, cutoffs and crossover regions rather than infinite
validity. This article treats scale as a control on relevance, and hands genuinely novel collective
organization to IDE-007.[2]

In 60 Seconds
Scale is not merely the size of an object. It specifies the resolution, characteristic length, time, energy or
frequency at which a description is being used. When microscopic and macroscopic scales are well
separated, many fine details can be averaged out: fluids need not track every molecule, geometric optics
need not track every electromagnetic oscillation, and low-energy particle physics can use effective
interactions without knowing all ultraviolet details.[3] The approximation works only while the
neglected scales remain sufficiently distant and their influence can be captured systematically. Near a
critical point, correlation lengths grow and fluctuations appear on many scales at once. Kadanoff's
blocking ideas and Wilson's renormalization group show how coarse-graining produces flows in the
parameters of a theory; fixed points explain universality, where materials with different microscopic
constituents share the same critical exponents.[1,4,5] Real systems still have finite size, lattice spacing,
dissipation and other cutoffs, so power laws and self-similarity must be tied to a measured range.
Anderson's 'More Is Different' emphasizes a related point: at each stage entirely new laws, concepts and
generalizations are necessary, so one science is not just applied another.[2] Scale tells us when such
variables become stable; emergence asks what explanatory novelty they carry.

Why This Question Matters
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Many scientific disputes are really scale mismatches. A molecular model may be exact in principle but
useless for predicting a hurricane; a continuum model may be excellent for airflow but fail inside a
rarefied gas; a power law may fit three decades and then break at a physical cutoff. Saying 'everything
reduces to atoms' does not identify the variables needed for the problem at hand. Scale analysis makes
approximation explicit: what is resolved, what is averaged out, how errors enter and where the
description crosses into another regime.

1. Effective Descriptions Have Defined Regimes

A microscopic description tracks many degrees of freedom; a macroscopic description keeps fewer
collective variables. For a gas, molecular positions and velocities can be replaced by density,
pressure, temperature and flow velocity when local equilibration and scale separation make those
fields stable. The macroscopic variables are not fictional summaries: they are measurable
quantities with predictive equations, but they deliberately ignore most microscopic detail.

The choice of scale follows the question. Sound propagation depends on pressure and density fields
over distances much larger than molecular mean free paths. Chemical reaction kinetics may
require molecular species but not electronic wavefunctions for every atom. A planetary climate
model resolves circulation cells that a weather model might subdivide, while neither follows every
collision of air molecules. In renormalization-group analysis, coarse-graining changes the useful
variables and couplings and yields scale-dependent effective descriptions.[5] More microscopic
detail is not automatically more explanatory.

Coarse-graining is the operation of replacing fine distinctions by aggregate variables. It can be
spatial, temporal, energetic or statistical. A good coarse-graining preserves the features relevant to
the target prediction while suppressing degrees of freedom whose detailed values wash out. The
danger is hidden dependence: if omitted variables feed back strongly on the retained ones, the
coarse model can fail even when its equations look smooth.

Where That Leaves Us
Scale selects which variables remain stable enough to carry prediction. Coarse-graining gains
tractability by discarding detail, but it is justified only when discarded degrees of freedom have
controlled effects on the retained description. That logic becomes systematic when there is a hierarchy of
separated scales. Effective theories turn the informal idea of 'ignore the small stuff’ into an expansion
with an explicit domain of validity.

2. Scale Separation Makes Effective Theories Possible

An effective theory describes phenomena below a characteristic energy or above a characteristic
length without resolving every higher-energy mechanism. Weinberg's effective-Lagrangian
program organizes symmetry-allowed low-energy terms.[3]

This is not an admission that the theory is false. Newtonian mechanics is effective relative to
relativity and quantum theory, yet it remains extraordinarily accurate when speeds are small
compared with light and quantum actions are negligible. Continuum fluid mechanics is effective
relative to molecular dynamics when characteristic lengths exceed the mean free path. The error
can often be estimated as a ratio of scales, which is what makes the approximation scientific rather
than merely convenient.
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Scale separation can fail. If a supposedly small degree of freedom becomes resonant, long-lived or
strongly coupled to the retained variables, integrating it out can produce large errors. Near
thresholds, phase transitions or crossover regimes, the hierarchy itself may change. The correct
response is not to insist on one preferred level but to enlarge the effective description until the
relevant dynamics are represented.

Where That Leaves Us
Effective theories exploit separation between the scale being probed and the scales being omitted.
Weinberg's effective-Lagrangian program organizes symmetry-allowed low-energy terms. Critical
phenomena expose the opposite situation: fluctuations become important across many scales, so simple
elimination of small-scale detail no longer leaves nearly unchanged equations. Renormalization asks
how the description itself changes as resolution changes.

3. Renormalization Tracks How Descriptions Change with Scale

Kadanoff proposed grouping microscopic degrees of freedom into blocks near a critical point,
creating a new effective description at a coarser resolution.[4] Wilson transformed that insight into
the renormalization-group framework: repeated coarse-graining followed by rescaling moves the
parameters of a theory through a space of possible effective descriptions.[1] The central object is
therefore a flow with scale, not a single set of microscopic constants viewed at every resolution.

Fixed points of this flow are special because the large-scale description becomes invariant under
further rescaling. Near such points, only a small number of directions in parameter space may
remain relevant, while many microscopic differences become irrelevant at long distance.[1,5] This
explains universality: fluids, magnets and other systems with very different microscopic
components can share the same critical exponents when they have the same dimensionality,
symmetry and relevant structure.

The terms relevant and irrelevant have technical meanings here. An irrelevant coupling is not
nonexistent; its influence shrinks under coarse-graining near the fixed point. A relevant coupling
grows and drives the system away from criticality. This vocabulary captures scale dependence
directly and warns against treating microscopic importance as a permanent property independent
of the observational regime.

Where That Leaves Us
Renormalization shows that changing scale can change which parameters matter, and fixed points
explain why large-scale behavior can forget many microscopic details. Universality is therefore a precise
example of robust cross-scale regularity. But scale invariance is never automatically global: laboratory
systems have finite sizes, microscopic cutoffs and control parameters that move them away from a fixed
point. The next task is to mark those domains and crossovers explicitly.

4. Scaling Laws Need Ranges, Cutoffs and Crossovers

A power law such as y proportional to x*a is scale-free only over the range where the same
exponent actually describes the data. Real materials have atomic spacing, finite sample size, finite
observation time and external fields. Those introduce lower and upper cutoffs. On a log-log plot, an
apparently straight segment can therefore be scientifically meaningful without extending
indefinitely toward zero or infinity.
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Crossovers occur when different physics dominates at different scales. A polymer may show one
effective exponent below a persistence length and another above it; turbulence changes behavior
across driving and dissipation ranges; a magnetic system outside the asymptotic critical region can
display effective exponents that drift toward their universal values only near the transition.[5]
Reporting one exponent without its fitted range can conceal the regime change.

Finite-size scaling turns a limitation into a tool. Because a real system cannot develop correlations
larger than its size, the way measured quantities depend on sample size can be used to infer critical
behavior that would emerge in the infinite-system limit.[1,5] The broader methodological point is
that scale claims should include the interval, resolution and boundary conditions under which they
were established.

Where That Leaves Us
Scaling laws are empirical and theoretical statements over specified ranges, not promises of infinite self-
similarity. Cutoffs and crossovers reveal where omitted scales return to influence the description. That
makes scale a discipline of controlled validity rather than a ladder from 'small and fundamental’ to
'large and approximate'. Once stable large-scale variables appear, a further question arises: do they
merely summarize the microphysics, or support new explanatory organization?

5. Scale Is Not the Same as Emergence

Anderson argued that reducing everything to simple fundamental laws does not imply being able to
start from those laws and reconstruct the universe, because the constructionist hypothesis breaks
down under the twin difficulties of scale and complexity.[2] Superconductivity, broken symmetry
and collective excitations illustrate the point: knowing the microscopic laws is necessary but may
not directly provide the variables that organize macroscopic behavior. This is a claim about
explanatory structure, not a violation of microphysical law.

Scale and emergence therefore overlap but should not be merged. Scale tells us how descriptions
transform as resolution changes, which variables become irrelevant and where approximations
hold. Emergence asks whether stable collective patterns, constraints or effective laws at a higher
level have explanatory autonomy or novelty relative to the lower-level description. One can study
scale dependence without making a strong philosophical claim about emergence.

The distinction also prevents a false hierarchy. A macroscopic theory can be less fundamental in
microscopic ontology yet more accurate, compressive and controllable for a macroscopic task.
Hydrodynamics does not compete with molecular mechanics for the title of 'true theory'; it answers
a different question in a regime where collective variables are the right ones. IDE-007 takes up the
emergence question from that boundary rather than treating every change of scale as emergence
by definition.

Where That Leaves Us
Scale governs relevance, approximation and the stability of variables across resolution. Effective
theories exploit separated scales, renormalization explains flows and universality when many scales
interact, and scaling laws require explicit cutoffs and crossovers. None of this makes one descriptive
level universally privileged. The next article asks the additional question that scale alone does not
answer: when robust collective behavior deserves to be called emergent rather than merely coarse-
grained.
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What We Know, and How

e Weinberg's effective-Lagrangian program organizes symmetry-allowed low-energy terms.[3]

e Wilsonian renormalization tracks how effective parameters change under coarse-graining and
explains fixed points and universality near critical phenomena.[1,4,5]

e Power laws and scale invariance in real systems hold over finite ranges with cutoffs and
crossover regimes.[5]

e Anderson's 'More Is Different' provides a canonical argument that the constructionist
hypothesis breaks down under the twin difficulties of scale and complexity, and that entirely
new laws and concepts are necessary at each stage.[2]

What We Still Don’t Know

e How to choose optimal coarse-grained variables automatically in complex nonequilibrium
systems where no obvious separation of time or length scales exists.

e Which observed power laws reflect genuine renormalization-group universality and which
arise from mixtures, finite ranges or data-selection effects.

e How far effective-theory reasoning can be extended to biological and cognitive systems whose
relevant variables can change as the system adapts.

What Could Change Our Minds

e A system displaying claimed universal critical behavior but reproducibly retaining strong
dependence on microscopic couplings that renormalization predicts to be irrelevant, after
finite-size and crossover effects were controlled, would challenge the assigned universality
class.[1,5]

e An effective theory that systematically failed at energies far below its stated cutoff despite
inclusion of all symmetry-allowed terms to the expected order would force revision of its scale-
separation assumptions or power counting.[3]

e A claimed scale-free law that broke at the same reproducible physical cutoff across improved
instruments and larger samples would require replacing unlimited self-similarity with a
bounded scaling regime rather than extending the power law.

If You Remember Only One Thing

Scale determines which variables and approximations are useful at a given resolution; good theories
state what is averaged out, where the approximation holds and where another scale takes over.

Related Articles

e IDE-007 — Emergence
e IDE-016 — Complexity
e IDE-021 — What Is a Field?
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Article Abstract
Emergence describes situations in which collective variables, patterns or laws become the most effective
explanatory language for a many-component system even though they remain compatible with the
underlying microphysics. A fluid vortex is made of molecules but is not usefully tracked molecule by
molecule; a ferromagnetic phase exhibits collective variables associated with symmetry breaking.[1,4]
Renormalization sharpens the idea by showing how large-scale behavior can become insensitive to many
microscopic details, producing universality across different materials.[3] That robustness is stronger
than saying a system is complicated. Emergent descriptions earn scientific status when their variables
are measurable, their dynamics reproducible and their domain of validity statable. They require no
violation of lower-level laws. This article separates emergence from scale, complexity and ignorance,
then asks how collective regularities can depend on microphysics and still be partially autonomous in
explanation.[1,2,5]

In 60 Seconds
Start with a many-body system. At the microscopic level there may be particles, spins, cells or agents
obeying local rules. At a larger scale, stable collective variables can appear: temperature, pressure,
magnetization, phase, an order parameter, a wave or a network-level mode. These variables are not
additional matter; they summarize coordinated behavior that becomes reproducible when enough
degrees of freedom interact. Anderson's phrase 'more is different’ captures the idea that new organizing
concepts can become necessary at higher levels.[1] Renormalization shows one precise route: repeated
coarse-graining can drive different microscopic models toward the same fixed point, making universal
large-scale behavior largely independent of microscopic details.[3] Goldstone treats spontaneous
symmetry breaking and its collective modes.[4] Emergence is therefore not just surprise and not just
failure to calculate the microstate. A pattern is scientifically emergent when a higher-level description
has stable variables, predictive regularities and a controlled relation to lower-level dynamics.[2,5] The
microphysics constrains what can happen, while the emergent description can still be the shortest and
most informative explanation of what actually happens at the scale of interest.
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Why This Question Matters
The word emergence is often used as a license to stop explaining: consciousness emerges, life emerges,
order emerges. That is too weak. Scientific emergence should add constraints, variables and predictions
rather than replace mechanism with a label. At the other extreme, insisting that only microscopic
equations are explanatory misses why hydrodynamics, phase theory and elasticity work so well. The
useful middle position asks when collective descriptions become robust, what makes them insensitive to
microscopic detail, and exactly where their autonomy ends.

1. Emergence Is More Than Having Many Parts

A system with many components is not automatically emergent. A large pile of independent grains
may be complicated to enumerate without displaying a new collective law. Emergence becomes
scientifically interesting when interactions generate stable macroscopic variables or patterns that
support predictions unavailable from a simple list of components. Temperature, magnetization and
fluid velocity are examples because they organize reproducible behavior across enormous
numbers of microscopic degrees of freedom.

The higher-level variable must still be grounded in the underlying system. Temperature can be
related to statistical properties of microscopic motion; magnetization to collective alignment;
hydrodynamic fields to coarse-grained density and momentum. But the mapping is many-to-one:
countless microstates correspond to the same macrostate. This compression is what allows a
macroscopic description to ignore detail without becoming arbitrary.

Calling the macrostate emergent therefore makes a claim about organization and explanatory
stability, not about supernatural novelty. If every prediction required reconstructing the exact
microstate, the higher-level variable would add little. If many microscopic configurations produce
the same macro-level dynamics, the collective variable earns autonomy because it tracks what
remains robust across irrelevant microscopic differences. Anderson put the general point as new
laws, concepts and generalizations becoming necessary at each stage, and Laughlin and Pines
named the property that makes it work: the insensitivity of such phenomena to microscopics.[1,2]

Where That Leaves Us
Emergence requires more than multiplicity or computational difficulty. The key is a stable collective
variable that compresses many microstates while retaining predictive structure. That suggests a test for
explanatory autonomy: ask whether different microscopic realizations produce the same higher-level
law. Renormalization and universality provide the clearest physical examples of this robustness across
microscopic detail.

2. Universality Makes Emergence Quantitative

Near continuous phase transitions, systems with very different microscopic constituents can share
identical critical exponents and scaling functions. Wilson's renormalization group explains this by
showing that coarse-graining suppresses many microscopic couplings while a smaller set of
relevant variables controls the long-distance behavior.[3] The shared fixed point defines a
universality class.

This is stronger than saying we do not know the microscopic details. The theory predicts that many
of those details genuinely do not matter for certain large-scale observables near the fixed point. A
liquid-gas critical point and a magnetic model can therefore exhibit mathematically related critical

Juan Segurola | v0.3 | Page 42



THE UNIVERSE AND ITS OBSERVERS | SCIENTIFIC EDITION

behavior despite obvious microscopic differences. Emergent regularity is grounded in the flow of
descriptions with scale.

Universality also has limits. Dimensionality, symmetry, interaction range and conserved quantities
can change the universality class. Far from the critical region, microscopic details and crossover
effects return. An emergent law is autonomous only inside a domain where the irrelevant details
stay irrelevant. This conditional autonomy is more precise than the claim that the higher level
floats free of its constituents.

Where That Leaves Us
Universality shows how collective behavior can be both microphysically grounded and insensitive to
much of the microphysics. The higher-level law is not independent of all lower-level facts; it depends on a
restricted set of features such as symmetry and dimensionality.

3. Broken Symmetry Creates New Collective Variables

A ferromagnet illustrates how a new variable can become meaningful only in a collective state.
Goldstone treats spontaneous symmetry breaking and its collective modes. Inference: in the
contemporary framework used by this article, such a collective state is described by an order
parameter. The microscopic equations can remain rotationally symmetric while the realized state
selects a direction.[1,4] The collective variable organizes the response of the whole material.

Broken continuous symmetries can also generate collective excitations whose properties are
constrained by the symmetry structure. Goldstone modes are a canonical example for global
continuous symmetries.[4] These excitations are not additional fundamental constituents in the
microscopic Hamiltonian; they are patterns of coordinated motion that behave as effective degrees
of freedom in the low-energy theory.

This is one reason particle-like language can reappear at different levels. Phonons, magnons and
other quasiparticles behave as identifiable excitations even though they are collective states of an
underlying medium. Their existence demonstrates that 'what the system is made of and 'which
entities best describe its low-energy behavior' can be different scientific questions.

Where That Leaves Us
Goldstone treats spontaneous symmetry breaking and its collective modes.[4] Their emergence remains
constrained by microscopic dynamics yet supports a new predictive vocabulary. This motivates the
strongest practical case for higher-level explanation: when the collective theory is not merely shorter,
but more stable and tractable than any feasible microscopic description of the same phenomenon.

4. Higher-Level Laws Can Be Explanatorily Autonomous

Hydrodynamics predicts waves, shocks and vortices without tracking every molecule. Elasticity
predicts stresses and deformations without solving the electronic structure of each bond. These
theories work because conservation laws, local equilibrium and scale separation produce closed or
nearly closed equations for collective variables. The higher-level dynamics can therefore be tested
directly at their own scale.[2]

Laughlin and Pines described such a state as a quantum protectorate, whose generic low-energy
properties are determined by a higher organizing principle and nothing else, and identified the
property that makes it work as insensitivity to microscopics.[2] Their conclusion is that for some
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phenomena the underlying equations are irrelevant, which is a claim about what those equations
settle and not a ranking of what is fundamental. The electrons still obey quantum mechanics, but
the macroscopic phase can possess robust laws that are not usefully derived anew from the exact
many-body wavefunction for every sample.

Autonomy is never absolute. Change temperature, dimensionality, composition or driving strongly
enough and the effective theory can fail. A hydrodynamic fluid becomes rarefied; an elastic solid
fractures; a phase disappears. The emergent law is real because its predictions are reproducible
inside a regime, and limited because that regime is physically produced rather than logically
necessary.

Where That Leaves Us
Higher-level explanations can be autonomous in practice because collective variables obey stable
equations that screen off most microscopic detail. That autonomy is conditional and testable, not
metaphysical independence. The remaining danger is to call any hard-to-predict phenomenon emergent.
Complexity, chaos and computational difficulty can make microscopic prediction hard even when no
new stable collective law appears, so those ideas must be kept separate.

5. Emergence Is Not a Synonym for Complexity or Ignorance

A chaotic system can be extremely hard to predict because small differences in initial conditions
grow, yet its relevant variables and governing equations may remain the same at every time. That
is complexity or sensitivity, not necessarily emergence. Conversely, a simple macroscopic law such
as diffusion can be emergent even when its behavior is easy to predict. Difficulty is therefore
neither necessary nor sufficient.

Ignorance is also insufficient. If we fail to compute a many-body system because of limited
resources, that does not establish a new level of organization. Emergence needs positive structure.
Butterfield puts the requirement as behaviour that is novel and robust relative to some comparison
class;[5] in the physical cases of this article that shows up as multiple realizability, insensitivity to
microscopic detail, and a domain where the higher-level model closes well enough to make
independent predictions.

The series boundary follows from this criterion. IDE-006 asked how descriptions change with scale;
IDE-016 will ask how interacting parts generate complex behavior. Emergence sits between them as
a claim about stable collective organization. It earns its place when a new descriptive level is
scientifically useful for reasons the system itself supplies, not because the investigator ran out of
computational power.

Where That Leaves Us
Emergence is the appearance of robust collective variables and laws that depend on microphysics
without merely repeating its full detail. Universality, broken symmetry and effective theories show how
that happens in controlled physical examples. The concept should not be used as a synonym for size,
complexity or ignorance. Its strongest form is explanatory: a higher-level description becomes predictive
because many microscopic differences stop mattering.

What We Know, and How

e New organizing concepts can become necessary at higher levels, and the generic behaviour they
govern can be insensitive to microscopic detail.[1,2]
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e Renormalization accounts for scaling laws by showing that they follow when the equations flow
asymptotically to a fixed point, with many microscopic couplings turning out to be irrelevant.[3]

e Effective macroscopic theories can be predictive and experimentally testable without tracking
every microscopic degree of freedom.[2]

e Emergence does not require violation of microscopic laws; its autonomy is conditional on
regime and scale.[1,2,5]

What We Still Don’t Know

e How to identify emergent variables systematically in strongly nonequilibrium systems where
no clear order parameter or scale separation exists.

e Which forms of biological and cognitive organization exhibit robustness comparable to physical
universality rather than merely historical contingency.

e How far explanatory autonomy can be formalized across disciplines without turning emergence
into either a purely philosophical label or a synonym for coarse-graining.

What Could Change Our Minds

e A claimed emergent law that varied strongly with microscopic details predicted to be irrelevant
across every tested realization would undermine the claim of robust multiple realization or
universality.[3]

e An order parameter proposed to define a collective phase that failed to distinguish phases or
predict response near the transition across controlled samples would require a different
emergent description.[4]

e A higher-level theory that added no predictive compression beyond exact microscopic
simulation and possessed no stable variables across microstate changes would weaken the case
for calling that description scientifically emergent.[5]

If You Remember Only One Thing
Emergence is not magic or mere complexity: it is the appearance of stable collective variables and laws
that stay grounded in microphysics while becoming the best explanation at their scale.

Related Articles

e IDE-006 — Scale
e IDE-016 — Complexity
e IDE-018 — Connection
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Article Abstract
Probability provides a coherent calculus for reasoning about uncertain alternatives once events,
variables and background assumptions have been specified. Its rules constrain how probabilities
combine and update, but the same mathematics can be interpreted in different ways: as long-run
frequencies, degrees of belief, propensities or model-based summaries of incomplete information. This
article separates the formal core from those interpretations. It explains why conditional probability is
directional, why Bayes' rule cannot be used without base rates, how statistical-mechanical probabilities
differ from quantum probabilities, and why Bell-type results restrict certain hidden-variable
explanations without turning probability itself into a physical substance. The central lesson is
methodological: a probability number is never self-interpreting. Its meaning depends on the event space,
model assumptions and the physical or inferential procedure that connects the number to observations
and, when the probability is conditional, on the conditioning information.

In 60 Seconds
A probability model starts by defining alternatives and assigning numbers between zero and one that
obey consistency rules. Conditional probability P(A | B) means the probability of A within the cases where
B is taken as given; it is generally not the same as P(B|A). Bayes' rule links the two directions, but only
through prior probabilities or base rates. Frequentist methods emphasize behavior under repeated
sampling, while Bayesian methods treat probability as coherent uncertainty conditional on information;
both use the same underlying calculus in many ordinary applications.[1,2] In statistical mechanics,
probabilities summarize distributions over many microscopic possibilities and connect macroscopic
predictions to incomplete microstate specification.[3] In quantum theory, probabilities enter the
predictive rules even for carefully prepared states, while Bell inequalities show that the correlations
quantum theory predicts cannot be reproduced by broad classes of local hidden-variable models.[5]
Probability therefore organizes uncertainty and prediction, but it does not by itself tell us whether
uncertainty is epistemic, physical, or a mixture of both.
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Why This Question Matters
Probability appears in nearly every quantitative science, yet the same notation can hide very different
questions. A medical test, a weather forecast, a quantum measurement and a thermodynamic ensemble
can all produce numbers between zero and one, but the evidential meaning of those numbers is not
identical. Confusing P(A |B) with P(B|A), ignoring base rates or treating a model probability as an
intrinsic property of an object can produce confident errors. Clear probability language is therefore not
bookkeeping trivia. It is part of the logic by which evidence is translated into inference, prediction and
decisions under uncertainty.[1,4]

1. The Formal Core: Events, Measures and Consistency

The modern mathematical core of probability begins with a space of possible outcomes, a collection
of events and a probability measure assigning numbers to those events. The familiar constraints
are simple but powerful: probabilities are non-negative, the whole space has probability one, and
mutually exclusive alternatives add. Kolmogorov's axiomatization made that structure explicit and
separated the calculus from any one philosophical interpretation.[2]

Cox approached the same territory from a different direction. He asked what rules a numerical
representation of plausibility should obey if reasoning is to remain consistent when propositions
are combined. Under stated assumptions, the resulting calculus is equivalent in form to ordinary
probability theory.[1] The significance is not that every uncertainty must be subjective, but that
internal consistency strongly constrains how uncertain propositions can be combined.

A probability measure is defined on a specified event space, and a conditional probability
additionally specifies its condition; Cox's formulation likewise conditions plausibility on
propositions or background knowledge.[1,2] Saying that an event has probability 0.2 does not
identify whether the number is a model parameter, a limiting frequency, a posterior degree of
belief or a quantum prediction.

Where That Leaves Us
Probability has a stable mathematical skeleton, but a numerical probability gains scientific meaning
only when the alternatives and, where applicable, conditioning assumptions are specified. This separates
the calculus from debates about what probability represents. The next step is conditioning, because most
practical errors arise not from the addition rules but from changing the information set without
tracking how the probability statement changes.

2. Conditioning, Bayes and the Direction of Evidence

Conditional probability is directional. P(A | B) asks how often or how plausibly A occurs within the
cases where B is given; P(B | A) asks the reverse question. They are connected by Bayes' rule, P(A|B)
=P(B|A)P(A)/P(B), so reversing a condition requires the relevant base rates.[2] A highly accurate
test can therefore yield a modest posterior probability when the tested condition is rare.

This is not merely a classroom trap. Experimental selection, diagnostic screening and observational
filtering can all change the population to which a probability applies. Tversky and Kahneman
documented systematic human errors in judgments under uncertainty, including neglect of prior
probabilities in some settings.[4] Later work has refined how strongly such biases depend on
representation and task design, but the mathematical point does not change: the inverse
conditional cannot be inferred from the forward conditional alone.
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Bayesian and frequentist procedures often answer different operational questions. A confidence
interval is defined by repeated-sampling properties of a procedure, whereas a Bayesian credible
interval is a probability statement about a parameter conditional on a model and prior. In well-
behaved large-data problems the numerical answers can converge, yet the interpretations remain
distinct. Precision requires saying which quantity is being reported, not using '95 percent' as if
every method meant the same thing.

Where That Leaves Us
Conditioning makes probability responsive to information, but it also creates one of its most common
failure modes: reversing or silently changing the condition. Bayes' rule shows exactly what additional
quantities are needed. With that inferential structure clear, the next question is physical: when
probability appears in statistical mechanics or quantum theory, what part reflects incomplete
description and what part belongs to the predictive framework itself?

3. Probability in Statistical Mechanics

Statistical mechanics uses probability because macroscopic systems contain enormous numbers of
microscopic degrees of freedom. Instead of tracking every molecule, one works with distributions
over microstates or ensembles and derives macroscopic quantities from averages. Jaynes
emphasized that maximum-entropy methods can be understood as inference under stated
constraints rather than as a claim that a gas literally samples every conceivable state in a naive
way.[3]

The choice of ensemble is therefore part of the model. Microcanonical, canonical and grand-
canonical descriptions correspond to different constraints and exchanges with the environment.
Under appropriate thermodynamic limits they often agree for bulk properties, but finite systems,
long-range interactions and nonequilibrium situations can expose important differences.
Probability here is tied to coarse-graining, preparation and limited macroscopic information.

This does not make thermodynamic regularities arbitrary. Once the model, constraints and
interaction laws are fixed, probability distributions yield sharp predictions for fluctuations,
equilibrium relations and transport. The distinction is between a distribution that summarizes
many microstates and a claim that probability itself is a material ingredient inside the system.
Statistical success comes from the structured relation between microscopic possibilities and
macroscopic observables.

Where That Leaves Us
Statistical mechanics shows how probability can be indispensable even when the underlying
microdynamics are treated as deterministic: the distribution encodes constraints, coarse-graining and
incomplete microscopic specification. That case prevents a simple equation of probability with
fundamental randomness. Quantum theory poses a harder boundary, because its probabilities remain in
the standard predictive rules even for carefully controlled preparations.

4. Quantum Probability and the Bell Boundary

Quantum theory assigns probabilities to measurement outcomes through the quantum state and
the measurement being performed. Repeating what is operationally the same preparation yields
stable statistical distributions, even though individual outcomes are not predicted with certainty in
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general. The formalism therefore places probability directly in the connection between preparation
and observed outcomes, not merely in ignorance of an uncontrolled classical trajectory.

Bell's theorem sharpens what can and cannot explain those statistics. Bell inequalities are satisfied
by a broad class of local hidden-variable theories; quantum mechanics predicts violations of them.
[5] The result does not prove that 'everything is random' and does not select a single interpretation
of quantum mechanics. It rules out a particular conjunction of assumptions used to derive the
inequalities.

That distinction matters. Quantum probabilities can be interpreted through Copenhagen-style,
many-worlds, Bohmian, objective-collapse and other frameworks, which disagree about ontology
while reproducing much of the same laboratory probability structure. The experimentally
constrained core is the pattern of outcomes and correlations. Claims about what probability
ultimately is belong to an interpretive layer that must not be presented as if one experiment had
settled it.

Where That Leaves Us
Quantum theory makes probability part of the operational prediction rule, while Bell inequalities
exclude broad local hidden-variable explanations of the correlations quantum theory predicts. Neither
fact turns probability into a substance or resolves every interpretive dispute. The boundary is therefore
precise: experiments constrain probability distributions and correlations; ontology requires additional
argument. The final section returns to how probability statements should be used across sciences
without erasing those distinctions.

5. Probability as a Tool, Not an Explanation by Itself

A probability model can be perfectly calculated and still be scientifically poor if its variables,
reference class or causal structure are wrong. Assigning a probability to rain, disease, failure or a
particle outcome does not explain the mechanism producing the distribution. Probability organizes
predictions conditional on a model; explanation requires additional structure about dynamics,
causes, constraints or measurement.

This is why calibration and model checking matter. If events assigned probability 0.7 occur far from
70 percent of the time across an appropriate set of comparable predictions, the forecasting system
is miscalibrated even if individual cases cannot be labelled 'wrong' in advance. Likewise, a
posterior can be mathematically correct relative to a prior and likelihood while still being
scientifically misleading if those ingredients poorly represent the process that generated the data.

Within this series, IDE-017 treats uncertainty more broadly, including measurement and model
uncertainty, while IDE-023 asks what counts as an observation and IDE-014 how measurement
produces comparable quantities. Probability supplies the calculus connecting alternatives and
evidence; it does not replace those neighboring concepts. That boundary keeps statistical
dependence, uncertainty, observation and physical chance related without collapsing them into one
word.

Where That Leaves Us
Probability is most reliable when the event space, model and interpretation are stated together, along
with conditioning information where applicable. The calculus is shared across many sciences, while the
physical meaning of a probability can differ sharply from one application to another. That is not a defect
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but a boundary condition. The series can now use probability as a controlled mathematical tool without
treating uncertainty, causation or observation as synonyms.

What We Know, and How

e The standard probability calculus is constrained by axioms or coherence requirements that
determine how probabilities combine and condition once the event structure is specified.[1,2]

e Bayes' rule requires base rates when reversing conditional probabilities; P(A | B) cannot
generally be inferred from P(B|A) alone.[2]

e Statistical mechanics uses distributions over microstates or ensembles to derive macroscopic
predictions under specified constraints.[3]

e Bell inequalities restrict broad classes of local hidden-variable explanations, and quantum
theory predicts correlations that violate them.[5]

What We Still Don’t Know

¢  Which interpretation of quantum probability, if any, gives the best account of the ontology
behind the shared predictive formalism.

e How to represent uncertainty most effectively in complex, non-stationary systems where the
relevant event space and model class themselves evolve.

e When disagreements between probabilistic models are best understood as lack of data, model
misspecification or genuinely different physical assumptions.

What Could Change Our Minds

e Repeatable, well-calibrated quantum experiments showing statistically significant violations of
the Born-rule probability assignments after known systematics were excluded would require
revision of the standard quantum probability framework.

e Alocal hidden-variable model that reproduced the correlations quantum theory predicts while
satisfying the assumptions used to derive the inequality would overturn the present boundary
drawn from Bell's theorem.[5]

e A demonstrated inference rule that recovered P(A | B) uniquely from P(B|A) across arbitrary
distributions without using priors or equivalent base-rate information would contradict the
conditional-probability structure used here.[2]

If You Remember Only One Thing
Probability is a coherent calculus for uncertain alternatives; the number is meaningful only with its
events, conditions, model and interpretation.

Related Articles

e IDE-003 — Entropy
e IDE-017 — Uncertainty
e IDE-023 — What Is Observation?
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Article Abstract
A field assigns a value to every point of a domain: a number, a vector, a tensor or a more elaborate
object, defined over space, over space and time, or over another index set. The idea began as a way to
replace action at a distance with something local. Faraday's lines of force and Maxwell's equations
turned it from a picture into a dynamical theory in which the field carries energy and momentum and
propagates at finite speed.[1,2] The same construction now organizes fluid velocity, temperature, stress
and concentration. This article treats the field as an organizing idea: what it takes to define one, what
makes the description powerful, when a field is a physical constituent rather than a bookkeeping device,
and where the idea stops. What a quantum field is, and why particles are its excitations, belongs to
IDE-021.

In 60 Seconds
A field is a map from a domain to a set of values. Name the domain, the values and the equations they
obey, and you have a field theory. The move that made the idea indispensable was local: instead of one
body pulling on another across empty space, each body sources a field, and the field acts where the other
body is.[1,6] Maxwell's equations made that concrete, and they carry a consequence that action at a
distance cannot deliver. Disturbances propagate at finite speed, so between emission and absorption the
energy and momentum have to be somewhere, and the field is where they are.[2,3] That is the test which
separates a field with physical standing from a convenient chart. A temperature field or a fluid velocity
field is an averaged description of molecular degrees of freedom, useful above a resolution and undefined
below it.[4] An electromagnetic field is not eliminable in the same way: it carries momentum that can be
measured as radiation pressure.[5] The mathematics alone does not say which case you are in. The
dynamics and the conservation laws do.

Why This Question Matters
Field language now covers so much ground that it hides a distinction worth keeping. Saying that
something is described by a field says nothing about whether the field is a constituent of the world or a
summary of something else. Treat every field as a substance and you end up asking what the medium is
made of; treat every field as bookkeeping and you lose the physical content of Maxwell's theory, in which
momentum genuinely resides in the field between one charge and another. The distinction also settles
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humbler questions: what a boundary condition is, what a local law can constrain, and how much work
the word local is doing.

1. What It Takes to Define a Field

A field is specified by three things: a domain, a target and a rule. The domain is the set of points at
which the quantity is defined, usually a region of space or of spacetime but sometimes a surface, a
lattice or a configuration space. The target says what sits at each point: a single number for a scalar
field such as temperature or electrostatic potential, a directed quantity for a vector field such as
fluid velocity, a matrix-valued object for a tensor field such as stress. The rule is the set of equations
the assignment must satisfy.

The target is not a free choice of notation. It fixes how the values must transform when the
description is rewritten in different coordinates, and that transformation law is what makes the
field an object rather than a table of numbers. A temperature does not change when the axes are
rotated; the components of a velocity do, and they do so in a determined way. Writing a field
correctly means writing something whose physical content survives the change of description.[3]

The rule is usually a differential equation, and that choice carries a commitment. Differential
equations relate what happens at a point to what happens in its immediate neighbourhood, so the
moment a field is governed by one, influence has been made to travel through the domain step by
step rather than to jump. Boundary and initial conditions then do the rest of the work: the same
equation describes a guitar string and a cavity mode, and the difference is the boundary.

Where That Leaves Us
A field is a domain, a set of values with a transformation law, and equations connecting neighbouring
points. That last element is not a technicality. Choosing a differential rule is choosing to make influence
propagate through the domain instead of leaping across it, which is exactly the property that made
physicists prefer fields to forces acting at a distance.

2. Locality: The Reason the Idea Took Over

Newtonian gravity works, and it is not a field theory in the strong sense. It gives the force between
two masses directly, with no account of anything in between and no delay. Faraday, who distrusted
action at a distance, described magnetic effects instead by lines of force filling the space around a
magnet, and argued that those lines have a physical existence in the intervening space rather than
being a diagram of forces on a test body. He stated that conclusion as one he held with hesitation.
[1,7]

Maxwell turned that intuition into equations, and the equations produced something the older
picture could not. They admit wave solutions that travel at a speed fixed by two measurable
electrical constants, a speed that matched the measured speed of light.[2] Light became an
electromagnetic disturbance, and the field stopped being a way of talking about forces and became
the thing whose state is being tracked.

Finite propagation forces the accounting question. If a charge is shaken here and another charge
responds later over there, the energy and momentum that crossed between them existed during the
interval, and they were not in either charge. Classical electrodynamics assigns them to the field,
with a definite energy density and a momentum flux, and the assignment is not decorative:
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radiation pressure is measurable, and momentum conservation for charges alone fails without it.
[3,5]

Where That Leaves Us
The field concept won because it made influence local and finite in speed, and because that in turn forced
energy and momentum to be attributed to the field itself. Faraday's picture and Maxwell's equations put
physical content into the space between bodies. But not every field earns that standing, which raises the
question of how to tell the two kinds apart.

3. Effective Fields and Fundamental Fields

A fluid velocity field assigns a velocity to each point of a fluid. There is no such thing as the velocity
of the fluid at a mathematical point: the value is an average over a volume containing many
molecules but small compared with the scale of the flow. The field is a genuine and predictive
object within that window and has no meaning outside it, which is why continuum descriptions fail
in rarefied gases where the mean free path becomes comparable to the apparatus.[4]

Temperature behaves the same way. It is defined for a region in local equilibrium, not for a single
molecule, and a temperature field presupposes that equilibrium is established locally faster than
the field itself changes. When that separation fails, the field does not become inaccurate; it becomes
undefined, and a different description has to be used.

The electromagnetic field is not known to be an average of anything, and it is not eliminable from
the accounting. This is a claim about current physics rather than a metaphysical guarantee, and its
warrant is specific: the field has its own degrees of freedom, carries energy and momentum, and
supports states, such as radiation propagating in empty space, with no sources present at all.[3,5]
An effective field can be dispensed with in favour of its constituents; this one cannot.

Where That Leaves Us
Some fields summarize a substrate and are defined only above a resolution; others are, as far as present
theory goes, constituents in their own right. The test is not the mathematics, which is shared, but
whether the field carries independent degrees of freedom and conserved quantities. That same
mathematics is why the construction travels so far beyond electromagnetism.

4. The Same Construction Elsewhere

Once the pattern is visible it appears everywhere a quantity varies continuously over a domain:
concentration in a solution, stress in a loaded beam, pressure in the atmosphere, elevation over a
landscape, population density over a range. In each case the discipline is identical. State the
domain, state what is assigned, state the equation and state the resolution below which the
assignment stops meaning anything.

The payoff is that solution methods transfer. Diffusion, heat conduction and the spreading of a
population in a uniform habitat are governed by the same equation with different constants, so a
result proved once can be reused, and an intuition trained on one carries to another. This is a real
economy of thought and a real hazard: shared mathematics does not imply a shared mechanism,
and a diffusion equation fitted to a spreading population says nothing about why individuals move.

The discipline also exposes a common error. Drawing a field over a domain where the quantity is
not actually defined at every point, for instance a smooth surface fitted through a handful of
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sampling stations, produces a picture with far more structure than the data support. The
interpolation is a model, and the field inherits the model's uncertainty rather than replacing it.

Where That Leaves Us
The construction is portable because it is formal: a domain, an assignment and a local rule can be
written for almost any continuously varying quantity. That portability transfers solution methods and
also transfers a risk, since sharing an equation is not sharing a mechanism. Knowing what the field idea
does not settle is the last piece.

5. Where the Idea Stops

The field concept does not by itself decide ontology. Hesse documents a historical transition from
mechanical aether models toward autonomous electromagnetic-field concepts.[6]

Classical field theory also has internal difficulties that are not merely philosophical. The energy of
the electromagnetic field of a point charge diverges, and the classical theory of a charged particle
interacting with its own field is not consistent without modification.[5] These are problems in the
classical framework, and part of what a deeper theory has to address.

That deeper theory is the subject of IDE-021, which asks what a field is when its excitations are
quantized and particles appear as those excitations. IDE-009 stops at the classical and general idea:
the structure, the reason locality made it dominant, and the difference between a field that
summarizes and a field that constitutes.

Where That Leaves Us
A field is a disciplined way of putting a quantity everywhere in a domain and letting neighbouring values
constrain each other. It replaced action at a distance, it earned physical standing where it carries
conserved quantities, and it remains a summary where it averages a substrate. What happens when
such a field is quantized is a different question, and it is the next one.

What We Know, and How

e Afield is specified by a domain, a value type with a definite transformation law, and equations
relating neighbouring points; the differential form is what makes influence propagate rather
than jump.[3]

e Faraday's lines of force replaced action at a distance with a local account,[1,7] and Maxwell's
dynamical theory turned it into equations yielding wave solutions that travel at the measured
speed of light.[2]

e Finite propagation requires energy and momentum to be attributed to the field in transit;[3,5]
radiation pressure and momentum balance make that attribution testable rather than formal.
[5]

e Continuum fields such as fluid velocity and temperature are averages defined only above a
resolution set by the substrate, and cease to be defined when that separation of scales fails.[4]

What We Still Don’t Know

e Whether the classical divergences associated with point sources are an artefact of the classical
framework alone or leave a residue in the theories that replace it.
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e How best to characterize the resolution at which a continuum field description ceases to be
defined in strongly driven or far-from-equilibrium systems, where local equilibrium is not
established.

e Whether gravitational degrees of freedom are ultimately field-like in the same sense as
electromagnetic ones, a question that belongs to the quantum treatment rather than to the
classical concept.

What Could Change Our Minds

e Areproducible measurement of an influence propagating between separated bodies with no
field-carried energy or momentum in the interval, after accounting for all known carriers,
would undermine the physical reading of the field and return the problem to action at a
distance.[3,5]

e A demonstration that electromagnetic radiation in a source-free region can be fully described
without attributing independent degrees of freedom to the field would reclassify it as an
effective description like fluid velocity.[5]

e Experiments in a rarefied regime showing continuum hydrodynamics remaining accurate
where the mean free path exceeds the characteristic length would overturn the standard
account of why continuum fields have a domain of validity.[4]

If You Remember Only One Thing
A field puts a value at every point of a domain and lets neighbours constrain each other; whether it is a
constituent or a summary depends on what it carries.

Related Articles

e IDE-021 — What Is a Field?
e IDE-002 — Information
e IDE-018 — Connection
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Article Abstract
Feedback exists when a process changes a quantity that later acts back on the same process. Closing
that loop does not merely adjust a value; it changes the system's dynamics, which is why a feedback
system can do things none of its parts can do alone. Maxwell analysed the steam governor in these terms
in 1868, and the same analysis now covers amplifiers, physiology, ecosystems and climate.[1] The article
sets out what determines a loop's behaviour: the sign of the return path, the gain, the delay and the
nonlinearities that eventually bound it. It argues that a sign alone predicts almost nothing, that
regulation is not the same as holding a set point, and that a loop diagram is a causal claim which has to
be earned rather than drawn.

In 60 Seconds
A loop is closed when the output of a process is returned to its own input. Negative feedback returns a
correction that opposes the departure; positive feedback returns one that reinforces it. The signs are the
easy part. What decides behaviour is the loop gain, how much of the output comes back, and the delay,
how long it takes to come back.[3,6] Negative feedback with high gain and enough phase lag does not
stabilize; it oscillates, which is why Black had to give amplifier design a stability criterion and not just a
correction sign.[2,3] In nonlinear feedback models, bounded positive feedback can settle to fixed points;
bistability and hysteresis depend on the existence and stability of multiple branches.[5] Regulation is not
a thermostat holding a number: physiological homeostasis keeps variables inside ranges through
several interacting loops with different speeds.[4] And a loop drawn on a diagram is an assertion about
direction and timing. Without those, an apparent loop can dissolve into a shared driver.

Why This Question Matters
Feedback is one of the few ideas that genuinely crosses engineering, biology, economics and climate
science, and that reach makes it easy to use as decoration. Saying a system has negative feedback
sounds like saying it is stable, and it is not: delay and gain decide that, and a corrective loop with the
wrong values is an oscillator. Saying a system has positive feedback sounds like predicting runaway, and
usually it predicts a threshold instead. Getting this right matters wherever the stakes are in the
dynamics rather than the direction, which includes every argument about how fast a regulated system
responds to being pushed.
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1. What Closing a Loop Does

A centrifugal governor on a steam engine lets the engine's own speed adjust the steam supply: run
fast, and the flyweights rise and close the valve. Maxwell's contribution was not the device, which
was already in use, but the analysis. He wrote the equations of the machine together with its
governor and studied the roots that determine whether a disturbance decays or grows.[1]

That move is the whole subject in miniature. Before the loop is closed, the engine's speed is a
consequence of the steam supply. After it is closed, the two are mutually determined, and the
quantity to solve for is no longer a value but the behaviour of a system whose equations now
contain their own output. Loops therefore change the order and the character of the dynamics,
adding modes that neither the plant nor the controller has by itself.[6]

This is why feedback buys properties that open-loop design cannot. An amplifier whose gain
depends on temperature and on the particular valve fitted can be made to have a gain set almost
entirely by a passive divider in the return path, because the loop drives the error towards zero
rather than trusting the forward path.[2] Precision is bought from structure rather than from
components.

Where That Leaves Us
Closing a loop makes a system's output part of its own cause, which changes the equations rather than
just the numbers they produce. That is what lets feedback deliver accuracy from inaccurate parts. But it
also introduces dynamics that were not there before, and whether those dynamics settle or grow
depends on quantities the sign of the loop does not contain.

2. Sign Is Not Enough: Gain, Delay and Phase

Negative feedback opposes a departure from the operating point. It does not follow that it damps it.
The correction arrives after a delay, and by the time it arrives the system has moved on. If the delay
is long enough that the correction pushes in the same direction as the disturbance by the time it
lands, the loop reinforces what it was built to oppose.[3,6]

Bode gave the classical way of stating this. Follow the loop's response frequency by frequency;
where the signal returns having been inverted by accumulated phase lag, ask whether the loop gain
there is greater or less than unity. If it exceeds unity at that frequency the system will not settle,
and the margins by which it avoids that condition are the standard measures of how much delay or
gain variation a design can tolerate.[3,6]

The engineering statement generalizes, but not to every loop. Closed-loop instability and sustained
oscillation depend on gain and phase conditions.[3,6]

Where That Leaves Us

A negative loop is stabilizing only for some combinations of gain and delay, and the same loop becomes
an oscillator outside them. Closed-loop instability and sustained oscillation depend on gain and phase
conditions. Positive feedback is often introduced as the opposite case, but its usual behaviour is not the
opposite of stability either.

3. Positive Feedback, Thresholds and Saturation

Positive feedback returns a correction that adds to the departure, so small differences grow.
Growth at a rate proportional to the current value is exponential, and if nothing intervened the
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variable would diverge. In nonlinear feedback models, bounded positive feedback can settle to
fixed points; bistability and hysteresis depend on the existence and stability of multiple branches.
[5] That is what makes positive feedback useful in a cell that has to commit to a decision.

Where That Leaves Us

Bistability and hysteresis depend on the existence and stability of multiple branches.[5] This distinction
also clarifies what regulated systems hold steady.

4. Regulation Is Not a Set Point

Cannon coined homeostasis for the physiological maintenance of internal conditions and was
careful about the word. He chose a term meaning a similar condition rather than a fixed one,
because what physiology maintains is a range within which the organism functions, held by several
loops with different speeds and different effectors.[4]

A domestic thermostat is a poor model of this. It compares a measured temperature with a number
and switches a heater, and the number is imposed from outside the loop. Body temperature is
defended by sweating, shivering, vasomotor changes and behaviour, each with its own threshold,
and the defended range itself shifts with time of day, with activity and with illness. There is no
single stored target being tracked.[4]

The distinction matters beyond physiology. Describing a regulated system as having a set point
invites the question of where the number is stored, and for most natural regulation there is no
answer because there is no number. What exists is a structure of loops whose combined action has
a stable region, and that region is a property of the whole system rather than a value held in one
part of it.

Where That Leaves Us
Regulation usually means a stable region maintained by several loops, not a stored target tracked by
one. Homeostasis was named for a similar condition rather than a fixed one, and the defended range
itself moves. That leaves the question of how anyone establishes that a given loop is really there, which is
where feedback diagrams have to be earned.

5. A Loop Diagram Is a Causal Claim

Drawing an arrow from A to B and another from B back to A asserts two directed influences and an
order in time. Neither is delivered by observing that A and B move together. Two variables driven
by a common third will correlate, and their correlation can look like a loop when plotted, without
either acting on the other at all.

Establishing a loop therefore requires the same evidence any causal claim requires: intervention
where it is possible, or explicit structural assumptions where it is not, plus timing that distinguishes
the paths. Control engineering usually has the easy version, because the loop can be opened
deliberately and the system studied with the return path disconnected. Fields that cannot open the
loop have to work much harder, and that problem belongs to IDE-004.

The honest version of a feedback claim therefore names the loop variable, the sign, the gain, the
response time and the bound on growth, and says how the direction was established. A diagram
with arrows and no numbers is a hypothesis drawn in a suggestive shape.

Where That Leaves Us
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A loop diagram asserts direction and timing, and neither follows from correlation, so a feedback claim

has to be earned by intervention or by stated structural assumptions. Naming the variable, the sign, the

gain, the delay and the saturating bound is what turns the diagram into a model. IDE-011 takes up a
process that closes a loop of its own kind, where differential persistence alters what comes next.

What We Know, and How

Closing a loop changes a system's dynamics rather than only its output values, which is why
feedback can produce accuracy that does not depend on the precision of the forward path.[1,2]
Whether a negative loop stabilizes depends on gain and delay, and the frequency-domain
criterion for the boundary is standard design practice rather than an approximation.[3,6]
Physiological regulation maintains a range through multiple loops with different speeds and
effectors, and the defended range itself varies, so it is not a stored set point being tracked.[4]

What We Still Don’t Know

How to identify loop structure reliably in systems that cannot be experimentally opened and
where the candidate loops operate on similar timescales.

How much of the apparent robustness of large biological and ecological regulatory networks
comes from loop architecture and how much from redundancy in the components themselves.
Which quantitative measures of feedback strength transfer usefully between engineered
systems, where the loop gain is designed, and natural systems, where it must be inferred.

What Could Change Our Minds

A physical control system that maintained stability with loop gain above unity at the frequency
where accumulated phase lag inverts the returned signal, with all delays and dynamics
accounted for, would overturn the standard stability criterion.[3,6]

A demonstration that a defended physiological variable is tracked against a single stored
numerical target, identified as a physical quantity in a specific structure rather than inferred
from behaviour, would replace the multiple-loop account of homeostasis.[4]

A well-characterized system with positive feedback whose measured steady-state input-output
relation intersects the balance condition at more than one stable value, so that the fitted model
predicts a threshold and a hysteresis loop of a stated width, that nonetheless showed a single
stable state with neither, under slow forward and reverse sweeps of its driving parameter,
would break the standard account of why positive loops give thresholds.[5]

If You Remember Only One Thing

Feedback makes a system's output part of its own cause; the sign tells you almost nothing, and the gain,

the delay and what stops the growth tell you the rest.

Related Articles

IDE-011 — Selection
IDE-004 — Causality
IDE-017 — Uncertainty

References

Juan Segurola | v0.3 | Page 60



THE UNIVERSE AND ITS OBSERVERS | SCIENTIFIC EDITION

[1] James Clerk Maxwell. On Governors. Proceedings of the Royal Society of London 16, 270-283 (1868). DOI
10.1098/rspl.1867.0055.

[2] Harold S. Black. Stabilized Feedback Amplifiers. Bell System Technical Journal 13(1), 1-18 (1934). DOI
10.1002/j.1538-7305.1934.tb00652.X.

[3] Hendrik W. Bode. Network Analysis and Feedback Amplifier Design. Van Nostrand (1945).

[4] Walter B. Cannon. Organization for Physiological Homeostasis. Physiological Reviews 9(3), 399-431 (1929). DOI
10.1152/physrev.1929.9.3.399.

[5] Steven H. Strogatz. Nonlinear Dynamics and Chaos, 2nd ed. CRC Press (2015), chapters 3 and 8.

[6] Karl Johan Astrém; Richard M. Murray. Feedback Systems: An Introduction for Scientists and Engineers, 2nd ed.
Princeton University Press (2021).

Juan Segurola | v0.3 | Page 61



THE UNIVERSE AND ITS OBSERVERS | SCIENTIFIC EDITION
THE UNIVERSE AND ITS OBSERVERS

Selection: How Differential Persistence

Accumulates Structure
IDE-011 - Fundamental Ideas

Concept essays for The Universe and Its Observers

Author: Juan Segurola

Version: v0.7 EN - 19 September 2026

Status: Publication version

Article form: Concept essay

Scale / context: Populations of replicating variants, biological and beyond

Boundary: Selection as a process: its conditions, what fitness is, and what else changes frequencies.
The loop dynamics between a population and the environment that filters it belong to IDE-010
Related works: IDE-012, IDE-007, IDE-010

Epistemic profile: Established knowledge

Licence at publication: All Rights Reserved

Article Abstract
Selection is what happens when variants of something differ in how well they persist or reproduce in a
given setting, and when that difference is passed on. Three conditions do the work: variation, differential
success, and heritability of whatever makes the difference.[2] Where all three hold, structure can
accumulate with no foresight and no designer, because each generation starts from a population already
shifted by the last. This article states the conditions precisely, argues that fitness is a relation between a
variant and a context rather than a property a variant carries, and sets out what else moves frequencies:
drift, which is sampling, and mutation, which supplies variation without being directed by need.[4,5] It
closes on what has to be named before selection language is exported outside biology.

In 60 Seconds
Selection requires three things and not one. There must be variation among entities, those variants must
differ in how many descendants or copies they contribute, and the difference must be inherited by
whatever comes next; strip away any one and the process stops.[2] Price showed that the resulting
change can be written exactly as a covariance between a trait and relative fitness plus a transmission
term, which is an accounting identity rather than a mechanism: it holds whatever the biology is, and it
tells you where to look rather than what happened.[3] Fitness itself is relational. Relative fitness is
defined against a population mean.[6] Selection is also not the only thing that changes frequencies. Finite
populations drift by sampling alone, and much molecular variation appears to be shaped that way.[5]
And variation arrives before the filter: bacterial resistance mutations exist in the culture before the
phage is added.[4]

Why This Question Matters
Selection is the most exported idea in biology, and most of the trouble comes from using the word
without the conditions. A claim that some outcome was selected for is a claim that variants existed,
differed in success, and passed the difference on, and each of those can be checked or found missing.
Skipping them turns an explanatory mechanism into a way of saying that whatever exists must be there
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for areason. The same discipline matters when the language travels to culture, markets or algorithms,
where the three conditions are sometimes satisfied and sometimes only gestured at.

1. The Three Conditions

Lewontin put the requirements in the form that has held since: a population shows variation
among its members, the variants differ in fitness, and fitness is heritable.[2] He states them for
individuals and phenotypes and then generalises them explicitly, noting that no particular
mechanism of inheritance is specified and that the principles apply equally to genes, organisms,
populations and species, which is why the same schema can in principle apply to other replicating
systems.[2]

Each condition is a separate empirical claim. Variation can be absent because a trait is fixed in the
population. Differential success can be absent because the variants do equally well in the
environment that actually obtains. Heritability can be absent because the difference is acquired: an
organism that grows larger on a rich diet does not thereby produce larger offspring, and the
population does not shift.

Darwin's argument discusses heritable variation, struggle and differential survival, and natural
selection.[1]

Where That Leaves Us
Selection needs variation, differential success and heritability, and each is a separate claim that can fail.
The schema fixes no particular level, and Lewontin applies it equally to genes, organisms, populations
and species, which is what lets it travel. Once the three conditions hold, the next question is what
quantity actually changes and how much, and that requires being precise about the word fitness.

2. Fitness Is a Relation, Not a Property

Price derived an exact expression for the change in the mean value of a trait across a generation: it
equals the covariance between the trait and relative fitness, plus a term for how faithfully the trait
is transmitted.[3] The result is worth stating carefully because it is often overread. It is an identity,
true by construction for any population that can be partitioned this way, so it is not evidence that
selection occurred and it contains no biology of its own.

What it does supply is a decomposition. If the mean shifted, either it covaried with fitness or
transmission was biased, and the two can be examined separately. That is a genuine gain, and it is
also the reason the equation recurs in arguments about levels of selection, where the same
covariance can be computed at the level of individuals and of groups.

The relational character of fitness follows from the same place. Relative fitness is defined against a
population mean.[3,6]

Where That Leaves Us
The Price equation gives an exact decomposition of change into a covariance with fitness and a
transmission term, and its status as an identity is what makes it a tool rather than evidence. That leaves
open how much of observed change selection is responsible for at all.

3. Selection Is Not the Only Thing That Happens
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Frequencies change in finite populations even when variants are equally successful, because each
generation is a finite sample of the last. This is drift, the random sampling of variants in a finite
population, and the effective population size determines the rate of change in composition that drift
causes: the smaller it is, the larger the fluctuation, and the more likely a variant is to be lost or fixed
for no reason connected to its effects.[7]

Kimura argued that a large share of molecular-level change may result from the random fixation,
through genetic drift, of neutral or nearly neutral mutations.[5] The claim was contested when
made and its scope is still debated, but the structural point is now standard: the observation that a
variant became common is not by itself evidence that it was advantageous.

This is why selection is a hypothesis rather than a default. Demonstrating it requires showing the
differential success, not just the outcome, and the alternatives that have to be excluded include
drift, linkage to something else that was selected, and the possibility that the trait is a by-product of
a constraint rather than a target.

Where That Leaves Us
Drift changes frequencies by sampling alone, and its strength rises as populations shrink, so prevalence
is not evidence of advantage. Kimura's argument made that a working assumption at the molecular level
rather than a curiosity. If selection filters variation, the remaining question is where the variation comes
from and whether the filter helps produce it.

4. Variation Comes First, and Is Not Directed by Need

It would be economical if organisms produced the variants they needed. Luria and Delbriick
designed an experiment that decides the question. If resistance to a phage arises only in response to
exposure, the number of resistant colonies across replicate cultures should follow one statistical
distribution; if resistant mutants arise spontaneously before exposure, early mutations produce
large clones and the variance across cultures should be far greater.[4]

The observed distributions were of the second kind. Resistance mutations were present in the
cultures before the phage was ever introduced, and the phage selected among them rather than
inducing them. The experiment is worth dwelling on because it converts a question that sounds
philosophical into a measurable difference between two distributions.

The general form of the result is that variation and selection are separate steps with separate
causes. Mutation supplies candidates without regard to what would be useful; the environment
then filters what was already there. This is what makes selection an explanation of apparent design
rather than a restatement of it, because the appearance of purpose is produced by a filter acting on
undirected material.

Where That Leaves Us
Luria and Delbriick turned the question of whether variation is directed into a difference between two
distributions, and the answer was that resistant mutants pre-existed the phage. Variation and selection
are therefore separate steps with separate causes, which is exactly what lets a filter produce apparent
design. Whether that schema transfers outside biology is the last question.

5. Exporting the Idea
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The schema is substrate-neutral in principle, and analogies to culture, markets, immune repertoires
and optimization algorithms are sometimes exact and sometimes decorative. The way to tell is to
name the three conditions in the case at hand: what varies, what determines differential success,
and what carries the difference forward.

Some cases pass cleanly. An immune repertoire generates diversity and then amplifies the lineages
that bind, with the difference inherited by the descendants of the amplified cell. A genetic algorithm
builds all three conditions in by construction. Others do not: a cultural practice may spread without
any mechanism that transmits the property responsible for its spread, in which case the third
condition fails and what is happening is diffusion rather than selection.

Two failure modes recur. One is treating persistence as evidence of fitness, which assumes what
was to be shown. The other is leaving the environment unspecified, which makes the claim
untestable because fitness has no value until the setting is named. Both are avoided by the same
discipline: state the population, the variation, the filter and the channel of inheritance.

Where That Leaves Us
Selection language transfers only where the three conditions can be named in the case at hand, and the
usual failures are treating survival as proof of advantage and leaving the environment unstated. Naming
what varies, what filters and what carries the difference forward is the whole discipline. IDE-012 takes
up a different question about carried structure: how a state can stand for something else at all.

What We Know, and How

e Selection requires variation, differential success and heritability of the difference; the schema
fixes no particular level and is applied equally to genes, organisms, populations and species,
which is why it can apply to other replicating systems.[1,2]

e The Price equation decomposes change in a mean trait into a covariance with relative fitness
plus a transmission term; it is an identity, so it organizes an explanation rather than providing
one.[3]

e Relative fitness is defined against a population mean.[3,6]

e Variation is supplied before and independently of the filter: resistant bacterial mutants are
present before the selecting agent is applied, as the fluctuation test shows.[4]

What We Still Don’t Know

e What fraction of observed molecular variation is effectively neutral, which remains contested
and varies by organism, genomic region and population size.

e How often and under what conditions selection acting above the level of the individual makes a
measurable difference, as opposed to being redescribable at a lower level.

e Which cultural and technological analogies satisfy the heritability condition in a way that
supports quantitative prediction rather than a qualitative narrative.

What Could Change Our Minds

e Arepeat of the fluctuation test showing colony-count distributions consistent with mutations
arising only after exposure, under conditions excluding phenotypic delay and residual pre-
exposure growth, would overturn the claim that variation precedes the filter.[4]
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e A demonstrated case in which a trait's mean changed across generations with zero covariance
between the trait and relative fitness and no transmission bias, correctly measured, would
contradict the Price decomposition and indicate an error in how the population was partitioned.
[3]

e Systematic evidence that fixation rates at sites with no detectable fitness effect depart from the
predictions of drift given the effective population size would force revision of the neutral
account of molecular change.[5]

If You Remember Only One Thing

Selection is variation plus differential success plus inheritance of the difference; without all three named,
calling something selected explains nothing.

Related Articles

e IDE-012 — Representation
e IDE-007 — Emergence
e IDE-010 — Feedback
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Article Abstract

A representation is something used to stand for something else. Four things are needed before the word
does any work: a vehicle, the thing doing the standing; a target, the thing stood for; a mapping between
distinctions in one and distinctions in the other; and a task the mapping is supposed to serve.
Representing does not require resembling, which is why a photograph, a differential equation and a
pattern of neural activity can all represent the same object.[1,4] This article argues that representations
are selective by construction rather than by failure, that statistical structure is not semantic content,
and that representational language earns its keep only when the mapping can be specified rather than
assumed. Whether a model is adequate for a given inference is left to IDE-015.

In 60 Seconds
Nothing represents anything by itself. A curve on a page becomes a representation only when someone
uses it for a purpose,[4] which is why this article treats representation as a four-place relation, adding
the mapping, rather than as a property of the vehicle. Once that is accepted, several confusions dissolve.
Resemblance drops out: a map's usefulness comes from a systematic correspondence between its
distinctions and the terrain’s, not from looking like the ground, and every projection distorts something
in order to preserve something else.[6] Selectivity stops being a defect: a representation that preserved
everything would be the thing itself, so what matters is whether what was dropped was irrelevant to the
task. And quantity is not content: Shannon's theory measures how much uncertainty a message resolves
and set semantic aspects aside as irrelevant to the engineering problem,[3] so a high bit count says
nothing about what a signal is about. Finally, representation is a hypothesis about a system, not a free
description of it: attributing one to a mechanism means committing to a mapping that could be wrong.

Why This Question Matters

Representation is where several fields meet and talk past each other. Cognitive science asks whether a
brain state represents an edge; metrology asks what a reading stands for; cartography asks what a
projection preserves; machine learning asks what a learned vector encodes. All four are asking about the
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same relation, and all four go wrong in the same two ways: assuming a mapping without stating it, and
treating the loss of detail as an imperfection rather than as the point. Getting the relation explicit is what
makes it possible to say when a representation is wrong rather than merely different.

1. Four Things, Not One

The minimal analysis has four parts. There is a vehicle: marks on paper, a voltage, a data structure,

a firing pattern. There is a target: the terrain, the temperature, the object in the visual field. There is
a mapping that connects distinctions available in the vehicle to distinctions in the target. And there

is a task, because a mapping adequate for one purpose can be useless for another.[4]

Giere's formulation makes the user and the purpose explicit rather than treating representation as
a two-place relation between a thing and what it depicts.[4] That matters because the two-place
version invites the question of what makes a mark intrinsically about something, which has no
good answer. The four-place version replaces it with questions that can be settled: which
distinctions map to which, and whether that mapping supports the inference being drawn.

Resemblance is then visibly beside the point. A wiring diagram does not look like a circuit; a
differential equation does not look like a falling body; the word cat does not look like a cat. What
these have in common is not similarity[4] but a systematic correspondence adequate to the task.

Where That Leaves Us
Representation needs a vehicle, a target, a mapping and a task, and stating all four turns an
unanswerable question about intrinsic aboutness into answerable ones about correspondence and
adequacy. Resemblance is neither required nor sufficient. What follows immediately is that every
representation leaves something out, and that this is a design decision rather than a shortcoming.

2. Selective by Construction

A representation that preserved every distinction of its target would be a duplicate of it and would
be no more tractable than the original. Selectivity is therefore constitutive: something must be
dropped for the representation to be useful at all, and the interesting question is never whether
detail was lost but whether the lost detail mattered for the task.

Map projections make this concrete because distortion is unavoidable rather than merely practical.

Flattening a three-dimensional world onto a flat map necessarily distorts it. The choice of projection
is therefore a choice about what the map is for. Monmonier's point is that this makes every map an

argument, and that the arguments are usually invisible to readers who take the projection as given.
[6]

The same structure appears wherever a representation is chosen. A summary statistic drops the
distribution; a schematic drops the geometry; a categorical label drops the gradient. Each of those is
defensible for some inferences and misleading for others, and the way to keep track is to name the
task before judging the representation.

Where That Leaves Us
Every representation omits, because one that omitted nothing would be a copy, so the question is
whether the omission is harmless for the task at hand. Map projections show the trade-off directly:
flattening a three-dimensional world onto a flat map necessarily distorts it. A related confusion concerns
not what is dropped but what is kept, and specifically whether keeping structure amounts to keeping
meaning.
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3. Structure Is Not Content

Shannon opened his 1948 paper by setting semantic questions aside, on the grounds that the
engineering problem of reproducing a message at another point is independent of whether the
message means anything.[3] That was a deliberate restriction of scope and it succeeded
spectacularly, but it means the resulting quantities do not measure content.

The consequences are easy to state and easy to forget. A random string can have maximal entropy
and represent nothing. A short message can be highly meaningful to a receiver holding the right
convention and meaningless to one who does not. Two files can have identical statistics and
different subject matter. None of this is a limitation of Shannon's theory; it is the boundary the
theory drew for itself.

For representation, the moral is that a statistical relationship between a vehicle and a target is not
sufficient. On the functional interpretation used here, cognitive representations are parts of a
system's functional or computational organization, not merely correlations assigned by an outside
observer.[5] A representation can also be caused by something it does not represent, and can
represent something that has not caused it.[7]

Where That Leaves Us
Shannon's measures were built to work without semantics, so statistical structure in a vehicle does not
by itself make it about anything. That raises the question of at which level of description a
representation is supposed to be identified.

4. Levels, and Why Implementation Does Not Fix Content

Marr argued that an information-processing system must be understood at three levels: what
problem is being solved and why, what representation and algorithm are used, and how these are
physically realized.[1] The levels are related but not reducible to one another, and a complete story
at the bottom does not deliver the top.

That asymmetry has a direct consequence. Knowing every voltage in a circuit or every spike in a
network tells you what the system does physically without telling you what it is computing, because
the same physical process can implement different computations under different mappings.
Content is fixed at the level where the mapping is specified, not at the level where the mechanism
runs.

This is also why the same computation can run on radically different hardware, and why
arguments about whether a system really represents something cannot be settled by looking more
closely at the substrate. They are settled, if at all, by showing which mapping the system's own
operation relies on.

Where That Leaves Us
Marr's levels separate the problem, the representation and algorithm, and the physical realization, and a
complete account of the mechanism does not fix what is being computed. Content lives where the
mapping is specified. That leaves a practical question: when is it worth positing a representation at all,
rather than describing the mechanism directly?

5. When Representation Talk Earns Its Keep
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Newell and Simon proposed that a physical symbol system, a system with structures that designate
and processes that operate on them, has the necessary and sufficient means for general intelligent
action, and offered this as an empirical hypothesis rather than a definition.[2] Framing it as
empirical is the useful part: it makes representational vocabulary something that can be right or
wrong about a given system.

Representational and computational descriptions gain empirical content when they explain
cognitive organization beyond a merely physical-level description.[5]

Two failures follow from ignoring the test. Over-attribution reads representations into every
correlation, which makes the notion vacuous. Under-attribution refuses them wherever a
mechanism can be described, which loses the generalization that different mechanisms can
implement the same mapping. Naming the vehicle, target, mapping and task avoids both, and it is
the same discipline the article opened with.

Where That Leaves Us
Representational and computational descriptions gain empirical content when they explain cognitive
organization beyond a merely physical-level description. Over- and under-attribution are both avoided
by naming the four parts. IDE-013 takes up a target that representations organize constantly and rarely
examine: time itself.

What We Know, and How

e This article analyses representation as a relation among a vehicle, a target, a mapping and a
task; making the user and the purpose explicit is Giere's move, and it replaces unanswerable
questions about intrinsic aboutness with answerable ones.[4]

e Selectivity is constitutive rather than a defect; map projections make the trade-off unavoidable,
because flattening a three-dimensional world onto a flat map necessarily distorts it.[6]

e Shannon set the semantic aspects of messages aside as irrelevant to the engineering problem,[3]
so statistical structure in a vehicle does not by itself establish what it is about.

e A complete account of physical implementation does not determine what is being computed,
because the same process can realize different computations under different mappings.

What We Still Don’t Know

e What criteria reliably distinguish a genuine internal representation from a correlation that the
system does not itself use, in biological systems where the downstream use is hard to trace.

e How to characterize the content of learned distributed representations in artificial systems,
where the mapping is not designed and may not decompose into interpretable parts.

e Whether representational vocabulary is indispensable for explaining any biological capacity, or
whether it is always a convenient summary of a mechanism that could be described directly.

What Could Change Our Minds

e A demonstration that two physical systems with identical internal dynamics and identical
inputs and outputs must be assigned the same computational content would collapse Marr's
level distinction and make implementation sufficient to fix content.[1]
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e An operational criterion that identified representational content from vehicle statistics alone,
without reference to downstream use or task, and that survived cases where the same statistics
serve different functions, would overturn the four-place analysis.[3,4]

e A well-characterized biological system in which behaviour depends on a stand-in for an absent
object with no identifiable mapping between vehicle and target distinctions would show the
analysis to be incomplete rather than merely hard to apply.[5]

If You Remember Only One Thing

A representation is a vehicle used, under a mapping, for a task; without naming those, calling something
a representation describes nothing.

Related Articles

e IDE-013 — Time
e IDE-002 — Information
e IDE-015 — Model
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Article Abstract
Physics does not define time as a flow. It defines a unit by fixing the frequency of a specified atomic
transition, and everything else is comparison against that.[1] From this operational base three results
follow that ordinary intuition does not supply. Simultaneity for spatially separated events depends on
the state of motion of whoever is judging it, so there is no universal now.[2] Elapsed time is a property of
a path through spacetime rather than of the interval between two events, and clocks on different paths
genuinely record different totals, which laboratory optical clocks now resolve over a height difference of
tens of centimetres.[3,5] And the direction of time is not in the microscopic equations, which are almost
entirely reversible; it enters through boundary conditions.[6,7] The article separates coordinate time,
proper time and thermodynamic direction, which are routinely conflated.

In 60 Seconds
The SI second is defined by fixing the frequency of a hyperfine transition in caesium-133,[1] which makes
duration a reproducible comparison rather than an appeal to an invisible universal clock. Once time is
what clocks measure, relativity has consequences that are not optional. Whether two separated events
happen at once depends on the observer's motion, so simultaneity is a convention relative to a frame and
not a fact about the events.[2] Proper time is accumulated along a worldline, so two clocks that separate
and reunite can show different totals with neither malfunctioning, and gravity changes rates too: a clock
deeper in a gravitational potential runs slower, which Pound and Rebka detected over a tower and
which optical clocks now show over a third of a metre.[3,4,5] The arrow is a separate question. The
microscopic laws are essentially symmetric under time reversal, so the observed asymmetry of records,
mixing and memory has to come from somewhere else, and the standard answer places it in the
boundary conditions of the universe rather than in the dynamics.[6,7]

Why This Question Matters
Coordinate time and proper time are distinct in relativity; thermodynamic and psychological or
epistemic arrows are also distinct temporal notions. Coordinate time is a label in a chosen description;
proper time is what a particular clock accumulates; thermodynamic direction is an asymmetry of
processes; and psychological time is something else again. Time dilation sounds like an illusion until
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proper time is separated from coordinate time; the arrow sounds mysterious until it is separated from
the dynamics; and satellite navigation simply fails if the distinction is ignored.

1. Time Is What Clocks Measure

The modern definition of the second does not describe what time is. It fixes a number: the
unperturbed ground-state hyperfine transition frequency of caesium-133 is defined to be exactly 9
192 631 770 hertz, which makes the second a derived consequence of that stipulation.[1] The
definition is operational by design, and its virtue is that any competent laboratory can realize it.

This is a deliberate retreat from metaphysics, and it is the same move made for the metre when the
speed of light was fixed by definition. Nothing in the SI asserts that time flows, that the present
moves, or that the future does not exist. What it provides is a reproducible standard of comparison,
and the physics is then about relations among such comparisons.

The retreat has teeth. Because duration is defined by a physical process, any claim about time can
be tested by building clocks and comparing them. Questions that would otherwise be untestable,
such as whether elapsed time depends on the route taken, become experimental questions with
numerical answers and error bars.[5]

Where That Leaves Us
Physics defines the second by fixing an atomic frequency, so time is what clocks measure and duration is
a reproducible comparison rather than a description of flow. That operational choice is what makes the
harder questions testable. The first of them is whether two separated events can be said to happen at the
same moment at all.

2. There Is No Universal Now

Einstein's 1905 argument starts from a procedure rather than a philosophy. To say that two
separated events are simultaneous, you need a rule for synchronizing distant clocks, and the
natural rule uses light signals. Adopting it, and requiring that the speed of light be the same in
every inertial frame, forces the conclusion that observers in relative motion disagree about which
separated events are simultaneous.[2]

The disagreement is not an error of measurement or a limitation of instruments. Each observer's
judgement is correct within their own frame, and there is no experiment that identifies one frame
as the true one. Simultaneity for spatially separated events is therefore frame-relative, while the
ordering of events connected by a possible signal is not, which preserves causal order.

The consequence for time as a whole is that a universal present cannot be defined. Sequences along
a single worldline remain perfectly well ordered, so nothing about personal experience becomes
paradoxical. What disappears is the assumption that this ordering extends outward to everything
else in a unique way.

Where That Leaves Us
Simultaneity for separated events depends on the frame, so no universal present can be defined, while
the ordering of causally connectable events survives intact. Nothing about experience along one
worldline is threatened by this. What follows is that elapsed time must be attached to paths rather than
to pairs of events, and that turns out to be measurable.

3. Elapsed Time Belongs to a Path
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In relativity the quantity a clock accumulates is proper time along its own worldline, computed
from the spacetime interval.[3] Two clocks that begin together, follow different routes and reunite
can therefore show different totals, and neither has malfunctioned. The asymmetry is geometric:
the routes had different lengths in the relevant sense.

Gravity enters the same way. In general relativity a clock lower in a gravitational potential
accumulates proper time more slowly than one higher up. Pound and Rebka detected the
corresponding frequency shift over the height of a laboratory tower in 1960, using the sharpness of
a nuclear resonance to resolve a fractional shift of order a few parts in ten to the fifteenth.[4]

Optical clocks have since made the effect nearly domestic. Chou and colleagues compared two
aluminium ion clocks and resolved the gravitational rate difference produced by raising one of
them by about thirty-three centimetres, and also measured the effect of relative speeds of less than
ten metres per second.[5] Whatever else time is, its rate depends measurably on where a clock sits
and how it moves, and satellite navigation systems must correct for both to work at all.

Where That Leaves Us
Clocks accumulate proper time along their own paths, so different routes give different totals, and
gravitational potential changes the rate. Pound and Rebka measured this over a tower and optical
clocks now resolve it over a third of a metre. That settles rate and path, and leaves untouched the
question of why time has a direction at all.

4. The Arrow Is Not in the Dynamics

The fundamental equations of mechanics, electromagnetism and quantum theory are symmetric
under reversal of the time coordinate, with one exception. The weak interactions violate charge
conjugation and parity in the strongest possible way, and although the combination CP survives in
most weak processes it is violated in certain ones involving interference; violation of time reversal
has been observed, and is a corollary of that CP violation given that CPT is a symmetry of nature.[7]
Run a film of colliding molecules backwards and every frame still obeys the laws. Yet records
accumulate in one direction, mixing is not observed to unmix, and we remember the past.

The standard resolution does not add a new law. It observes that the asymmetry we see is an
asymmetry of initial conditions: the universe began in a state of very low entropy, and the
subsequent behaviour of large systems follows from that boundary condition together with
symmetric dynamics.[6] The direction of time, on this account, is inherited from a fact about how
things started rather than from the equations.

Price's contribution is to insist on symmetry of reasoning: an explanation that would work equally
well applied to the future direction has not explained anything, and much informal reasoning
about the arrow smuggles in a temporal bias at the start.[6] The account is standard, but its status is
interpretive rather than settled, and the reason the low-entropy initial state obtained remains an
open question rather than a result.

Where That Leaves Us
Microscopic dynamics is essentially time-symmetric, so the observed arrow is attributed to a low-
entropy boundary condition rather than to a law. That account is standard but interpretive, and why the
initial state was as it was remains open. What is settled is that several distinct things have been called
time, and the last task is to keep them apart.
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5. Which Time Is Being Talked About

Coordinate time is a label attached to events by a chosen description. It is a bookkeeping device,
and different choices are equally valid, which is why a coordinate-time statement carries no
physical content until the coordinate system is named. Proper time is what a specific clock on a
specific path accumulates, and it is invariant: everyone agrees on how much a given clock
recorded.[3]

Thermodynamic direction is neither of these. It is a property of processes rather than of the time
axis, and it is what licenses the distinction between before and after in a macroscopic system.[6]
Psychological time is different again, involving memory, attention and the construction of
experience, and it is not a physical quantity at all.

Inference: some apparent temporal paradoxes arise from conflating these notions. The twin puzzle
mixes coordinate time with proper time. The claim that relativity abolishes the present mixes
frame-dependent simultaneity with the ordering along a worldline. The suspicion that physics has
no place for the flow of time mixes the thermodynamic and psychological senses with the geometric
one.

Where That Leaves Us
IDE-014 takes up what a clock is as an instrument, where the reading must be turned into a value with
an uncertainty.

What We Know, and How

e The SI second is defined by fixing the caesium-133 hyperfine transition frequency.[1] That this
makes duration a reproducible comparison rather than a description of flow is how this article
reads the definition, and is not a statement the brochure makes.

e Simultaneity for spatially separated events is frame-dependent, while the ordering of causally
connectable events is not, so causal structure survives the loss of a universal present.[2]

e Elapsed time is proper time along a worldline, and it depends on both motion and gravitational
potential; the effect has been measured over a laboratory tower and over a height of about a
third of a metre with optical clocks.[3,4,5]

e Microscopic dynamics is symmetric under time reversal except in the CP-violating weak
processes, so the observed thermodynamic arrow is standardly attributed to a low-entropy
boundary condition rather than to the equations.[6,7]

What We Still Don’t Know

e  Why the early universe was in a state of such low entropy, which the boundary-condition
account of the arrow requires but does not explain.

e  Whether time retains a fundamental role in a successful quantum theory of gravity, or emerges
from a structure in which it is not a primitive.

e How the psychological experience of temporal flow relates to the physical quantities, which is
currently a question about cognition rather than one physics answers.

What Could Change Our Minds

e A clock comparison showing no gravitational rate difference at a height separation where the
predicted fractional shift is well within the demonstrated resolution, with systematic effects
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controlled as in the optical-clock experiments, would contradict general relativity's account of
proper time.[3,5]

e Areproducible experiment identifying a preferred frame in which separated events are
absolutely simultaneous, consistent with existing null results, would overturn the relativity of
simultaneity.[2]

e A demonstrated time-asymmetry in the fundamental dynamics able to account for the observed
macroscopic arrow, rather than the time asymmetry already known in the CP-violating weak
processes, would remove the need for a boundary-condition explanation.[6,7]

If You Remember Only One Thing

Time in physics is what clocks accumulate along their own paths, and its direction comes from how
things started rather than from the equations.

Related Articles

e JDE-014 — Measurement
e IDE-003 — Entropy
e IDE-023 — What Is Observation?
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Article Abstract

A measurement result is not a number an instrument hands over. It is a value assigned to a defined
quantity, together with a statement of the dispersion of values that could reasonably be attributed to it,
arrived at through a model connecting the instrument's indication to that quantity.[1,2] Each part of
that sentence does work. Defining the measurand comes first, because ambiguity there cannot be
repaired by better instruments. Calibration and traceability connect an indication to reference standards
through a documented chain, each link of which adds uncertainty rather than removing it. And
uncertainty is not the unknown difference between the result and the truth. This article follows a result
from indication to decision, and hands the general theory of models to IDE-015.

In 60 Seconds

Metrology starts by defining the measurand, the quantity intended to be measured, and the definition
can itself be the limiting factor: asking for the length of a rod is incomplete until the temperature, the
supporting conditions and what counts as its ends are stated.[1] Only then does the instrument matter.
Calibration relates the instrument'’s indication to values realized by a standard, and traceability is the
documented chain of such comparisons up to a reference, usually an SI realization.[1,3] Traceability
does not make a result exact; every link contributes uncertainty, and the chain's value is that the
contributions are known and can be added. Uncertainty itselfis a parameter characterizing the
dispersion of values that could reasonably be attributed to the measurand, evaluated either statistically
from repeated observations or by other means, and it is not the unknown deviation from a true value.[2]
Between indication and value sits a measurement model, and results depend on it. When a result is used
to decide whether something conforms, the uncertainty has to enter the decision rule explicitly rather
than being reported and ignored.[4]

Why This Question Matters

Measurement is the point where a theory meets a number, and most disputes about numbers are really
disputes about one of four things: what was being measured, what it was compared against, what
assumptions turned the reading into a value, and how confident anyone is entitled to be. Treating a
result as a bare number hides all four. It also makes two common errors invisible: reading two values as
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disagreeing when their measurands were never the same intended quantity, and declaring conformity or
non-conformity without accounting for the uncertainty, which converts a measurement into a verdict it
cannot support.

1. Define the Measurand First

The measurand is the quantity intended to be measured, and specifying it requires more than
naming a quantity kind.[1] The specification has to include whatever conditions materially affect
the value: the temperature at which a length is defined, the plane in which a diameter is taken, the
exact chemical species whose concentration is wanted rather than a family of related ones.

Where the definition is incomplete, the residual variability is not instrument error. Metrology gives
it a name, definitional uncertainty, and it sets a floor below which no instrument can take you.[1]
This is a genuinely useful idea outside metrology too, because it explains why some disagreements
cannot be settled by more precise apparatus.

The consequence is not that results about different quantities cannot be compared: metrology
defines comparability for results of the same kind of quantity that are traceable to a common
reference, which is why results for an Earth to Moon distance and for a Paris to London distance
are comparable when both trace to the metre.[1] What it does require is that before two results are
read as disagreeing about the same target, their measurand specifications be aligned well enough
that they are results about the same intended quantity. Sea surface temperature measured at intake
depth and measured at the skin are different quantities that happen to share a name, and
reconciling them is a matter of definition before it is a matter of correction. Apparent disagreement
between measurement methods can arise from differing measurands or operational definitions.

Where That Leaves Us
The measurand has to be specified with all the conditions that affect its value, and whatever ambiguity
remains sets a floor that no instrument can beat. Traceability to a common reference is what makes
results of the same kind comparable; the measurand definition settles whether two results are about the
same intended quantity. With the quantity fixed, the next question is what the instrument's reading is
being compared against.

2. Traceability Is a Chain, Not a Certificate

Calibration establishes a relation between the indications of an instrument and values provided by
measurement standards, under stated conditions, together with the uncertainties of both.[1] It does
not adjust the instrument, though adjustment often follows; it documents a relation.

Metrological traceability is the property of a result whereby it can be related to a reference through
a documented unbroken chain of calibrations, each contributing to the measurement uncertainty.
[1] The reference is usually a realization of an SI unit, and since the 2019 revision all SI units are
defined by fixing the numerical values of a set of constants, so realization is a matter of physics
rather than of custody of an artefact.[3]

The phrase each contributing to the uncertainty is the load-bearing part. A traceable result is not a
certified-correct result; it is one whose distance from the reference has been accounted for. A
calibration certificate that reports no uncertainty is not evidence of accuracy but a missing piece of
the chain.

Where That Leaves Us
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Calibration documents the relation between indication and standard, and traceability is the unbroken
documented chain of such relations back to a reference, with every link adding to the uncertainty. The
point of the chain is that the contributions are known, not that they vanish. That makes the meaning of
the uncertainty itself the next thing to get right.

3. Uncertainty Is Not Error

The GUM defines measurement uncertainty as a parameter characterizing the dispersion of the
values that could reasonably be attributed to the measurand.[2] It is a statement about a set of
values consistent with what was done, not an estimate of how far the result is from a true value,
because the true value is by construction unknown.

The evaluation is divided by method rather than by nature. Type A evaluation uses the statistical
analysis of repeated observations; Type B uses everything else, including calibration certificates,
manufacturers' specifications, handbook data and the analyst's knowledge of the process.[2] Both
yield standard uncertainties that combine in the same way, which is what allows components of
very different origins to be added coherently.

Two habits follow. Reporting a result without an uncertainty is reporting an incomplete result,
because nothing has been said about what values are consistent with it. And quoting more digits
than the uncertainty supports asserts a precision that the measurement does not have, which is a
claim about the world and not a matter of formatting.

Where That Leaves Us
Uncertainty characterizes the values that could reasonably be attributed to the measurand, evaluated
either from repeated observations or from other information, and it is not the unknown gap between the
result and the truth. A result without one is incomplete. Both the uncertainty and the value depend on
something that has so far stayed implicit: the model connecting indication to quantity.

4. Every Result Is Model-Mediated

Between the instrument's indication and the reported value sits a measurement model: the set of
relations expressing the measurand in terms of the input quantities actually observed, together
with corrections for known effects.[2] A thermocouple gives a voltage; the temperature comes from
the voltage plus a reference-junction correction plus a calibration relation plus assumptions about
what the sensor is in contact with.

The model-based account of measurement makes the model central rather than incidental: a
measurement outcome is an inference from indications, and its accuracy is assessed by robustness
among the consequences of models representing different measurement processes rather than by
comparison with an inaccessible true value.[7] This is a description of what standards laboratories
actually do when they compare independent realizations of the same unit.

The practical consequence is that model assumptions belong in the uncertainty budget. If a
correction was applied, its own uncertainty propagates; if a known effect was neglected because it
was judged small, that judgement is itself an input. A result is therefore conditional on a stated
model, and changing the model can change both the value and its uncertainty without any new
observation.

Where That Leaves Us
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A reported value is an inference from indications through a measurement model, and the model's
assumptions and corrections belong in the uncertainty budget rather than outside it. Accuracy is
assessed by coherence among independent realizations rather than against an inaccessible truth. What
remains is what happens when such a result has to support a decision.

5. From a Value to a Decision

Most measurements exist to support a decision: does this part conform, is this concentration below
a limit, has this target been met. A measured value near a limit cannot answer that question by
itself, because the values consistent with the measurement straddle the limit.[4]

Conformity assessment therefore requires an explicit decision rule. Guard bands narrow the
acceptance interval relative to the specification so that the risk of accepting a non-conforming item
is controlled, and the width of the guard band follows from the uncertainty and from which error is
considered worse.[4] Both the rule and the risk it accepts are choices, and they should be stated.

This is where the whole chain earns its keep. The measurand definition fixes what is being decided
about; traceability makes the comparison meaningful beyond one laboratory; the uncertainty gives
the decision rule something to work with; and the model records what was assumed. A number
quoted without these is not a measurement result but an indication with ambitions.

Where That Leaves Us
A value near a limit cannot decide conformity on its own, so decision rules and guard bands built from
the uncertainty are required, and the risk they accept is a stated choice. Measurand, traceability,
uncertainty and model each do work in that chain. IDE-015 takes up the models themselves, and what
makes one adequate for the inference it is being asked to support.

What We Know, and How

e Defining the measurand precedes instrumentation, and residual ambiguity in the definition sets
a floor on uncertainty that no instrument can go below.[1]

e Metrological traceability is a documented unbroken chain of calibrations to a reference in
which every link contributes to the uncertainty;[1] the SI references are now realized from
fixed constants rather than artefacts.[3]

e Measurement uncertainty characterizes the dispersion of values reasonably attributable to the
measurand and is evaluated by statistical analysis of repeated observations or by other means,
both combining coherently.[2]

e Areported value is an inference from indications through a measurement model, so model
assumptions and applied corrections belong in the uncertainty budget.[2]

What We Still Don’t Know

e How best to express measurement uncertainty for quantities defined by complex procedures
rather than by physical relations, which is a live question in the biological and social sciences.
[6]

e Whether and how the metrological framework transfers to constructs measured through
questionnaires and rating scales, where the measurand is defined by the instrument itself.[6]

e How to treat the uncertainty contributed by computational models embedded in a
measurement chain, where the propagation is not analytic and the model may be opaque.
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What Could Change Our Minds

e A demonstrated case in which two laboratories realizing the same SI unit from the defining
constants, with fully declared uncertainty budgets, disagreed by far more than their stated
uncertainties and the discrepancy resisted resolution would indicate a defect in the definitions
or in the uncertainty framework.[2,3]

e A worked account showing that a measurement result can be complete without a measurement
model, so that an indication maps to a value with no inferential step, would overturn the model-
mediated account.[5,7]

e Evidence that guard-band decision rules built from stated uncertainties systematically
misestimate acceptance risk in a well-characterized production setting would require revision
of the conformity assessment framework.[4]

If You Remember Only One Thing

A measurement result is a value plus an uncertainty for a defined quantity, obtained through a model
and a traceable comparison; a bare number is none of those things.

Related Articles

e IDE-015 — Model
e IDE-017 — Uncertainty
e IDE-023 — What Is Observation?
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Article Abstract
A model is a deliberately simplified structure built to support inference about something else. Its value is
never absolute: it is conditional on a question, a domain and a set of assumptions, and a model that is
excellent for one inference can be worthless for another built from the same system.[5,6] Box's aphorism
that all models are wrong but some are useful is quoted constantly and read carelessly; what he argued
was that the scientist should ask whether a model is illuminating rather than whether it is true, and
should attend to badly wrong assumptions rather than to universal wrongness.[1] This article sets out
what a model has to declare, why agreement with data is weaker evidence than it looks, how models are
chosen when several fit, and what to do when good models disagree.

In 60 Seconds
Every model omits, and what it omits is chosen by the question it was built to answer, so the first thing a
model has to declare is its purpose and its domain.[6] Fitting the data is the weakest kind of evidence it
can offer. A numerical model of an open natural system cannot be verified in the logical sense, because
agreement with observations is consistent with many model structures and with compensating errors;
Oreskes and colleagues argue that such models can be confirmed to a degree and never established as
true.[2] Parsimony has a precise version rather than an aesthetic one: information criteria estimate
expected predictive loss and penalize parameters because unnecessary flexibility degrades prediction on
new data, not because simplicity is elegant.[3,4] Multimodel inference evaluates conclusions across a set
of plausible models and can identify conclusions that remain stable across that set.[4] And a model that
fits for the wrong reasons, with parameters absorbing the effect of a mechanism left out, will fail exactly
where it is extrapolated.

Why This Question Matters
Models are where scientific claims are actually made, and the most common failures are not errors
inside the model but errors about it: using it outside its domain, treating agreement with data as proof,
and forgetting which mechanisms were left out. Each of those is invisible unless the model's purpose and
assumptions were stated in the first place. The stakes are practical, because policy and engineering
decisions rest on extrapolations, and an extrapolation is precisely the use for which the evidence of past
fit is weakest.
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1. A Model Is Built for a Question

A model keeps some features of its target and drops others. That is not a regrettable compromise
but the source of its usefulness: a representation retaining everything would be as unmanageable
as the system itself. What makes the selection defensible is that it was made with respect to a
question, so the omitted features are ones the question does not turn on.[5,6]

Model-target representation and similarity are purpose-dependent.[5] Two people can build the
same equations and be making different claims, because they have assigned different roles to the
same terms.

The practical form of this is a declaration. A model should state what it is for, what it represents,
what it deliberately excludes, and over what range of conditions it is expected to hold. A model
without those is not more general; it is less checkable, because there is no stated condition under
which it could be found to be misapplied.

Where That Leaves Us
Declaring purpose, exclusions and domain is what makes misapplication detectable. That declaration
also changes what the familiar remark about all models being wrong actually means.

2. Wrong but Useful, Said Precisely

Box's 1976 paper is usually reduced to five words, and the surrounding argument is more useful
than the slogan. Writing about statistical models of natural phenomena, he argued that since all
such models are wrong the scientist cannot obtain a correct one by excessive elaboration, and
should instead seek an economical description that captures the important features.[1] The
recommendation is to look for the assumptions that are badly wrong rather than to note that all are
wrong.

The scope is worth keeping. Box's subject is idealized empirical models, not every formal structure,
and read as an unrestricted claim that nothing can ever be described correctly the aphorism
becomes a philosophical thesis rather than the methodological one he argued for. Taken in its own
scope the distinction does real work: universal wrongness would license nothing, since it would be
equally true of the best and the worst model available, while whether a particular simplification is
consequential for a particular inference is a question with an answer, and the answer is found by
perturbing the assumption and seeing whether the conclusion moves.

Box also emphasized iteration. A model is criticized against data, its failures are diagnosed, and it is
modified, which makes model building a process rather than a product.[1] Residuals are the
productive part of that loop, because a systematic pattern in what the model failed to explain is
information about what was left out.

Where That Leaves Us
Box's argument, about statistical models of natural phenomena, is that no amount of elaboration yields
a correct one, so the work is to find which assumptions are consequentially wrong for the inference at
hand, and to iterate against the residuals. Universal wrongness by itself excuses nothing. The next
question is what agreement with data actually establishes once a model has been fitted to it.

3. Fit Is Not Confirmation
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Oreskes, Shrader-Frechette and Belitz argued that numerical models of open natural systems
cannot be verified or validated in the sense those words carry in logic and in software engineering.
Natural systems are never closed, model results are never unique, and agreement with observation
is consistent with more than one model structure.[2]

The mechanism is easy to state. Parameters are adjusted to fit; a parameter can absorb the effect of
a mechanism that is missing; and two errors can cancel over the range of the data. The fitted model
then reproduces the observations while encoding a wrong account of why they came out that way,
which is undetectable from the fit alone and becomes visible only outside the fitted range.

What such models can do is be confirmed to a degree by the number and variety of the
observations they match, and be used heuristically to explore consequences of assumptions.[2] That
is a real epistemic status and not a dismissal, but it is weaker than the language of validation
suggests, and the difference matters most for extrapolation, which is the use the evidence supports
least.

Where That Leaves Us
Agreement with data does not verify a model of an open system, because parameters can absorb missing
mechanisms and errors can cancel across the fitted range. Confirmation admits of degree and comes
from the variety of matched observations, not from goodness of fit alone. That leaves the practical
question of how to choose when several models fit acceptably well.

4. Choosing Among Models

Adding parameters always improves fit to the data in hand, so fit cannot be the criterion. Akaike's
insight was to define the target as expected predictive performance on new data from the same
process, and to show that the maximized likelihood is a biased estimate of it, with the bias related
to the number of estimated parameters.[3] The resulting criterion penalizes complexity for a stated
reason rather than on principle.

This converts parsimony from an aesthetic preference into a prediction argument. A model with
unnecessary flexibility fits the noise as well as the signal, and its predictions on new data are worse
for it. Burnham and Anderson develop the practical apparatus, including the comparison of
candidate models on a common data set and the weighting of models by their relative support.[4]

Two cautions belong with the tool. Criteria compare the candidates offered and say nothing about a
better model absent from the set, so a well-supported model may still be the best of a poor field.
And the comparison is only valid across models fitted to exactly the same data, which is a
requirement that is easy to violate without noticing.[4]

Where That Leaves Us
Model choice cannot rest on fit, because fit always improves with parameters, so criteria estimate
expected performance on new data and penalize complexity for that reason. Parsimony becomes a
prediction argument rather than a taste. The criteria rank only the candidates offered, which raises the
question of what to do when several plausible models survive together.

5. When Good Models Disagree

Multimodel inference evaluates conclusions across a set of plausible models and can identify
conclusions that remain stable across that set. A molecular simulation, a continuum equation and a
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statistical surrogate can all be right in their own domains without being interchangeable, because
they answer different questions at different costs.[5,6] Disagreement among them is informative
rather than embarrassing.

This also gives the honest way to report a modelling result. State the question, the domain, the
assumptions that were varied, the conclusions that were stable and the ones that were not. A single
number from a single model, presented without that structure, is the form in which most modelling
results are misused.

Where That Leaves Us
A result that flips when a structural choice changes is a fact about the model. IDE-016 takes up a
property that models are often asked to quantify and that resists a single measure: complexity itself.

What We Know, and How

e Model-target representation and similarity are purpose-dependent.[5,6]

e Box argued, of statistical models of natural phenomena, that elaboration cannot produce a
correct one and that the task is to find which assumptions are consequentially wrong, with
model building proceeding iteratively against residuals.[1]

e Numerical models of open systems cannot be verified; agreement with data is consistent with
multiple structures and with compensating errors, so confirmation is a matter of degree.[2]

e Information criteria penalize parameters because unnecessary flexibility degrades prediction
on new data, and they rank only the candidate models actually offered.[3,4]

What We Still Don’t Know

e How to characterize the predictive reliability of very high-dimensional models whose effective
number of parameters is not well defined, where the classical penalty arguments do not
straightforwardly apply.

e How to weight structurally different models against one another when they are not fitted to a
common likelihood, which is the usual situation in multi-model climate and epidemiological
ensembles.

e  Whether robustness across a set of plausible models is evidence about the system or evidence
about the shared assumptions of the modelling community that produced the set.

What Could Change Our Minds

e A demonstrated procedure that established a numerical model of an open natural system as
true rather than confirmed to a degree, surviving the non-uniqueness and compensating-error
objections, would overturn the standard epistemic status of such models.[2]

e Reproducible evidence that models selected by information criteria predict new data from the
same process worse than models selected by in-sample fit, across varied settings with correctly
matched data sets, would undermine the predictive justification for parsimony.[3,4]

e A worked case in which a conclusion robust across every plausible model structure was
nonetheless wrong about the system, with the failure traced to a shared assumption rather than
to chance, would weaken robustness analysis as evidence.[4,5]

If You Remember Only One Thing
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A model is an inference machine with a stated question, domain and set of exclusions; fitting the data is
the weakest evidence it can offer.

Related Articles

e IDE-016 — Complexity
e IDE-012 — Representation
e IDE-014 — Measurement
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Article Abstract
There is no single quantity called complexity. Dozens of measures exist and they answer different
questions: how long a description must be, how much computation an answer costs, how much history a
structure encodes, how strongly parts depend on one another.[1] These come apart in ways that matter.
A random string is maximally hard to compress and has no organization at all, so description length
measures randomness rather than structure, and any measure that peaks on noise is measuring the
wrong thing for most purposes.[2,4] This article separates the main families, shows why the measure
has to be chosen with the question, and closes on a result that reversed an intuition: adding connections
to a large system can make it less stable, not more.[5]

In 60 Seconds
Ask what makes something complex and you get several incompatible answers, all defensible.
Algorithmic incompressibility characterizes randomness; logical depth separately distinguishes shallow
random or simple objects from objects with deep computational histories.[2] Computational complexity
asks not how long the description is but how much work the answer costs as the problem grows, and the
classification of problems by that cost is where the hardest open question in the subject lives.[3] Logical
depth asks a third thing: how much computation would be needed to generate the object from its
shortest description, which is high for structures that took a long process to produce and low for both
crystals and noise.[4] Effective complexity separates the regular part of a description from its random
part and measures only the former.[6] Each is a real quantity; none is complexity itself, and using one
where another is meant is the usual source of confusion.

Why This Question Matters
Complexity is invoked to explain why something is hard to predict, hard to build, or resistant to simple
description, and those are different properties that can occur separately. A protein and a shuffled deck
are not complex in the same sense, and a claim that a system is too complex to model is empty until it
says which measure is large and why that blocks the inference being attempted. The word also carries a
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false implication that has done real damage in ecology and in systems design, namely that more parts
and more connections buy robustness.

1. No Single Scalar

Lloyd's list of measures is deliberately titled nonexhaustive, and its point is structural rather than
encyclopaedic. The measures cluster around three questions: how hard is it to describe, how hard is
it to create, and to what degree is it organized.[1] Those are different questions, and no argument
shows they must have a common answer.

This matters because complexity claims usually smuggle in a comparison. Saying that a cell is more
complex than a crystal is defensible under most measures; saying that one ecosystem is more
complex than another usually needs the measure named before it means anything. Inference: a
complexity claim is incomplete unless it identifies the measure being used.

The practical demand is therefore modest and rarely met. State which quantity is being claimed to
be large, over what description of the system, and why that quantity is the one relevant to the
conclusion being drawn. Most uses of the word fail the first clause.

Where That Leaves Us
Complexity measures form distinct families organized around different questions, including difficulty of
description, difficulty of creation and degree of organization.[1] The first family, description length, has a
formal version whose behaviour is instructive and initially surprising.

2. Description Length, and Its Trap

Kolmogorov defined the complexity of a string as the length of the shortest program that produces
it on a universal machine, which makes precise the idea that a regular object has a short
specification.[2] A string of a million zeros is compressible to a short instruction; a string with no
exploitable pattern is not.

The definition has two well-known properties that shape everything built on it. It depends on the
choice of universal machine, though only up to an additive constant, so comparisons of long strings
are meaningful and comparisons of short ones are not.[2] And it is not computable: no general
procedure finds the shortest program, so the quantity is a theoretical reference rather than
something measured.[7]

Algorithmic incompressibility characterizes randomness; logical depth separately distinguishes
shallow random or simple objects from objects with deep computational histories.[2,4,6]

Where That Leaves Us
Algorithmic incompressibility characterizes randomness; logical depth separately distinguishes shallow
random or simple objects from objects with deep computational histories. It is also uncomputable and
machine-dependent up to a constant. Measures that avoid peaking on noise have to ask about something
other than the length of a description.

3. Effort and History, Not Just Length

Computational complexity asks how the resources needed to solve a problem grow with its size.
Cook's 1971 result identified a class of problems to which every problem in a broad family can be
reduced, which made it possible to speak of the hardest problems in that family rather than of
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individual difficult cases.[3] Whether that family can be solved efficiently is the central open
question of the field.

Bennett's logical depth asks a different question again: how much computation is required to
produce the object from its shortest description.[4] A crystal is shallow because a short program
produces it quickly; random noise is shallow because the shortest program is the string itself,
printed immediately. What is deep is an object whose short description exists but takes a long
computation to unfold, which is a reasonable formal image of something that took a long history to
produce.

Gell-Mann and Lloyd's effective complexity takes the complementary route. It separates a
description into the part that captures regularities and the part that is incompressible detail, and
measures only the regular part.[6] Noise then scores low because almost all of its description is the
random component, which is the behaviour the intuitive notion demands.

Where That Leaves Us
Computational complexity measures the cost of an answer, logical depth measures the computation
needed to unfold a short description, and effective complexity measures only the regular part of a
description. Each avoids the noise trap differently. All three, though, are relative to how the object was
described in the first place.

4. Complexity of What, Exactly

Complexity measures include description-based and computational or generative types; effective
complexity specifically depends on which regularities are identified.[1,6] A gas is trivially
describable by two thermodynamic variables and impossibly complicated as a list of molecular
positions, and both descriptions are of the same gas.

The discipline is the same as elsewhere in this series. Name the description, name the measure, and
check that the conclusion depends on the quantity actually computed.

Where That Leaves Us
Complexity measures include description-based and computational or generative types; effective
complexity specifically depends on which regularities are identified.[1,6] That bears on a widely held
belief about what complexity buys.

5. More Parts Is Not More Robust

It was once a working assumption in ecology that more diverse and more connected communities
are more stable. May analysed randomly assembled model communities and found the opposite
tendency: as the number of species, the connectance and the interaction strength increase, the
probability that the equilibrium is locally stable falls sharply.[5]

The result is about a specific model class, randomly constructed interaction matrices, and about
local stability at an equilibrium, and May was explicit about that. Its force is not that real
ecosystems are unstable but that stability cannot be inferred from complexity alone: whatever
stabilizes real communities has to be a feature of how they are structured, not of how many parts
they have.

The general lesson transfers. Adding components and couplings to any system enlarges the space of
ways it can fail, and robustness comes from architecture rather than from count. This is the same
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conclusion that arrives from the feedback side, where stability depends on the arrangement of
gains and delays rather than on the number of loops.

Where That Leaves Us

May showed that in randomly assembled model communities greater size, connectance and interaction
strength reduce the chance of local stability, so complexity does not buy robustness and whatever
stabilizes real systems is structural. The result is bounded to its model class, which is part of reading it
correctly. IDE-017 takes up the family of limits that complexity is often blamed for: uncertainty and its
sources.

What We Know, and How

Complexity measures form distinct families organized around different questions, including
difficulty of description, difficulty of creation and degree of organization.[1]

Kolmogorov complexity is the length of the shortest program producing a string, is machine-
dependent only up to an additive constant and is uncomputable; algorithmic incompressibility
characterizes randomness.[2,7]

Logical depth measures the computation needed to generate an object from its shortest
description and is low for both crystals and noise; effective complexity measures only the
regular part of a description.[4,6]

In randomly assembled model communities, increasing species number, connectance and
interaction strength reduces the probability of local stability, so complexity does not by itself
confer robustness.[5]

What We Still Don’t Know

Whether the broad family of problems identified by Cook's reduction can be solved efficiently,
which remains the central open question of computational complexity.[3]

Which complexity measure, if any, tracks the intuitive notion of organized structure across
physical, biological and social systems rather than within a single domain.

How far May's stability result extends to interaction structures that are not randomly
assembled, which is where real ecological and engineered networks live.

What Could Change Our Minds

A proof settling whether the family of problems Cook identified admits efficient solution would
resolve the central question of the field and reorganize the classification of computational
difficulty.[3]

A computable measure that assigned low values to both random and perfectly regular strings,
high values to organized structure, and agreed with logical depth and effective complexity
where those are calculable, would replace the current plurality of measures.[1,4,6]

Empirical evidence that ecological communities with higher connectance are systematically
more stable under comparable perturbation, with interaction structure controlled, would
require revision of how May's result is generalized.[5]

If You Remember Only One Thing

Complexity comprises distinct families of measures addressing description, creation and organization.

[1,6]
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Related Articles

e IDE-017 — Uncertainty
e IDE-007 — Emergence
e IDE-006 — Scale
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Article Abstract
Uncertainty is not one thing with one number attached. A quantity can be uncertain because the
instrument scatters, because a parameter was estimated from limited data, because the model omits a
mechanism, or because the future course of events is not determined. These sources behave differently:
some shrink with more data and some do not, and combining them into a single interval hides which is
which. This article separates the sources, argues that the familiar division into aleatory and epistemic
depends on where the modeller drew the boundary, shows that parameter conclusions are conditional
on the adopted model and its assumptions, and takes seriously cases where quantification is unavailable.
[3.4]

In 60 Seconds
Start by asking what would reduce the uncertainty. If more measurements of the same kind would
narrow it, it behaves like an estimation problem; if they would not, something structural is responsible.
That test does most of the work the aleatory and epistemic labels are supposed to do, and it avoids their
main trap: whether variability counts as inherent randomness or as missing knowledge depends on the
model chosen, not on the world, so the same quantity can be classified either way by two competent
analysts.[2] A second warning follows. Sensitivity and parameter conclusions are conditional on the
adopted model and its assumptions.[3] Finally, not everything is quantifiable. Knight distinguished
measurable risk from uncertainty that cannot be reduced to a distribution, and pretending otherwise
produces numbers with no warrant.[4,5]

Why This Question Matters
Uncertainty is where a scientific result meets a decision, and the way it is reported determines what the
decision can be. A single interval invites the reader to treat all the doubt as one kind, which hides the
two questions that matter for action: would more of the same evidence help, and what would have to be
wrong for the answer to change. It also makes a common failure invisible, in which a precisely computed

Juan Segurola | v0.3 | Page 92



THE UNIVERSE AND ITS OBSERVERS | SCIENTIFIC EDITION

interval around a parameter is offered as though it bounded the error in the conclusion, when the
dominant uncertainty lies in the structure that produced it.

1. Sources Behave Differently

It is worth listing the sources separately because they respond to different remedies. Measurement
uncertainty comes from calibration, resolution, environmental effects and the measurement model,
and is the one with the most developed formal treatment.[1] Parameter uncertainty comes from
estimating values from finite data. Structural uncertainty comes from the choice of model form and
from mechanisms left out. Scenario uncertainty comes from conditions that are not determined at
all, such as future choices.

The useful diagnostic is what would reduce each. More observations of the same kind reduce
parameter uncertainty and, up to the definitional floor, measurement uncertainty. They do not
reduce structural uncertainty, which requires a different model, and they do nothing at all about
scenario uncertainty, which is not a state of ignorance but a genuine openness.

Reporting them together as one interval is therefore not conservative; it is uninformative. A result
given as a value plus or minus a number invites the reader to assume that the number bounds the
doubt, when it may bound only the most tractable component of it.

Where That Leaves Us
Measurement, parameter, structural and scenario uncertainty respond to different remedies, and the
diagnostic question is what would reduce each. Collapsing them into one interval hides which
component dominates. The most common attempt to organize them is a two-way split, and that split
turns out to be less absolute than it first appears.

2. Aleatory and Epistemic, and Why the Line Moves

The standard distinction separates aleatory uncertainty, treated as inherent variability, from
epistemic uncertainty, treated as incomplete knowledge that could in principle be reduced. It is a
useful working split, and engineering practice depends on it because the two propagate differently
through a reliability analysis.

Der Kiureghian and Ditlevsen argue that the distinction is a feature of the model rather than of
nature. A variable treated as randomly varying in one model can be represented explicitly, and
hence become epistemic, in a more detailed one; the classification therefore depends on the
boundary the analyst drew.[2] What matters for a decision, they argue, is not the label but whether
the uncertainty can be reduced within the time and resources available.

That reframing is more useful than the labels. Asking whether a component is reducible in practice,
and at what cost, produces an answer that guides action, whereas asking whether it is aleatory in
principle produces a dispute about modelling conventions.

Where That Leaves Us
The aleatory and epistemic split is a property of the model rather than of the world, since a variable
treated as random in one description can be represented explicitly in a finer one. The question that
survives is whether a component is reducible in practice and at what cost. A related and more dangerous
confusion concerns which component dominates in the first place.

3. Parameter Precision Is Conditional on the Model
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Sensitivity and parameter conclusions are conditional on the adopted model and its assumptions.
[3]

Structural uncertainty is harder to quantify and often larger. Inference: under misspecification, a
fitted parameter can compensate for an omitted mechanism, so a narrow interval need not imply
an adequate model.

Global sensitivity analysis is the standard tool for finding out what the answer depends on. Rather
than varying one input at a time around a nominal point, it explores the input space jointly and
apportions the variance of the output among the inputs and their interactions, which is what
reveals that a result is driven by an assumption nobody was watching.[3]

Where That Leaves Us
Global sensitivity analysis is what identifies which assumptions the answer actually rests on. Beyond all
of these lies the case where no distribution is available at all.

4. When Quantification Is Not Available

Knight distinguished measurable risk, where the distribution of outcomes is known or can be
estimated, from uncertainty proper, where it cannot.[4] The distinction was made about economic
decisions but the structure is general: some situations offer a well-defined reference class and
others do not, and a probability computed without one is an assertion rather than a measurement.

This is not an argument against quantifying. It is an argument for saying which case you are in. A
reported probability that rests on a defensible frequency or on an explicitly stated model earns its
status; one produced because a number was required has the same appearance and none of the
warrant. The Bayesian framework makes the assumptions explicit rather than removing them,
which is a real gain, since the prior and the model are then visible and can be argued with.[6]

Where quantification is genuinely unavailable, the honest options are to describe the range of
possibilities, to identify what would distinguish them, and to look for decisions that perform
acceptably across the range rather than optimally under one assumed distribution.

Where That Leaves Us
Knight's distinction between measurable risk and unquantifiable uncertainty is about whether a
reference class exists, and a probability produced without one is an assertion rather than a
measurement. Making assumptions explicit is a gain even when it does not remove them. What remains
is how to say all of this to someone who has to act on it.

5. Saying It Honestly

Funtowicz and Ravetz proposed that a quantitative result carried into policy should be
accompanied by more than an error bar: by an account of the quality of the underlying
information, including how the numbers were produced and how much of the result rests on
judgement.[5] Uncertainty assessment includes the quality and pedigree of the underlying
information, not only the width of a numerical interval. Inference: intervals of equal width can
therefore rest on evidence of different quality.

Whatever notation is used, three things have to survive into the summary. Which sources of
uncertainty were included and which were not; whether the dominant component is reducible by
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more of the same work; and what would have to be true for the conclusion to change. A result
reported without these is not more cautious for having an interval attached.

The temptation runs the other way. Decision makers ask for a number, and an interval that omits
structural uncertainty is narrower and looks more useful than one that includes it. Resisting that is
the whole of the discipline, and it is easier when the sources were separated at the start rather than
aggregated and then defended.

Where That Leaves Us
Uncertainty assessment includes the quality and pedigree of the underlying information, not only the
width of a numerical interval. Narrower intervals are more attractive and often less complete. IDE-018
takes up a structural property that determines how uncertainty spreads through a system: how its parts
are connected.

What We Know, and How

e Measurement, parameter, structural and scenario uncertainty respond to different remedies,
and only some are reduced by more observations of the same kind. That four-way scheme is
this article's own organising distinction rather than a result taken from a source.

e The aleatory and epistemic classification depends on the model boundary the analyst drew
rather than on nature, so the operationally useful question is whether a component is reducible
in practice.[2]

e Sensitivity and parameter conclusions are conditional on the adopted model and its
assumptions.[3]

e Global sensitivity analysis explores the input space jointly and apportions output variance
among inputs and their interactions, which is how the dominant assumptions are identified.[3]

What We Still Don’t Know

e How to characterize and propagate structural uncertainty in a principled way when the set of
plausible model structures cannot be enumerated.

e  Whether and how deep uncertainty, in Knight's sense, can be represented formally without
importing the unwarranted precision that the distinction was drawn to avoid.[4]

e Which uncertainty communication formats actually change decisions for the better, which is an
empirical question about users rather than a question about the mathematics.

What Could Change Our Minds

e A demonstration that structural uncertainty in a class of models can be bounded rigorously
from data alone, without enumerating alternative structures, would remove the main reason
parameter intervals are considered incomplete.[3]

e Evidence that analysts independently classifying the same uncertainties as aleatory or epistemic
agree at high rates regardless of their modelling choices would contradict the claim that the
distinction is model-relative.[2]

e A worked case in which a probability assigned without any defensible reference class
outperformed, over many repetitions, an explicit statement of the range of possibilities, would
weaken the argument against quantifying deep uncertainty.[4,6]

If You Remember Only One Thing
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Uncertainty has sources that behave differently, and an interval that does not say which were included
conceals more than it reports.

Related Articles

e IDE-018 — Connection
e IDE-008 — Probability
e IDE-014 — Measurement
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Article Abstract

Drawing a network reduces a system to nodes and edges, and every edge is a claim: that these two things
are related in a specified way that matters for the question being asked. The abstraction is powerful
because architecture, not merely the number of links, determines how a system behaves. A small amount
of rewiring collapses path lengths without destroying local clustering; a growth rule that favours the
already-connected produces a few very large hubs; and networks of that kind tolerate random failure
well while being fragile to targeted removal.[1,2,3] This article sets out those results, and it also sets out
where the field has had to become more careful, since heavy-tailed degree distributions are reported
more often than the data support.[4]

In 60 Seconds

A network is only as meaningful as its edge definition, because the same set of entities gives different
networks depending on what counts as a link.[6] Once the edge is fixed, structure does real work. Watts
and Strogatz showed that rewiring a small fraction of the links in a regular lattice collapses the typical
path length while leaving local clustering nearly intact, which is why highly clustered networks can still
have short routes between any two nodes.[1] Barabdsi and Albert showed that growth plus attachment
proportional to existing degree produces a heavy-tailed degree distribution, giving one mechanism for
hubs, though not the only one.[2] In networks of that kind, with degrees essentially uncorrelated, hubs
explain a striking asymmetry: removing nodes at random barely disturbs connectivity, while removing
the highest-degree nodes fragments the network quickly.[3] The caution is that identifying a power law
from data is harder than it looks, and many published claims do not survive proper statistical testing.[4]

Why This Question Matters
Network language has spread into every field that has relational data, and with it two habits worth
resisting. The first is drawing edges without saying what they mean, which produces a picture that looks
explanatory and constrains nothing. The second is reading a structural result as a universal law: that
hubs must exist, that networks are robust, that six degrees separate everyone. Each of those is a
conditional result about particular structures, and knowing the conditions is what makes the difference
between using the tool and decorating with it.
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1. An Edge Is a Claim

A network representation asserts that the system can usefully be described by a set of entities and a
set of pairwise relations of a stated kind. Both halves are choices. A network representation
depends on what counts as vertices and edges; weights, directions and temporal aggregation can
alter the represented network.[6]

Because the edge definition is a choice, it can be wrong for the question. A contact network built
from co-location at one-hour resolution is a different object from one built at one-minute
resolution, and a claim about disease spread may hold on one and fail on the other.

The practical demand is that a network figure should be accompanied by what a node is, what an
edge is, how it was determined, and what was excluded. Without that, the diagram cannot be
wrong, which means it is also not doing scientific work.

Where That Leaves Us
A diagram that does not say what an edge means cannot be checked. With the edge fixed, the first
structural surprise is how little rewiring it takes to change the distances in a network.

2. Short Paths Without Dense Wiring

A regular lattice has high local clustering, since neighbours share neighbours, and long typical path
lengths, since getting across it means many short steps. A random graph has the opposite profile.
Watts and Strogatz interpolated between them by rewiring each edge with a small probability, and
found the two properties do not trade off smoothly.[1]

Path length falls sharply at a rewiring probability where clustering is still nearly at its lattice value.
A very small number of long-range shortcuts is enough to collapse the average distance, so there is
a broad regime in which a network is simultaneously highly clustered and short-pathed.[1] That
regime is where many real networks sit.

The result explains something that had looked paradoxical. Social networks are locally dense, since
one's friends know each other, and yet short chains connect distant strangers. The two facts are not
in tension, because the shortcuts responsible for the short paths are rare enough not to disturb
local structure.

Where That Leaves Us
Rewiring a small fraction of a lattice's edges collapses typical path length while leaving clustering nearly
intact, so being locally dense and globally close is not a contradiction. A few long-range shortcuts do the
work. Path length is one structural property; the distribution of how many links each node has is
another, and it behaves very differently.

3. Hubs, and How Often They Are Really There

Barabasi and Albert proposed a generative account of heavy-tailed degree distributions: let the
network grow by adding nodes, and let each new node attach preferentially to nodes that already
have many links. The rich-get-richer dynamics produces a small number of very high-degree hubs
and a long tail.[2]

The model is important as a mechanism, and it should not be read as a claim that all networks are
like this or that preferential attachment is the only route to a heavy tail. Other processes, including
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simple multiplicative growth and certain optimization dynamics, produce similar distributions, so
observing a heavy tail does not identify the mechanism that produced it.[4,6]

The stronger caution is statistical. Clauset, Shalizi and Newman showed that fitting a straight line to
a log-log histogram is an unreliable way to identify a power law, and that when proper estimation
and goodness-of-fit testing are applied, many published examples are not well described by a
power law at all, with log-normal or stretched exponential alternatives fitting as well or better.[4]
The existence of hubs is often real; the specific functional form frequently is not established.

Where That Leaves Us
Preferential attachment gives one mechanism for heavy-tailed degree distributions, but not the only one,
so a heavy tail does not identify its cause. Proper estimation and testing also show that many reported
power laws are not supported by the data. Whatever generates them, the presence of hubs has a
consequence for failure that is worth stating carefully.

4. Architecture Decides Robustness

Albert, Jeong and Barabasi compared two kinds of node removal in model networks with heavy-
tailed degree distributions and in two large empirical networks. Removing nodes at random leaves
connectivity remarkably intact, because a randomly chosen node is almost certainly one of the
many low-degree ones. Removing nodes in order of degree fragments the network after a small
fraction have gone.[3] The degree distribution is not the whole condition: the argument assumes
that degrees are essentially uncorrelated, and networks whose high-degree nodes preferentially
attach to each other, or which are strongly modular, can behave differently at the sizes actually
studied.

The same structural feature therefore produces both the robustness and the fragility, which is why
neither word describes the network on its own. A network is robust or fragile with respect to a
specified class of perturbation, and a system engineered for one may be badly exposed to the other.

This connects directly to a result from another direction. Adding parts and couplings does not
purchase stability by itself, and what determines whether a large system holds together is how the
couplings are arranged. The network and the dynamical-systems literatures reach that conclusion
independently.

Where That Leaves Us
In the networks studied, which are heavy-tailed and close to degree-uncorrelated, random failure is
tolerated well and targeted removal is not, and the same structure produces both, so robustness must be
stated with respect to a class of perturbation and a class of network. Counting parts predicts nothing;
architecture does. What has not been said is what travels along an edge, and whether all edges carry the
same thing.

5. What Connections Carry

Granovetter argued that weak ties, the infrequent and low-intimacy relationships, are
disproportionately valuable for the flow of novel information, because strong ties tend to connect
people whose contacts already overlap. A weak tie is more likely to be a bridge to a different part of
the network, and therefore to carry information the strong ties cannot.[5]

When spreading dynamics couple to link heterogeneity, edge weight, direction or type can affect
the predicted spread; weak ties and bridges can play distinct structural roles in information
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diffusion.[5,6] The same holds elsewhere: a metabolic network's edges represent reactions with
rates and directions, and a picture that ignores those describes a different system.

This brings the article back to where it began. The structural results are strong, but every one of
them is conditional on what the edges mean and on what is assumed to flow along them. Stating
that is not a caveat appended to a network analysis; it is the part that makes the analysis about
something.

Where That Leaves Us

When spreading dynamics couple to link heterogeneity, edge weight, direction or type can affect the
predicted spread; weak ties and bridges can play distinct structural roles in information diffusion. Every
structural result is conditional on what the edges mean. IDE-019 turns to something that travels
between separated places on its own terms, where carrier, propagation and detection have to be told
apart: light.

What We Know, and How

A network representation depends on what counts as vertices and edges; weights, directions
and temporal aggregation can alter the represented network.[6]

Rewiring a small fraction of a regular lattice's edges collapses typical path length while leaving
clustering nearly intact, so high clustering and short paths coexist over a broad regime.[1]
Growth with attachment proportional to existing degree generates heavy-tailed degree
distributions, though other processes generate similar distributions and many reported power
laws do not survive proper statistical testing.[2,4]

In heavy-tailed networks with essentially uncorrelated degrees, random node removal is
tolerated well and removal ordered by degree fragments the network quickly, so one structure
yields both robustness and fragility; degree distribution alone does not settle the behaviour.[3]

What We Still Don’t Know

Which generative mechanism produces the heavy-tailed degree distributions observed in any
particular real network, since several mechanisms give similar distributions.[2,4]

How much of the reported universality of network structure survives once edge definitions,
sampling and thresholds are standardized across studies.[4,6]

How to characterize robustness for networks whose edges carry qualitatively different things,
where a single connectivity measure does not capture what can fail.

What Could Change Our Minds

A systematic reanalysis showing that empirical degree distributions previously rejected as
power laws by likelihood-based testing are in fact well described by them under a correct
treatment of sampling would reverse the current statistical caution.[4]

A demonstrated class of heavy-tailed, essentially degree-uncorrelated networks, of the kind and
size the result covers, that fragmented under random removal as readily as under degree-
ordered removal would contradict the error and attack tolerance result.[3]

Evidence that high clustering and short characteristic path length cannot coexist in a broad
parameter regime, contradicting the interpolation result, would remove the structural
explanation for small-world behaviour.[1]

Juan Segurola | v0.3 | Page 100



THE UNIVERSE AND ITS OBSERVERS | SCIENTIFIC EDITION

If You Remember Only One Thing
A network is a claim about what counts as a link, and its architecture, not its number of links, decides
how it behaves and how it fails.

Related Articles

e IDE-019 — What Is Light? Wave, Quantum and Observer
e IDE-010 — Feedback
e IDE-016 — Complexity
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Article Abstract
Light is not a wave on Mondays and a particle on Tuesdays. Maxwell's equations describe it as a
propagating disturbance of the electromagnetic field, and that account explains interference, diffraction,
polarization and the finite speed of propagation without remainder in its domain.[1] Einstein's 1905
argument added something the classical account could not give: energy is exchanged with matter in
discrete amounts proportional to frequency, which Millikan then measured carefully enough to extract
Planck’s constant.[2,3] The reconciliation is not a compromise between two pictures but a single theory
in which both families of phenomena are consequences. This article also examines nonclassical photon-
statistics tests, the limited evidential force of the photoelectric effect by itself, and the physical role of an
observer.[4,7]

In 60 Seconds
Classical electromagnetism gets light right wherever it applies: interference and diffraction follow from
a field disturbance obeying wave equations, and the propagation speed comes out of two measurable
electrical constants.[1] What it cannot do is explain why the energy of photoelectrons depends on
frequency and not on intensity. Einstein proposed that energy is exchanged in quanta proportional to
frequency, and Millikan, who set out sceptical, measured the relation precisely enough to determine
Planck’s constant from it.[2,3] Discreteness of exchange, though, is not evidence for tiny bullets. The
experiment that shows light is not a classical wave with random arrival times is antibunching, in which
a single emitter cannot produce two detections at once, and that behaviour has no classical wave
description.[4] Environment-induced entanglement suppresses interference between macroscopically
distinct records.[5]

Why This Question Matters
Light is where most people meet quantum physics, and it is where the worst popular formulations are
installed. Wave-particle duality suggests two substances taking turns; the observer effect suggests that
looking changes reality; the photon is pictured as a small bright pellet with a trajectory. Each of these
makes later physics harder to learn, because each has to be unlearned. Getting light right also fixes the
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vocabulary for the two articles that follow, since a photon is the cleanest example available of what the
word particle can and cannot mean.

1. Light as a Disturbance of a Field

Maxwell's equations admit solutions in which electric and magnetic fields sustain each other and
propagate. The speed of those solutions is fixed by two constants measurable in a laboratory with
no optics in it, and it matched the measured speed of light, which is why Maxwell concluded that
light is an electromagnetic disturbance.[1]

The account is not a metaphor. It predicts interference and diffraction quantitatively, explains
polarization as the orientation of the field, and yields radiation pressure. In its domain it is
complete: no experiment on interference requires anything to be added to it, and the classical
theory remains the working description across radio, optics and much of astronomy.

What it does not describe is the exchange of energy between light and matter at low intensity.
Classically, energy delivered to an electron should grow with the brightness of the illumination, and
a dim source should simply take longer to accumulate what a bright source delivers quickly. That
prediction fails, and the failure is not small.

Where That Leaves Us
Maxwell’s field description of light explains interference, diffraction, polarization, radiation pressure
and the propagation speed, and remains the working theory across most of the spectrum. Its failure is
specific and located: it gets the exchange of energy with matter wrong. That failure is where the
quantum enters, and it enters as a statement about exchange rather than about propagation.

2. The Quantum of Exchange

Einstein's 1905 paper is titled as a heuristic point of view, and its proposal is precise: in processes of
emission and absorption, light behaves as though its energy were distributed in localized quanta
proportional to frequency.[2] Applied to the photoelectric effect this predicts that the maximum
kinetic energy of ejected electrons rises linearly with frequency, with a slope equal to Planck’s
constant, and does not depend on intensity.

Millikan spent a decade testing it, and was explicit that he had expected the hypothesis to fail. His
1916 measurements confirmed the linear relation and yielded a value of Planck's constant from the
slope, which is a strong form of confirmation: the prediction was quantitative and the constant
obtained agreed with values determined by unrelated means.[3]

Note what the result establishes and what it does not. It establishes that energy is exchanged in
discrete amounts fixed by frequency. It does not establish that light travels as a stream of small
objects, and Einstein's own framing as heuristic reflects that the argument was about the statistics
of exchange rather than about a picture of propagation.

Where That Leaves Us
Einstein proposed that light exchanges energy in quanta proportional to frequency, and Millikan
measured the resulting linear relation precisely enough to extract Planck's constant from its slope. The
result is about exchange, not about a picture of what travels. Establishing that light is not a classical
wave at all required a different and later experiment.

3. What a Photon Is Not
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The photoelectric effect admits a semiclassical treatment with a classical electromagnetic field
coupled to quantized matter; important photoelectric statistics therefore do not by themselves
require field quantization.[7] Inference: the photoelectric effect alone is consequently weaker
evidence for photons than a fully nonclassical optical test.

Kimble, Dagenais and Mandel observed antibunching in the fluorescence of a single atom: after a
detection, the probability of a second immediate detection falls below what any classical wave
description allows.[4] A single emitter that has just emitted must be re-excited before it can emit
again, so its output cannot deliver two simultaneous detections, and a classical field of any intensity
fluctuation profile cannot reproduce that.

This licenses the word photon and simultaneously constrains it. Antibunching in single-emitter
fluorescence violates a classical-field bound and supports a quantized-field description.[4,7] It does
not show that a photon has a position between emission and absorption, a trajectory, or a size; and
the interference experiments that classical theory explains so well remain valid, which means
whatever a photon is, it is not a small object following a path.

Where That Leaves Us
Antibunching in single-emitter fluorescence violates a classical-field bound and supports a quantized-
field description.[4] That leaves what a detector is doing when it registers one.

4. The Observer Is an Interaction

The phrase observer effect invites the reading that a conscious act changes the outcome. What
happens physically is that a detector interacts with the system and its state becomes correlated with
what it detected, which is a physical process involving many degrees of freedom.

Decoherence describes the consequence. Environment-induced entanglement suppresses
interference between macroscopically distinct records.[5]

What that result covers is worth stating exactly, because it is narrower than the popular version.
Decoherence explains the suppression of interference and the emergence of a preferred set of
stable states, which is what makes macroscopic records behave classically with respect to
interference; the question of why one outcome rather than another is experienced remains open
and is interpreted differently across the main readings of quantum theory.[5,8] The article makes
the first claim and declines the second.

Where That Leaves Us
Decoherence does not settle why a particular outcome is experienced, and that boundary is deliberate.
What remains is to state how one theory delivers both families of phenomena.

5. One Theory, Two Families of Phenomena

Quantum electrodynamics is a single theory of the electromagnetic field and its interaction with
charged matter, and both the wave and the quantum phenomena are consequences of it.
Feynman's presentation makes the structure unusually clear: amplitudes are assigned to
alternative ways an outcome could occur, and those amplitudes are added before the probability is
taken.[6]

Interference is then not a wave phenomenon competing with a particle picture. It is what happens
when several alternatives contribute amplitudes to the same detection event, which is why single
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photons sent one at a time through two slits still build an interference pattern over many events.
Discreteness is not in competition either: each event is one detection, and the pattern is in the
distribution of many.

Wave-particle duality was a useful scaffold while the theory was being built and is a poor
description of the finished structure, because it suggests two things where there is one. The honest
summary is that light is an excitation of the electromagnetic field, described by a theory whose
amplitudes interfere and whose interactions are discrete.

Where That Leaves Us
Quantum electrodynamics produces both wave and quantum phenomena from one structure, in which
alternative ways an outcome could occur contribute amplitudes that interfere before probabilities are
taken. Duality was scaffolding, not a result. Since a photon turns out to be an excitation rather than an
object, IDE-020 asks what the word particle can still mean.

What We Know, and How

e (lassical electromagnetism explains interference, diffraction, polarization, radiation pressure
and the propagation speed of light, and remains the working description in its domain.[1]

e Energy is exchanged between light and matter in quanta proportional to frequency; the
photoelectric relation is linear in frequency and independent of intensity, and its slope yields
Planck's constant.[2,3]

e Antibunching in single-emitter fluorescence violates a classical-field bound and supports a
quantized-field description.[4,7]

What We Still Don’t Know

e Why a particular outcome rather than another is registered in an individual event, which
decoherence does not address and which the main interpretations of quantum theory answer
differently.[5]

e Whether a fully satisfactory position observable can be defined for a photon, which remains a
technical difficulty rather than a settled part of the theory.

e How the electromagnetic field is to be described in regimes where spacetime curvature is
strong, which belongs to the unresolved relationship between quantum field theory and
gravitation.

What Could Change Our Minds

e Areproducible source producing antibunched light that could be fully described by a classical
stochastic field, with the second-order correlation at zero delay correctly measured below the
classical bound, would remove the decisive evidence that no classical field description accounts
for light.[4]

e A measured departure from the linear dependence of maximum photoelectron energy on
frequency, under conditions where surface and space-charge effects are controlled as in the
classic determinations, would contradict the quantum of exchange.[2,3]

e An experiment recovering interference between macroscopically distinct detector records, after
entanglement with an environment of many degrees of freedom, would contradict the
decoherence account of why that interference becomes unobservable under such coupling,
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which is what the account claims; it would not bear on why one outcome is obtained, which the
account does not address.[5]

If You Remember Only One Thing
Light is an excitation of the electromagnetic field whose alternatives interfere and whose interactions
are discrete; it is not a wave and a particle taking turns.

Related Articles

e IDE-020 — What Is a Particle?
e IDE-021 — What Is a Field?
e IDE-023 — What Is Observation?
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Article Abstract
The word particle survives in physics with almost none of its original content. A classical particle is a
small object with a definite position at each moment, following a trajectory. Quantum states and
amplitudes can interfere, and their predictions are not captured by a classical-particle trajectory
ontology. What replaces the classical picture is a classification: Wigner showed that the possible one-
particle states of a relativistic quantum theory correspond to irreducible representations of spacetime
symmetry, labelled by invariants such as mass and spin.[1,2] This article follows what the word retains,
including the surprising result that particle number is not an observer-independent quantity, and what it
has to give up. What is left is discrete detection events, conserved quantum numbers and invariant
labels, which is a different kind of answer from a picture.[3,4]

In 60 Seconds
Start with what survives measurement. Detectors register discrete events with definite quantum
numbers, and those are the facts a particle concept has to accommodate.[5] What does not survive is the
picture producing them. In quantum field theory particle number changes: interactions create and
destroy quanta, so a fixed inventory of little objects is not available.[2] Identity also changes character.
Wigner classified relativistic one-particle states by irreducible representations of the spacetime
symmetry group, which is why mass and spin are the labels that persist while classical imagery fails.[1]
The strongest result is that particle number is not absolute: an accelerated detector in the state a distinct
observer calls empty registers particles, so what counts as a particle depends on the observer's state of
motion.[4] The word survives; the small object it once named does not.

Why This Question Matters
Particle physics is presented to the public in terms of tiny balls, and the imagery is the source of most
later confusion: about why particles of a kind are identical, about how one can be created from energy,
about what happens between slits. Replacing the picture with what the theory actually says is not a
matter of precision for its own sake. It changes what questions make sense, and it is what makes the
next article's subject, the field from which particles arise, intelligible rather than paradoxical.

1. The Classical Picture and Where It Fails
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A classical particle is an idealized object with a position, a momentum, a mass and a path. The
idealization is enormously successful for planets and billiard balls, and it survives into quantum
physics as an approximation whenever the relevant wavelengths are small compared with
everything else.

It fails in specific ways rather than vaguely. Quantum states and amplitudes can interfere, and their
predictions are not captured by a classical-particle trajectory ontology.[2] This does not exclude
formulations that add definite particle positions and their motion to the state description: the entire
quantum formalism, including the uncertainty principle and quantum randomness, emerges from
an analysis of that motion.[7] What is not optional is that the classical trajectory, the one with local
definite values, is unavailable.

The right response is not to declare that particles are waves instead. It is to ask what the theory
does provide: discrete detection events, conserved quantum numbers, and states classified by
properties that survive changes of reference frame. That is a different kind of answer from a
picture, and it is what the rest of the article develops.

Where That Leaves Us
Quantum states can be spread and can interfere, so a classical trajectory ontology is inadequate,
although formulations restoring definite positions at the price of nonlocality exist.[2,7] Replacing the
picture means asking what the theory supplies instead. The first thing it supplies is a classification, and
it comes from symmetry rather than from imagery.

2. Particles as Representations of Symmetry

Wigner asked which quantum states are possible in a theory consistent with special relativity, and
answered it by classifying the irreducible unitary representations of the symmetry group of
spacetime.[1] The classification is exhaustive, and the labels that emerge are mass and a spin-like
quantity: precisely the properties used to identify particle species.

This is a strong result and worth stating carefully. It does not say that particles are representations
in the sense of being made of mathematics. It says that whatever a one-particle state is, its
transformation properties under changes of inertial frame are fixed, and that those properties
come in a discrete list.[2] Mass and spin are invariant labels because they are what the
classification is built from.

It also explains a fact that is otherwise mysterious. Wigner classifies irreducible Poincaré-group
representations by invariant labels.[1] Two electrons are indistinguishable. This is not a claim that
they occupy the same state, which they generally do not; it is a claim about the labels. The theory
encodes the consequence by admitting only multi-particle states with a definite behaviour under
exchanging two of them. Identity is not a manufacturing achievement but a consequence of what a
particle is.

Where That Leaves Us
Wigner classifies irreducible Poincaré-group representations by invariant labels. The classification
concerns single states. What happens to the count when particles interact is a further and stranger
matter.

3. Particle Number Is Not Fixed
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In a relativistic quantum theory the number of particles is not conserved. Interactions create and
annihilate quanta, and the natural mathematical description uses operators that add and remove
them from a state.[2] An electron and a positron can annihilate into photons; a sufficiently
energetic collision produces particles that were not present before.

This is where the classical picture becomes untenable rather than merely inaccurate. A small object
does not stop existing when it meets another small object, but a quantum excitation does. What is
conserved is not the count but a set of quantum numbers, and those constrain which processes are
possible.[5]

Composite and unstable entities complicate the accounting further. A proton is a bound state whose
internal description is not a fixed list of constituents; a resonance is identified by a bump in a cross-
section with a width related to its lifetime, and calling it a particle is a statement about a pole in a
scattering amplitude rather than about an object that persists.[5] The word covers a spectrum of
cases, and its firmest end is the classification, not the imagery.

Where That Leaves Us
Particle number is not conserved in relativistic quantum theory: interactions create and destroy quanta,
and what persists are conserved quantum numbers rather than a count. Unstable resonances are
identified by features of scattering amplitudes rather than by persistence. Even the count, though,
assumes something the theory does not always provide.

4. Particle Number Is Observer-Dependent

Defining how many particles a state contains requires splitting the field's degrees of freedom into
positive and negative frequency parts, and that split depends on the notion of time being used. For
inertial observers in flat spacetime everyone agrees, so the question does not arise in ordinary
laboratory physics.

Unruh showed that it does arise more generally. A detector accelerating through the state that
inertial observers call the vacuum detects particles in it.[4] The two descriptions are not in conflict;
they are different and equally valid answers to a question that presupposed a frame.

The consequence for the concept is sharp. Particle number is not an invariant property of a state in
the way charge is. It is defined relative to a choice, and in general spacetimes, including
cosmological ones, no preferred choice need exist. Algebraic quantum field theory takes nets of
local observable algebras as basic and introduces particle concepts asymptotically where
applicable.[3]

Where That Leaves Us

How many particles a state contains depends on the splitting of field modes and hence on the observer,
and Unruh's result shows an accelerated detector detecting particles in the inertial vacuum. Particle
number is therefore not invariant the way charge is. What is left is to say what the concept still does
reliably.

5. What Survives

Three things survive intact. Detection events are discrete: a detector clicks or it does not, and once
the apparatus is coupled to an environment the record of that click is stable.[6] Quantum numbers
are conserved and constrain what can happen. And the Wigner labels remain the identifying
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properties of a species, which is why a table of particles is a table of masses, spins and charges
rather than of shapes and sizes.[1,5]

What is discarded is the picture: the trajectory, the definite position between events, the fixed
inventory, and the idea that particles are the fundamental furniture from which fields are built.
Algebraic quantum field theory takes nets of local observable algebras as basic and introduces
particle concepts asymptotically where applicable.[3]

That inversion is the point at which this article stops. A particle is best described as a discrete,
symmetry-classified excitation that a detector can register, and the natural next question is what it
is an excitation of, which is the subject of IDE-021.

Where That Leaves Us
What survives is discreteness at detection, conserved quantum numbers, and the invariant labels of
mass and spin; what is discarded is the trajectory, the fixed inventory and the idea that particles are the
primary structure. IDE-021 takes up what the excitation is an excitation of.

What We Know, and How

e Wigner classifies irreducible Poincaré-group representations by invariant labels.[1,2]

e Particle number is not conserved in relativistic quantum theory; interactions create and destroy
quanta while conserved quantum numbers constrain which processes occur.[2,5]

e An accelerated detector detects particles in the state inertial observers call the vacuum, so
particle number is defined relative to an observer rather than being an invariant of the state.[4]

e Detection events are discrete, and species are catalogued by mass, spin and charge rather than
by shape or size.[1,5]

What We Still Don’t Know

e Whether a satisfactory particle concept can be defined in general curved spacetimes, where no
preferred splitting of field modes exists.[3,4]

e How to characterize particle-like excitations in strongly interacting regimes where the
asymptotic states used to define them are not available.

e  Whether the current list of species reflects a deeper organizing structure or is the observed
subset of a larger classification.

What Could Change Our Minds

e Areproducible detection of a species whose transformation properties under changes of inertial
frame fell outside Wigner's classification would require the relativistic framework itself to be
revised.[1,2]

e Adirect measurement showing that an accelerated detector does not register particles in the
inertial vacuum, with the acceleration and detector coupling controlled, would contradict the
observer-dependence of particle number.[4]

e Experimental evidence that particle number is conserved in a regime where the standard
framework predicts creation, after all decay channels and detector inefficiencies were
accounted for, would overturn the field-theoretic account of interactions.[2,5]

If You Remember Only One Thing
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A quantum particle is a discrete, symmetry-classified excitation a detector can register, not a small
object with a trajectory, and even its number depends on the observer.

Related Articles

e IDE-021 — What Is a Field?
e IDE-019 — What Is Light? Wave, Quantum and Observer
e IDE-022 — What Does Mass Mean?
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Article Abstract
In current fundamental physics the basic objects are not particles but fields, and the fields are not
classical quantities spread through space. A quantum field assigns operators rather than numbers to
regions of spacetime, and what a detector calls a particle is an excitation of one.[1,2] That inversion
explains things the particle picture cannot: why all electrons are exactly alike, why particle number
changes in interactions, and why the ground state is not empty in the ordinary sense. The theory is also
strictly local in a specific technical sense that coexists with the correlations Bell identified.[3] This article
sets out the structure, the evidence, and the point at which the question of what a quantum field is stops
having a settled answer.[5]

In 60 Seconds
A classical field puts a number at each point. A quantum field puts an operator there, so field values are
not simultaneously possessed quantities; what exists is a state, and the field is what acts on it.[1]
Particles are excitations of these fields, and every electron carries exactly the same mass and charge
labels: they are not manufactured copies but excitations of one underlying structure, differing in the
states they occupy rather than in what makes them electrons.[1,6] It also explains why particle number
changes, since the operators that create and destroy excitations are the natural objects of the theory.
The ground state is not nothing either: it has structure with measurable consequences, of which the
attraction between two uncharged conducting plates is the cleanest example.[4] Locality survives all of
this in a precise form, since measurements in spacelike-separated regions commute, so no controllable
signal outruns light even though the correlations Bell analysed exceed anything a local classical model
allows.[2,3]

Why This Question Matters

Almost every popular account of fundamental physics is built on particles, and almost every difficulty
with those accounts dissolves when the order is reversed. Why are electrons identical, how can energy
become matter, what is the vacuum made of, how can entanglement be nonlocal without allowing
signals: these look like paradoxes from the particle side and like consequences from the field side.
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Getting the order right also disciplines the language, because it makes clear which statements are
results of a well-tested theory and which are interpretations of it.

1. From Numbers to Operators

A classical field is an assignment of values to points, evolving under local equations. Quantizing it
replaces those values with operators: mathematical objects that act on states rather than possessing
definite magnitudes of their own.[1] Asking for the value of a quantum field at a point is therefore
the wrong question in the same way as asking for the position of an electron between
measurements.

What the theory provides instead is a state, together with operators associated with regions of
spacetime whose expectation values and correlations are what experiments measure. In the
algebraic formulation this is made primary: the physical content is a family of observable algebras
attached to regions, and everything else is derived from how those algebras fit together.[2]

The construction is not optional decoration. Relativistic symmetry, causality and spectral positivity
requirements place strong constraints on the form a quantum field can take, once the additional
assumptions of the chosen construction are specified, and Weinberg's development derives the field
formalism from those requirements rather than postulating it.[1] The result is a constraint and not
a uniqueness theorem: it is why field theory is the working framework, not a proof that no
relativistic quantum theory could be built on other assumptions.

Where That Leaves Us
Quantizing a field replaces values at points with operators acting on states, so a quantum field does not
have simultaneously possessed values, and the physical content sits in states and in observables
attached to regions. Relativistic symmetry, causality and spectral positivity requirements place strong
constraints on that form, once the additional assumptions of the chosen construction are specified. The
first thing it explains is what particles are.

2. Particles as Excitations

Each species of particle corresponds to a field, and a particle is a quantized excitation of that field,
in the same sense that a normal mode of a vibrating system carries discrete quanta of energy.[1]
The operators that appear in the theory add and remove these excitations, which is the formal
expression of creation and annihilation.

Particles of a given species are excitations of the corresponding field, and they share the species-
defining mass, charge and spin labels while the states they occupy can differ. There is one electron
field, and the labels its excitations carry are properties of that field, which the Standard Model
treats as parameters characterizing it.[1,6] No manufacturing process has to be invoked to account
for the identity of the labels, and where two electrons differ they differ in the state each occupies
rather than in what makes them electrons.

It also fixes the status of the vacuum-to-particle transitions that sound paradoxical in popular
accounts. Energy is not converted into a substance called matter; a state with excitations of one
field becomes a state with excitations of others, subject to the conservation laws. The bookkeeping
is in the quantum numbers, and it is exact.

Where That Leaves Us
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A particle is a quantized excitation of a field. All electrons carry the same species-defining mass, charge
and spin labels, while the states they occupy can differ, and creation and annihilation are the natural
operations of the theory. Excitations presuppose a ground state, and that ground state turns out not to
be empty.

3. The Ground State Is Not Nothing

The vacuum of a quantum field theory is the state of lowest energy, and it is a state rather than an
absence. It has correlations between regions, fluctuates in the sense that field observables have
nonzero variance in it, and is not invariant under all the transformations one might naively expect.
[1,2,5]

The clearest evidence is mechanical. Casimir predicted that two parallel uncharged conducting
plates in vacuum attract, because the boundary conditions they impose change the structure of the
field between them relative to outside.[4] The force depends on the separation and on nothing
about the material charge, and it has been measured.

Care is needed about what this licenses. That the ground state has structure with measurable
consequences is well established, and the vacuum is the ground state of the field Hamiltonian
rather than nothingness or empty space; formulations built from different classical Lagrangians
can turn out to be the same theory described in different ways.[5] Those are the claims this section
makes, and they are narrower than the popular image of a seething broth of particles appearing
and disappearing. What is measured and what is pictured should not be assigned the same status.

Where That Leaves Us
The vacuum is the lowest-energy state rather than an absence, with correlations and nonzero variance
in field observables, and the Casimir attraction between uncharged plates is measurable evidence that
boundary conditions change it. What the ground state is like beyond what those measurements reach is
not settled by them. What has still to be reconciled is locality with the correlations quantum states
allow.

4. Locality, and What Bell Showed

Relativistic quantum field theory is local in a precise sense: observables associated with regions
that cannot be connected by a light signal commute, which entails that a measurement in one
region cannot change the statistics of any measurement in the other.[2] No controllable influence
outruns light, and that is a theorem of the framework rather than a hope.

Bell showed something different and equally firm. Correlations between measurements on
entangled systems can exceed what any model attributing pre-existing local values to the systems
allows, and the bound he derived makes this experimentally decidable.[3] Quantum theory predicts
violations of that bound, and experiments find them.

The two results sit together without tension because they concern different things. Bell's analysis
rules out a class of explanation, namely local hidden-variable models; commutation at spacelike
separation rules out a class of use, namely signalling. Correlations stronger than any local classical
model permits do not by themselves transmit anything, because neither party can steer the other's
marginal statistics.[2,3]

Where That Leaves Us
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Observables in spacelike-separated regions commute, so no controllable signal outruns light, while Bell's
bound shows the correlations exceed what local pre-existing values allow. The two constrain different
things, explanation and use, which is why they coexist. What remains is the question the formalism does
not settle: what kind of thing a quantum field is.

5. What Kind of Thing Is a Quantum Field

The predictive success of the framework is not in question. The anomalous magnetic moment of the
electron is measured to about one part in ten billion.[6] That measurement is compared with a
quantum electrodynamic calculation, and how closely the two agree depends on the uncertainty of
the calculation as much as on the uncertainty of the measurement, so an agreement figure is not
read off the experimental error bar alone. Even so, it is one observable of quantum
electrodynamics rather than the framework as a whole, since predictions in the strongly interacting
sector are tested to nothing like that precision.

The interpretive question is separate and open. Whether the fundamental entities are fields, or
particles, or the local algebras of the algebraic formulation, or none of these, remains argued;
different formulations of the same physics support different readings, and the mathematics does
not settle it.[2,5] Wallace's defence of taking the working Lagrangian formulation seriously as a
description, rather than as a calculational device awaiting replacement, is one position in a live
debate rather than a consensus.[5]

So the article stops where the evidence does. Fields, in the sense of the operator-valued structures
of the Standard Model, organize everything that has been measured about elementary matter, and
particles are their excitations. What those structures ultimately are is not answered by that success,
and the honest version of this subject says so.

Where That Leaves Us
One quantum electrodynamic observable, the electron's anomalous magnetic moment, is measured to
about one part in ten billion, while what a quantum field ultimately is remains an open interpretive
question the mathematics does not settle. Predictive success of that kind constrains descriptions without
selecting one. IDE-022 takes up a property these excitations carry and that is routinely misdescribed:
mass.

What We Know, and How

e (Quantization replaces field values at points with operators acting on states, and relativistic
symmetry, causality and spectral positivity requirements place strong constraints on the form
those fields can take, once the additional assumptions of the chosen construction are specified.
[1]

e Particles are quantized excitations of fields, all excitations of a given field carry identical mass,
charge and spin labels while the states they occupy can differ, and particle number changes in
interactions.[1,6]

e The vacuum is the lowest-energy state rather than an absence and has structure with
measurable consequences, of which the Casimir attraction between uncharged conducting
plates is the clearest.[1,4,5]

e Observables in spacelike-separated regions commute, so no controllable signal outruns light,
while Bell's bound shows correlations exceeding what local pre-existing values permit.[2,3]
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What We Still Don’t Know

e What the fundamental entities of the theory are, with fields, particles and local algebras all
defended and the formalism underdetermining the choice.[2,5]

e How to formulate interacting quantum field theories in four spacetime dimensions with full
mathematical rigour, which remains open despite the framework's predictive success.

e How the field description is to be combined with gravitation, which is where the framework is
expected to require replacement rather than extension.

What Could Change Our Minds

e Areproducible demonstration of controllable signalling between spacelike-separated regions
would contradict the commutation structure on which relativistic quantum field theory is built.
[2]

e A measured Casimir force differing from the prediction for well-characterized geometry and
conductivity, beyond the known corrections for finite conductivity, roughness and temperature,
would undermine the structural account of the vacuum.[4]

e A confirmed discrepancy between the calculated and measured anomalous magnetic moment
of the electron larger than the combined theoretical and experimental uncertainties would
indicate that the framework is incomplete at accessible energies.[6]

If You Remember Only One Thing

A quantum field is an operator-valued structure whose excitations are particles, all electrons carry the
same species-defining labels, and the vacuum is a state rather than an absence.

Related Articles

e IDE-022 — What Does Mass Mean?
e IDE-009 — Field
e IDE-020 — What Is a Particle?
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Article Abstract
Mass is not the amount of stuff in an object, and the mass of ordinary matter is not mainly given to it by
the Higgs field. Invariant mass is a property of a whole system, defined from its total energy and
momentum, and it is not additive: a bound system generally has less mass than its separated parts, and
a hot body more than a cold one.[1] The proton illustrates both points. Its quarks carry only a small
fraction of its mass; the rest comes from the energy of the strong interaction binding them, as lattice
calculations from first principles now confirm.[4] This article separates invariant mass from the obsolete
relativistic-mass usage, states what the Higgs mechanism actually accounts for, and closes on the tested
equality of inertial and gravitational mass.[3,5]

In 60 Seconds
In special relativity a system's energy and momentum depend on the frame, and the combination that
does not is its invariant mass. Okun argued that this single quantity should carry the name and that
velocity-dependent mass should be dropped, because keeping it invites the false picture of an object
becoming more massive as it speeds up when what changes is its energy.[1] Einstein's 1905 result is then
read correctly: a body that emits energy loses mass, so mass is a measure of energy content rather than
a substance convertible into energy.[2] Ordinary matter makes the point vividly. Lattice quantum
chromodynamics computes hadron masses from first principles and finds that most of the proton's mass
is the energy of the gluon field and the motion of its quarks, not the quark rest masses.[4] The Higgs
mechanism accounts for the masses of the weak gauge bosons and, through separate couplings, of the
elementary fermions, which is a much smaller share of the mass around you.[3,6]

Why This Question Matters
Two claims about mass are repeated everywhere and both are wrong in ways that matter. The first is
that E = mc squared describes matter turning into energy, which mistakes an identity for a conversion
process. The second is that the Higgs field gives things their mass, which is true for elementary particles
and false for the atoms making up a person, where the great majority of the mass is binding energy.
Correcting them is not pedantry: the first controls how nuclear energy is explained, and the second
determines whether the Higgs discovery is understood at all.
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1. Invariant Mass Belongs to a System

In special relativity, energy and momentum are frame-dependent, and the invariant combination
of them is the mass of the system. It is the same for every inertial observer, which is what makes it
a property of the system rather than of a description of it.[1]

It is also not additive. Two photons, each massless, form a system with nonzero invariant mass if
they travel in different directions, because the momenta partly cancel while the energies add. A
bound nucleus weighs less than its separated nucleons by the binding energy divided by the speed
of light squared. A hot brick has slightly more mass than the same brick cold.[1]

Okun's argument was that the word should be reserved for this invariant, and that relativistic mass,
a quantity growing with velocity, should be abandoned. Retaining it produces the impression that
speed makes an object more massive in some intrinsic sense, when what changes is its energy in a
chosen frame, and the invariant is untouched.[1]

Where That Leaves Us
Invariant mass is the frame-independent combination of a system's energy and momentum, and it is not
additive: binding lowers it and internal energy raises it. Reserving the word for the invariant avoids the
impression that speed makes things heavier. That framing also settles what the most quoted equation in
physics is actually asserting.

2. What E = mc Squared Says

Einstein's short 1905 paper asks whether a body's inertia depends on its energy content and
concludes that a body emitting radiation loses mass in proportion to the energy emitted.[2] The
relation is stated as an equivalence between mass and energy content, not as a recipe for turning
one substance into another.

Read that way, familiar cases become straightforward. A nuclear reactor does not annihilate
matter: it converts a system with more binding energy into products with less, and the mass
difference appears as kinetic energy and radiation. Nothing was destroyed; the accounting was
rearranged, and the mass deficit measures how much.

The equation also has a scope that is regularly overstated. In the form usually quoted it gives the
rest energy of a system, and the general relation includes momentum. A photon has zero mass,
measured to be consistent with zero to better than 1 x 107-18 eV,[6] and nonzero energy, which is
impossible if the quoted form is treated as a universal definition of energy.[1] The full relation
covers both cases; the abbreviated one does not.

Where That Leaves Us
Einstein's result says a body that emits energy loses mass, which makes mass a measure of energy
content rather than a substance convertible into energy. The commonly quoted form gives rest energy
only, and massless particles carrying energy show why the general relation is needed. That leaves the
question of where the mass of everyday matter actually resides.

3. Where Ordinary Mass Comes From

Almost all the mass of ordinary matter is in atomic nuclei, and almost all of that is in protons and
neutrons. So the question of what makes up your mass is largely the question of what makes up a
proton's.
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The answer is not its quarks. The up and down quark masses are tiny compared with the proton,
and the great majority of its mass comes from the energy of the strong interaction: the gluon field
and the kinetic energy of the confined quarks.[4] This is the previous section's principle at work,
since that energy contributes to the invariant mass of the bound system exactly as the relation
requires.

The claim is calculated rather than asserted. Durr and colleagues computed light hadron masses
from the underlying theory using lattice methods, with the quark masses and one overall scale as
the only inputs, and reproduced the observed spectrum.[4] That is a first-principles confirmation
that the mass of ordinary matter is predominantly interaction energy.

Where That Leaves Us
Most of the mass of ordinary matter is the energy of the strong interaction inside protons and neutrons
rather than the rest masses of quarks, and lattice calculations reproduce the hadron spectrum from the
theory to demonstrate it. That result also fixes the scope of the mechanism most often credited with
giving things mass.

4. What the Higgs Mechanism Accounts For

Higgs showed how gauge bosons can acquire mass without spoiling the gauge symmetry of the
theory, through a field with a nonzero vacuum expectation value.[3] The phenomenon is
conventionally called spontaneous breaking of the gauge symmetry, and the name has to be read
carefully. A local gauge symmetry does not spontaneously break in the gauge-invariant sense, and
what can break once a gauge is fixed is a remnant global subgroup of it.[7] Reading that result as
showing the symmetry to be a redundancy of description rather than a feature of the physical state
is this article's own framing, shared with IDE-005. The gauge-invariant content is that the gauge
bosons become massive. In the Standard Model this accounts for the masses of the W and Z bosons,
and the same field gives the elementary fermions their masses through separate couplings whose
strengths are free parameters fitted to measurement.[6]

What it does not account for is most of the mass in the room. The electron's mass does come from
its coupling to the Higgs field, and so do the small quark masses, but those quark masses supply
only a small fraction of a proton's.[4,6] The mechanism explains why elementary particles have
mass at all in a theory that would otherwise forbid it, which is a different and more specific
achievement than the popular summary suggests.

The distinction is worth keeping because it locates the real content of the discovery. Finding the
Higgs boson confirmed a specific mechanism for a specific problem in the Standard Model. It did
not explain where your weight comes from, and saying otherwise makes the actual result harder to
state.

Where That Leaves Us
The Higgs mechanism accounts for the masses of the weak gauge bosons and, through separate
couplings, of the elementary fermions, which is why particles have mass in a theory that would
otherwise forbid it. It does not account for most of the mass of ordinary matter. One property of mass
has still not been touched: that the same quantity governs inertia and gravity.

5. One Quantity, Two Roles
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Mass appears twice in classical physics: as the resistance to acceleration, and as the source and
receiver of gravitation. Nothing in Newtonian mechanics requires these to be the same number,
and yet experiment finds them equal to extraordinary precision.[5]

That equality is the weak equivalence principle, also called the universality of free fall, and it is the
first step of a hierarchy rather than the whole of it.[5] Adding that the outcome of any local non-
gravitational experiment is independent of the velocity and of the place of the freely falling
laboratory gives the Einstein equivalence principle, which is what licenses the geometric
description of gravity; extending the same statement to self-gravitating bodies and to gravitational
experiments gives the strong form, which general relativity satisfies and most alternatives do not.
Tests across that hierarchy are among the most important experiments in physics, and they
continue because a violation at any level would be evidence of new physics.

This closes the article where it began. Mass is not a measure of how much matter is present; it is a
single invariant that quantifies a system's energy content in its rest frame, arises mostly from
interaction energy in ordinary matter, and governs both inertia and gravitation. Each of those is a
measured claim rather than a definition.

Where That Leaves Us
Inertial and gravitational mass are equal to extraordinary experimental precision, which is the weak
equivalence principle and the first step of a hierarchy whose Einstein form is what licenses the geometric
theory, so tests continue at every level. Mass is therefore one invariant playing two roles rather than a
measure of quantity of matter. IDE-023 turns from what is measured to what measuring is.

What We Know, and How

e Invariant mass is the frame-independent combination of a system's energy and momentum and
is not additive: binding energy lowers it and internal energy raises it.[1]

e Einstein's 1905 result states that a body emitting energy loses mass, sSo mass measures energy
content rather than naming a substance that converts into energy.[2]

e Most of the mass of a proton comes from strong-interaction energy rather than quark rest
masses, and lattice calculations reproduce the light hadron spectrum from the theory with
quark masses and one scale as inputs.[4]

e The Higgs mechanism accounts for the masses of the weak gauge bosons and, through separate
couplings, of the elementary fermions;[3,6] a local gauge symmetry does not break in the gauge-
invariant sense, and what can break once a gauge is fixed is a remnant global subgroup;[7]
inertial and gravitational mass are experimentally equal to very high precision, which is the
weak equivalence principle.[5]

What We Still Don’t Know

¢ Why the fermion couplings to the Higgs field, and hence the elementary particle masses, take
the values they do, which the Standard Model parameterizes rather than explains.[6]

e Whether neutrino masses arise by the same mechanism as the other fermions or require
additional structure, which remains open.[6]

e Whether the equality of inertial and gravitational mass holds exactly, which continuing
experiments test at ever finer precision without a theoretical guarantee.[5]
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What Could Change Our Minds

e A measured violation of the equality of inertial and gravitational mass, above the sensitivity of
current tests and reproduced independently, would falsify the weak equivalence principle and
with it the foundation of the geometric theory.[5]

e Alattice calculation from the established theory that failed to reproduce the observed hadron
spectrum with controlled systematic and discretization errors would undermine the account of
ordinary mass as interaction energy.[4]

e A demonstrated case in which the invariant mass of an isolated system changed with the
observer's frame, correctly measured, would contradict the definition of mass used throughout
relativistic physics.[1]

If You Remember Only One Thing

Mass is a system's invariant energy content, not its quantity of matter, and most of yours is the energy of
the strong interaction rather than anything the Higgs field supplied.

Related Articles

e IDE-023 — What Is Observation?
e IDE-020 — What Is a Particle?
e IDE-021 — What Is a Field?
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Article Abstract
Observing is not looking. It is an interaction that leaves a record, together with an inference from that
record to a claim about the world, and the inference always uses theory. Hanson's point that what one
sees depends on what one knows is often taken as a claim that evidence is arbitrary; it is not, and
Hacking's answer, that we believe in what we can manipulate to produce new effects, shows why.[1,2]
Quantum theory adds a genuinely distinct problem, which is not instrument error and cannot be reduced
by better calibration: Bell argued that the word measurement should be banned from the formulation
because it disguises where the difficulty lies.[3] This article separates the epistemic, physical and
sociological components that the single word observation runs together.

In 60 Seconds
An observation begins with a physical interaction: something couples to an apparatus or an
environment and leaves a record, whether a count, a voltage, a track or a mark. This article treats that
record as evidence only once it has been interpreted through models of the instrument and the process,
which is what makes observation theory-laden in the modest and correct sense.[1] Theory-ladenness
does not make evidence arbitrary: independent techniques and cross-checks can help distinguish
phenomena from method-specific artefacts, and instruments can be used to intervene rather than only to
look.[2] Quantum theory poses a separate difficulty. It is not that instruments disturb what they
measure, which is also true classically, but that the theory as usually stated divides the world into a
quantum system and a classical apparatus without saying where the line falls; Bell called this a
fundamental ambiguity rather than a technical one.[3] Decoherence explains why the environment
destroys the interference between the states that survive it, which is why the world is effectively
classical, and does not resolve why one outcome is obtained.[4]

Why This Question Matters
The word observation covers three different things that get confused constantly. There is a physical
process, which is what a detector does. There is an inference, which is where theory enters and where
the interesting errors live. And there is a social process by which a community comes to accept that
something was observed, which is where replication and calibration do their work. Popular arguments
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about whether observation creates reality, or whether scientists just see what they expect, mix these up;
keeping them apart makes both questions tractable.

1. An Interaction That Leaves a Record

Physically, observation is coupling. A photon is absorbed, a charge is deposited, a molecule binds, a
grain is developed, and afterwards some part of the apparatus is in a state correlated with the
system. That correlation is the record, and it is what makes the event available for inference.

Nothing in that description requires a person. A photographic plate exposed in a locked room has
observed in every sense that matters physically, and the record waits until someone reads it. The
role of a scientist begins at the reading, not at the interaction, which is why appeals to
consciousness in the physics of measurement are misplaced.[4]

Evidence, in the sense this article gives the word, is a record that has been interpreted. A voltage
becomes a temperature through a calibration and a model of the sensor; a track becomes a particle
identification through a model of the detector and of how such particles behave in it. The chain
from record to claim is where the work is, and IDE-014 treats its metrological form.[6]

Where That Leaves Us
Observation is physically a coupling that leaves a record correlated with the system, and no observer in
the mental sense is required for it. This article calls that record evidence only once models of the
instrument and the process have been applied to it. That dependence on theory is what makes the next
question unavoidable: whether it leaves evidence hostage to expectation.

2. Theory-Ladenness, Correctly Stated

Hanson argued that observation is not a neutral registering of sense data: what an observer takes
themselves to see depends in part on the concepts and expectations they bring, so trained scientific
observers can report seeing different things in the same observed preparation.[1] The claim is
about the organization of perception and it is well supported.

It is regularly overread into the claim that evidence cannot adjudicate between theories, and that
does not follow. Independent experimental techniques and cross-checks can help distinguish
phenomena from method-specific artefacts.[2]

Hacking's contribution was to shift the ground from seeing to doing. What convinces us that an
entity is real, he argued, is not that a theory says so but that we can manipulate it to produce new
phenomena: if you can spray electrons at something and observe a designed effect, the entity has
become a tool rather than a hypothesis.[2] Intervention gives observation a check that passive
looking cannot.

Where That Leaves Us
What an observer takes themselves to see depends on the concepts they bring, which is well supported;
independent techniques and cross-checks can help distinguish phenomena from method-specific
artefacts, while intervention tests what looking alone cannot.[1,2] Quantum theory, though, raises a
difficulty that no amount of cross-checking removes.

3. The Measurement Problem Is Not Instrument Error

Juan Segurola | v0.3 | Page 123



THE UNIVERSE AND ITS OBSERVERS | SCIENTIFIC EDITION

It is common to hear that in quantum physics observation disturbs the system. Disturbance is real,
and it is also entirely familiar classically: a thermometer changes the temperature of what it
measures. If that were the whole story there would be no problem, only a correction to apply.[6]

Bell's objection is sharper. The standard formulation of quantum mechanics gives one rule for
undisturbed evolution and another for what happens on measurement, and it does not say what
physically counts as a measurement or where the boundary between quantum system and classical
apparatus is drawn.[3] Since apparatus is made of atoms, the theory as stated applies its two rules
without specifying when to switch, and that is an ambiguity at the foundations rather than a
practical inconvenience.

This is worth keeping separate from metrological uncertainty, which is a parameter characterising
the dispersion of the values attributed to a measurand on the basis of the information used.[6]
Improving calibration reduces the latter and does nothing to the former, and conflating them
makes the actual problem invisible.

Where That Leaves Us
The quantum measurement problem is not that instruments disturb systems, which is classically
familiar, but that the standard formulation applies two different rules without saying where the
boundary between system and apparatus lies. That is a foundational ambiguity, not a calibration issue.
Decoherence is the most substantial physical response, and it is important to say what it delivers.

4. What Decoherence Settles

When a system interacts with an environment of many degrees of freedom, the environment
monitors certain of its observables, and the information distinguishing its alternatives is selectively
lost into correlations with that environment. The interference between the states that correspond to
those observables is therefore destroyed, and a particular set of states, the ones that stay stable
under that interaction, is singled out.[4]

That is a real physical result. It explains why the interference between those states is destroyed and
why the states that survive the interaction are the ones they are. The everyday world is therefore
effectively classical: the process rules out the vast majority of the states the formalism allows, and
superpositions of macroscopically distinct states especially.

What it does not do is explain why one outcome rather than another occurs. The formalism yields a
set of alternatives with probabilities and an explanation of why they no longer interfere; the
transition to a single realized result is what the main interpretations answer differently, and that
boundary is stated explicitly in the review literature on decoherence.[4,7] Treating decoherence as
a solution to the whole measurement problem overstates a good result.

Where That Leaves Us
Decoherence explains why the environment destroys the interference between the surviving states and
why those particular states are singled out, but not why one outcome rather than another occurs.
Presenting it as the whole solution overstates it. Beyond the physics lies the question of how a
community decides that an observation was made at all.

5. How Communities Settle What Was Observed
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Deciding whether a result is real usually means replicating it, and Collins pointed out a difficulty in
that procedure. To know whether an attempted replication was competent, you need to know
whether the effect is real; to know whether the effect is real, you need competent replications. He
called this the experimenter's regress, and documented it in cases where the existence of the
phenomenon was genuinely in dispute.[5]

The regress is real. In Collins's documented case, calibration against a known effect is one
community practice used to establish experimental competence, although a disputant can refuse
the calibrating effect as a surrogate for the effect in dispute.[5] Two other laboratory practices bear
on the same difficulty without determining how communities settle it. Independent techniques and
cross-checks can help distinguish phenomena from method-specific artefacts; building an
apparatus that produces the phenomenon is what Hacking calls the creation of phenomena.[2]

Taken together, the three components give a workable account: observation is a physical
interaction producing a record; models turn that record into evidence and can be checked by
independent techniques; and, where competence is disputed, community practices include
calibration, which a disputant may refuse.[2,5]

Where That Leaves Us
Judging whether a replication was competent can require knowing whether the effect is real. In Collins's
documented case, calibration is one community practice used to establish competence, and a calibration
can be refused.[5] Independent techniques and cross-checks can help distinguish phenomena from
method-specific artefacts.[2] Observation is physical, inferential and social. IDE-024 takes up what must
be present: a variation distinguishable from background.

What We Know, and How

e Observation is physically an interaction leaving a record correlated with the system, and
requires no observer in any mental sense.[3,4]

e What an observer takes themselves to see depends on the concepts they bring; independent
techniques and cross-checks can help distinguish phenomena from method-specific artefacts,
and intervention provides an additional test.[1,2]

e The quantum measurement problem is that the standard formulation applies two different
dynamical rules without specifying the boundary between system and apparatus, which is
distinct from instrument disturbance and from metrological uncertainty.[3,6]

e Decoherence explains the destruction of interference between the states that survive the
interaction and the selection of those preferred states, but not why a particular outcome occurs.

(4]
What We Still Don’t Know

e Why a particular outcome is realized in an individual quantum event, which the main
interpretations answer differently.[3,4]

e Where, if anywhere, a principled boundary between quantum and classical description should
be drawn, which Bell identified as unspecified in the standard formulation.[3]

e How much of the resolution of disputed observations in practice depends on evidence rather
than on extra-evidential factors, which is contested in the study of scientific practice.[5]
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What Could Change Our Minds

e An experimental demonstration restoring interference between macroscopically distinct
detector records, after entanglement with an environment of many degrees of freedom, would
contradict the decoherence account of why that interference is destroyed under such coupling,
which is what the account claims; it would not bear on why one outcome is obtained, which the
account does not address.[4]

e A formulation of quantum mechanics that specified a physical boundary between system and
apparatus and made testable predictions differing from the standard theory would resolve the
ambiguity Bell identified, and could be checked.[3]

e A documented class of cases in which independent instruments with genuinely different
systematic errors converged on results later shown to be artefacts would weaken agreement
across instruments as evidence against an artefact.[1,2]

If You Remember Only One Thing
Observing is an interaction that leaves a record, an inference that uses theory, and a community
judgement that it can be repeated; conflating the three makes it look mysterious.

Related Articles

e IDE-024 — What Is a Signal?
e IDE-014 — Measurement
e IDE-019 — What Is Light? Wave, Quantum and Observer
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Article Abstract
A signal is not the same thing as a sound, a light or a voltage. It is a variation that could have been
otherwise, selected from a set of possibilities the receiver already treats as possible, and carried across a
channel that adds noise of its own.[1] Shannon's formulation makes that precise and, in the same paper,
sets the semantic question aside as irrelevant to the engineering problem, which is a boundary that
popular accounts routinely erase. Physics adds two constraints that are not matters of technique: a
noise floor fixed by temperature rather than by workmanship,[2,3] and a causal structure that forbids
some signals outright, including the ones people expect entanglement to allow.[4,5] This article asks
what has to be true of the world for anything to count as a signal at all.

In 60 Seconds
A signal is a physically distinguishable variation drawn from a set of alternatives, and it carries
information only in proportion to how much it narrows what the receiver did not already know.[1] A
constant tone, however loud, tells you nothing after the first instant. Every channel adds noise, and part
of that noise is not a defect of the equipment: the thermal agitation of charge in a conductor produces a
fluctuation whose power depends on temperature and bandwidth alone, measured by Johnson and
derived from thermodynamics by Nyquist in the same year.[2,3] Below that floor no engineering helps,
though longer integration and a filter matched to the expected waveform can still pull a weak signal out.
[7] Relativity forbids controllable influence outside the light cone, and quantum theory turns out to
respect that even for entangled systems: the statistics on one side do not depend on what setting is
chosen at the other, so correlations that no local model can reproduce still transmit nothing.[4,5]
Finally, detecting a signal and knowing what produced it are separate problems, and the second is not
solved by the first.[6]

Why This Question Matters
Almost every dispute about extraordinary claims turns on the difference between a signal and a
fluctuation. Was that a detection or a coincidence? Could the effect have been produced by the apparatus
itself? Would a message from elsewhere be recognisable as one? These questions have technical
answers, and the answers are not intuitive: the threshold that separates signal from noise is a choice
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with consequences on both sides, the noise floor is set by physics rather than by budget, and some
transmissions that sound merely difficult are prohibited outright. Knowing which is which is what keeps
enthusiasm and dismissal both in check.

1. A Difference That Could Have Been Otherwise

Ask what a signal is and the natural answer points at a medium: a sound, a flash, a voltage on a
wire. That answer misses what does the work. A steady tone at constant volume is a sound and
carries nothing after the first moment, because the information is in the departure from what was
expected rather than in the physical quantity itself.

Shannon made this exact and in doing so defined the field. Information is measured over a set of
alternatives with probabilities attached: the amount conveyed by a particular outcome depends on
how unlikely it was and on how many alternatives it excluded.[1] A source that can only do one
thing has nothing to say, and a source whose output is completely unpredictable to the receiver
conveys the maximum per symbol.

Shannon specifies a destination and a set of possible messages and requires a communication
system to operate for every possible selection, not only the message actually sent. Inference: in the
engineering reading adopted here, whether a fluctuation functions as message or noise depends on
the receiving system and its alternatives.

Where That Leaves Us
A signal is a variation drawn from a set of alternatives the receiver already treats as possible, and it
carries information in proportion to what it excludes rather than in proportion to its energy. That makes
signal a relational notion rather than a property of the medium. What is not relational is how much of
the variation the world itself supplies.

2. The Floor Is Physical, and the Threshold Is a Choice

Noise is usually imagined as a fault to be engineered away. Some of it is: interference, pickup, a
badly grounded instrument. But a resistor sitting at room temperature, connected to nothing,
produces a fluctuating voltage across its terminals, and that fluctuation cannot be removed without
cooling it.

Johnson measured the effect in 1928 and showed that it depends on temperature and on the
resistance and bandwidth of the circuit rather than on the material or the details of construction.[3]
Nyquist derived the same result from thermodynamics in a companion paper, which is why the
effect is not a curiosity of one laboratory's wiring but a consequence of equilibrium between a
conductor and its surroundings.[2] Every amplifier built since inherits that floor.

Detection below the obvious level is still possible, because the floor limits power per unit
bandwidth rather than what can be recovered from a long enough record. Coherently combining
aligned observations of a known timed waveform improves signal-to-noise ratio when the added
noise is zero-mean and uncorrelated between observations.[7] A matched filter for a known signal
maximizes signal-to-noise ratio at the sampling instant.[7] A separate result, Shannon's, gives a
noisy channel a capacity: below it, coding can make the error rate as small as desired.[1] What no
method supplies is certainty. A threshold set low enough to catch weak events accepts false alarms,
and one set high enough to exclude them misses real ones, which is a trade rather than a problem
to be solved.
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Where That Leaves Us
Part of the noise in any measurement is set by temperature and bandwidth rather than by workmanship,
which Johnson measured and Nyquist derived in the same year. Coherently combining aligned
observations of a known timed waveform improves signal-to-noise ratio when the added noise is zero-
mean and uncorrelated between observations. Physics also rules out some transmissions altogether,
whatever the equipment.

3. What Cannot Be Signalled

The constraint imposed by relativity is often stated as a speed limit, which understates it. The
structure of spacetime divides events into those that can influence a given event and those that
cannot, and the prohibition applies to controllable influence: if any procedure allowed an
experimenter here to make a difference to what an experimenter there records outside the light
cone, the causal ordering of events would depend on the observer's frame.[5]

Entanglement looks like a way around this and is not. Measurements on separated entangled
systems are correlated more strongly than any model assigning pre-existing local values allows,
and the temptation to read this as influence is understandable. What the formalism gives, though, is
that the probabilities of outcomes on one side are unchanged by the choice of setting on the other,
so the correlation becomes visible only when the two records are brought together, which requires
an ordinary channel.[5]

This is a theorem rather than an accident of the particular experiments. Ghirardi, Rimini and
Weber showed generally that no local operation on one wing, meaning any measurement or
transformation confined to that side, changes the statistics available on the other, whatever the
shared state; so the quantum measurement formalism cannot be used to transmit a controllable
signal faster than light.[4] The result is worth stating carefully because it is the point at which a
large popular literature goes wrong: the correlations are real, and they are useless for sending
anything.

Where That Leaves Us
Relativity forbids controllable influence outside the light cone, and quantum theory complies: outcome
probabilities on one side of an entangled pair do not depend on the distant setting, so correlations
become visible only when records are compared through an ordinary channel. That is a theorem, not a
limitation of current technique. Detecting something real, though, is still not the same as knowing what
sent it.

4. A Regular Signal Is Not a Message

In 1967 a Cambridge survey recorded a radio source emitting pulses about 1.34 seconds apart,
repeating with a regularity unlike anything then known from an astronomical object.[6] The
possibility that the source was artificial was taken seriously enough to be weighed in the discovery
paper rather than dismissed.

The reasoning that settled it was not about the regularity but about everything else, and its strands
did different work. The absence of measurable parallax placed the source well beyond the solar
system, while the frequency-dependent drift in arrival time was consistent with dispersion in
interstellar plasma and, under the model used at the time, implied a path length of order 65
parsecs. The pulse timing also showed no additional orbital motion comparable with the Earth's,
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which argued against a transmitter on an orbiting planet.[6] A message hypothesis survives none of
the three.

The general lesson is that detection and identification are different problems resting on different
evidence. A pattern that could have been otherwise is a signal by the engineering definition
whatever produced it, and narrowing the source means finding independent constraints, which is
what the parallax, the dispersion and the arrival times provided. Regularity by itself is weak
evidence about origin, because the universe contains excellent clocks.

Where That Leaves Us
The first pulsar was a signal by every engineering criterion and its origin was still open, settled not by its
regularity but by a parallax bound, by dispersion in the interstellar plasma and by the absence of any
orbital motion beyond the Earth's. Detection and identification take different evidence. What neither of
them supplies is what the signal means.

5. Where Signal Ends and Meaning Begins

Shannon opened his paper by setting meaning aside: the semantic aspects of communication, he
wrote, are irrelevant to the engineering problem, which is to reproduce at one point, either exactly
or approximately, a message selected at another.[1] The restriction was deliberate and it is the
reason the theory works. Bits do not care what they are about.

The restriction is also routinely forgotten. Claims that a system transmits information, or that a
genome Or a neuron carries a message, are often making the engineering claim, which is
measurable, while sounding like the semantic one, which is a different claim needing its own
argument. Keeping the two apart costs nothing and prevents a great deal of confusion.

What remains after the restriction is a clean physical picture. Something varies in a way that could
have been otherwise; the variation crosses a channel that adds noise with a floor set by
temperature; a receiver holding a set of hypotheses registers it and decides, under a threshold that
trades errors of two kinds; and the question of what produced it, and of what it is about, is
answered by other evidence entirely.

Where That Leaves Us
Shannon's theory works because it excludes meaning, and confusing the engineering claim with the
semantic one is the most common error made in its name. A signal is a variation that could have been
otherwise, surviving noise, registered against a hypothesis. What it is evidence of is the question the
observer brings, and answering that is what the rest of this series has been about.

What We Know, and How

e Asignalis a variation drawn from a set of alternatives, and the information it carries depends
on what it excludes rather than on its energy.[1]

e Part of the noise in any electrical measurement is thermal, depending on temperature,
resistance and bandwidth rather than on construction; it was measured and independently
derived in 1928.[2,3]

e No procedure using entangled systems transmits a controllable signal, because the outcome
probabilities on one side are independent of the setting chosen on the other.[4,5]

e Detecting a signal and identifying what produced it are separate problems resting on different
evidence, as the first pulsar showed.[6]
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What We Still Don’t Know

¢  Whether the no-signalling constraint would survive in a theory superseding quantum
mechanics, since the available proofs establish it within the present formalism rather than as
an independent principle.[4,5]

e How to state, without smuggling in a receiver's purposes, when a physical variation counts as
carrying information about something rather than merely correlating with it, which is the
question Shannon set aside.[1]

e What threshold is appropriate for announcing a detection in fields where the prior probability
of the effect is genuinely unknown, which the mathematics of decision under noise does not
itself supply.[1]

What Could Change Our Minds

e Areproducible protocol using entangled systems that changed the outcome statistics on one
side according to a setting chosen at the other would contradict the no-signalling result and,
with it, the compatibility of quantum theory with relativistic causal order.[4,5]

e A measurement of electrical noise power in thermal equilibrium departing systematically from
its dependence on temperature, resistance and bandwidth would contradict the
thermodynamic derivation of the noise floor.[2,3]

e A source of astronomical pulses whose dispersion and arrival times matched a transmitter on
an orbiting body rather than a natural object would reopen the identification question that the
pulsar case is taken to have settled.[6]

If You Remember Only One Thing

A signal is a difference that could have been otherwise, surviving a noisy channel, recognised by a
receiver that already knew what to look for.

Related Articles

e IDE-023 — What Is Observation?
e IDE-019 — What Is Light? Wave, Quantum and Observer
e IDE-018 — Connection: What an Edge Claims
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