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This edition is for motivated readers roughly thirteen to seventeen

years old who are ready to work through a scientific argument. It

retains the complete chapter bodies and references of the scientific

edition. A reading guide and vocabulary introduce each chapter,

and a question with its reasoning helps the reader test a central

distinction. The full text has not been simplified into a separate 

adolescent narrative.

The nineteen chapters examine changes in explanation across

physics, mathematics, chemistry, natural history, biology and

cognition. They do not describe a single inevitable path of

progress. Some calculations use explicitly illustrative values. Read

the conditions of a model along with its result, and distinguish

what an experiment measured from the stronger conclusion one

might be tempted to attach to it.
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Motion without a continuous
mover

The explanatory question changes

Separate the persistence of motion from a change in motion. Then

ask which kind of cause each historical account supplies.

Key terms

Impetus: a historical motive quality, not automatically modern

momentum. Inertia: persistence of velocity under the relevant

conditions. Rectilinear: following a straight path.

A stone leaves a hand, continues through the air and eventually

falls. What requires explanation: its continued movement, its

slowing, its downward turn, or all three? The observations do not

by themselves choose the question. Different theories assign

different roles to the same visible sequence.

One important change in the history of mechanics concerned the

persistence of motion. A moving body eventually ceased to

require a continuously operating mover merely to maintain a

uniform straight trajectory. Interactions instead became necessary

to explain changes in that trajectory. This was not a single

discovery extracted from watching an object glide. It involved

competing accounts of cause, resistance, natural motion and the

geometry of an undisturbed path.

1. Why a projectile was a difficult case

An externally pushed object presents a comparatively simple

causal picture while the push continues. A projectile complicates

that picture because contact with the thrower ends before its

THE UNIVERSE AND ITS OBSERVERS

3



motion ends. An explanation that requires a proximate mover

must identify what continues to do the moving.

One historical answer assigned a role to the surrounding medium.

Buridan’s discussion rejected an air-driven account of projectile

persistence and located a motive quality in the projectile itself. As 

Jack Zupko’s study explains, this was a modification within a

much wider Aristotelian intellectual setting, not an abandonment

of that setting in every respect. [1]

That qualification changes the history. Medieval discussion was

not simply an empty interval between Aristotle and modern

physics. Nor was there one unchanging “medieval view” against

which a later scientist could make a single decisive observation. 

Theories could share a causal vocabulary while disagreeing about

where a cause resides and how long it acts.

2. Impetus changes the location of the cause

In Buridan’s account, the thrower impresses impetus in the projec-

tile. The impetus can sustain motion after separation from the

hand. Resistance and an inclination to contrary motion can

diminish it. His formulation allows persistence without an

intrinsic requirement that impetus expire merely because time 

passes. [1]

This was a substantial explanatory possibility. If an object slows,

one can ask which opposing factors diminish what was imparted,

rather than assume that separation from the mover must itself

terminate motion. The account also associates impetus with the

speed and quantity of matter of the body. [1]

It is tempting to translate that association directly into modern

momentum. That would claim more than the evidence warrants. 

Similar verbal dependence does not establish an identical mathe-
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matical quantity, a vector conservation law or the same rules for

interactions. Buridan’s impetus remained a motive quality doing

causal work inside a different conceptual system.

The contrast is therefore not simply “external force” followed by

“internal force” followed by the correct answer. Moving the

proposed cause inside the body solved one problem while

retaining another: continued motion was still explained through a

possessed motive principle. An inertial formulation would alter

the demand for such a cause.

3. Persistence does not yet specify the path

Even after allowing motion to persist, one must say what counts as

its undisturbed continuation. Straight and circular persistence are

not interchangeable. A body moving at constant speed in a circle

continually changes its direction. In modern mechanics, that

change requires acceleration.

Historical formulations did not begin with that entire modern

framework already in place. Descartes’s first two laws in the 

Principles distinguish persistence in a state from the rectilinear

character of motion. Scholarship contrasts this explicit straight-

line formulation with forms of circular persistence associated with

Galileo and Beeckman. The comparison must not turn every 

Galilean discussion into Newton’s later first law. [2]

A useful modern diagnostic, not a quotation from these authors, is

to imagine removing the constraint on an object traveling in a

circle. Does the proposed free continuation preserve its circular

path, move radially outward, or proceed along the tangent? These

are different predictions and require different analyses of what the

constraint was doing.
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Descartes’s own treatment of circular motion and bodily tenden-

cies was more complicated than a modern textbook version of

inertia. His account of centrifugal effects and his collision rules

should not be silently repaired before evaluating his contribution.

A framework can contain a powerful new distinction while also

retaining consequential errors. [2]

4. What becomes the explanatory default

The conceptual shift is clearest when we compare two questions.

“What sustains the body’s uniform motion?” invites a sustaining

agency. “What changes the body’s motion?” permits uniform

motion to be a default state, subject to the conditions of the chosen

frame and theory.

This does not make causes disappear. It reallocates their work. 

Starting, stopping, changing speed and changing direction require

accounts of interaction. The persistence of velocity does not

require a further force in the same way. The resting object and the

uniformly moving object can then be analyzed within one 

dynamical scheme.

The modern relation F = ma expresses that allocation for constant

mass in an inertial frame, with F the net force and a the accelera-

tion. It is included here only to clarify the endpoint of the concep-

tual comparison. It is not presented as Buridan’s equation, 

Descartes’s formula, or a summary of the experimental route by

which later mechanics was established.

An ordinary object sliding on a table does not display the force-

free limit: contact forces and resistance matter. Seeing it stop

therefore does not refute inertia. But neither does imagining a fric-

tionless surface constitute an experimental demonstration on its

own. The idealization becomes scientifically useful through its fit

within a wider system of measurable interactions and predictions.
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5. Continuity without an invented chain of transmission

The sequence of ideas is not evidence for a simple relay from 

Buridan through Galileo to Newton. A later argument can

resemble an earlier one without direct transmission; an author can

know an earlier text while transforming its central assumptions. 

Establishing influence requires documents, not only 

conceptual similarity.

Zupko explicitly cautions against making Buridan a straightfor-

ward precursor of Galileo. The account of Descartes likewise

shows how a new law could use argumentative resources

inherited from scholastic philosophy. These examples resist both a

story of total discontinuity and a story in which modern

mechanics was already present in medieval terminology. [1,2]

What changed was the structure of the explanatory problem. 

Persistence became distinguishable from externally sustained

activity; rectilinearity became a substantive condition; and resis-

tance could be investigated as an interaction rather than treated as

the inevitable exhaustion of motion itself.

6. The problem left behind

Once undisturbed motion is a default, identifying the conditions

under which that default applies becomes essential. We must

distinguish frames, constraints and interactions. The achievement

opens questions about how ideal laws connect to measurements in

a world full of friction and acceleration.

The rupture was therefore neither the discovery that objects

sometimes keep moving nor a victory of one person over universal

confusion. It was a reorganization of what needed a cause, what

counted as the relevant state of a body, and which departures from
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that state could be investigated. Those changes made a different

kind of dynamical explanation possible.

Think it through

An object travels around a circle at constant speed. Is its 

velocity unchanged?

Reasoning

No. Its direction changes, so its velocity changes. The example

explains why constant speed does not establish the absence 

of acceleration.

References

[1] Zupko, J. “John Buridan.” Stanford Encyclopedia of Philosophy, section on
natural philosophy and impetus. https://plato.stanford.edu/entries/
buridan/

[2] Slowik, E. “Descartes’ Physics.” Stanford Encyclopedia of Philosophy, sections on
the laws of motion and bodily forces. https://plato.stanford.edu/entries/
descartes-physics/
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Extinction becomes a fact of
natural history

Absence depends on the search

Distinguish an unfamiliar specimen, a distinct species and an

extinct species. Each conclusion needs additional evidence.

Key terms

Variation: differences within a species. Detectability: how likely a

search is to find what survives. Extinction: complete disappear-

ance of a species.

A fossil tooth can establish that an animal once existed. 

Establishing that no members of its kind remain alive is a different

problem. The first conclusion rests on a surviving object; the

second concerns an absence across places that no investigator can 

inspect completely.

The conceptual change examined here is the acceptance of irre-

versible biological disappearance as something natural history

could investigate. It depended on comparisons between fossil and

living forms, but also on arguments about the completeness and

limitations of knowledge of living animals. Extinction was not

simply read off a rock.

1. Three claims that must be separated

Consider three possible conclusions from an unfamiliar fossil: it

differs from specimens in a collection; it belongs to a distinct

species; and that species no longer exists. None follows automati-

cally from the previous one. A collection can be incomplete, a
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species can vary, and a distinct species can survive in an 

unexamined region.

Georges Cuvier’s Essay on the Theory of the Earth makes the connec-

tion between these problems unusually explicit. He describes

reconstructing fossil animals through comparison with living

anatomy, examining the limits of variation, and considering

whether unknown large animals might still be found. The

argument requires both anatomical discrimination and a case

against continued survival. [1]

The source used here is the English fifth edition of 1827, with

material added by Robert Jameson. It is a later presentation of the

program, not the verbatim text of Cuvier’s initial 1796 discussion

of fossil elephants. Its authorial essay and its editorial additions

must therefore be distinguished when attributing a claim.

2. The living collection becomes evidence about the
dead

An isolated fragment becomes informative through its relations to

other parts and other animals. Teeth differ in form and arrange-

ment; jaws constrain how teeth fit and function; connected skeletal

elements narrow the range of plausible reconstructions. 

Comparison supplies constraints that an imaginative picture of the

animal does not.

Cuvier presented the correlation of anatomical parts as central to

reconstructing fossil quadrupeds. He also treated differences

between fossil and living forms as needing comparison with

differences caused by climate, domestication and variation within

a species. The claim was not merely that two bones looked unlike

one another. [1]
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This strategy made collections of living animals part of the

evidence for extinct ones. More comparative material could

strengthen an identification, reveal that an apparent difference

was ordinary variation, or expose an earlier reconstruction as too

confident. The method’s strength lay in constrained comparison,

not in a magical ability to infer an entire organism infallibly from 

any fragment.

A modern reconstruction of the logic can be stated without

endorsing every historical anatomical judgement. If a proposed

identification requires a combination of characters incompatible

with the comparative material, it loses support. If independent

parts support the same distinction, the case becomes stronger. 

Classification remains an inference that can be revised when new 

material appears.

3. Why a missing large animal seemed more informative

Cuvier did not treat all absences as equally persuasive. In his

essay, he contrasted large terrestrial quadrupeds with marine

organisms, especially forms that might inhabit waters beyond the

reach of available collecting methods. The living marine inventory

was too incomplete to give the same force to an argument from 

non-observation. [1]

For large land animals, he argued that travel, local knowledge and

earlier accounts made the continued existence of some unknown

forms less plausible. He nevertheless explicitly considered unex-

plored interiors and islands as possible refuges. The possibility

had to be addressed; anatomical difference alone did not remove 

it. [1]

This reasoning contains both an enduring methodological insight

and a historical limitation. The insight is that the evidential value

of not finding something depends on the opportunity to find it. 
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The limitation is that a historical investigator can overestimate the

geographical and taxonomic completeness of available knowledge.

An invented probability example clarifies the distinction without

assigning numbers to Cuvier. If a survey would detect a surviving

population with probability 0.9, one negative survey has a

different implication from a negative survey whose detection

probability is 0.01. Repeated surveys add information only to the

extent that their failures are not simply repetitions of the same 

blind spot.

The example does not turn extinction into a universal numerical

threshold. It identifies why coverage, detectability and depen-

dence matter. A tiny population in an inaccessible habitat presents

a different evidential problem from a conspicuous large animal

that would be expected to leave many independent traces.

4. Disappearance is not its mechanism

Once the case for extinction is accepted, its cause remains open. 

Failure to find a living counterpart does not determine whether

the species disappeared rapidly or gradually, locally or globally,

through environmental change, competition or some 

other process.

Cuvier connected fossil evidence to a history of terrestrial revolu-

tions. That connection is part of the source’s historical explanation.

But the inference that a species is absent from the living world is

logically separable from the proposed geological event that

removed it. Accepting the first need not require accepting every

element of the second. [1]

This is why it is misleading to stage the history as two homoge-

neous camps, one believing only catastrophes and another only

slow change. A claim about the reality of extinction, a claim about
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the rate of a particular event, and a claim about the general

character of Earth’s history are different commitments.

The article’s central rupture concerns the first commitment: disap-

pearance could become a legitimate object of evidence-based

natural history. It does not require one account of every extinction,

nor does it recapitulate the later explanation of 

evolutionary diversification.

5. A historical world replaces a complete present
inventory

If every fossil had to correspond to something still living

somewhere, the present inventory remained, in principle, the key

to all past life. Genuine extinction breaks that restriction. Some

past forms have no surviving representatives, and reconstructing

them requires evidence that the present alone cannot supply.

That change enlarges both the possible history and the uncer-

tainty. A fossil record can now document losses, but gaps in the

record also complicate the timing of those losses. The last fossil

found is not automatically the last individual that lived. An event

in nature and the last observation available to an investigator are 

not identical.

Extinction thus became more than a label for an unfamiliar bone.

It became a claim connecting anatomy, distribution and time, with

a burden of proof that differs from demonstrating presence. The

new question was not only “What animal was this?” but “What

evidence warrants concluding that its history has ended?”
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Think it through

Two surveys find nothing. One searched a likely habitat carefully;

the other searched an unsuitable habitat. Are their negative results

equally informative?

Reasoning

No. A negative result has force only in relation to the opportunity

for detection. Repeating the same blind spot does not remove it.

References

[1] Cuvier, G. Essay on the Theory of the Earth. Fifth edition, with geological
illustrations by Robert Jameson. Edinburgh: William Blackwood, 1827. 
Authorial essay, especially the sections on fossil quadrupeds, anatomical
determination and the prospect of discovering unknown large animals. 
https://www.gutenberg.org/ebooks/62918

THE UNIVERSE AND ITS OBSERVERS

14

https://www.gutenberg.org/ebooks/62918


Life becomes open to
physicochemical explanation

A reaction can be separated from a whole cell

Ask which necessity claim the experiment removes. Producing a

substance, sustaining a reaction and explaining an organism are 

different tasks.

Key terms

Cell-free: operating without intact cells, not without biological

ingredients. Fraction: a separated part of a preparation. 

Reconstitution: restoring activity through a suitable combination 

of components.

The decisive question was sometimes smaller than “What is life?” 

Could a particular transformation associated with living cells still

occur when the cells were broken apart? If it could, an explanation

that required the continuous activity of an intact organism would

no longer be necessary for that transformation.

Cell-free fermentation made this question experimentally

concrete. Its importance was not that it produced life from non-life

or supplied a complete theory of organisms. It separated a

chemical activity from one proposed condition of that activity,

opening the process to a different set of experiments.

1. Different vital claims face different tests

“Vitalism” can hide several claims: that an organic substance

cannot be synthesized outside an organism; that a reaction

requires living cells; that the organization of an organism requires

a distinctive explanatory principle; or that physical and chemical
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descriptions cannot exhaust everything important about life. One

successful operation cannot refute all these propositions at once.

Wöhler’s synthesis of urea in 1828 challenged a restriction on the

production of an organic compound. It did not by itself show that

fermentation could proceed without intact yeast, that develop-

ment was fully understood, or that all forms of vital explanation

vanished immediately. Buchner’s later account places the

synthesis in the background of disputes over fermentation, while

describing those disputes as continuing. [1]

The historical lesson is not to diminish synthesis. It is to identify

exactly which dependence an experiment removes. Making a

molecule outside an organism and reproducing a cellular transfor-

mation outside intact cells are related achievements, but they

answer different questions.

2. Yeast could be alive without life being the immediate
mechanism

Recognizing yeast as living material was important. It connected

fermentation to organized biological agents rather than treating

the visible deposit as an irrelevant by-product. But establishing

that living yeast normally performs a transformation does not

establish that the intact living state is indispensable to the 

chemical step.

Buchner’s 1907 Nobel lecture recounts both the cellular account

and proposals that a chemical agent within the cells could cause

fermentation. He identifies Moritz Traube’s enzyme proposal and

discusses unsuccessful attempts to separate a fermenting agent

from yeast. The alternatives were therefore already more varied

than a contest between people who believed in life and people

who believed in chemistry. [1]
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A negative extraction experiment was ambiguous. It might show

that no separable activity existed, or that the procedure destroyed,

diluted or failed to release the relevant components. Interpreting

failure required attention to the preparation itself. The same

operation used to reveal a mechanism could disable it.

3. The preparation changes what can be tested

Buchner describes grinding yeast with quartz sand and diatomite,

then using pressure to obtain expressed juice. The procedure

aimed to release cell contents rapidly while avoiding harsh

solvents and excessive heating. He credits discussions with Hans

Buchner and practical contributions by Martin Hahn, including

the use of diatomite and a hydraulic press. [1]

These details are not incidental laboratory decoration. A claim

about cell-free activity depends on how cells were disrupted, what

remained in the liquid and whether the activity survived the

manipulation. A theory became testable through a preparation

that separated components while retaining a measurable function.

In the resulting system, sugar could be fermented by the

expressed preparation. The important separation was between

intact cellular life and the capacity of cell-derived material to carry

out the transformation. The preparation did not cease to have a

biological history merely because the cells had been disrupted. [1]

This limits the inference. “Cell-free” does not mean “made from

no biological components,” and it does not imply that the extract

is a single purified molecule. The result shows that the ongoing

integrity of whole yeast cells is unnecessary under the tested

conditions. Identifying every participating component is a 

further task.
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4. A chemical explanation becomes a program

Once activity can be followed outside intact cells, experimenters

can vary the preparation, separate fractions, change concentrations

and test whether adding one fraction restores activity lost from

another. Instead of attributing the process to the organism as an

indivisible agent, they can investigate dependencies within the 

reaction system.

Buchner’s lecture discusses subsequent work on components

needed for fermentation, including the restoration of activity by

additions of boiled juice. The boiling step did not simply destroy

everything relevant: the distinction between components with

different heat sensitivities became informative. The lecture also

reports the importance of phosphate in the developing 

analysis. [1]

The conceptual gain is the ability to ask discriminating questions.

If fraction A loses activity and the combination A + B restores it,

that constrains what each fraction can contain and do. It does not

automatically prove that B is the only missing factor or that A

contains only one enzyme. The inference grows through further

separations and controls.

This is a change in explanatory access. The chemical process can

be manipulated as a system of interacting components. The word

“enzyme” is then the start of an investigation into mechanism, not

a substitute for that investigation.

5. The historical witness is not a neutral verdict on every
opponent

A Nobel lecture is valuable testimony from a participant, but it is

also a retrospective presentation of an achievement. Buchner’s

descriptions of earlier disputes, priority and the significance of his
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result should not be converted uncritically into a complete map of

what every chemist or physiologist believed.

His own narrative helps resist the simplest triumphal story. It

records earlier grinding attempts, competing enzyme proposals,

technical improvements and collaborators. It also quotes Pasteur

as distinguishing what his experiments established from questions

about the intrinsic chemical cause that remained unresolved. [1]

The contrast is therefore not between an irrational old world and a

suddenly chemical new one. Different investigators had different

explanatory commitments, and experimental preparations

changed which of those commitments could be tested. A

successful new result could displace a specific necessity claim

without resolving the wider philosophical question 

of organization.

6. What remained unexplained

An extract that ferments does not thereby grow, reproduce,

maintain a boundary or coordinate an entire organism. Explaining

a reaction outside a cell is compatible with the continued impor-

tance of cellular organization for regulating that reaction in a 

living system.

The rupture made certain special vital agencies unnecessary for

particular operations. It did not make biological organization

unnecessary, and it did not prove that knowing a list of ingredi-

ents is enough to reconstruct all the activities of life.

The enduring change was methodological as well as conceptual:

functions once tied to the intact organism could be separated,

measured and partly reconstituted. The new questions concerned

which components were sufficient for which activities, under
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which conditions, and how those activities were organized inside 

living cells.

Think it through

An extract fails to ferment. Does that prove the activity requires 

intact cells?

Reasoning

No. The preparation may have destroyed, diluted or failed to

release a necessary component. A negative extraction result needs

controls on the extraction process.

References

[1] Buchner, E. “Cell-free fermentation.” Nobel Lecture, 11 December 1907. 
Especially printed pages 103–111 and the later discussion of co-enzyme and
phosphate. https://www.nobelprize.org/uploads/2018/06/buchner-
lecture.pdf
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Cells become units of living
organization

Structure and origin need different evidence

Track two claims separately: cells as units of structure, and cells as

units of lineage. Notice which observations support each.

Key terms

Lineage: a history of descent. Differentiation: development of

differences among cells. Cellular continuity: production of cells

from existing cells.

Seeing a cell and explaining an organism in terms of cells are

different achievements. A microscope can reveal compartments,

boundaries or nuclei without establishing that apparently

different tissues share a common organization. Nor does a static

image tell us how the structures in it originated.

The conceptual transformation involved two claims that had to be

connected but could also come apart: that cells are fundamental

units in plants and animals, and that new cells arise from existing

cells. The history is instructive precisely because an influential

theory could get the first relationship substantially right while

giving an incorrect account of the second.

1. An observed structure is not yet a universal unit

The familiar starting point is Hooke’s description of chambers in

cork. But the chambers in that preparation were not a transparent

view of all the activities of a living cell. Identifying a repeated

structural feature did not immediately supply a theory of living 

organization. [1]
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To move beyond a local description, investigators needed compar-

isons across tissues and organisms. Plant walls made some bound-

aries conspicuous; animal tissues did not necessarily present the

same sharply separated appearance. A theory that crossed this

difference asserted an underlying relationship that was not simply

identical visual texture.

Schleiden’s work on plants in 1838 and Schwann’s extension to

animal tissues in 1839 brought this relationship into a general

explanatory framework. The importance was the common unit of

organization, not just the addition of another object to a micro-

scopical catalog. [1]

The inference was ambitious. Similarities had to be distinguished

from superficial resemblance, and tissues with different appear-

ances had to be interpreted in relation to development and differ-

entiation. A general theory creates new questions about apparent

exceptions instead of making every specimen self-explanatory.

2. A fruitful generalization carried an incorrect
mechanism

The early framework did not contain modern cell biology already

completed. Schleiden’s account allowed cells to form through a

process compared to crystallization. This was an account of how

cellular units originated, not simply a denial that such units 

existed. [1]

That distinction matters when assessing a conceptual revolution.

If a proposed mechanism of cell formation fails, it does not follow

that the comparison between plant and animal cellular organiza-

tion must also fail. Different components of a theory can have

different evidential support.

THE UNIVERSE AND ITS OBSERVERS

22



Conversely, the success of the general comparison does not

validate every mechanism used to explain it. Treating the entire

framework as either true or false would conceal the work of

revision. The more useful question is which observations support 

which commitments.

An illustrative analogy is a map that correctly identifies several

towns while drawing an incorrect road between them. The towns

do not vanish when the road is corrected. In cell theory, however,

the correction affected more than a connection on paper: it

changed the history that could be assigned to each living unit.

3. Continuity must be followed through time

A static preparation can show one cell or two nearby cells. It does

not by itself prove that the two arose by division of the one. 

Establishing cellular continuity requires evidence about transi-

tions: developmental sequences, the behavior of boundaries and

internal structures, and alternatives that could imitate the appear-

ance of division.

Robert Remak’s work in the 1850s provided evidence for the

derivation of cells through division. Virchow later popularized the

principle that cells arise from cells. Distinguishing the observa-

tional contribution from the famous formulation avoids assigning

the entire development to the most memorable name. [1]

The source used here is a modern textbook synthesis, not an

original observation record. It identifies the historical sequence

but does not permit us to reconstruct every preparation or settle

every priority dispute. The conceptual distinction between a unit

of structure and a unit of lineage does not depend on pretending

those documentary questions are already exhausted.
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Once continuity is accepted, a newly observed cell belongs to a

reproductive history. Its appearance is not explained merely by

saying that suitable material assembled into a cellular form. One

can investigate which prior cell or cells contributed to it and how

division, growth and differentiation altered the lineage.

4. The organism becomes analyzable without becoming
a heap

A cellular account allows tissue-level processes to be related to

activities of constituent cells. But a multicellular organism is not

adequately described by counting independent units. Position,

communication, extracellular material and developmental

relations affect what a cell does.

This is a logical limit on the reduction, not a retreat from it. A

component can be a useful unit of analysis without being suffi-

cient in isolation to explain every property of the whole. The claim

that a building is constructed from bricks does not imply that a

pile of bricks explains its architecture; equally, the analogy must

not obscure that cells are active systems whose interactions help

produce their surroundings.

The new program therefore contains two directions of explana-

tion. Processes in cells contribute to tissues, while the tissue envi-

ronment constrains cellular behavior. Recognizing the unit makes

those relationships investigable; it does not remove the need to 

study them.

The same caution applies to boundaries. A practical cellular

description must specify the organism and the process under

examination. It should not turn the typical picture of one nucleus

inside one tidy outline into an exceptionless definition covering

every biological arrangement.
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5. What the theory does and does not explain

The principle of cellular continuity concerns the production of

cells within the living systems to which it is applied. It is not, by

itself, a completed explanation of the first origin of cells. Inferring

that every observed cell has a cellular predecessor does not

provide an experimental reconstruction of life’s origin.

Nor does the theory alone explain heredity, metabolism, develop-

ment or disease in molecular detail. It supplies an organizational

framework in which more specific mechanisms can be sought. A

general unit is scientifically productive when it connects observa-

tions and generates tractable questions, not only when it offers 

a slogan.

The framework also changes what a counterexample would mean.

If an apparent new cell lacks an observed predecessor, possibilities

include a missed division, an inadequately resolved boundary, an

incomplete developmental sequence or a genuine failure of the

proposed account. Which explanation is justified depends on the

evidence; the theory should not make the observation immune 

to examination.

6. The rupture lies between image and organization

The central change was not the invention of magnification alone. It

was the connection of diverse observations to a general account of

living structure, followed by a correction of how that structure 

is propagated.

That history resists an inevitable-progress narrative. Improved

observation mattered, but interpreting observations also required

concepts that could be revised. An incorrect formation mechanism

could coexist with a powerful organizational insight. The eventual

framework emerged by separating them.
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Cells became units of living organization when their explanatory

role extended beyond what happened to be visible in one prepara-

tion. They became units of lineage when their continuity through

reproduction acquired its own evidential basis. Keeping those

achievements distinct makes the transformation more intelligible

than reducing it to a list of discoverers.

Think it through

A theory correctly identifies a common structure but gives a

wrong account of its formation. Must every part of the theory 

be discarded?

Reasoning

No. The evidence for the structure and the evidence for its

formation can differ. Revision should identify which commitment

fails rather than treat the theory as one indivisible claim.
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Geometry no longer has one
inevitable form

Possibility is different from physical fit

Separate a theorem within a geometry, a relative consistency result

and a physical measurement. They answer different questions.

Key terms

Postulate: a premise of the framework. Model: a mathematical

interpretation satisfying specified conditions. Relative consistency:

consistency conditional on another framework’s consistency.

A geometrical statement can be impossible to prove from a set of

assumptions because it does not follow from them. That possi-

bility changes the meaning of a failed proof. Repeated failure need

not reveal insufficient ingenuity; it can expose an assumption that

belongs among the premises rather than among the consequences.

The development of non-Euclidean geometry transformed an old

problem about parallels into a new problem about alternative

mathematical structures. Euclidean geometry was not refuted. Its

status changed: it could be understood as one geometry with

particular assumptions, rather than the uniquely inevitable form

of spatial reasoning.

1. A troublesome postulate

Euclid’s fifth postulate concerns when two lines, crossed by a

third, meet on the side where specified interior angles sum to less

than two right angles. A familiar equivalent formulation, under

the usual background assumptions of plane geometry, says that

through a point outside a line there is exactly one parallel to it.
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The equivalence itself depends on the surrounding framework. 

Replacing the original wording with the familiar formulation is

useful for explanation, but should not suggest that a postulate has

meaning independently of the other axioms and definitions with

which it operates.

Attempts to derive the parallel postulate from supposedly more

evident premises sometimes introduced an equivalent assumption

elsewhere. The historical discussion of Wallis and Saccheri illus-

trates how a proof can conceal the very spatial commitment it was

meant to establish. [1]

This is not an accusation of simple carelessness. When one

geometry structures familiar diagrams and intuitions, it can be

difficult to recognize which apparently obvious facts depend on it.

The task is to distinguish what a drawing suggests from what the

stated assumptions entail.

2. Turn the failed derivation into a different theory

Lobachevsky and Bolyai developed alternatives in which the 

Euclidean parallel condition was not imposed. Their work made it

possible to investigate the consequences of a different condition

rather than use every unexpected consequence as a reason to reject

it. [1]

In the hyperbolic plane, more than one line through an external

point can fail to intersect a given line. Historical terminology

needs care: Lobachevsky distinguished limiting parallels from

other non-intersecting lines, so simply substituting the everyday

meaning of “parallel” into every historical statement can 

mislead. [2]

Triangles then need not have angle sum π radians. In constant-

curvature hyperbolic geometry their angle sum is smaller. If
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curvature is −1/R², the area of a geodesic triangle is R² times its

angle defect, π − (A + B + C). This is a mathematical relation

within the model, not a measurement of physical space. [1]

For an illustrative triangle with three angles of 30 degrees, the sum

is 90 degrees and the defect is π/2 radians. Its area in that model

is πR²/2. The example shows why changing the parallel structure

affects quantitative relations throughout geometry. It does not

identify a triangular region in the actual Universe.

3. A model answers a different question from a picture

Developing many consequences without finding a contradiction is

valuable, but does not alone prove consistency. A more powerful

strategy represents the new geometry inside an already accepted

mathematical framework. If its points and lines can be interpreted

so that the required axioms hold, any contradiction would transfer

to the framework used to construct the model.

This is relative consistency. It is not a proof that mathematics is

absolutely free from contradiction. It states a conditional relation

between theories. Nineteenth-century work connecting non-

Euclidean geometry with other geometrical methods helped turn

it from an isolated alternative into a mathematical subject with

such connections. [1]

A modern illustration is the disk model of the hyperbolic plane. 

The points lie inside a Euclidean disk; the hyperbolic lines are

represented by diameters or circular arcs meeting the boundary at

right angles. These arcs look curved on the page, but straightness

in the model is determined by its metric and geodesics, not by the

drawing’s Euclidean ruler.

The boundary circle is not a wall that the model’s inhabitants

eventually reach after traveling a finite hyperbolic distance. 
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Confusing the representation with the represented metric would

erase the very distinction the model is designed to make. A

faithful model can use familiar mathematical objects while

assigning them a different structural role.

4. Physical space is a further question

A consistent alternative geometry establishes mathematical possi-

bility. It does not establish which geometry best describes

measured spatial relations. For that, one needs observations and

an account of the physical instruments and processes used to 

make them.

Even a triangle measurement is not conceptually empty. What

establishes its sides? How are angles transported or compared? 

What physical process is taken to trace a straight path? The experi-

ment tests a geometrical interpretation together with assumptions

about rods, signals and measurement, rather than testing an 

isolated drawing.

This does not make the empirical question meaningless. It makes

its dependencies explicit. A model earns physical support through

successful, discriminating applications within an account of

measurement. Logical consistency and empirical adequacy are

different achievements, and neither substitutes for the other.

The spherical triangle is a useful warning about context. Three

right angles can occur on a sphere when its sides are great-circle

arcs. That observation shows that surface geometry can differ from

plane geometry. By itself, it neither proves the consistency of every

non-Euclidean theory nor determines the geometry of three-

dimensional physical space.
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5. Acceptance was not an instantaneous consequence

The historical alternatives did not immediately erase established

expectations. Their significance became entangled with broader

developments in projective geometry, differential geometry and

axiomatics. Philosophical responses also differed over whether the

alternatives were merely formal constructions or changed the

status of claims about experienced space. [1]

A contemporary reader can miss the difficulty by beginning with a

modern menu of geometries. The conceptual work was partly the

construction of that menu: allowing an unfamiliar but systemati-

cally developed structure to count as geometry at all.

This is why the transition should not be described as discovering

that Euclid was false. Many Euclidean theorems remain valid

under Euclidean assumptions and useful in appropriate physical

approximations. What failed was the unrestricted inference from

their familiar authority to the necessity of those assumptions for

every mathematical or physical setting.

6. What could now be asked

The new framework separates three questions: what follows from

specified axioms, how a model relates one theory to another, and

which mathematical description fits a physical investigation. 

Questions that once seemed inseparable can receive 

different answers.

That separation is the conceptual break. Geometry becomes a field

in which alternatives can be constructed and compared without

first being certified as the one inevitable description of space. It

gains freedom through stricter attention to assumptions, while

empirical claims gain a clearer burden of measurement.
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Think it through

A non-Euclidean model is mathematically coherent relative to an

accepted framework. Does this establish that physical space has 

that geometry?

Reasoning

No. The model establishes a mathematical relation. A physical

claim additionally needs observations and justified assumptions 

about measurement.
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Infinity becomes an object of
exact comparison

Specify which kind of size you mean

Distinguish cardinality from length and density. Follow why the

diagonal construction applies to an arbitrary proposed list.

Key terms

Cardinality: size compared through one-to-one correspondence. 

Countable: admitting an enumeration with a finite position for

each element. Density: occurrence within every interval of the 

relevant kind.

An endless collection can be larger than another endless collec-

tion, but “larger” needs a definition. Comparing lengths, densities

or the places occupied by written symbols will not answer the

same question as comparing how many elements the 

collections contain.

The conceptual transformation associated with Cantor’s work

made one-to-one correspondence a basis for exact comparison. 

Some infinite sets can be paired element by element; other

proposed pairings can be proved impossible. Infinity thus became

an object of mathematical differentiation rather than a single

undivided way of saying that a process never stops.

1. Pairing changes the question

Pair each positive integer n with the even integer 2n. Every

positive integer receives exactly one partner and every positive

even integer is reached. In the sense of cardinality, the two sets
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have equal size, even though the even integers form a proper

subset of the positive integers.

There is no contradiction with the corresponding rule for finite

sets. A proper subset of a finite set cannot have the same number

of elements as the whole. The infinite example shows that this

finite property does not extend without qualification to infinite

sets. We must not smuggle it into a definition meant to 

investigate them.

The integers can also be arranged in a sequence, for example 0, 1,

−1, 2, −2 and so on. The positive rational numbers can be listed by

traversing pairs of positive integers in increasing order of their

sum and omitting duplicate fractions. Every particular numerator-

denominator pair appears after finitely many steps.

This last qualification is essential. Writing down an evocative

pattern is insufficient if some elements are postponed forever. A

valid enumeration must give each element a finite position. The

construction supplies a reason that it does.

2. Density is not cardinality

Between any two distinct real numbers there are rational numbers.

That density can make the rationals seem to fill the line in the

relevant sense. Yet density concerns where elements occur relative

to intervals; countability concerns whether they admit a complete

list indexed by positive integers.

Cantor’s 1874 paper established the countability of the real

algebraic numbers and a contrasting result about real numbers

more generally. Algebraic numbers satisfy nonzero polynomial

equations with integer coefficients. There are only countably many

such finite equations, and each has finitely many roots. Listing the
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equations systematically therefore makes a countability argument 

possible. [1]

The source’s construction orders equations through a finite

measure of their complexity. The explanation here gives the

modern organizing idea, not a transcription of every step of the

original proof. The point is that a set can contain all these roots, be

dense in the line, and still be listable.

Measure introduces another question again. The length of an

interval is not its cardinality. An interval twice as long can have

the same cardinality as the original interval through a simple

rescaling. Keeping these concepts separate prevents the phrase

“different infinities” from being asked to explain unrelated notions

of size.

3. A proof defeats every proposed list

To see the contrast, suppose someone proposes a complete list of

the real numbers between zero and one, writing each as a decimal.

Construct a new decimal whose nth digit is 1 when the nth digit

of the nth listed number is not 1, and 2 when that digit is 1.

The new number differs from the first entry in its first digit, from

the second in its second digit, and from every nth entry in its nth

digit. It cannot be any entry on the list. Using only 1 and 2 also

avoids the ambiguity in which a terminating decimal equals

another decimal ending in repeated nines.

This is a modern decimal version of the diagonal strategy associ-

ated with Cantor’s 1891 work. It is not the proof in the 1874 paper,

which used a different construction involving nested intervals. 

Conflating the two makes an elegant modern exposition into an

inaccurate historical attribution. [1,2]
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The argument does not merely show that a particular badly

arranged list fails. It starts with an arbitrary proposed list and

gives a rule that produces an omitted element. Its force comes

from that generality. A better ordering cannot evade the 

same construction.

4. What changes when impossibility is demonstrated

Before a proof, inability to find a list might reflect limited

ingenuity. After the argument, no enumeration of the specified

kind can succeed. The comparison between integers and real

numbers therefore acquires a sharply defined obstruction.

This is not a claim that some physical collection contains an exper-

imentally counted infinity of objects. The mathematical framework

concerns sets and correspondences under its assumptions. 

Whether a mathematical infinity is useful in a physical model is a

separate question from whether infinitely many physical things

have been observed.

Nor does a finite diagonal table prove uncountability. A computer

can show any chosen finite beginning of the rule, but a finite list

always leaves many possibilities. The mathematical proof explains

why the construction works for every index in an assumed infinite

list. Its warrant is deductive, not an extrapolation from many 

successful trials.

The gain is a new standard of exactness. Rather than rely on

images of something unending, mathematicians can specify the

mappings that exist and prove the nonexistence of others. A

familiar intuition about part and whole becomes one property to

examine, not an unquestionable judge of all possibilities.
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5. The historical dispute was not just resistance to
novelty

Cantor’s work developed in a wider setting involving analysis,

definitions of real numbers and correspondence with Dedekind. 

Its reception included objections to infinitary methods and to the

status of completed infinite collections. Historical scholarship

records criticism from mathematicians with different constructive

or foundational commitments, not a single uniform opposition. [2]

The distinction between a process that can always continue and a

completed infinite set matters here. Accepting the former does not

automatically commit someone to every operation on the latter. 

Arguments about foundations concern what objects and reasoning

principles are legitimate, not only whether one likes a 

surprising conclusion.

Later paradoxes required clarification of which collections could

be treated as sets. They did not simply turn every earlier corre-

spondence into an error. The history involves preservation of

results alongside restrictions and reconstruction of foundations,

rather than a sequence of total victories and total collapses. [2]

6. A new object of inquiry

The break was the possibility of comparing infinities with proofs

of equivalence and inequivalence. That achievement left difficult

questions about foundations, allowed constructions and relations

among different notions of size. It did not collapse those questions

into one answer.

A proper subset can have the cardinality of its infinite parent; a

dense countable set can fail to exhaust a continuum; two intervals

can differ in length while admitting a bijection. Each statement is

intelligible once the relation being measured is specified. The
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advance was not merely to tolerate paradoxical language, but to

replace it with distinguishable mathematical claims.

Think it through

Fractions occur between any two distinct real numbers. Does this

alone show that fractions cannot be listed?

Reasoning

No. Density concerns positions in intervals; countability concerns

enumeration. A systematically constructed list of fractions gives

each one a finite position.
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Giant molecules become a
chemical possibility

Size does not reveal connectivity by itself

Ask whether a measurement reveals particle size, chemical

connectivity or an average over a population. These are 

not interchangeable.

Key terms

Aggregate: an association of smaller molecules. Macromolecule: a

large chemically connected molecule. Distribution: the range and

relative abundance of sizes in a sample.

A solution can contain very large particles without containing

very large molecules. Small molecules can associate into aggre-

gates. Alternatively, a particle can be one enormous molecule

whose atoms are connected by ordinary chemical bonds. 

Distinguishing these possibilities changed what chemistry could

claim about rubber, cellulose and other materials.

The macromolecular concept did not require a special bond

reserved for giant objects. Its central proposal extended ordinary

chemical connectivity over much larger structures. The challenge

was to demonstrate that the size belonged to the molecule itself,

rather than to a temporary association of smaller molecules.

1. Why the aggregate explanation was plausible

Unusual solution behavior does not reveal connectivity directly. A

material may produce viscous solutions, show colloidal behavior

or resist purification into a single sharp molecular species. Those
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observations can suggest large dispersed entities while leaving

open what holds each entity together.

In his 1953 Nobel lecture, Hermann Staudinger compares

molecular colloids with micellar colloids, including soaps. He

explains that their similar behavior helped make aggregate inter-

pretations plausible for materials later understood as macromolec-

ular. The alternative was not simply a refusal to believe that

anything could be large. It was a different account of what the

large particle consisted of. [1]

This distinction limits what any single measurement can establish.

A measurement sensitive to particle size may distinguish a small

solute from a large entity while failing to distinguish a covalent

chain from a cluster. To test the macromolecular interpretation,

investigators needed operations that could separate the conse-

quences of connectivity from those of association.

2. Ordinary bonds, extraordinary extent

Staudinger’s account describes macromolecules as structures built

according to the same chemical valence principles used for smaller

organic molecules. The novelty lay in allowing those bonds to

connect many repeating units into extended chains or 

networks. [1]

A structural formula can conceal the difference if it gives only the

composition of a repeat unit. The formula of a unit does not

specify how many units are connected, what the chain ends are, or

whether different chains have different lengths. These questions

become central once the molecule itself is large.

Nor does “polymer” necessarily mean that every molecule in a

sample has identical size. A material can contain a distribution of

chain lengths. An average molecular mass then summarizes a
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distribution rather than identifying one exact molecular species

present in every particle.

This changes the explanatory burden. Variability need not always

be dismissed as contamination obscuring a single small molecule.

It can be a property of the macromolecular population that the

material actually contains. Determining that population requires

suitable measurements and explicit definitions of the average 

being used.

3. Transform the chemistry while testing the chain

A particularly informative strategy changes chemical groups while

asking whether the underlying degree of polymerization is

retained. Staudinger’s lecture presents polymer-analogous trans-

formations as evidence for connected macromolecular structures.

If derivatives with different chemical groups preserve the relevant

chain relationship, a model based only on loose association faces a

more demanding explanation. [1]

Cellulose and its derivatives provide his worked historical setting. 

The argument combines chemical transformation with measure-

ments such as osmotic and end-group determinations, rather than

relying exclusively on the appearance of a viscous solution. The

lecture’s Table 5 explicitly compares molecular-weight information

obtained through different methods. [1]

The inference is strongest when alternatives are made explicit. 

Changing a side group can also alter solubility, association and

chain conformation. An observed change in viscosity is therefore

not automatically a change in chain length, and an unchanged

bulk property is not automatically proof that every covalent 

link survived.
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The experimental program needs converging constraints: what

chemical transformation occurred, whether chain cleavage was

possible, what the size-sensitive method measures, and whether

several measurements support a compatible structure. 

Connectivity is inferred through this network of results, not seen

directly in every one of them.

4. A numerical illustration of what an average means

Consider an invented sample with equal numbers of molecules of

masses 10,000 and 30,000 mass units. Its number-average

molecular mass is (10,000 + 30,000)/2 = 20,000. Its mass-weighted

average is (10,000² + 30,000²)/(10,000 + 30,000) = 25,000.

The two answers are compatible because the larger molecules

contribute a greater share of the sample’s mass. Neither average

implies that a molecule of exactly that mass must be present. 

These numbers are a modern explanatory illustration, not values

from Staudinger’s historical experiments.

The example identifies a new problem made salient by the macro-

molecular framework. A reported “molecular weight” needs a

measurement definition. Disagreement between methods may

reflect what they weight, as well as experimental error or a

defective structural model.

This does not mean every discrepancy can be explained away by a

distribution. Aggregation, degradation, branching and solvent

effects can matter. The distribution concept supplies testable alter-

natives and encourages comparison between methods; it should

not become a universal excuse for incompatible measurements.
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5. The lecture records a collective field, not a solitary
miracle

Staudinger’s retrospective lecture credits work on particle shape,

molecular-weight determination, kinetics, polysaccharides, X-ray

studies and microscopy, including contributions by Rudolf Signer, 

Günter Victor Schulz, Elfriede Husemann and Magda Staudinger.

It also discusses work by other laboratories. The evidential

program was wider than one person’s initial proposal. [1]

The lecture is nevertheless a participant’s account delivered after

recognition of the field. Its descriptions of earlier alternatives and

of what constituted proof are historical testimony, not an indepen-

dent verdict on every controversy. Reconstructing a precise

chronology of acceptance would require additional contemporary

records from the different participants.

For this reason, the conceptual change need not be packaged as a

moment when everyone stopped believing in aggregates. Micelles

and other aggregates remain real. What changed was the ability to

distinguish them from large covalently connected molecules and

to explain particular materials through the latter when the

evidence warranted it.

6. The new questions opened by large molecules

Once giant molecules become admissible, chain length, architec-

ture, flexibility, branching and distributions become explanatory

variables. A shared repeat unit no longer guarantees identical

material behavior. The question becomes how molecular organiza-

tion relates to measured properties under specified conditions.

This is not a claim that polymer chemistry explains all of materials

science, or that a macromolecular formula alone predicts every

useful property. Processing, interactions between chains and
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larger-scale structure remain relevant. The molecular concept

makes those dependencies more precisely investigable.

The rupture lay in extending ordinary chemical bonding beyond

the size limits that had constrained interpretation, while devel-

oping ways to discriminate genuine molecular size from aggrega-

tion. Chemistry gained a new range of objects through a more

demanding connection between synthesis, transformation 

and measurement.

Think it through

Two methods give different average molecular masses for the

same sample. Must one method be wrong?

Reasoning

Not necessarily. Number weighting and mass weighting can give

different averages for a distribution. Experimental error and other

causes still need examination.
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Testing gravity: 1915 to 1975

Different observables test different commitments

Identify each observable before evaluating its theoretical meaning.

Keep special relativity distinct from a gravitational theory.

Key terms

Redshift: a shift toward lower frequency in the relevant compar-

ison. Observable: the quantity measured. Parameter: a quantity

used to specify a model within a framework.

A theory can accommodate an observation without being the only

theory capable of accommodating it. This distinction became

central to gravitational physics during the decades after general

relativity appeared. The important change was not simply the

accumulation of impressive confirmations. It was the construction

of experiments, and of a common mathematical language, that

could discriminate between explanations which agreed on much

of the familiar evidence.

Between 1915 and 1975, gravity acquired a more demanding

experimental question: which feature of a gravitational theory

does this measurement actually constrain? A planetary orbit, a

spectral frequency and a radar travel time do not test precisely the

same claim. Their differences are useful. They prevent agreement

in one setting from being mistaken for unrestricted 

confirmation everywhere.

1. An old discrepancy and a new prediction

Mercury’s perihelion, the direction of its closest approach to the 

Sun, advances. Most of that motion was already explicable

through Newtonian planetary perturbations. The remaining
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discrepancy, about 43 arcseconds per century, became a successful

application of Einstein’s 1915 theory. This was an explanation of

an existing problem, rather than a prediction of a phenomenon

nobody had noticed. [1]

The distinction does not make the result scientifically weak. A

theory with independently constrained parameters can explain a

known anomaly without having been adjusted freely to reproduce

it. But its historical role differs from that of a measurement

designed after a prediction was made. Those two forms of

evidence should not be collapsed into a single story of 

repeated surprises.

Deflection of starlight near the Sun offered a different test. The

1919 eclipse measurements compared apparent stellar positions

near the eclipsed Sun with reference positions. The result

depended on photographic measurement, instrumental stability

and the treatment of uncertainty. It was evidence about the

behavior of light in the solar gravitational field, not a photograph

of spacetime curvature itself. [1]

Special relativity and general relativity must also remain distinct. 

The former describes local nongravitational physics in inertial

frames; the latter supplies a dynamical account of gravitation. 

Evidence for time dilation in a moving clock does not, by itself,

choose general relativity over every competing 

gravitational theory.

2. Bringing gravitational frequency shifts into the
laboratory

Pound and Rebka’s 1960 experiment used resonant gamma-ray

absorption to test a gravitational frequency shift over a vertical

separation in a terrestrial laboratory. A controlled Doppler shift

THE UNIVERSE AND ITS OBSERVERS

46



provided a way to compare an extremely small gravitational effect

with an experimentally adjustable one. [2]

In the weak-field approximation, the fractional frequency differ-

ence has magnitude approximately gh/c². Here g is gravitational

acceleration, h the height separation and c the speed of light. The

sign depends on which location supplies the emitter and which

the receiver. A photon received higher in the gravitational field is

redshifted relative to the corresponding local transition.

For an illustrative separation of 20 meters, taking g = 9.8 meters

per second squared and c = 300 million meters per second, the

magnitude is approximately 2.18 × 10−15. These rounded inputs

illustrate the scale; they are not a reconstruction of the experi-

ment’s measurements. The experimental challenge is to separate

such a shift from thermal motion, vibration and other effects 

on resonance.

The measurement tests a relation between gravitational potential

and clock frequency. Its interpretation does not require treating

the photon as a little Newtonian projectile with an ordinary rest

mass. Nor does successful observation of this effect uniquely

establish all the field equations of general relativity. Several metric

theories share it. A precise result can therefore be decisive about

one proposition while leaving others unresolved.

3. Measuring the time taken by a signal

In 1964, Irwin Shapiro proposed another test: a radar signal

passing close to the Sun should take longer to complete its journey

than the corresponding calculation without the relativistic gravita-

tional contribution. The observable is a round-trip delay, inferred

using a model of the positions and motion of the bodies 

involved. [3]
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This changes what must be controlled. A deflection measurement

compares directions; a ranging experiment compares times. 

Instrumental delay, orbital parameters and propagation through

material along the path can matter. Measurements taken as the

geometry changes help distinguish a gravitational signature from

a fixed timing offset.

It is tempting to explain the predicted delay by saying that light

simply slows down near the Sun. That phrase confuses coordinate

descriptions with local measurement. In general relativity, a local

freely falling observer measures the same vacuum speed of light. 

The total travel time concerns a path through a gravitational

geometry and the clocks used to specify it. A coordinate speed can

change without introducing a locally measured violation of 

special relativity.

4. Alternatives become part of the experimental design

By the 1960s and early 1970s, parametrized post-Newtonian

methods made it possible to compare a range of weak-field gravi-

tational theories through common parameters. Instead of asking

only whether an observation agreed with Einstein, investigators

could ask which combinations of parameters it restricted. Light

propagation and orbital dynamics provided different 

combinations. [1]

Consider the logic of two hypothetical measurements. One

constrains a combination of two unknown parameters; the other

constrains a different combination. Each alone may allow many

theories. Together they can exclude alternatives that survive either

test separately. This is not a historical data set or a numerical fit. It

explains why a coordinated program is more informative than a

list of isolated successes.
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The comparison is conditional on the framework. A theory

outside its assumptions may require a different experimental

description. Parameters do not automatically represent every

imaginable deviation from general relativity. Their value is that

they make a substantial, stated class of alternatives calculable 

and comparable.

5. What the period established, and what it did not

The period ending in 1975 should not borrow later successes to

make its evidence look stronger. In particular, the later measure-

ment of binary-pulsar orbital decay and the much later direct

detection of gravitational waves do not belong among its

completed tests. The relevant transformation had already

occurred: increasingly precise experiments were being designed to

separate gravitational possibilities.

Nor was this a transition from no evidence to perfect evidence. 

Early observations could be informative despite substantial uncer-

tainty. Later instruments improved some controls while intro-

ducing different dependencies. The historical development is

better understood through changing observables and error

budgets than through a ceremony in which one famous experi-

ment finally ended doubt.

The outcome was a new standard of explanation. A successful

gravitational theory had to survive tests that probed different

aspects of its structure, with alternatives and measurement

assumptions made explicit. That standard strengthened general

relativity while preserving questions it could not settle, including

the relation between gravitation and quantum physics.
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Think it through

Two gravitational theories predict the same frequency shift but

different radar delays. Does confirming the frequency shift choose 

between them?

Reasoning

No. That result supports a shared prediction. A sufficiently

discriminating delay measurement could separate the two under

the relevant experimental assumptions.
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Quantum foundations become
experimentally discriminable

Correlation becomes a discriminating test

Keep the theorem, the quantum prediction and the experimental

controls separate. Ask which assumptions a violation 

challenges together.

Key terms

Correlation: a statistical relation between outcomes. Locality: a

condition on how distant choices enter the proposed outcome

model. Loophole: an experimental route by which an alternative

account could mimic the intended result.

Two accounts of nature may reproduce many of the same observa-

tions and nevertheless disagree about a carefully chosen combina-

tion of measurements. Bell’s work made such a disagreement

explicit for quantum correlations. A debate about whether

quantum mechanics needed a more complete account of indi-

vidual events acquired a mathematical constraint that experiments

could test.

The break was not the discovery that all philosophical questions

had become laboratory questions. It was narrower and more

powerful: particular assumptions about locally produced

outcomes imply restrictions on observable correlations. Quantum

mechanics predicts violations of those restrictions. The assump-

tions, the statistical prediction and the experimental implementa-

tion can therefore be examined separately.
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1. Correlation alone was never enough

Ordinary correlated objects do not establish a quantum mystery. 

Two envelopes can contain opposite answers fixed when they were

prepared. Opening one then reveals what the other contains,

without changing anything at the distant location. Observing

opposite outcomes is compatible with this account.

The difficulty arises when investigators can choose different

measurements after preparing a pair. A proposed local explana-

tion must reproduce the correlations across all the relevant combi-

nations of choices, not just one convenient combination. Bell’s 1964

paper formulated this difficulty for the singlet state of two spin-

one-half particles. [1]

Bell did not prove that every theory with additional variables was

impossible. His paper explicitly discusses a nonlocal hidden-

variable account. What matters is the conjunction of assumptions

being tested. Treating the result as a ban on thinking about an

underlying physical account erases the structure of the theorem.

2. A restriction that can be calculated

A useful later form is the CHSH inequality, named for Clauser, 

Horne, Shimony and Holt, whose 1969 paper connected Bell’s

result to realizable experiments. Suppose each side has two

possible measurement settings and each recorded outcome is

either +1 or −1. Write the outcomes assigned by a local determin-

istic model as A, A′, B and B′. [2]

For one assignment, consider A(B + B′) + A′(B − B′). Because B and 

B′ are each ±1, one parenthesis is zero and the other is ±2. The

expression must therefore be +2 or −2. Averaging over assign-

ments gives an absolute bound of 2 on the corresponding combi-

nation of correlations.
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This short calculation is a modern explanatory version of the

bound, not a transcription of Bell’s 1964 derivation. It also reveals

an important assumption: the same distribution of underlying

states is used when averaging the different setting combinations. If

that distribution depends on the measurement choices in an unre-

stricted way, the argument no longer establishes this bound.

Local stochastic models can be included by representing their

additional randomness in the underlying specification. The result

is not rescued merely by replacing deterministic instructions with

local probabilities. However, the precise conditions still matter:

locality, the independence assumptions relating preparation and

choices, and the handling of recorded events must be stated.

3. Why quantum predictions make the bound
interesting

For suitable measurements on an entangled pair, quantum

mechanics predicts a CHSH magnitude of 2√2, approximately

2.828. The distinction between that value and 2 gives the experi-

ment something definite to discriminate. It is not a demand that

one laboratory somehow observe four incompatible measure-

ments on the same particle at once.

Instead, many trials use different pairs of settings. The observed

correlations are assembled from those trials. For this assembly to

test the intended inequality, the rules selecting and classifying

trials must not manufacture a favorable subset. The mathematical

bound and the practical rules for constructing the sample belong

in the same explanation.

A violation rules against the stated local model class under the

experimental assumptions. It does not select a unique interpreta-

tion of quantum mechanics. Nor does it identify a controllable

message sent from one station to the other. Strong correlations in
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joint results and an ability to choose the distant marginal result

are different claims.

4. Experimental improvements change which objections
remain

Aspect, Dalibard and Roger’s 1982 experiment used analyzers that

switched during the photons’ flight. This addressed the concern

that settings fixed sufficiently early could permit ordinary commu-

nication to coordinate outcomes. The experiment was a substantial

step, but its design should not be retrospectively described as

closing every experimental loophole. [3]

Detection efficiency presents another difficulty. If only a subset of

emitted pairs is observed, an explanation might exploit differences

between detected and undetected events. A locality control does

not automatically solve a detection problem. Conversely, highly

efficient detection does not automatically establish sufficient 

spacetime separation.

In 2015, Hensen and colleagues reported a Bell inequality

violation using electron spins separated by 1.3 kilometers,

combining controls on the major locality and detection loopholes

in one experiment. The published claim concerns a statistical test

with a finite sample, not a logical impossibility established by one

pair of outcomes. [4]

Calling an experiment “loophole-free” is consequently shorthand

with a defined scope. No experiment eliminates the need to trust

every feature of its operation, and no such label makes unre-

stricted correlations between measurement choices and hidden

variables experimentally impossible. The strength of the result lies

in explicit controls and quantified inference, not in an exemption 

from assumptions.
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5. The change in what counted as a scientific dispute

An underlying account could once appear protected by the claim

that its variables were unobservable. Bell-type reasoning shows

why that protection can fail. The variables need not be observed

individually if the proposed structure constrains the statistics of

accessible outcomes. Unobservability of a mechanism does not

guarantee observational equivalence of theories.

The converse is equally important. A disagreement between inter-

pretations does not automatically imply a different experimental

prediction. If two accounts reproduce the same relevant probabili-

ties, this class of experiment does not distinguish them. 

Describing every interpretation as either refuted or confirmed by 

Bell tests makes the evidence claim more than it can support.

The historical achievement was a sequence of transformations: a

conceptual question became an inequality, an inequality became

an experimental design, and experimental weaknesses became

targets for new designs. Neither the mathematics alone nor the

instruments alone completed the transition. The lasting result is a

more precise account of which assumptions can survive together

when confronted with measured correlations.

Think it through

An experiment detects only some emitted pairs. Why does the

rule selecting recorded trials matter?

Reasoning

A selected subset may have correlations different from the full

relevant population. Detection assumptions are therefore part of

testing the bound, not an optional detail after calculating it.
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Deterministic laws cease to
guarantee practical prediction

An exact rule does not promise an exact forecast

Ask what uncertainty the rule receives and how it transforms that

uncertainty. Specify the forecast’s required accuracy.

Key terms

Deterministic: assigning a definite evolution to an exact state. 

Sensitivity: growth of differences between nearby starting states. 

Forecast horizon: the interval over which a specified forecast 

remains useful.

A deterministic equation specifies how a state evolves. It does not

promise that the state can be measured with unlimited accuracy,

or that a small measurement error will remain small. Separating

these claims changed what it meant to understand a physical

system. A law could remain definite while a detailed forecast 

became unreliable.

This was not a single discovery that overturned a universally

accepted belief in perfect prediction. Earlier mathematical work

had already exposed difficulties in the behavior of trajectories. The

later development of chaos research made those difficulties

concrete in relatively simple models, and made sensitivity itself an

object of calculation.

1. The missing condition in a promise of prediction

Poincaré’s discussion of chance in Science et méthode distinguished

exact dependence on initial conditions from practical

predictability. He described how a small initial discrepancy could
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become a large later discrepancy. The significance is the condi-

tional character of prediction: approximate knowledge of the

present gives approximate knowledge of the future only when the

dynamics preserves the relevant accuracy. [1]

A familiar stable system helps clarify the contrast. Two slightly

different starting displacements of a damped oscillator can

converge toward the same resting state. Initial uncertainty is then

progressively less important for a question about its final position.

Determinism alone did not establish that convergence; the partic-

ular dynamics did.

Now imagine an evolution that repeatedly stretches a small region

of possible states. Even if each exact state has a unique future, the

collection of futures allowed by the initial uncertainty can spread. 

The investigator has not lost the governing rule. The rule has

transformed a modest observational uncertainty into a serious 

predictive limitation.

2. A small atmospheric model with an unexpected
burden

Lorenz’s 1963 paper studied a set of deterministic differential

equations motivated by convection. Its numerical solutions

showed bounded, nonperiodic behavior that was sensitive to small

changes in initial state. It was a deliberately reduced mathematical

system, not a full operational model of the atmosphere. [2]

That distinction matters in both directions. Because the system

was small, its irregular behavior could not simply be blamed on

an enormous inventory of unknown external causes. But because

it was reduced, its precise numerical behavior could not be

assigned directly to real weather. It established a possibility and a

mechanism in a specified model.
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The computer was not merely a faster calculator of a familiar

answer. Repeated integration let trajectories be inspected over

intervals in which divergence became apparent. Yet numerical

calculation also introduced a question that any convincing inter-

pretation had to face: was the irregularity a property of the

equations, or an artifact of approximation and rounding?

An apparently wandering graph is not enough to answer that

question. One must examine stability, numerical methods and the

geometry of the evolution. The conceptual advance was to investi-

gate irregularity within the deterministic system rather than

assume in advance that it must represent a missing random input.

3. What an error-growth estimate says

For a simple local illustration, suppose a small uncertainty grows

approximately as δ(t) = δ(0) exp(λt), with λ positive. This expres-

sion is an approximation over a regime where exponential separa-

tion is a useful description. It is not a universal law of every

perturbation at every time.

If the maximum useful error is Δ, the resulting forecast horizon is

approximately ln[Δ/δ(0)]/λ. Improving the initial measurement

helps, but its benefit is logarithmic in this model. Reducing the

initial error by a factor of ten adds ln(10)/λ to the horizon; it does

not multiply that horizon by ten.

For illustrative values λ = 0.5 per day and a tolerance-to-initial-

error ratio of 100, the horizon is about 9.21 days. Improving the

initial precision tenfold makes the ratio 1,000 and the horizon

about 13.82 days. These are hypothetical inputs, not estimated

constants of terrestrial weather.

The calculation separates three contributions to a forecast: the

uncertainty at initialization, the rate at which it grows and the
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accuracy the intended use requires. There is no single horizon

independent of the question. A forecast of a broad probability

distribution can remain useful after a precise trajectory has 

lost usefulness.

4. Simple rules need not have simple long-term behavior

May’s 1976 discussion of nonlinear difference equations showed

why a short recurrence relation need not produce a short catalog

of behaviors. Depending on its parameters, a simple map can

approach a fixed point, cycle among several values or display

chaotic behavior. [3]

Consider the illustrative logistic map xnext = r x(1 − x), with x

between zero and one and a suitable positive r. The formula is

deterministic: give it an exact current value and parameter, and it

gives one next value. That fact does not tell us whether nearby

starting values stay near, or whether long iteration converges to a 

fixed point.

The map is not evidence that every population follows a logistic

recurrence, still less that every social development is chaotic. 

Applying it to a real system requires justification for the state

variable, the update interval and the neglected processes. A useful

demonstration of mathematical possibility can become misleading

when converted into an unsupported universal explanation.

5. Irregularity, randomness and evidence

Deterministic chaos is not the same claim as quantum random-

ness. One concerns the behavior of trajectories generated by

specified dynamics; the other concerns the probabilistic structure

and interpretation of quantum outcomes. Calling both unpre-

dictable does not make their mechanisms interchangeable.
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Nor can every irregular experimental time series be classified as

chaotic by appearance. Measurement noise, changing external

forcing and an inadequate model can generate complicated

records. Evidence for deterministic chaos requires more than

resemblance to a celebrated plot. The proposed dynamics must

account for features that rival explanations do not equally explain.

Chaos also leaves some questions tractable. A system may have a

useful statistical description even when individual trajectories

diverge rapidly. The failure of one kind of prediction can motivate

a different kind, provided the statistical regularities are estab-

lished rather than assumed.

6. The new explanatory obligation

After this conceptual change, presenting a deterministic equation

was no longer enough to justify an indefinitely detailed forecast. 

The investigator also owed an account of initial uncertainty,

stability, approximation and the observable being predicted. The

law and the forecast had become distinct achievements.

This did not reduce explanation to helplessness. It made explana-

tion more specific. A successful theory could describe why

detailed forecasts fail, how their useful horizon changes and

which coarser properties remain predictable. The important break

was the loss of an unjustified guarantee, accompanied by new

ways to calculate the limits of knowledge.

Think it through

A trajectory becomes difficult to forecast. Does that establish that

its governing rule is random?
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Reasoning

No. Deterministic dynamics can amplify initial uncertainty. 

Randomness, measurement noise and model inadequacy are

different possibilities requiring separate evidence.
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From electrodynamic infinities to
Wilson’s scales

The definition of a parameter becomes part of the
problem

Follow the intermediate historical steps between finite atomic

predictions and Wilson’s scale analysis. Do not replace that bridge

with a generic account of scale.

Key terms

Regularization: an intermediate prescription controlling a calcula-

tion. Renormalization: relating parameters and predictions to

specified conditions. Scale: the distance or momentum range at

which a description is defined.

An infinity in a calculation is not an experimental result. It is a

warning that the relation between a mathematical description and

a measured quantity has not yet been brought under control. In

twentieth-century field theory, renormalization changed from a

way of obtaining finite predictions in a difficult theory into a

broader way of investigating how descriptions change with scale.

That development did not follow a straight line from an embar-

rassing trick to an inevitable final interpretation. Problems in

quantum electrodynamics and problems near thermodynamic

critical points arose in different experimental settings. Their

eventual connection changed the questions that physicists could

ask of a theory, as well as the techniques available for 

answering them.
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1. A discrepancy small enough to measure, large enough
to matter

The late-1940s problem was not simply that calculations contained

infinities. Atomic measurements also demanded small, definite

corrections to simpler predictions. Bethe’s 1947 paper calculated

an electromagnetic contribution to the shift of hydrogen energy

levels. It used an approximate treatment, rather than a complete

relativistic solution. [1]

The logic of such a calculation depends on distinguishing an

observable energy difference from a parameter before it has been

related to measurement. A formula may contain both a correction

and a quantity called the electron mass. Unless the latter has a

specified relation to the experimentally measured mass, adding

the correction can count part of the same physical effect twice.

This is why subtracting a divergent contribution is not automati-

cally either legitimate or illegitimate. The question is what has

been defined, what has been measured and which relations

remain predictive after those definitions. An arbitrary subtraction

fitted separately to every observation would explain little. A

consistent prescription fixing a small set of quantities can

constrain many other results.

2. Precision made a calculational program testable

Schwinger’s 1948 calculation addressed a different observable, the

electron’s magnetic moment. Its leading correction to the simplest 

Dirac result is expressed by the anomalous-moment coefficient 

α/(2π), where α is the fine-structure constant. This connected the

theoretical treatment to a finite measurable departure, rather than

to an infinity considered in isolation. [2]
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Using the illustrative approximation α = 1/137 gives α/(2π) ≈

0.001162. This is the leading contribution to the dimensionless

anomaly (g − 2)/2, not the full modern prediction and not the

value of g itself. Confusing this anomaly with g − 2 would give a

factor-of-two error. Confusing it with g itself, approximately

2.002323 at this order, would be a different and much larger error.

Higher-order terms remain to be calculated. Agreement at one

order does not prove convergence of the perturbative series or

completeness at arbitrarily short distances.

3. More than one route to the same predictions

In his 1965 Nobel lecture, Tomonaga describes the work of his

group alongside that of Schwinger and Feynman, and Dyson’s

demonstration that the renormalization procedure handles the

divergences to arbitrarily high perturbative order. This is a partici-

pant’s retrospective account, valuable for its description of the

technical program but not a neutral census of every contemporary 

response. [3]

The achievement of 1947–1949 was a systematic treatment

extending beyond one specially chosen correction. Relativistic

consistency and calculational bookkeeping mattered because the

same theory had to support multiple predictions.

It is misleading to describe this solely as physicists deciding to

ignore infinity. Regularization introduces a controlled interme-

diate prescription; renormalization relates parameters and predic-

tions to specified physical conditions. Whether the regulator can

be removed, and in what sense, is a further question. Keeping

these operations distinct explains why success could coexist with

concern about foundations.
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4. The missing intermediate question: which charge, at
which scale?

Finite predictions did not end the question of how a renormalized

theory was defined. In 1953 Stueckelberg and Petermann treated

transformations between different finite reparametrizations of

QED. Wilson identifies this work as an early formulation of the

renormalization group. A theory could be represented by different

parameter choices without making those choices different physical

theories. [4]

Gell-Mann and Low’s 1954 paper investigated QED at small

distances. They related the large-momentum behavior of propaga-

tion functions to renormalization constants and examined the

charge distribution around a test charge. The problem was not

another isolated atomic correction: it concerned how the same

theory behaves as the distance being probed changes. [5]

Wilson explains the bridge in terms of a family of charge parame-

ters defined at different momentum scales, with a differential

equation relating them. He identifies that equation as a prede-

cessor of his own. The link therefore concerns the transformation

between descriptions of one theory, not a resemblance between

two uses of the word “renormalization.” [4]

This made an ambiguity in parametrization productive. Instead of

asking only which finite value should replace a bare parameter,

one could ask how values defined at different reference scales are

connected. Physical predictions must be related consistently across

those choices. A measured charge at long distance cannot simply

be treated as an unexamined input at every shorter distance.
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5. A field-theory problem meets critical phenomena

Wilson’s route began in particle field theory. In his retrospective

account, a model divided into well-separated momentum slices let

him eliminate a high-energy slice and obtain a modified 

Hamiltonian for the remaining slices. That construction supplied a

concrete basis for successive renormalization. His encounter with 

Kadanoff’s 1966 scaling picture then connected this work to

critical phenomena. [4]

The 1971 paper explicitly developed the Kadanoff picture using

renormalization-group methods. Critical phenomena supplied a

setting where fluctuations across many scales had to be treated

together, rather than as a small correction to an average descrip-

tion. The transformation of the model became a calculational 

object. [6]

These stages should not be collapsed into one discovery. Changing

finite QED parametrizations, studying short-distance behavior

and eliminating degrees of freedom from a model are related

operations with different starting problems. Their historical

connection is stronger when those differences remain visible. It is

weaker when the whole development is retold as a generic lesson

that large and small scales look different.

The conceptual account of fixed points and universality belongs in

IDE-006. Here the important change is the movement of a

technical question between research settings: how does altering

the resolution change the parameters and interactions that must

be retained? The earlier QED problem supplied part of the mathe-

matical lineage; critical phenomena made the scale transformation

a systematic route to new predictions.
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6. What changed in the burden of explanation

Relations between bare and measured parameters, between renor-

malization scales and between successive effective models are

distinct. Their historical connection was neither a single subtrac-

tion trick nor a sudden invention in 1971.

The finite atomic calculations remain important evidence for the

earlier program. The later scale analysis added a way to investigate

why a description works over a range and how its parameters

must change when that range changes. It did not establish conver-

gence of every perturbative expansion or turn every divergent

theory into a consistent one.

The break was thus a change in what could be studied: the depen-

dence of a theoretical description on its scale could itself be made

into an organized problem. Wilson’s participant account

documents one route into that problem. It should not be mistaken

for evidence that all contemporaries understood the development

in the same way or accepted it at once.

Think it through

A theory fits one observation by an arbitrary adjustment. Why is

that weaker than fixing a small set of quantities and predicting

several other observations?

Reasoning

Separate adjustments can follow the data without constraining

new results. Shared definitions make the predictions depend on

one consistent prescription that can fail across different tests.
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Discrete genes and continuous
variation: a statistical
reconciliation

Discrete contributions can produce a smooth pattern

Distinguish a rule for transmitting one factor from the distribution

produced by many contributions. Treat population variance as a 

population quantity.

Key terms

Phenotype: a measured or observed trait. Covariance: joint

variation of quantities. Assortative mating: pairing associated with

similarity in relevant traits.

Human height varies along an apparently continuous scale. 

Hereditary factors can nevertheless be transmitted in discrete

alternatives. The reconciliation of these observations required

more than choosing a winner between two descriptions. It

required showing how one level of organization could generate

the statistical pattern observed at another.

The conceptual change was to treat a distribution of measured

traits as something that could be explained by combinations of

inherited effects, environmental contributions and explicitly stated

assumptions. Discreteness in transmission no longer implied a

small number of sharply separated visible categories. Conversely,

a smooth-looking distribution no longer established that heredi-

tary material itself blended.
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1. Two kinds of evidence, one apparent contradiction

Biometrical investigations measured continuous variation and

resemblance among relatives. Mendelian investigations examined

segregation of hereditary factors. In the early twentieth century,

disagreement concerned whether the first class of observations

could be reconciled with the second. Neither approach was simply

an absence of quantitative thinking. They quantified different 

objects. [1]

It is especially misleading to assign every earlier investigator one

uniform belief in blending inheritance. The historical positions

were more varied, and attempts at reconciliation preceded Fisher’s

1918 paper. Pearson, Yule and Weinberg had already contributed

to the problem. Fisher’s work became a major articulation of the

statistical reconciliation, rather than an argument produced in an

empty field. [1]

The observational contrast can be stated without retelling the

familiar crosses. A factor with two alternatives may have a discrete

transmission rule. A measured phenotype can depend on many

such factors. The inference from “each contribution is discrete” to

“the resulting distribution must have only a few categories” 

is invalid.

2. Constructing continuity from discrete contributions

Consider an illustrative model with ten independently inherited

loci. At each locus, an individual carries two copies, each

contributing either zero or one unit to a trait. Assume equal

frequencies, random combination, equal additive effects and no

linkage. The total genetic contribution then ranges from zero to 

twenty units.
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There are many more ways to obtain a middle total than an

extreme total. Under these deliberately simple assumptions, the

total is binomial with twenty trials and probability one-half. Its

mean is 10 and its variance is 5. A single extreme total has proba-

bility 1/1,048,576, while the central total has probability

184,756/1,048,576, approximately 0.1762.

These are properties of a constructed model, not measurements of

human height or counts of height genes. More loci, unequal effects

and environmental variation can further blur visible categories. 

The example establishes compatibility between discrete inheri-

tance and a distribution that can look increasingly continuous. It

does not establish that every real quantitative trait has precisely 

this architecture.

Environmental effects can be included as a separate contribution. 

But simply adding a residual term is not a complete biological

explanation of the environment. It is an accounting decision that

must be related to how observations were made and which influ-

ences the model actually represents.

3. Resemblance becomes a problem about covariance

Fisher’s 1918 paper addressed correlations between relatives

under Mendelian inheritance. This goes beyond demonstrating

that many discrete contributions can make a smooth distribution. 

Relatives share hereditary connections, so their trait values can

covary in ways that a genetic model predicts. The paper also

treated complications including dominance and assortative 

mating. [2]

Suppose, in a simplified population model, phenotype is repre-

sented as an additive genetic value plus an environmental

residual. Its variance equals the genetic variance plus the environ-

mental variance only if their covariance is zero. Otherwise the
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decomposition also contains twice that covariance. Writing a

compact equation does not remove the need to justify the 

independence assumption.

Similarly, resemblance between relatives is not automatically a

pure measurement of genetic sharing. Relatives may share envi-

ronments, and mating patterns can affect genetic associations. A

statistical reconciliation makes these problems analyzable; it does

not abolish them.

The advance was to ask whether one set of assumptions could

account jointly for variation within a population and resemblance

across relationships. An explanation gained strength by surviving

several such constraints. Fitting one correlation alone would leave

more alternatives available.

4. A variance is not a percentage of a person

This framework encouraged a new language of components of

variation. That language is easy to misuse. A statement about the

proportion of variance associated with additive genetic differences

in a specified population is not a statement that the same propor-

tion of an individual’s body was manufactured by genes.

Variance describes differences around a population mean. Its size

depends on the population and conditions. If an environmental

source of variation becomes more uniform, the relative contribu-

tion of genetic variation can increase even when no individual’s

biology has become less dependent on an environment.

Nor does a large genetic contribution to observed variation imply

immutability. A change applied broadly across a population can

alter the mean while leaving much of the rank ordering intact. The

model of existing differences and the prediction of an intervention

are related questions, but one is not a substitute for the other.
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The distinction can be made without assuming that genes and

environments act as physically separable ingredients. An additive

statistical approximation can be useful even when the underlying

developmental mechanisms involve interactions. Whether it is

adequate for a particular inference must be checked against 

that inference.

5. What the reconciliation left open

The reconciliation did not reduce all inheritance to simple 

Mendelian ratios. Linkage, dominance, interactions, shared envi-

ronments and different mating systems can alter the statistical

relationships. Neither did it reveal the molecular identity of every

contributing factor. It showed how a class of inheritance mecha-

nisms could account for a class of population patterns.

Modern genomic work makes some of those contributing differ-

ences observable at a scale unavailable in 1918. The historical

achievement should nevertheless be judged by the problem then

being addressed: the apparent incompatibility of continuous

phenotypic variation with particulate inheritance. Reading later

molecular detail back into the original model would obscure what

was and was not established.

6. A different relationship between mechanism and
pattern

The enduring break was a change in the relation between a rule

for individual transmission and a pattern across many individ-

uals. Those descriptions no longer had to compete as mutually

exclusive accounts. A statistical theory could connect them, while

exposing the assumptions needed for the connection.

That connection also created new obligations. One must specify

the population, the relationships, the environmental structure and
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the quantity being estimated. The reward is not a universal

number explaining heredity. It is a framework in which disagree-

ment about observed resemblance can become disagreement

about explicit, testable models.

Think it through

A population statistic attributes much observed variation to

genetic differences. Does it follow that changing the environment

cannot change the trait’s average?

Reasoning

No. The statistic concerns variation under specified conditions. An

environmental change can move the mean without erasing the

earlier pattern of differences.
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Deciphering the genetic code:
1954 to 1966

Enough combinations are not yet a dictionary

Separate coding capacity, reading-frame organization and indi-

vidual assignments. Ask which observable constrains each.

Key terms

Reading frame: the grouping applied to a sequence. Template: a

sequence supplied to guide synthesis in the experimental system. 

Assay: a procedure measuring a specified result.

Knowing that a sequence can carry hereditary information does

not tell us how that sequence specifies a protein. Four kinds of

nucleotide and twenty common amino acids pose a mapping

problem. Counting possible arrangements can constrain an

answer, but it cannot determine which arrangement is assigned to

which amino acid or how a cell performs the assignment.

Between 1954 and 1966, that problem became experimentally

tractable. Proposals about the code’s structure were confronted

with mutations, cell-free synthesis, short RNA sequences and

chemically prepared templates. The change was from plausible

patterns to experimentally discriminated assignments, with

several methods supplying different parts of the answer.

1. A combinatorial possibility is not yet a code

Gamow’s 1954 proposal linked DNA structure to possible arrange-

ments specifying amino acids. Its historical importance lies partly

in making the coding question explicit. It should not be presented

as the experimentally established mechanism of translation. A

THE UNIVERSE AND ITS OBSERVERS

76



geometrical scheme can be ingenious and still fail as a description

of what cells do. [1]

The elementary counting argument is useful but limited. Four

symbols give four one-symbol units, sixteen ordered pairs and

sixty-four ordered triplets. If twenty distinct amino-acid assign-

ments must be represented by fixed-length units, pairs are insuffi-

cient and triplets are sufficient in number. That arithmetic does

not prove that nature uses triplets.

It also does not decide whether the units overlap, whether there

are separators, where reading begins or whether different units

can specify the same amino acid. Those are additional structural

questions. A code is not deciphered by noticing that one

numerical capacity exceeds another.

2. Mutations test the organization of reading

Crick, Barnett, Brenner and Watts-Tobin’s 1961 work used

mutations and combinations of mutations to infer general proper-

ties of the code. The recovery of function with certain combina-

tions of additions and deletions supported reading in successive

groups of three. This was genetic evidence about organization, not

a complete dictionary of individual triplets. [2]

An explanatory sequence makes the logic visible. Suppose a

reader groups symbols as ABC DEF GHI JKL. Insert one symbol

near the beginning and every later grouping changes. Remove a

symbol farther along, and the original grouping can be restored

beyond that point, although the intervening segment remains

altered. Three added symbols can also preserve the later grouping

while changing the local content.

This is an illustration of reading-frame logic, not one of the actual

sequences or phenotypic measurements from the experiment. Real
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interpretation required attention to which mutant combinations

restored function and what alternative mechanisms could explain

the pattern. Recovery of function is an observable consequence

from which sequence organization is inferred.

3. A synthetic template gives a chemical assignment

Nirenberg and Matthaei’s 1961 experiments supplied synthetic

polyribonucleotides to a cell-free protein-synthesizing system. 

Polyuridylic acid, containing repeated uracil nucleotides, directed

production of a product rich in phenylalanine. Together with the

emerging triplet interpretation, this provided an assignment of

UUU to phenylalanine. [3]

The cell-free preparation mattered because it separated a specific

biochemical operation from the full complexity of a living cell. 

Investigators could change the added RNA and measure incorpo-

ration into a product. A template became an experimental input

rather than only a hypothetical message inferred from inheritance.

But one repeated symbol leaves many questions untouched. It

does not establish all assignments, distinguish every possible

starting position or explain the whole apparatus. The result is

powerful because its scope is specific: under the tested conditions,

this synthetic RNA changed which amino acid was incorporated

into a polypeptide.

4. More informative templates require more informative
chemistry

Mixed synthetic polymers could constrain assignments through

their composition, but a known mixture of bases is not the same

as a known order of bases. Different triplets can contain the same

counts of each nucleotide. A statistical association between
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composition and amino-acid incorporation may therefore leave 

ordering ambiguities.

Khorana’s program used polynucleotides with defined repeating

sequences to make the input more informative. His 1968 Nobel

lecture describes this work retrospectively. The relevant advance

was control over sequence patterns, allowing different candidate

assignments to be separated by what the templates produced. [4]

For example, an indefinitely repeated two-symbol pattern can be

read in alternating triplets. A repeated three-symbol pattern

permits three possible starting frames. These constructed cases

show why the outputs must be interpreted together with the

template’s periodicity and the possible initiation positions. A

chemically orderly input can still generate more than one 

candidate reading.

Short-triplet binding assays supplied another kind of constraint: a

triplet could be tested for its effect on the association of an

aminoacyl-transfer RNA with ribosomes. Nirenberg’s Nobel

lecture describes how these assays complemented protein-

synthesis experiments. Binding and completed synthesis are

different observables, so agreement between them is more infor-

mative than merely repeating one measurement. [5]

5. Convergence without one decisive experiment

By the mid-1960s, the assignment problem was being resolved

through the combination of these methods. Genetic alterations

constrained how the message was grouped; synthetic templates

connected RNA patterns to products; binding experiments tested

individual triplet associations. None alone supplied every part of

the mechanism. [4,5]
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This division of experimental labor also explains why the history

should not be organized as a race won by one person. Preparing

materials, maintaining active biochemical systems, designing

sequence patterns and interpreting mutant combinations were

different contributions to a common inferential problem. The

evidence chain is more informative than a list of awards.

The outcome did not show that sequence operates independently

of machinery. Transfer RNAs, enzymes, ribosomes and initiation

and termination processes make the mapping physically effective.

A printed table is a description of regular assignments, not a

causal agent that translates itself.

6. What deciphering made possible

The conceptual break was the replacement of an unrestricted

coding speculation by experimentally constrained relations

between sequence and synthesis. A proposed assignment could

now be challenged by changing a template, examining a mutation

or comparing distinct assays. The code became something one

could investigate one relation at a time.

That achievement also created new questions. How are assign-

ments implemented with sufficient fidelity? How are starts and

stops recognized? Why does the mapping have the organization it

does? Establishing a dictionary did not answer all those questions,

but it changed them from demands on an unknown mapping into

investigations of a mapping with experimentally 

established structure.

Think it through

A set of symbols permits enough triplets to represent all required

outputs. Has the real assignment been deciphered?
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Reasoning

No. Capacity does not establish the unit actually used or its

assignments. Those require evidence from sequence changes,

synthesis and other discriminating measurements.
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Evolution without an adaptive
explanation for every change

The rate challenges the proposed cause

Follow the historical premise before the neutral-rate calculation:

inferred replacement rate, assumed selective cost, then a 

proposed resolution.

Key terms

Mutation: a new sequence change. Substitution: a change

becoming fixed in the population-genetic sense used here. 

Fixation: a variant reaching the whole relevant population 

of copies.

The molecular evidence that became available in the 1960s did

more than add small details to evolutionary history. It supplied

counts of changes in proteins, and those counts could be extrapo-

lated into a rate of replacement. The question was whether a

population could sustain that rate if each replacement required a

separate episode of advantageous selection.

Kimura’s 1968 argument joined that new evidence to an older

calculation of the cost of selection. Reconstructing the connection

matters because the neutral-rate formula alone does not explain

why neutrality became a proposed solution. It is also necessary to

distinguish a historically influential argument from a calculation

whose assumptions should be accepted today 

without re-examination.

THE UNIVERSE AND ITS OBSERVERS

82



1. The historical rate argument

Haldane’s 1957 paper considered the reproductive cost of

replacing one allele by another through selection. In his model, the

accumulated selective loss during a substitution could be large

even when the disadvantage in any single generation was small.

He proposed an illustrative limit of roughly one substitution per

300 generations under his assumptions. This was not a universal

empirical speed limit for every population. [1]

The cost was a population-level bookkeeping problem. Repeatedly

removing less successful alternatives, through differential survival

or reproduction, cannot be assumed to leave unlimited reproduc-

tive capacity available for other simultaneous replacements. The

accumulated deficit relative to the favored type matters, not only

the advantage in one generation. The translation from that deficit

to a sustainable rate depends on the biological model.

Kimura estimated a much faster genome-wide rate from compar-

isons of a small set of proteins: roughly one nucleotide-pair substi-

tution every two years in mammalian evolution. He contrasted

that extrapolation with Haldane’s calculation. If each replacement

incurred the assumed selective cost, he argued, the resulting load

would be intolerable. Neutral or nearly neutral replacement

offered a way to avoid assigning that cost to each change. [2]

The conditional structure is the historical premise: a high inferred

rate, plus a cost assigned to advantageous substitutions, created a

conflict under those assumptions. Neutrality was proposed as a

resolution. The argument was not simply that many differences

existed, or that organisms contained changes with no 

imaginable purpose.

THE UNIVERSE AND ITS OBSERVERS

83



2. Why mutation and substitution are different counts

A mutation is a new sequence change. A substitution, in this

population-genetic sense, is a change that becomes fixed in a

population. Most new mutations need not become substitutions. 

Confusing the two rates would eliminate the population process

that the theory is intended to explain.

Consider the following idealized derivation. A diploid population

with N individuals contains 2N copies of an autosomal locus. If

the neutral mutation rate per copy per generation is μ, approxi-

mately 2Nμ new neutral mutations arise per generation. Under the

simplest neutral model, a new single-copy variant has probability

1/(2N) of eventual fixation.

Multiplying supply by fixation probability gives a long-run

expected substitution rate of μ. The population-size terms cancel. 

This is a model result under stated assumptions, not a measure-

ment proving that all sites are neutral. It helps explain why a rate

of molecular replacement need not be a direct measure of 

adaptive improvement.

For illustrative values N = 10,000 and μ = 0.000001, the expected

input is 0.02 new neutral mutations per generation at the modeled

locus. Multiplication by 1/20,000 yields a substitution rate of

0.000001 per generation. A larger population supplies more

mutations but gives each new neutral copy a smaller fixation

probability. These invented inputs are not estimates from 

Kimura’s paper.

3. What the cancellation does, and does not, repair

The rate calculation explains a consequence of exact neutrality: a

low fixation probability can balance a large input of variants. The

cost argument explains why such a process was invoked in 1968. 
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Reversing that order would make the model’s algebra look like the

evidence that originally demanded it.

Kimura connected the fixation probability to initial frequency and

used this connection to relate mutation input to substitution. The

calculation therefore changed which count mattered. A count of

differences between lineages need not also be a count of successful

adaptive replacements with the assumed reproductive cost. [2]

This is a change in an inference, not a direct observation of

selective neutrality. The molecular measurements, the extrapola-

tion to a genome and the population model are three distinguish-

able steps. The historical argument is assessable only if all three 

remain visible.

4. The original premises were disputable

The extrapolation from proteins to a genome was consequential. 

Kern and Hahn’s 2018 critique points out that Kimura used a

genome-sized number of sites in extending protein-derived rates,

rather than the much smaller number of protein-coding sites. They

also discuss how alternative selection models and demographic

assumptions alter the claimed cost limit. Their assessment is

explicitly critical of the original justification. [3]

This prevents a false historical resolution: inserting Haldane’s cost

does not complete an unassailable proof of neutrality. It recovers

the reasoning that made the proposal intelligible, including the

places where that reasoning could be challenged. The accuracy of

a rate extrapolation and the appropriateness of a cost model are

empirical and theoretical questions in their own right.

The point is not that criticism erases the subsequent research

program. A proposed explanation may generate useful calcula-

tions and new comparisons even when its original motivating
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estimate is revised. Conversely, later usefulness cannot retroac-

tively validate every premise of the original paper.

5. A debate changes its questions

King and Jukes’s 1969 “Non-Darwinian Evolution” advanced a

molecular case for an important role of neutral change. Ohta’s

1973 treatment of slightly deleterious substitutions then made the

boundary between negligible and consequential selective effects

part of the problem. These were developments within a contin-

uing argument, not a unanimous conversion following one rate 

calculation. [4,5]

Galtier’s historical review describes how the neutralist–selectionist

debate changed with population-genetic and genomic evidence. 

The relevant continuity is a research problem, not one perma-

nently fixed set of estimates from 1968. Different generations of

evidence could challenge different parts of the proposal. [6]

QTC-010 treats the general relationship among variation, selection

and drift. This article’s narrower concern is the historical change

produced by counting molecular replacements and comparing

that count with a proposed reproductive cost. That comparison

made the assumed explanation of a substitution into something

requiring its own argument.

6. The conceptual break survives only with its history
intact

The new problem was not merely to supply a functional story for

a molecule. It was to reconcile a measured or inferred rate with a

mechanism capable of producing it under specified conditions. 

Molecular comparisons and population calculations now had to

constrain one another.
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Three claims must therefore stay separate: the estimated historical

rate, the cost predicted by a particular selection model and the

replacement rate expected under neutrality. Their tension explains

why the proposal was consequential. Their limitations explain

why the dispute did not end with it.

A history that begins with the neutral formula and ends with a

general defense of drift misses that transformation. The more

precise break was the emergence of a quantitative challenge to an

assumed causal account of molecular replacement, followed by

scrutiny of the assumptions on both sides of that challenge.

Think it through

The simple neutral-rate derivation is mathematically correct. Does

that validate Kimura’s original genome-wide extrapolation?

Reasoning

No. The derivation and the empirical extrapolation are different

steps. Correct algebra establishes a conditional model result, not

the accuracy of its motivating estimate.
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Immunity becomes selection
among biological variants

Selection needs a population of possibilities

Locate the variation before asking how selection amplifies it. 

Distinguish an antibody mixture from measurements of its 

individual producers.

Key terms

Antigen: the molecular target involved in recognition. Clone:

descendants of a selected cell in this account. Repertoire: the

available diversity of specificities.

An organism can make a specific response to a substance it has not

previously encountered. One possible explanation is instruction:

the foreign substance tells the organism how to construct the

matching response. Another is selection: a repertoire of different

possibilities already exists, and the encounter preferentially

activates and expands a matching part of it.

Clonal selection changed the proposed location of that repertoire. 

The crucial variants belonged to cells with different specificities,

not merely to a pool of freely circulating antibody molecules. This

made specificity, multiplication and persistence parts of one

cellular explanation, while creating new questions about how the

repertoire was generated and controlled.

1. What an instructive account had to explain

The specificity of antibodies was a genuine problem. An antibody

can discriminate molecular structures, and exposure can change

the strength of a later response. An instructive or template account
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attempted to explain the match by allowing the antigen to guide

the formation of the responding molecule. It was an attempt to

solve a mechanism problem, not simply an inability to 

understand selection.

Jerne’s 1955 proposal instead assigned the antigen a selective role

among pre-existing antibody possibilities. His published account

explicitly rejected the antigen acting as a template or as an enzyme

modifier. This was a significant move, but it was not yet identical

to the later cellular formulation of clonal selection. [1]

The distinction matters because selecting a molecule and selecting

a reproducing cell solve different problems. A molecule that binds

an antigen does not, merely by binding, explain how a sustained

population of producers with related specificity appears. The

location of variation determines what kind of amplification

mechanism is needed.

2. A cell lineage supplies the link

Burnet’s 1957 formulation, developed in a field also shaped by 

Talmage and Jerne, placed selection at the level of cells. A cell with

an appropriate specificity could be stimulated to generate a clone

of descendants. The account used here is Burnet’s original

proposal, read in its 1976 reprint. It is a participant’s theoretical

statement, not a later history of its reception. [2]

The central explanatory gain is easy to state. If descendants inherit

a relevant specificity, selecting one cell can expand the number of

producers without requiring the antigen to instruct each new

producer independently. Multiplication preserves a relationship

already present in the selected lineage.

This is a model of organization, not the claim that every immune

receptor recognizes exactly one whole pathogen. Recognition
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concerns molecular features and can be cross-reactive. A simpli-

fied account that assigns one cell to one infectious species would

turn a useful organizing principle into a false catalog of 

perfect matches.

3. Looking at one cell changes the evidence

Measurements of serum describe a mixture of antibodies. Such

measurements can show that an organism responds to two

antigens without revealing whether each responding cell produces

both specificities or different cells contribute different products. 

The competing explanations can therefore agree at the level of 

the mixture.

Nossal and Lederberg’s 1958 single-cell work addressed this

distinction. In animals stimulated with two antigens, the tested

individual cells produced detectable antibody of one specificity or

the other. The observation supported a cellular restriction that

could not be inferred simply from the diversity of the combined 

serum. [3]

The word “detectable” is important. A negative result is bounded

by the assay’s sensitivity and by the cells and antigens tested. The

experiment does not justify a universal statement about every

possible product of every cell under every condition. Its force is

that it discriminated between organizational possibilities in a 

defined setting.

Imagine, purely as an illustration, a sample containing ten

producers of type A and ten of type B. The mixture contains both

products, just as a different sample of twenty dual producers

might. Only measurements resolving the producers separate those

accounts. A change in observational resolution can therefore

change what mechanism is testable without changing the gross

phenomenon being explained.
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4. Memory becomes persistence and altered population
structure

A selective model suggests a way to understand an enhanced later

response. The first encounter changes the population of responsive

cells and can leave persistent descendants. A later encounter need

not begin from the same population state. The explanatory

problem moves from remembering a molecular template to main-

taining and regulating a changed cellular repertoire. [2]

This is not a complete account of immune memory. Different cell

types, differentiation states and tissues contribute differently. 

Selection is an organizing principle within a larger system. It does

not replace the need to explain activation requirements, survival,

signaling and the generation of long-lived populations.

It also makes tolerance a sharper problem. If a diverse repertoire

exists before an encounter, some possibilities may react with the

organism’s own components. A theory of selective expansion

consequently needs mechanisms that prevent or regulate

damaging responses. Merely calling a target “self” is not a

mechanism that a cell can read without a physical process.

5. Where do the variants come from?

Selection cannot explain the origin of its own initial repertoire

simply by repeating that a useful variant was selected. The supply

problem remained a distinct scientific question. How could

inherited genetic material support so many antibody possibilities

without requiring a separate complete inherited gene for every 

final antibody?

Tonegawa’s work established somatic rearrangement of

immunoglobulin gene segments as a mechanism contributing to

this diversity. His 1987 Nobel lecture describes how molecular
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comparisons between cellular states revealed changes in gene

organization. It is a retrospective account of the experiments and

their interpretation, not the original formulation of clonal 

selection. [4]

The relationship between the two achievements is instructive. A

cellular selection theory could be productive before all the

molecular details of repertoire generation were known. Later

molecular results constrained and supplied mechanisms for that

theory. They did not make the earlier distinction between instruc-

tion and selection unnecessary.

6. What changed, and what remained outside the
explanation

The break was the ability to explain a specific response as a

change in the abundance and state of biological variants. That

made the responding cell population part of the evidence, rather

than treating the final antibody mixture as sufficient. New

measurements could test where specificity resided and how 

it persisted.

Clonal selection does not exhaust immunity. Innate recognition,

tissue responses and interactions among cell populations remain

essential, and not every immune phenomenon is well described by

the same simplified clone model. The value of the theory lies in a

defined explanatory achievement: it connects prior diversity to

selective expansion without requiring each foreign molecule to

design its own matching antibody.

Think it through

A mixture contains two antibody specificities. Does that show that

every producing cell makes both?
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Reasoning

No. Separate cells producing different products can yield the same

mixed result. Measurements that resolve individual cells discrimi-

nate the possibilities.
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Formal proof encounters internal
limits

A precise method can have a provable limit

Keep verification, proof search, universal decision and consistency

apart. Read each theorem together with its assumptions.

Key terms

Effective axiomatization: specification of axioms by an effective

procedure. Incompleteness: inability of a qualifying theory to

decide every sentence. Undecidability: absence of a universal

decision procedure for the stated task.

A rule-governed method can be precise without being able to

settle every question expressible within it. Twentieth-century logic

made this limitation a mathematical object. Instead of merely

failing to find a proof or an algorithm, investigators could prove

that a specified class of methods could not accomplish a 

universal task.

The resulting change did not abolish proof. It distinguished

several achievements that can look interchangeable from a

distance: checking a proposed derivation, finding a derivation,

deciding every statement and establishing a system’s consistency. 

Once these tasks were separated, their different limits could 

be demonstrated.

1. Studying proofs as finite objects

Hilbert’s program sought to formalize mathematical reasoning

and justify its consistency using restricted, finitary methods. Its

ambitions were more specific than the popular image of a
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machine automatically discovering every truth. The formalized

proofs themselves could be studied as finite sequences, even when

the mathematics they expressed concerned infinite structures. [1]

This shift made a proof do double duty. It was an argument

within mathematics and an object for another mathematical inves-

tigation. One could ask whether a sequence obeyed the rules,

whether a contradiction could ever be derived and which assump-

tions a proposed consistency argument required.

The program did not treat arbitrary symbol manipulation as suffi-

cient for meaningful science. It sought a justification of powerful

mathematical methods. Its difficulties therefore concern the reach

of particular formal and justificatory schemes, rather than the

claim that all mathematical practice is nothing but syntax.

2. Incompleteness is relative to a system

Gödel’s 1931 work established limitations for formal systems

capable of representing enough arithmetic. In the modern form

incorporating Rosser’s strengthening, a consistent, effectively

axiomatized theory extending suitable elementary arithmetic

cannot decide every sentence in its language: some sentence is

neither provable nor refutable within it. [2,3]

Each condition matters. A weak or restricted theory need not be

incomplete in this way. A collection containing every true arith-

metic statement is not an effectively axiomatized escape from the

result. And an inconsistent system is not a successful complete

foundation merely because classical inference permits it to 

derive anything.

The word “within” matters as much as the word “cannot.” A

sentence unprovable in one theory may be provable in a stronger

theory. Adding it as an axiom changes the theory. If the new
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theory still satisfies the relevant conditions, incompleteness

applies again. The theorem does not identify one sentence that no

conceivable form of reasoning could ever establish.

3. A system talks about its own derivations

The technical route uses arithmetic to encode expressions and

proofs. Relations between finite symbol sequences can thereby be

represented as relations between numbers. Diagonal construction

then produces a sentence whose arithmetic content corresponds to

a claim about its own provability in the selected system. [2]

This is not simply the everyday sentence “this sentence is false”

dressed in mathematical notation. Provability is a specified

relation involving coded derivations and rules. The construction

works because those relations can be represented with sufficient

precision inside arithmetic. The conditions of the proof prevent a

verbal paradox from standing in for an argument.

Gödel’s original treatment used a stronger hypothesis than bare

consistency for one side of the first result. Later formulations can

weaken that requirement. A responsible historical account should

distinguish the original proof from the streamlined theorem

commonly taught today, rather than attribute every later refine-

ment to 1931. [3]

4. Consistency cannot simply certify itself

The second incompleteness theorem places a further limit on suffi-

ciently strong consistent theories: under the usual formalization of

proof and consistency, such a theory cannot prove its own consis-

tency. The qualification about formalization is essential; writing

any convenient sentence and calling it “consistency” does not

reproduce the theorem’s target. [3]
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This does not mean that a mathematician cannot give a consis-

tency proof for a theory. A stronger framework can establish the

consistency of a weaker one, and relative consistency results

remain valuable. What is blocked is a particular kind of self-certi-

fication from within a system satisfying the 

theorem’s assumptions.

Nor does the result render individual proofs unreliable. If a finite

derivation correctly follows accepted rules from accepted axioms,

the theorem does not insert an error into it. It constrains what the

total formal apparatus can establish about itself and about all

sentences in its language.

5. Computation acquires an analogous limit

Church and Turing approached effective calculation through

different formal analyses in the 1930s. Turing’s 1936 paper

described computation in terms of a machine following finite

instructions and used that analysis to establish an undecidability

result. The contribution was not merely a proposed piece of

hardware. It made a general limitation of mechanical procedures

mathematically accessible. [4,5]

A modern halting argument illustrates the structure. Suppose a

procedure H always correctly decides whether any program halts

on any input. Construct a program D that, on input a program

description p, asks H what p does on input p. If H predicts halting, 

D runs forever; if H predicts non-halting, D halts.

Now give D its own description. Either answer from H makes D

behave contrary to that answer. Therefore the supposed universal,

always-correct decider cannot exist. This is an explanatory modern

formulation, not the wording or exact target of Turing’s original

proof. It concerns an unrestricted class of programs; many partic-

THE UNIVERSE AND ITS OBSERVERS

98



ular programs and restricted classes can still be 

analyzed successfully.

The contrast with checking a proof is instructive. A valid proof,

when supplied, can have a finite mechanically checkable structure

even when no algorithm decides every possible mathematical

question. Verification of a presented object and guaranteed

decision of an arbitrary question are different tasks.

6. What the limits made possible

The Church–Turing thesis connects an informal idea of effective

calculation with precise models of computation. Equivalence

results between formal models are mathematical theorems; the

identification with the informal notion is a thesis supported by

analysis, not another instance of the same kind of formal proof. [5]

These results do not establish that human minds necessarily

transcend every computational account. Such a conclusion

requires additional assumptions about human reasoning and its

consistency. They also do not show that truth is arbitrary or that

nothing can be known. Their force depends on the precision of the

propositions they actually establish.

The conceptual break was that limits became demonstrable from

inside mathematical inquiry. Failure to finish a universal program

could be explained by a theorem rather than by insufficient persis-

tence. That redirected work toward stronger and weaker systems,

restricted decision procedures and explicit assumptions, while

leaving an enormous domain of rigorous proof intact.

Think it through

A statement is unprovable in one theory. Does this mean no

stronger theory can prove it?
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Reasoning

No. A stronger theory may settle that statement. If it satisfies the

same relevant conditions, its own incompleteness remains; the

limitation is relative to the system.
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Making sensation measurable:
psychophysics and mental
chronometry

An accurate number still needs an interpretation

Separate the measured response from the model that interprets it. 

Identify the extra assumption behind a sensation scale or 

time subtraction.

Key terms

Threshold: a task-defined boundary of discrimination. Reaction

time: the interval between stimulus and response. Stage: a

proposed component of processing within a model.

The fact that a sensation is privately experienced does not prevent

public experiments on the conditions under which people distin-

guish stimuli or make responses. Nineteenth-century

psychophysics and mental chronometry exploited this possibility. 

They did not put a ruler directly inside experience. They

connected controlled physical differences, observable judgments

and response times through models whose assumptions could 

be examined.

The break was methodological as well as conceptual. Questions

about sensation and mental operations acquired quantitative

forms. But the numerical result did not automatically reveal the

structure of a mind: a threshold, an inferred scale and a difference

of response times represented distinct claims.
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1. A difference has a context

Adding a small weight may be noticeable when the starting

weight is small and difficult to notice when it is large. The relevant

experimental relation is between a physical increment and the

level from which the increment begins. Fechner’s account of 

Weber’s law made proportional stimulus differences central to a

quantitative treatment. [1]

In an idealized range, write the just-noticeable increment as 

ΔI = kI, where I is stimulus intensity and k a proportionality

constant. This is not a universal law of every sense at every

intensity. Threshold behavior, adaptation, task and the manner of

presenting the alternatives can affect its applicability.

For an illustrative k of 0.05, a starting intensity of 100 arbitrary

units gives an increment of 5, while a starting intensity of 200

gives an increment of 10. The physical increment doubles even

though the proportional difference stays the same. These invented

values illustrate a relation, not historical measurements or recom-

mended limits for human detection.

The measured judgment is also not automatically a private unit of

experience. Reporting that two stimuli differ is an action in a task.

To turn a pattern of such actions into a scale of subjective

magnitude requires an additional argument.

2. From discriminable steps to a sensation scale

Fechner proposed treating equal just-noticeable differences as

equal increments of sensation. Combined with a proportional

stimulus-increment rule, this leads to a logarithmic relation

between a constructed sensation magnitude and physical

intensity. His Elements of Psychophysics explicitly connects the

empirical relation and the proposed measurement principle. [1]
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The reasoning can be shown without concealing the assumption.

If each proportional increase I to I(1 + k) counts as one equal

subjective step, n steps take the stimulus from an initial level I0 to 

I0(1 + k)n. Solving gives n = ln(I/I0)/ln(1 + k). Thus equal ratios

correspond to equal numbers of these constructed steps.

The logarithm follows from the premises; it does not indepen-

dently verify them. A person might discriminate successive

changes reliably without experiencing each as an equal increment

of magnitude. The inferential leap is therefore not in the algebra

but in identifying a discrimination unit with a sensation unit.

This distinction makes the project scientifically interesting rather

than futile. It reveals an assumption that can be criticized,

compared with alternative scaling methods or tested under

different tasks. A quantitative account gains precision when its

bridge from observation to interpretation becomes explicit.

3. Measuring time between stimulus and response

Donders’ work on the duration of mental processes approached a

different observable. The interval between a stimulus and a

response contains several events, including sensory processing

and response production. Comparing tasks could, under assump-

tions, isolate the time associated with an additional discrimination

or choice. His nineteenth-century paper is available in a 1969 

English translation. [2]

One task might require the same response whenever a signal

appears. Another might require a choice between responses

according to the signal. Their mean reaction times can differ. The

difference is an observation; assigning it to a particular inter-

vening mental operation is an interpretation based on a model of 

task structure.
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This was a substantial change in what could be investigated. A

mental operation did not need to be directly visible if its addition

to an otherwise comparable task had a measurable temporal

consequence. The method made an internal-process hypothesis

answerable to public timings.

4. Subtraction works only when the terms mean what
we claim

Suppose, illustratively, that a simple task takes an average of 250

milliseconds and a choice task 340 milliseconds. The difference is

90 milliseconds. It represents the duration of an added operation

only if the other relevant components remain unchanged and the

arrangement of processing permits subtraction.

If adding a choice also slows stimulus encoding, changes prepara-

tion or alters motor execution, the 90 milliseconds combines

several effects. If stages overlap in time, the difference need not

equal the duration of any single stage. Accurate arithmetic cannot

repair an incorrect model of what is being subtracted.

Sternberg’s 1969 analysis explicitly examined processing stages

and extensions of Donders’ method. Its importance here is the

shift from treating a difference score as self-interpreting to

examining which experimental manipulations and stage assump-

tions support an inference. [3]

Repeated observations can reduce uncertainty about the mean

difference while leaving the structural interpretation uncertain. 

These are different uncertainties. An experiment may establish a

very stable effect without uniquely identifying the mental

operation responsible for it.
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5. Measurement without a metaphysical verdict

Neither a psychophysical threshold nor a reaction-time difference

settles every question about the relation between mind and body. 

The experiments establish relations among physical conditions,

reports and actions. A philosophical claim about what experience

ultimately is requires arguments beyond the successful timing or 

scaling procedure.

Conversely, uncertainty about ultimate ontology does not make

the experimental relations useless. One can compare conditions,

examine regularities and discriminate between process models

without first resolving every metaphysical disagreement. The

possibility of this intermediate achievement was part of the 

conceptual change.

It would also be misleading to compress Weber, Fechner and 

Donders into one unified “cognitive revolution.” Their questions,

methods and theoretical commitments differed. The connection is

a family of ways to make aspects of mental life quantitatively

investigable, not a single doctrine adopted at one moment.

6. A new form of explanatory responsibility

The lasting contribution was a disciplined division of labor. 

Instruments specified stimuli and times. Participants supplied

judgments or responses. Models connected those observations to

claims about sensation or processing. Each connection could

succeed, fail or require modification independently of the others.

What became unnecessary was the demand that a process be

directly visible before it could be studied quantitatively. What

became necessary was a defensible account of how the visible

measurement constrained the invisible process. That requirement

THE UNIVERSE AND ITS OBSERVERS

105



remains demanding precisely because a number can be accurate

while the interpretation attached to it is too strong.

Think it through

A time difference is highly repeatable. Does that prove it measures

the duration of one additional mental operation?

Reasoning

No. Several processes could change together, or overlap. 

Repeatability reduces uncertainty about the difference while

leaving the structural interpretation to be tested.
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Remembering becomes
reconstruction

Retention and reconstruction can coexist

Distinguish retention from the construction of a present report. 

Keep omission, substitution and inferred addition separate.

Key terms

Savings: reduced work when relearning under a defined

procedure. Reconstruction: organization of a present recollection

using retained information and other influences. Accuracy: corre-

spondence with an adequate record of the event.

A remembered event can retain real information without being a

replay of the original experience. This possibility changes what a

memory experiment must explain. It must account for both persis-

tence and transformation: what remains available, what is omitted,

what is reorganized and what is added when a person responds.

The development of reconstructive accounts did not establish that

all memories are false. Nor did it make earlier measurements of

learning and retention obsolete. It expanded the question from

how much influence of an earlier experience survives to how that

influence is assembled into a present recollection.

1. Retention can be measured without perfect recall

Ebbinghaus investigated learning and relearning of syllable series

under controlled conditions. Comparing the effort required

initially with the effort required later provided a measure of

savings. A series might not be freely reproduced at a later time

and yet be relearned more easily than it was first learned. [1]
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That result already complicates a simple opposition between a

fully present memory and a wholly erased one. Failure to recall

does not imply that the prior experience has left no measurable

consequence. The experimental question depends on the

operation used to detect retention.

For a simplified illustration, suppose initial learning takes 100

units of work and relearning to the same criterion takes 60. The

saving is 40 units, or 40 percent of the initial work. This is not 

Ebbinghaus’s recorded data or his complete correction procedure.

It shows why relearning and free recall can provide different

measures of the same learning history.

The method also has limits. A percentage of saved work is not

literally a percentage of a stored image that survives. It is a relation

between performances under a defined procedure. Ebbinghaus

himself discussed disturbing influences and the limited sphere in

which his method approached the problem. [1]

2. Meaning changes the experimental object

Bartlett’s Remembering, published in 1932, investigated the repro-

duction of meaningful material and developed a reconstructive

account. His attention to an “effort after meaning” concerned how

material was connected with prior knowledge and organized

activity. The remembered response could be shaped by those

relations rather than preserve an itemized copy. [2]

The methodological contrast should not be inflated into a claim

that one investigator discovered genuine memory while the other

measured something irrelevant. Deliberately constrained material

helps isolate some influences. Meaningful stories make other

influences visible. The tasks answer different questions, and

neither automatically stands for every occasion of remembering.
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A retelling can preserve the general direction of a story while

altering details that were unfamiliar or difficult to integrate. Such

transformations invite an explanation in terms of the organization

of remembering. But identifying a plausible schema after seeing a

distortion is not, on its own, a uniquely predictive model. The

account becomes stronger when it constrains which changes

should occur under specified conditions.

3. Reconstruction has to be distinguished from mere loss

Imagine an original account that mentions a person placing a

sealed envelope on a table. A later report might omit the table,

change the envelope’s color or add that it contained a letter. These

invented examples illustrate different discrepancies. Omission,

substitution and an inferred addition need not share 

one mechanism.

An investigator must therefore specify what counts as accurate

retention and what counts as reconstruction. If every departure

from verbatim repetition is assigned to one process, the explana-

tion risks becoming unfalsifiable. A compressed but faithful para-

phrase is not the same result as confidently reporting an event that

never occurred.

The comparison also depends on the original record. Without a

sufficiently reliable reference event, a discrepancy between two

reports does not identify which report changed or why. 

Experiments gain leverage by controlling what was presented,

what information followed and how recollection was elicited.

4. Later information becomes an experimental variable

Loftus and Palmer’s 1974 study varied wording in questions about

filmed automobile collisions. The wording influenced reported

speed estimates, and a later question examined reports of broken
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glass. The study made the relation between post-event language

and subsequent reporting experimentally manipulable. [3]

This kind of result must be interpreted carefully. An effect on an

answer can involve changes in memory, response expectations,

interpretation of the question or some combination. 

Demonstrating that reports depend on wording is not identical to

proving that the original experience has been 

completely overwritten.

The valuable change is the construction of contrasts. Groups can

view the same event but receive different later information. If their

reports differ systematically, the explanation cannot rest solely on

differences in the event witnessed. Further manipulations can then

investigate whether the effect persists across delays and 

different tests.

5. A familiar meaning can support an unfamiliar
recollection

Roediger and McDermott’s 1995 experiments showed that people

studying lists of related words could later report a strongly associ-

ated word that had not been presented. This supplies a different

route to a reconstructive problem: the relation among studied

items can support an erroneous report without a later question

explicitly supplying the missing word. [4]

The result does not mean that studying words normally produces

nothing but false memories. Accurate reports and systematic

errors coexist. Their coexistence is precisely what a useful theory

must explain. A process that extracts relations can help organize

material while also making a related but absent item feel familiar.

Nor can rates from a word-list task be transferred directly to auto-

biographical events. Materials, emotional significance, delay,
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repeated retrieval and the availability of external records differ. A

laboratory paradigm identifies a reproducible possibility and a

tractable mechanism question; generalization requires 

additional evidence.

6. What the reconstructive account changed

Memory ceased to be adequately characterized by a single

quantity of surviving content. Investigators also needed to explain

the form taken by a present response. Prior knowledge, the task

and information encountered after the event became candidate

contributors to that response.

This does not erase stable retention or imply that confidence is

always misplaced. It separates confidence, accuracy and the

process generating a report so that their relationships can be

measured. It also distinguishes a theory of remembering from a

verdict about the truth of any particular person’s account.

The conceptual break was therefore not a replacement of memory

by invention. It was the recognition that retaining information and

reconstructing an answer can be parts of the same system. An

account of that system must explain its successes and its character-

istic errors together, without turning either into the 

whole phenomenon.

Think it through

Question wording changes an answer. Does this alone prove that

the original memory has been completely overwritten?
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Reasoning

No. Memory change, interpretation and response expectations are

possible contributors. The effect establishes dependence on

wording; further evidence is needed to separate mechanisms.
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The adult brain becomes a
changing system

A changed signal is the start of a mechanism question

Specify which property was measured before naming a

mechanism. Keep transmission, excitability, functional maps and

neuron generation distinct.

Key terms

Plasticity: a family of history-dependent changes. Functional map:

a relation between locations and measured responses. 

Neurogenesis: generation of new neurons.

An adult nervous system can be anatomically organized without

being functionally frozen. Establishing that claim required more

than observing that adults learn. Investigators needed to connect

experience or experimental intervention to measurable changes in

neural responses, and then determine what kind of change the

measurement actually supported.

The history is not a simple reversal from universal belief in

immutability to universal acceptance of plasticity. Earlier

proposals already allowed experience to alter neural connections. 

The important transition was from a broad possibility to experi-

mentally differentiated mechanisms, with explicit limits on what

each result established.

1. An old possibility acquires more demanding tests

Historical accounts trace ideas of neural modification through

nineteenth-century work and through the later proposals of 

Konorski and Hebb. Berlucchi and Buchtel emphasize both these
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earlier roots and changes in the meaning of “plasticity.” The term

has not always named one uniformly defined process. [1]

That history rules out a convenient but inaccurate story in which

nobody imagined an adaptable adult brain before one decisive

discovery. Learning itself had long demanded an explanation of

persistence and change. What remained difficult was identifying

the relevant physical changes and showing how they related 

to function.

A prediction about altered connections is not the same as a

measurement of them. Likewise, a behavioral improvement does

not uniquely identify synaptic strengthening. The same better

performance might involve a different strategy, altered attention or

other changes. A mechanistic account needs evidence that narrows

those alternatives.

2. A pathway retains the effects of prior stimulation

Bliss and Lømo’s 1973 experiments examined responses in the

rabbit dentate area after stimulation of the perforant path. They

reported long-lasting increases in the population response

following conditioning stimulation. Their analysis distinguished

increased synaptic transmission efficiency from changes in the

excitability of the responding population. [2]

This distinction is scientifically important. A larger recorded

response does not automatically identify a single microscopic

cause. The strength of the investigation lies partly in separating

possible contributors to the measured effect, rather than naming

every increase “a stronger memory.”

The result established a persistent physiological change under

defined conditions. It did not by itself demonstrate that the stimu-

lated preparation had acquired a particular natural memory. 
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Long-term potentiation became an important candidate

mechanism for learning, but relating an experimentally induced

change to normal learning requires additional links.

Consider an illustrative measurement in which an evoked

response rises from one normalized unit to 1.4 and remains

elevated. The observation is a 40 percent increase in that measured

response. Calling it a 40 percent increase in knowledge, or

assuming that 40 percent more synapses have appeared, would

add unsupported interpretations. The units of the measurement

constrain the claim.

3. The adult map can be reorganized

Merzenich and colleagues’ 1984 study mapped somatosensory

responses in adult owl monkeys after digit amputation. Skin

surfaces could come to be represented at cortical locations previ-

ously associated with the missing digits. The measured represen-

tation was defined by neuronal responses to stimulation, not by a

colored atlas treated as permanently fixed. [3]

The experiment changes what “map” means in this setting. A

functional map is a relation between locations and responses

under specified conditions. If that relation changes, the map

changes even before one has established whether the cause is new

growth, altered synaptic efficacy or the unmasking of previously 

weak inputs.

The distinction also prevents a misleading image of brain regions

physically sliding into empty spaces. A shifted boundary in a

response map is not necessarily a bulk displacement of tissue. 

Functional evidence and anatomical evidence address connected

but different questions.
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Nor does an adult monkey’s response to a particular sensory loss

establish unlimited recovery after any human brain injury. 

Species, age, pathway, type of injury and timescale matter. A result

can be decisive against a completely fixed representation while

leaving the limits of useful reorganization unresolved.

4. Plasticity is a family of changes

Changes in synaptic effectiveness, changes in the balance of

inputs, altered structural connections and the generation of new

neurons are not interchangeable. Grouping them under one word

is convenient, but can conceal the different evidence required 

for each.

For example, a functional response can change without demon-

strating neuron birth. Conversely, identifying newly generated

cells would not by itself establish how much they contribute to a

particular behavior. Moving between these claims requires a chain

of measurements, not an appeal to the general word “plasticity.”

The family resemblance is that the system’s history affects its later

organization or response. That resemblance does not mean every

change is beneficial. Nor does it mean that every observed change

will persist. A serious account specifies the inducing conditions,

the measured property, the duration and the 

functional consequence.

5. A controversy illustrates the need for separate
questions

The 2018 disagreement over adult human hippocampal neurogen-

esis provides a historical example of why these distinctions matter.

Sorrells and colleagues reported a decline to undetectable levels in

adults in their material, whereas Boldrini and colleagues reported

evidence of persistence across aging. These are contrasting
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published results, not grounds for treating all adult neural change

as either established or disproved. [4,5]

Their interpretation depends on tissue sampling, preservation and

the markers used to identify cell states. An immature-neuron

marker is evidence to interpret in a biological and methodological

context, not a timestamp printed directly on the cell. Negative

detection also depends on the sensitivity and suitability of 

the methods.

This comparison does not attempt to settle the entire subsequent

neurogenesis literature. Its role is to show that one question about

neuron generation must not be substituted for the broader and

independently supported question of changes in existing neural

circuits. The evidence for one mechanism cannot automatically

close the evidence for another.

6. A new explanatory problem, not a promise of
limitless change

Once adult neural organization could be shown to change,

stability itself became part of the problem. A system must remain

organized enough to function while allowing some consequences

of experience to persist. Describing it as either rigid or infinitely

malleable misses that tension.

The conceptual break replaced a static picture with a set of experi-

mentally discriminable questions: which properties change, after

what intervention, for how long and with what behavioral signifi-

cance? It also established a more precise burden on explanation.

An appealing story about learning is not enough; neither is a

changed neural signal without a justified account of what 

it measures.
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The adult brain is thus a changing system in a qualified, investi-

gable sense. Its capacity for modification is real, but its extent and

mechanisms must be established case by case. The advance lies in

making those qualifications part of the science rather than

obstacles to an inspirational slogan.

Think it through

An evoked response increases. Does that establish that new

neurons were born or that a particular natural memory 

was acquired?

Reasoning

No. The measured response can change through several mecha-

nisms. Neuron birth and a particular memory require additional, 

distinct evidence.
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