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foreword

This volume builds the foundations of university mathematics in two
hundred and ninety-one articles. It accompanies the reader from the first
steps in the language of definitions and proofs (where words must be held
to account, and each term must carry exactly the same meaning wherever
it appears) to the threshold of graduate mathematics. The next volume will
develop functional analysis, commutative algebra, and measure theory.

The series Articulated Course in Mathematics is built on an intellectual
thesis that runs through all five volumes, from Elements to Mathematical
Physics: mathematics is the generative grammar by which reality composes
itself. Not a tool forged to describe nature, but the internal syntax of what
is. If the Elements volume taught the first words (number, distance, angle,
equation), this one teaches the grammar: the structures that govern those
words and the rules by which they combine. Order on the real line founds
analysis; the group distills into three axioms the common pattern behind
the addition of integers, the composition of permutations, and the multipli-
cation of matrices; the vector space unifies Rn, polynomials, and continuous
functions under a single axiomatic roof; the metric space abstracts the notion
of proximity and carries it to objects that Rn does not contain.

The architecture of this book is that of the entire series: the fundamen-
tal unit is the article, not the chapter. Each article treats a single idea, in
two hundred and fifty to eight hundred words. It opens on a tension or
a surprise, never on a bare definition. It closes on a sentence that sounds
a deeper principle than its immediate content. Articles are gathered into
chapters and parts. The equivalence classes of set theory illuminate the quo-
tient Z/nZ of arithmetic; Euclidean division of integers illuminates that
of polynomials. The same principles (duality, symmetry, passage from local
to global, approximation, linearization, quotient, functoriality) reappear in
different guises at every turn.

Reading is the first gesture. But learning the grammar of mathemat-
ics requires practicing it, and this volume accompanies every chapter with
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a program of exercises designed so that the reader is never left stranded.
After each article, short practice exercises put the idea just presented into
immediate practice. At the end of each chapter, method studies teach the
fundamental techniques: solving a quadratic equation with complex coeffi-
cients, basis and dimension of a subspace, Grassmann’s formula, the rank
theorem, complete study of a curve, arc length, the integral test, the Gaussian
integral in polar coordinates, Newton’s method, classical inequalities. Each
is introduced by a lesson, then applied step by step. A summary gathers these
methods onto a single page. Finally, guided expeditions lead the reader,
in stages, toward a result they would not have believed within reach: the
brachistochrone, the isoperimetric inequality, the Steinitz exchange lemma,
roots of unity as regular polygons, the complex exponential and trigonomet-
ric formulas, the fundamental theorem of plane curves. Every solution is
given, detailed and generous, printed upside down at the foot of each ex-
ercise: the reader can attempt the exercise without seeing the answer, then
consult it by turning the book over.

Each chapter closes with a Further Reading box pointing to the canonical
literature for what comes next: Rudin, Apostol, Spivak, Strang, Axler in
English; Liret–Martinais, Gourdon, Pommellet in French; a few historical
classics when illuminating. Half a page of brief annotations: these are not
exhaustive bibliographies but signposts toward the natural continuation.

Ten companion objects run through the whole collection like guiding
threads (cf. “To the Reader”): the circle S1, the integers Z, the extension
Q(
√
2), the elliptic curve y2 = x3 – x, the group GL2, the function ζ(s),

the space L2, the ring K[X], the symmetric group S3, and the torus T2.
The undergraduate cycle treats several of them explicitly: Z reveals itself to
be a Euclidean domain, a principal ideal domain, and a unique factoriza-
tion domain; S1 becomes the group of complex numbers of modulus 1; S3

appears as the smallest non-abelian group; K[X] receives Euclidean division
and becomes a model principal ideal domain. The elliptic curve, the group
GL2, the function ζ(s), the extension Q(

√
2), the space L2, and the torus

T2 appear here only in outline and will be fully developed in later vol-
umes. Alongside these ten canonical objects, certain pedagogical companions
recurring through the undergraduate cycle (the space R2, the polynomial
X2 + 1, the exponential, the prime numbers, the finite field Fp) structure
the progression of the chapters and will be frequently called on as examples.
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The final parts of the volume open onto Euclidean geometry, combina-
torics and probability, multiple integration and numerical computation:
the base on which graduate mathematics will build.

The volume assumes mastery of secondary-school content: algebraic ma-
nipulation, standard functions, plane and solid geometry, rudiments of
probability. It prepares the reader for the next volume, Graduate Mathe-
matics, which develops graduate topics: functional analysis, Galois theory,
differential geometry, distributions, and the tools of transition toward re-
search.

The notation is standard. It follows the French convention: N includes
zero, ⊂ means inclusion allowing equality, f : A→ B denotes a map, ‖ · ‖
a norm. Each new notation is defined at its first occurrence.

The student who opens this volume is about to pass from manipulating
words to understanding the rules that govern them. It is a threshold. On the
other side, mathematics is no longer a collection of recipes: it is an edifice
whose plan one begins to see.
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to the reader

This course articulates in five volumes the grammar by which reality com-
poses itself: over thirteen hundred articles of mathematics, from the first
whole number to the Langlands correspondence and from the brachis-
tochrone to the amplituhedron. The undertaking is vast. The author does
not claim it is without flaws; he asserts it is sincere.

Each article develops a single idea, from its motivation to its interpreta-
tion. Definitions are framed. Results (propositions, theorems) are marked
by a bold label; in volumes 2 and 3, major theorems are further framed
in red. Proofs are present where they illuminate, sketched where full rigor
would have obscured the point, and stated without proof when their diffi-
culty exceeds the article’s scope. The text distinguishes these three cases.

Ten mathematical objects run through the collection as recurring exam-
ples: the circle S1, the integers Z, the extension Q(

√
2), the elliptic curve

y2 = x3 – x, the group GL2, the function ζ(s), the space L2, the ring
K[X], the symmetric group S3, and the torus T2. From trigonometric
computation to the Langlands dual group, from the harmonic oscillator to
Montonen-Olive duality, each of these objects reappears at every level with
renewed depth. When one manifests itself, the text signals it.

The figures, numbering more than eight hundred, have been drawn
with the care that a pocket format demands: every line has a reason for
being, every label is clear of every curve, and the palette is limited to four
colors. They do not replace proof; they precede it. The reader who looks at
the figure before reading the theorem will often understand the statement
before having read a word of it.

In volumes I–III, each chapter extends into graded exercises (practice
exercises, method studies, expeditions), whose detailed solutions are printed
upside down at the foot of each exercise: the reader may attempt the exercise
without seeing the answer, then read it by turning the book around.Whoever
engages with them will find a teacher, never an examiner.
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The reader may follow the linear path or take the cross-volume passages.
Volumes I through III form a continuous progression from secondary school
to the master’s level. Volume IV ascends toward the Langlands program;
Volume V, toward mathematical physics. Both assume Volume III but may
be read independently of each other.

Further reading points to English editions where these can be identified,
or to verified English alternatives with the same purpose. Historical attribu-
tions are retained; works available only in another language are identified
as such. These readings extend the course rather than form part of its pre-
requisites.
Every error reported is an error corrected.
wdf@clementinium.com
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note on the levels

The five volumes follow a progression from the first mathematical objects to
questions of research:

• Elements (I): secondary-school mathematics, from arithmetic to the first
proofs.

• Foundations (II): the foundations of university mathematics.

• Graduate Mathematics (III): deeper study and preparation for research.

• Correspondences (IV): the research level, from class field theory to the
Langlands program.

• Mathematical Physics (V): the research level, from symmetries to strings.

These levels guide the reader without imposing an academic timetable. Parts
and chapters mark the stages of the journey; the pace depends on the reader’s
background and the questions they wish to explore.
Volumes I, II, and III successively build the prerequisites for the next volume.
Readers may enter at the level for which they have the necessary background.
Volumes IV and V share the foundation of Graduate Mathematics and
may be read independently of each other. The bridges at the beginning of
each volume explain the change in perspective.



xi

notations

N natural numbers, including zero
Z integers
Q rational numbers
R real numbers
C complex numbers
∈ belongs to
⊂ contained in, allowing equality
∪, ∩, ∅ union, intersection, empty set
P(E) power set of E
A \ B, Ac set difference, complement
∀, ∃ for all, there exists
⇒, ⇔ implies, is equivalent to
|x| absolute value of x√
x square root of x

⩽, ⩾ less than or equal to, greater than or equal to
π ratio of circumference to diameter
bxc floor of x
∞ infinity
sin, cos, tan, arctan trigonometric functions and inverse
ln, exp natural logarithm, exponential
e Euler’s number (e ≈ 2.718)
f′(x) derivative of f at x∫ b
a f(x) dx integral of f from a to b∑
,
∏

sum, product
n!,

(n
k

)
factorial, binomial coefficient

i imaginary unit, i2 = –1
z̄, |z|, arg(z) conjugate, modulus, argument
Re(z), Im(z) real part, imaginary part
→ tends to
x 7→ f(x) the map sending x to f(x)
u⃗ vector u
f ◦ g composition of f and g
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‖x‖ norm of x
〈x, y〉 inner product of x and y
dimV dimension of a vector space V
ker f, Im f kernel, image of a linear map
detA determinant of a matrix A
AT , Mn(R) transpose, square matrices of order n
Vect(v1, . . .), rg f spanned subspace, rank
GLn , SLn , On general linear, special linear, orthogonal groups
⊕, ⊗ direct sum, tensor product
lim limit
sup, inf supremum, infimum
lim sup, lim inf limit superior, limit inferior
O(·), o(·), ∼ Landau notation, asymptotic equivalence
d
dx

,
∂

∂x
ordinary derivative, partial derivative

∇f gradient of f
Lp Lebesgue space of exponent p
Ck functions with continuous derivatives through order k
C∞ infinitely differentiable functions
µ, λ measure, Lebesgue measure
P(A) probability of the event A
E(X), Var(X) expectation, variance of a random variable
1A indicator function of A
|G| order of a finite group G
G/H quotient group, for H normal in G
Z/nZ integers modulo n
a ≡ b (mod n) congruence modulo n
∼= isomorphic to
χA(λ) characteristic polynomial of A
σ(T) spectrum of the operator T

f̂, F(f) Fourier transform of f
Res(f, a) residue of f at a
A, σ(C) σ-algebra, σ-algebra generated by C
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1

from elements to foundations

There comes a moment, in the study of mathematics, when answers cease
to be the goal and questions take their place. That moment is the one you
are crossing now.

In secondary school, a theorem was a tool: one applied it to solve an exer-
cise, then moved on to the next. In undergraduate mathematics, a theorem
becomes an object: one proves it, seeks its limits, asks what happens when its
hypotheses are weakened. The derivative, which you know how to compute,
will be refounded on the completeness of the reals. The vectors you manipu-
lated in the plane will live in spaces of arbitrary dimension. Randomness,
which you could quantify, will rest on the axioms of measure.

It is not that mathematics becomes harder. It becomes deeper. And depth,
once reached, simplifies everything: it is by understanding why a result is
true that one ceases to need to memorize it.

The grammar of reality, whose first words were laid down in the Ele-
ments, now awaits its syntax.
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Part I

Learning to Read
Mathematics

The volume begins with language. Statements and their negation,
the connectives of implication and equivalence, and the universal
and existential quantifiers fix what a mathematical sentence actu-
ally asserts; sets, with membership and inclusion, supply the objects;
maps relate them, with injectivity, surjectivity, and bijectivity. These
conventions carry every definition and every proof in the volume.
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chapter 1
what a mathematical statement is

Before computing anything at all, one must learn to say something that
can be judged true or false. This chapter lays the first stone: what is a
mathematical statement, and how does it differ from an ordinary sen-
tence? Everyday language tolerates vagueness, implicit meaning, productive
ambiguity; mathematics demands that every word be held to account. By
learning to formulate, and then to negate, a statement, the reader discovers
that rigor is not a constraint: it is the very condition under which thought
can advance without stumbling.

Articles in this chapter:
001. When Ordinary Language Falls Short—The flexibility of everyday

language becomes dangerous when precise reasoning is required.
002. Saying Something That Can Be Judged—Symbols come later; before

them, there are statements: sentences one can judge.
003. What a Sentence Often Lacks—A sentence may be neither absurd

nor a statement: it is simply incomplete.
004. A Mathematical Truth Is Not an Impression— “one can see that”

has no mathematical value: one must be able to prove.
005. False Statement or Ill-Defined Expression—Not all difficulties are

on the same level: false 6= ill-defined.
006. Mathematics Begins with Distinctions of Language—No major the-

orem has been proved in this chapter.
007. First Operation on a Statement: Negation—One negates neither a

command nor an ill-defined expression: one negates a determinate
assertion.



4 Learning to Read Mathematics

1. when ordinary language falls short.
One word can change which numbers we keep. Suppose we are
asked to select the integers “divisible by 2 or by 3”. Should we
include 6? It is divisible by both. The answer depends on what
the word “or” allows.
If the instruction requires at least one of the two properties, 6 qual-
ifies: satisfying both does not disqualify it. This is inclusive “or”,
the meaning used in mathematics unless stated otherwise.
If the instruction requires exactly one of the two properties, 6 no
longer qualifies. We must then write: “divisible by 2 or by 3, but
not by both”. This is exclusive “or”.
The numbers 2 and 3 qualify under either reading; 5 qualifies
under neither. It is 6 that reveals the difference. No difficult cal-
culation was needed: we had to know which condition was being
imposed.
In conversation, context often supplies what is left unsaid. In math-
ematics, it can fix the domain, the objects, and the conventions;
these must be recoverable without ambiguity. A sentence is read
with the assumptions governing it.

remark 1.1: Mathematics does not demand nobler words or longer
sentences. It demands words used consistently: each term must re-
tain the meaning fixed in its context. It does not require that ev-
erything be complicated. It requires that the distinctions be main-
tained: true or false, well defined or ill defined, proved or unproved.
This does not mean that we can decide the truth of every state-
ment.

The first mathematical act is therefore not to calculate. It is to
formulate something that can be judged, and that is already an art.
In the following exercises, no variable value has already been fixed
unless stated otherwise. Having a truth value does not mean that
we know how to determine it.
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The first exercise asks the reader to identify ambiguity in everyday language.
The second asks whether a mathematical expression is precise enough to have
a truth value.

• Among the integers from 1 to 12, list those divisible by 2 or by 3: (1) by
at least one of the two numbers; (2) by exactly one. What is the difference
between these two readings?

Solution:Inclusiveor.Thelistis2,3,4,6,8,9,10,12.Exclusiveor.Thelistis2,3,4,8,9,10:theinte-
gers6and12,divisiblebyboth2and3,havebeenremoved.Theintegers1,5,7,11meetneithercondition.In
mathematics,“or”ordinarilyincludesthecasewherebothstatementshold.Toexcludeit,say“or,butnotboth.”

• “The number π is about 3.14.” Is this a mathematical statement? Why?

Solution:No.Amathematicalstatementmustbetrueorfalsewithoutvagueness.“About”doesnotallowaverdict:aslong
asnoconventionfixestheintendedprecision,thesentenceisinsufficientlydefined,neithertruenorfalse.Onecouldinstead
write“3.14<π<3.15”(true)or“π=3.14”(false).Thosearestatements;“about”isnotone.Mathematics
requirespreciseterms,notverbalapproximations.

2. saying something that can be judged.
Before the symbols, before the formulas, there is a more elemen-
tary act: uttering a sentence of which one can say whether it is true
or false. Many students believe that mathematics consists mainly
in manipulating symbols. Symbols come later. Before them, there
are statements: sentences that can be judged.
Consider five sentences:

2 + 3 = 5 ; 7 is prime ; x+ 1 > 0.

“Close the door.” “What will the weather be tomorrow?”
The first two are mathematical statements in the simplest sense:
each asserts something, and that assertion can be judged true or
false. The third looks like a statement, but it remains suspended
as long as one does not know what x is. The fourth is a command.
The fifth is a question. Neither lends itself to the verdict true or
false.

definition 2.1: In the classical logic used here, a proposition
or mathematical statement is an affirmative sentence which,
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once its context and interpretation are fixed, has a truth value:
true or false. That value may be unknown to us.

Mathematical reasoning does not operate on arbitrary sentences.
It operates on statements. From them one builds proofs, draws
consequences, and identifies errors. Statements are, so to speak,
the raw material of reasoning.
remark 2.2: Other texts sometimes use the word assertion. In this
volume, we shall mainly use “statement”, but all three terms des-
ignate the same logical object.

The definition is short. Yet it imposes a strict discipline: a vague
sentence is not yet a statement, a suggestive sentence is not yet a
statement, an incomplete sentence is not yet a statement. Recog-
nizing what is a statement and what is not is the first step toward
reasoning, and perhaps the most decisive one. In the classical logic
of this volume, bivalence thus provides an initial foothold for rea-
soning; it is distinct from our ability to find a proof or a refuta-
tion.

The first exercise classifies sentences as statements or non-statements. The
second asks for the truth value of a statement.

• Classify each sentence: statement, question, command, or incomplete sen-
tence. (1) 3 + 4 = 8. (2) Solve x2 = 4. (3) Every square is nonnegative.
(4) n is even. (5) What is 7× 8?

Solution:(1)Statement,false:3+4=7.(2)Command:notrue/falseverdict.(3)Statement,true:x2≥0for
everyrealx.(4)Incompletesentence:wedonotknowwhichnisbeingdiscussed.Onemayfixn,forexamplen=2,or
quantify,forinstance,“foreveryintegern”(false)or“thereexistsanintegernsuchthatniseven”(true).(5)Question:no
verdict.Only(1)and(3)arestatements.
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• For each statement, give its truth value. (1)
√
4 = 2. (2) 0.999 . . . = 1.

(3) There exists an integer n such that n2 = 2.

Solution:(1)True:byconvention,
√

4denotesthenonnegativesquareroot,namely2.(2)True:0.999...=1;itis
notalmost1,itisexactly1:thefinitesum∑n

k=19/10k=1–10–ngetsascloseto1asdesired,andthenumber

0.999...isbydefinitionthelimitofthesesums,whichequals1(infiniteseriesareconstructedlater).(3)False:
√

2

isirrational,sonointegernsatisfiesn2=2.Thestatementiswellformedandfalse;itisneitherabsurdnorill-defined.

3. what a sentence often lacks.
Here is an expression everyone recognizes:

x2 – 1 = 0.

It is not absurd. But taken on its own, with no value of x fixed
by the context, it is not yet a statement. Does one claim it holds
for every real number x? That there exists at least one x satisfying
it? That one seeks the values of x for which it holds? Without this
precision, the sentence hangs in the air, like a question missing its
question mark.
By contrast, the following two sentences are genuine statements:
“There exists a real number x such that x2 – 1 = 0.”
“For every real number x, we have x2 – 1 = 0.”
The first is true: take x = 1. The second is false: take x = 0 to
produce a counterexample. The expression x2 – 1 = 0 is the same
in both cases. What changes are the words that frame it, and those
words reverse the verdict.
remark 3.1: In mathematics, the most inconspicuous terms are of-
ten the most decisive. “There exists” and “for all” are not com-
mentary appended to an expression: they fix its scope. The first
localizes, the second universalizes. If x has not already been fixed,
a quantifier and a domain give x2 –1 = 0 its missing scope. Fixing
x = 1 is another option: the equality is then true. In the two
preceding statements, changing the quantifier reverses the truth
value; this does not always happen. This opposition between the
local and the global runs through all of mathematics: asserting the
existence of an object satisfying a condition, or asserting that the
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condition holds everywhere, are two fundamentally different acts,
and it is their distinction that makes reasoning possible.

We shall return at length to these two constructions, which are
called quantifiers. For now, it suffices to retain this: a sentence
may have every appearance of a mathematical statement and yet
fail to be one. What it lacks is the frame that fixes its meaning:
a value already fixed, or quantification over a specified domain.
Without this frame, the sentence drifts between true and false
without settling anywhere, and reasoning cannot even begin.

The first exercise completes an incomplete sentence in two opposite ways. The
second identifies what a sentence lacks in order to become a statement.

• The sentence “x2 > x” is incomplete. Complete it in two ways, one giving
a true statement and one giving a false statement.

Solution:True:“thereexistsarealnumberxsuchthatx2>x”;takex=2,since4>2.False:“foreveryrealnumber
x,x2>x”;takex=1/2,since1/4<1/2.Thesameexpressiongivesatrueorfalsestatementdependingonthe
quantifier.Theframe,forallorthereexists,fixesthemeaning,nottheexpressionbyitself.

• What is missing from each sentence for it to become a statement? (1) 2n+1

is odd. (2) f is increasing. (3) A ∩ B = ∅.

Solution:(1)Withoutpriorcontext,onemustfixnorquantifyitoveradomain:“foreveryintegern”(true),or“thereexists
anintegernsuchthat...”(alsotrue,butweaker).(2)Thefunctionfismissing:whichfunction?Theintervalisalsomissing:
onwhichdomain?(3)ThedefinitionsofAandBaremissing:whichsets?Inallthreecasesthesentenceisgrammatically
correctbutlogicallysuspended;itsaysnothingthatcanyetbejudged.

4. a mathematical truth is not an impression.
One hears it often: “it is obvious”, “one can clearly see that”, “it must
be true”. These phrases sometimes serve a psychological purpose.
They carry no mathematical weight. In mathematics, conviction is
not a substitute for proof. Justifying a statement is not finding it
plausible. One may rely on an established result or derive it from
definitions, hypotheses, and accepted facts. Truth in an interpre-
tation and provability in a fixed system remain distinct notions.
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Three levels must be kept apart, though they are routinely con-
flated: a sentence that is plausible, a sentence that is true, and a
sentence that is proved.
example: All odd numbers are prime.

This statement is perfectly well-formed. One can assign it a truth
value. It is false. Consider 9 = 3× 3: an odd number that is not
prime. The verdict here is swift. But reaching it required exhibiting
a counterexample, not trusting an impression.
example: The sum of two even numbers is even.

This statement is true. Yet to enter a rigorous argument, one must
still know why it is true. An elementary proof suffices: if a = 2m
and b = 2n, with m, n integers, then

a+ b = 2m+ 2n = 2(m+ n),

so that a+b is even. The passage from intuition to proof is like the
passage from a rough sketch to an architectural drawing: the aim
is not to complicate, but to make visible the reason the statement
holds.
remark 4.1: A mathematical truth is not enough on its own. To
serve as a foothold for reasoning, it must take its place in a network
of reasons: definitions, hypotheses, logical steps. This network is
what separates a conviction from a proof, and it is where the entire
operative force of mathematics resides.

Learning to prove is therefore learning to account for one’s reasons,
and this demand, far from constraining thought, is what gives it
reach.

The first exercise distinguishes impression from proof. The second asks for a
counterexample refuting a plausible statement.
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• “The sum of two odd numbers is odd.” True or false? Justify.

Solution:False.3+5=8,whichiseven.Moregenerally,ifa=2p+1andb=2q+1,withp,qintegers,
thena+b=2(p+q+1),whichiseven.Theimpression“oddplusoddisodd”isnaturalbutfalse.Atwo-line
proofsettlesthequestion.Thisisthedifferencebetweenanimpressionandamathematicaltruth.

• “If n is prime, then 2n – 1 is prime.” Test n = 2, 3, 5, 7. Then try
n = 11.

Solution:n=2:3,prime.n=3:7,prime.n=5:31,prime.n=7:127,prime.Foursuccessesinarow.
Butforn=11,211–1=2047=23×89,notprime.Theimpressionthatitworksforprimeswasfalse.
Asinglecounterexampleisenoughtorefuteauniversalstatement.Numbers2n–1thatareprimearecalledMersenne
primes;itremainsunknownwhetherinfinitelymanyexist.

5. false statement or ill-defined expression.
A sentence that fails can fail in two very different ways. Confusing
these two failures means understanding neither. A statement can
be false: it asserts something precise, but that assertion is incorrect.
An expression can also fail upstream, before it even produces a
statement: it purports to designate an object, but that designation
collapses.
example: The largest prime number exists.

This sentence is well-formed. It asserts something clear: there exists
a prime number greater than every other. It is a statement. It
happens to be false, since Euclid showed that there are infinitely
many primes. But at least the sentence says something one can
judge.
counterexample: The real number closest to zero without being
equal to zero.

Here the situation is altogether different. This group of words says
nothing true or false. It attempts to designate an object, but the
designation fails: there is no nonzero real number whose absolute
value is strictly smaller than that of every other nonzero real num-
ber: however close to zero one chooses a real r 6= 0, the real r/2
(of the same sign as r) is closer still. The expression therefore fails
to pin down an object. It is a verbal mirage: the phrase appears to
point at something, but there is nothing at the end of the finger.
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remark 5.1: One must learn to recognize these two situations. In
the first case, the sentence is a statement that asserts something
incorrect. In the second, the expression does not even manage
to pose correctly what it claims to designate. A sharp sentence
can be false. A reasonable-looking expression can be ill-defined.
Knowing how to distinguish these two failures is one of the first
competencies that mathematical reasoning demands, and one of
the least taught.

Before judging whether a sentence is true or false, one must first
verify that it manages to say something at all, and it is this vigilance
that opens the way to rigorous definitions.

The first exercise distinguishes false from ill-defined. The second identifies
an expression that denotes nothing.

• Classify: false or ill-defined? (1)
√
2 is rational. (2) The smallest strictly

positive real number. (3) 1 = 0.

Solution:(1)Falsestatement:
√

2iswelldefinedasarealnumber,andtheassertionthatitisrationalisfalse.(2)Ill-defined:
theexpressiontriestonameanobjectthatdoesnotexist;foreveryr>0,thenumberr/2isstillsmallerandstillpositive.
Itisneithertruenorfalse:itisamirage.(3)Falsestatement:1and0arewelldefined,andtheassertion1=0issimply
false.Thedistinctioniscrucial:(1)and(3)saysomethingfalse;(2)failstosayanythingdeterminate.

• “The largest prime number.” Is this a well-defined object? Justify.

Solution:No.Thereisnolargestprimenumber,byEuclid’stheorem:givenanyfinitelistofprimes,onecanfindaprime
divisorthatisnotonthelist.Theexpressionlookslikeaname,asifitpointedtoapreciseobject,butitdenotesnothing.
Itisanill-definedexpression,notafalsestatement.Thestatement“thereexistsalargestprimenumber”iswellformedand
false.

6. mathematics begins with distinctions of language.
No major theorem has been proved in the articles so far. No for-
mula has been established for its own sake: the few computations
we met served only to show what a proof is. Yet something essential
has been laid down: the distinctions without which no theorem
can be read correctly.
A proposition is not a question. A statement is not a command. A
complete sentence is not an incomplete one. A proved truth is not
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a plausible impression. A well-defined object is not a reasonable-
looking expression that fails to designate anything.
remark 6.1: These distinctions seem simple. They are simple in
their formulation. They are far less simple in practice, because
they foreshadow a deeper principle: in mathematics, the first step
of every construction is to fix without ambiguity what one is talk-
ing about. Defining a set, stating a theorem, conducting a proof:
everything begins with a sentence whose logical status is clear. This
is exactly the work that axiomatics will take up on a larger scale: lay-
ing down rules of language so precise that reasoning can proceed
from an explicit context, without depending on tacit intuition.

Mathematics is not exacting out of a taste for complication. It is
exacting because it refuses the silent slippages that ordinary lan-
guage tolerates. The work of these first articles has been to learn
to notice those slippages; the next article takes up the first oper-
ation on statements, negation. It is modest work in appearance,
but everything that follows rests upon it, as a building rests on its
foundations, invisible yet load-bearing.

This article is a synthesis. The exercise recaps the distinctions of the chapter
by classifying a list of sentences.

• Classify each sentence in the right category: true statement, false statement,
incomplete sentence, command, question, ill-defined expression. (1) 210 =

1024. (2) Compute 3!. (3) x > 5. (4) The real number whose square is –1.
(5) Every even number is divisible by 4. (6) What is the value of π?

Solution:(1)Truestatement:210=1024.(2)Command.(3)Incompletesentence:whichx?(4)Ill-definedexpression
intherealnumbers:norealnumberhasnegativesquare.(5)Falsestatement:6isevenbutnotdivisibleby4.(6)Question.
Thesesixcategoriescoverthestatusesdistinguishedinthisexercise.
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7. first operation on a statement: negation.
Asserting is a first act. The second, equally fundamental, is con-
tradicting. As soon as a statement is well-formed, one can apply a
simple logical operation to it: negate it. But one must be precise:
one negates neither a command nor an ill-defined expression. One
negates a determinate assertion, and one obtains a new determi-
nate assertion.
proposition 7.1: The negation of a mathematical statement is again
a mathematical statement.
commented proof: Let P be a statement. Only two cases arise: P
is true or P is false. If P is true, then “not P” is false. If P is false,
then “not P” is true. In both cases, the sentence “not P” receives a
truth value. It is therefore a statement.

The principle is clear. Putting it into practice, however, holds sur-
prises.
example: 2 is even. Negation: 2 is not even.

Here the negation is immediate: one replaces the property by its
contrary.

example: There exists an integer n such that n2 = 9. Negation: for
every integer n, n2 6= 9.

To negate the existence of an object satisfying a condition, one
asserts that all objects fail to satisfy it.

example: For every real number x, x2 ≥ 0. Negation: there exists a
real number x such that x2 < 0.

The negation of a “for all” becomes a “there exists”. One does not
negate this sentence by writing “for every real number x, x2 < 0”:
that would assert that all squares are negative, which is far stronger
than the correct negation.
This last example reveals an essential point: one does not negate
a statement by slipping in a “not”. One must look at the logi-
cal structure of the sentence. When a “for all” appears, negation
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transforms it into a “there exists”, and conversely. Negation is not
a mechanical operation on words; it is an operation on structure.
For statements P,Q, with inclusive “or”, the same reading gives
the following rules (each equivalence means that both sides always
have the same truth value):

¬¬P ≡ P,

¬(P ∧ Q) ≡ (¬P) ∨ (¬Q),
¬(P ∨ Q) ≡ (¬P) ∧ (¬Q).

The first follows by negating twice. For the other two, called De
Morgan’s laws, denying that both statements are true means at
least one is false; denying that at least one is true means both are
false. Their set-theoretic translation returns in chapter 2.
remark 7.2: The interchange between “for all” and “there exists”
under negation is a first instance of duality: two notions that ap-
pear distinct turn out to be linked by an operation transforming
one into the other. This symmetry will reappear in De Morgan’s
laws (for sets, the complement of a union is the intersection of
the complements, and conversely) and, much further on, in the
duality between a space and its dual. Recognizing such symmetries
is one of the guiding threads of all mathematics.

counterexample: “Find a prime number greater than 10.”

This sentence is not a statement: it is a command. One cannot
negate it.
Negation is the first tool that logic offers for transforming a state-
ment, and learning to use it correctly is already learning to reason.

The first exercise writes the negation of simple statements. The second negates
quantified statements by switching for all and there exists.
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• Write the negation of: (1) 5 is even. (2)
√
9 = 3. (3) Every triangle has

three sides.

Solution:(1)5isnoteven,orequivalently5isodd.True.(2)
√

96=3.False,because
√

9=3istrue.(3)There
existsatrianglethatdoesnothavethreesides.False,bydefinitionofatriangle.Ineachcasethenegationisanewstatement
withtheoppositetruthvalue.

• Write the negation of: (1) For every real x, x2 + 1 > 0. (2) There exists
an integer n such that n2 = 5. (3) For every integer n ≥ 1, 2n > n.

Solution:(1)Thereexistsarealxsuchthatx2+1≤0.False,sincealwaysx2+1≥1>0.(2)Foreveryinteger
n,n26=5.True,because

√
5isnotaninteger.(3)Thereexistsanintegern≥1suchthat2n≤n.False;induction

gives2>1,then2n+1>2n≥n+1forn≥1.Rule:“forevery”becomes“thereexists”andthepropertyis
negated.“Thereexists”becomes“forevery”andthepropertyisnegated.

methods

Study 1. ? method: recognize a mathematical statement

A statement is a sentence to which one can assign true or false. It is not
a question, not a command, not an incomplete sentence with a variable
neither fixed by context nor quantified, and not an ill-defined expression.
When reading a sentence, first ask: can it be judged true or false? If yes, it
is a statement. If not, identify what is missing or what fails.

Among the following sentences, which are statements? For each non-
statement, explain why. (i) 7 × 8 = 54. (ii) Let x be a real number.
(iii) n! > 2n. (iv) The circle of radius –1.
(a) Classify each sentence.
(b) For the statements, give the truth value.
(c) Summarize the method.

Solution1:(a)(i)Statement:itisajudgeableassertion.(ii)Introductionofavariable:neithertruenorfalse;itisadeclaration,
notastatement.(iii)Incompletesentence:whichn?Itisnotastatementuntilnisfixedorquantified.(iv)Ill-defined
expression:aradiusisanonnegativelength,so–1isnotavalidradius.(b)(i)False:7×8=56.(c)Whenfacing
asentence:firstaskwhethertrueorfalsecanbeassigned.Ifyes,itisastatement.Ifnot,askwhetheritisaquestion,a
command,anincompletesentence,oranill-definedexpression.
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Study 2. ? method: distinguish false from ill-defined

A false statement says something precise but inaccurate. An ill-defined ex-
pression fails to designate an object. Before judging true or false, check that
every term in the sentence really designates an object. If a term fails to
designate, the sentence is ill-defined, not false.

Classify: false or ill-defined? (i) π is rational. (ii) The least element of
(0, 1). (iii) (–1)! = –1. (iv) The set of all sets, in the usual Zermelo–
Fraenkel framework.
(a) For each sentence, identify whether the terms are well defined.
(b) Classify.
(c) Summarize.

Solution2:(a)(i)πiswelldefinedand“rational”iswelldefined:thetermshold.(ii)(0,1)iswelldefined,but“theleast
element”fails,becauseforeveryr∈(0,1),r/2isstillin(0,1).(iii)(–1)!isnotdefinedintheusualelementary
convention,wherefactorialisdefinedforintegers≥0.(iv)Russell’sparadoxshowsthatthiscollectioncannotbeaset:
theunlimitedcomprehensionofnaivesettheoryleadstoacontradiction,andaxiomaticsettheoryrestrictsitpreciselyto
avoidthis(theexpedition“Thebarberparadox”,attheendofthischapter,givestheargument).(b)(i)False.(ii)Ill-defined.
(iii)Ill-defined.(iv)Ill-defined.(c)Beforetrue/false,verifythateverytermdesignatessomething.Ifonetermfails,thephrase
isill-defined.

Study 3. ?? method: write the negation of a statement

To negate a statement, keeping the variable domains unchanged: (1) identify
the logical structure, including quantifiers and connectives; (2) switch the
quantifiers, ∀ ↔ ∃; (3) negate the inner property, so = becomes 6=, >
becomes≤, and so on. Do not merely insert “not” into the sentence: that can
produce a statement stronger than the correct negation.

Write the negation of: (i) For every integer n ≥ 1, n! ≥ 2n–1. (ii) There
exists a real x such that sin x = 2. (iii) Let (un) be a real sequence and `
a real number: for every ε > 0, there exists a natural number N such that
for every natural number n ≥ N, |un – `| < ε.
(a) Identify the structure of each statement.
(b) Apply the rules of negation.
(c) Summarize.

Solution3:(a)(i)∀n≥1,P(n).(ii)∃x,P(x).(iii)∀ε>0,∃N,∀n≥N,P(n,ε);thisisthedefinitionof
convergence.(b)(i)Thereexistsn≥1suchthatn!<2n–1.False;forn=1,bothsidesequal1;forn≥2,each
ofthen–1factorsin2···nisatleast2.(ii)Foreveryrealx,sinx6=2.True,since|sinx|≤1.(iii)Thereexists
ε>0suchthatforeverynaturalnumberN,thereexistsanaturalnumbern≥Nsuchthat|un–`|≥ε.Thisis
thedefinitionof“(un)doesnotconvergeto`”.(c)Rule:switcheachquantifierfromlefttoright,thennegatethefinal
property.
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Study 4. ?? method: refute a statement by counterexample

To show that a universal statement, ∀x, P(x), is false, a single counterex-
ample is enough: exhibit an x0 for which P(x0) is false. A counterexample
does not prove that P is always false; it proves that P is not always true.
That is the exact negation of ∀x, P(x).

Refute each statement by a counterexample. (i) For every integer n ≥ 2,
2n – 1 is prime. (ii) For all real x, y, |x + y| = |x| + |y|. (iii) Every
continuous function f : R→ R is differentiable.
(a) Find a counterexample for each statement.
(b) Check that the counterexample satisfies the hypotheses but not the con-
clusion.
(c) Summarize.

Solution4:(a)(i)n=4:24–1=15=3×5,notprime.(ii)x=1,y=–1:|1+(–1)|=0,but
|1|+|–1|=2,so06=2.(iii)f(x)=|x|:continuousat0butnotdifferentiableat0,becausethedifferencequotient
hasrightlimit+1andleftlimit–1.(b)(i)n=4≥2:hypothesistrue,conclusionfalse.(ii)x=1,y=–1:real
numbers,conclusionfalse.(iii)|x|iscontinuouseverywhere,butnotdifferentiableat0.(c)Onecounterexampledestroys
auniversalstatement.But1000favorableexamplesdonotproveitunlesstheyexhaustthedomain;onafinitedomain,
exhaustivecheckingcanconstituteaproof.

Study 5. ?? method: complete a sentence into a statement

A sentence containing a variable such as x, n, or f, neither fixed by context
nor quantified, remains open. To complete it, one may fix its value or: (1)
add a quantifier, ∀ or ∃; (2) specify the domain of the variable, such as
integer, real number, function, and so on. The choice of quantifier changes
the meaning: ∀ universalizes, whereas ∃ localizes. The same predicate can
give a true or false statement depending on the quantifier.

Complete “n2 – 4n+ 3 = 0” in four ways: a true statement with ∃, a
false statement with ∃, a true statement with ∀, and a false statement with
∀.
(a) Find the roots of n2 – 4n+ 3 = 0.
(b) Build the four statements.
(c) Summarize.
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Solution5:(a)n2–4n+3=(n–1)(n–3)=0,sotherootsaren=1andn=3.(b)Truewith∃:
“thereexistsanintegernsuchthatn2–4n+3=0”,forinstancen=1.Falsewith∃:“thereexistsarealnumber
n>10suchthatn2–4n+3=0”,sincebothrootsare≤10.Truewith∀:notnaturaloveralargedomain,but
trueovertherestricteddomain{1,3}:“foreveryn∈{1,3},n2–4n+3=0”.Falsewith∀:“foreveryinteger
n,n2–4n+3=0”,sincen=0gives36=0.(c)Thequantifierandthedomainfixthemeaning;thesame
expressioncanbecometrueorfalse.

Study 6. ?? method: analyze the logical structure of a definition

A mathematical definition fixes the meaning of a term unambiguously. To
check whether a definition is correct: (1) is every word held in a single sense?
(2) Is every variable quantified or fixed? (3) If the definition purports to
name a specific object (“the X such that...”), does that object exist? (4) Is it
unique? (A definition of a predicate or a set stays correct even without an
instance: the empty set is a well-defined set.) A definition is not true or false:
it is well formed or badly formed.

Analyze the definition: “A prime number is an integer greater than or
equal to 2 whose only positive divisors are 1 and itself.”
(a) Is the definition well formed? Is every term held?
(b) Check it on examples: 7, 9, 1, 2.
(c) Why is 1 excluded? What would happen if it were included?

Solution6:(a)Wellformed:“integer”hasafixedmeaning,“greaterthanorequalto2”isclear,and“positivedivisorsare1
anditself”isdecidable.(b)7:divisors1,7,soprime.9:divisors1,3,9,sonotprime.1:divisors{1}only,butexcluded
bythecondition≥2.2:divisors1,2,soprime;itistheonlyevenprime.(c)If1wereincluded,thefundamental
theoremofarithmetic,uniquenessofprimefactorization,wouldfail:6=2×3=1×2×3=12×2×3,
andsoon.Excluding1isnotarbitrary;itisneededforuniquefactorization.

method recap

Recognizing a statement: Can one say true or false? If yes, it is a
statement. Otherwise: question, command, declaration (introduction of a
variable), incomplete sentence, or ill-defined expression.

False vs ill-defined: False = says something inaccurate. Ill-defined =
fails to designate an object. Check the terms before judging.

Negation: ∀ ↔ ∃, then negate the property. Do not insert “not” me-
chanically.
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Counterexample: One counterexample is enough to refute ∀x, P(x). A
thousand examples do not prove ∀ unless they cover the whole domain.

Completing a statement: Unfixed variable → fix its value or add
quantifier plus domain. The choice may change the truth value.

Definition: Every word held, every variable fixed; if a specific object is
named, it must exist (and be unique when required).

expeditions

expedition 1: The barber paradox
Prerequisites: studies 2, 6.

In a village, a barber who is himself a resident shaves exactly those
residents who do not shave themselves. Does the barber shave himself?
(a) Suppose the barber shaves himself. What does the rule say?
(b) Suppose he does not shave himself. What does the rule say?
(c) The two assumptions lead to a contradiction. What is the conclusion?
Hint: If the barber shaves himself, he is among those who shave themselves, so the barber should not shave him. Contradiction. If the
barber does not shave himself, he is among those whom the barber must shave, so he should shave himself. Contradiction.

(d) Compare this with the expression “the set of all sets that do not contain
themselves”. This is Russell’s paradox (1901).
(e) What does this paradox teach us about definitions?

The barber paradox is the popular version of Russell’s paradox: the set R =
{x : x /∈ x} cannot exist without contradiction, since R ∈ R ⇔ R /∈ R.
This paradox triggered a crisis in foundations in the early 20th century and
led to axiomatic set theory, such as Zermelo–Fraenkel, which restricts set
formation: one no longer freely forms {x : P(x)}, the separation schema
selects the elements satisfying P inside an already given set. Other axioms
allow other constructions. The lesson for this chapter: a reasonable-looking
expression can be ill-defined. Everyday language lets us formulate sentences
that seem meaningful but contain destructive self-reference. Mathematics
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rules out this uncontrolled self-reference, the kind that produces a contradic-
tion with no rule to contain it, and this discipline is what avoids this precise
type of contradiction. (Carefully controlled self-reference, by contrast, can be
fruitful: Gödel’s theorem, later in this chapter, gives a central example.)

Report1:(a)Ifheshaveshimself,heisamongthosewhoshavethemselves,butthebarbershavesonlythosewhodonot
shavethemselves:contradiction.(b)Ifhedoesnotshavehimself,heisamongthosewhomthebarbermustshave,sohemust
shavehimself:contradiction.(c)Tworeadingsmustbedistinguished.Thestatement“suchabarberexists”issimplyfalse:no
individualcansatisfytherule,whichwouldrequirehimbothtoshavehimselfandnottoshavehimself(thepredicateitselfis
wellformedbuthasnoinstance,asStudy6allows).Thedescription“thebarberwhoshavesexactlythosewhodonotshave
themselves”,ontheotherhand,failstodesignateanobject:like“theleastelementof(0,1)”(Study2),itisill-defined.
Thisisnotaparadoxoftherealworldbutoflanguage:thesentenceseemswellformedbutcontainscircularself-reference.
(d)IfauniversalsetUexistedinthisframework,separationwouldgiveR={x∈U:x/∈x}.SinceR∈U,we
wouldhaveR∈R⇒R/∈RandR/∈R⇒R∈R,thesamestructure.(e)Everydefinitionmustbechecked:
doesitdesignateanobjectthatexistswithoutcontradiction?Theparadoxshowsthatagrammaticallycorrectsentencecan
belogicallyimpossible.

expedition 2: Forty examples are not a proof
Prerequisites: studies 4.

The polynomial P(n) = n2 + n + 41 gives prime numbers for n =
0, 1, 2, . . . , 39. Is that a proof that P(n) is always prime?
(a) Check that P(0) = 41, P(1) = 43, P(2) = 47, and P(3) = 53
are all prime.
(b) Compute P(40). Factor it.
Hint: P(40) = 1600 + 40 + 41 = 1681 = 412 .

(c) Why did P(40) have to be composite? Compute P(41).
Hint: P(41) = 412 + 41 + 41 = 412 + 2 × 41 = 41(41 + 2) = 41 × 43.

(d) What does this example prove about the relation between experimental
checking and proof?
(e) Is there a polynomial that produces only primes for every natural num-
ber n?

Euler’s polynomial n2 + n + 41 is prime for n = 0, . . . , 39, forty con-
secutive values, but P(40) = 412 is composite. This is one of the clearest
examples of the distinction between verification and proof: forty confirma-
tions are not a proof, and a single failure refutes. In fact, no nonconstant
polynomial with integer coefficients can produce only prime numbers as n
ranges over N. If P(a) = p is prime, then the values P(a + kp) are di-
visible by p for every integer k ≥ 0; since P is nonconstant, |P(a + kp)|
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eventually exceeds p as k → +∞, so P(a + kp) cannot be prime beyond
some point, being divisible by p with absolute value larger than p. The lesson
is deep: empirical induction by observation is not a proof. It must not be
confused with mathematical induction, which is a deductive proof method.
Deduction, chaining implications from hypotheses, is proof.

Report2:(a)P(0)=41,P(1)=43,P(2)=47,andP(3)=53,allprime.Theruncontinues:
allprimeuptoP(39)=1601.(b)P(40)=1600+40+41=1681=412,composite.
(c)P(40)=402+40+41=40(40+1)+41=40×41+41=41(40+1)=412.
AlsoP(41)=412+2×41=41(41+2)=41×43.The41inthepolynomialguaranteesdivisibility.
(d)Fortyfavorableexamplesdonotprovetheuniversalclaim.Onecounterexamplerefutesit.Empiricalinductionisnot
mathematicalproof.(e)Notinanyinterestingway:aconstantpolynomialP(n)=pwithpprimetriviallyworks,butno
nonconstantpolynomialwithintegercoefficientsproducesonlyprimesasnrangesoverN.Theelementaryproofisthatif
P(a)=pisprime,thenP(a+p),P(a+2p),...arealldivisiblebyp,and,sincePisnonconstant,eventually
exceedpinabsolutevalue;divisiblebypwithabsolutevaluelargerthanp,theyarenolongerprime.

expedition 3: The sentence that speaks about itself

Prerequisites: studies 1, 2.

“This sentence is false.” True or false?
(a) If the sentence is true, what does it say about itself?
(b) If the sentence is false, what does it say about itself?
(c) Why can we not assign it true or false? Which category from the chapter
does it violate?
Hint: The sentence is not a mathematical statement: it does not satisfy the definition, because one cannot assign it true or false without
contradiction.

(d) Compare it with “2 + 2 = 5”, false but not paradoxical, and with
“x > 3”, incomplete but not paradoxical. Why is the liar paradox different?
(e) Gödel (1931) constructed an arithmetical statement that says of itself that
it is unprovable in a given formal system. Is that statement a paradox?

“This sentence is false” is the liar paradox, known since antiquity (Eubulides
of Miletus, 4th century BC). In a classical reading that identifies the truth
of the sentence with what it asserts, no consistent assignment of true or
false is possible: assigning either value forces the other. It is therefore not a
statement in the sense of article 2. The difficulty here is self-reference applied
to its own falsehood, not self-reference in general. In 1931, Gödel transformed
this idea into a rigorous theorem, which we admit here (its proof belongs
to mathematical logic): in every consistent formal system whose proofs can
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be checked mechanically and which is rich enough to contain arithmetic,
there are statements true in the standard model of the integers but not
provable in the system. This sharpens the distinction in article 4: truth in
an interpretation is distinct from provability in a fixed system. The truth
of the Gödel sentence is established here by reasoning outside the system
being studied, assuming its consistency; this is not a proof produced by that
system. Gödel’s statement is not a paradox; it is true, not contradictory. It
shows that mathematical truth can exceed what any given formal system
can prove. Chapter 1 of this volume asked what a statement is. Gödel shows
that the question is deeper than it first appears.

Report3:(a)If“thissentenceisfalse”istrue,thenwhatitsaysiscorrect:itisfalse.Contradiction.(b)Ifitisfalse,then
whatitsaysisincorrect:itisnotfalse,soitistrue.Contradiction.(c)Inthisclassicalreading,neithertruenorfalsecanbe
assignedconsistently;itviolatesthedefinitionofastatementinarticle2.Itisnotamathematicalstatement.Thesourceis
uncontrolledself-reference,whichdirectlyproducesacontradiction.(Mathematicallycontrolledself-reference,withoutthat
contradiction,alsoexists:thatisexactlythepointofGödel’stheoremabove.)(d)“2+2=5”isfalsebutnonparadoxical,
becausethereisnoself-reference.“x>3”isincompletebutnonparadoxical.Theliarisparadoxicalbecauseitassertsitsown
falsehood;self-referencealoneisnotenough(“thissentencehasfivewords”speaksaboutitselfwithoutparadox).(e)Gödel’s
statementisnotaparadox:itistrueinthestandardmodelbutunprovableinthesystem.Itisatheoremaboutthelimitsof
formalproof,notacontradiction.Itshowsthattrueandprovabledonotalwayscoincide.

further reading

• Cori, R. & Lascar, D. (2000), Mathematical Logic: A Course With
Exercises, Part I, Oxford University Press. English edition; propositional
and predicate calculus, Boolean algebras, and completeness.

• Halmos, P.R. (1960), Naive Set Theory, Van Nostrand (Springer
reprint, 1974). A luminous introduction, famous for its clarity.

• Velleman, D.J. (2006, 2nd ed.), How to Prove It: A Structured Ap-
proach, Cambridge. A remarkable pedagogical text.

• Hauchecorne, B. (1988, 2nd ed. 2007), Les contre-exemples en math-
ématiques, Ellipses. Useful for calibrating intuition. French-language
counterexample collection retained as a complementary reading.
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