BO1.1. History of Mathematics
Lecture XI
19th-century rigour in real analysis, part 1
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Recall from lecture VIII: Fourier series, 1822

Joseph Fourier, Théorie analytique de la chaleur [Analytic theory
of heat] (1822):

Suppose that ¢(x) = asinx + bsin2x + csin3x + - - -
and also that ¢(x) = x¢/(0) + 1x3¢"(0) + - - -

After many pages of calculations, multiplying and comparing power
series, Fourier found that the coefficient of sin nx must be

% /07r ¢(x) sin nx dx

Fourier's derivation was based on ‘naive’ manipulations of infinite
series. |t was ingenious but non-rigorous by today's standards.

BUT it led to profound results



New doubts in the early 19th century

Fourier's work converged with more philosophical investigation to
stimulate questions concerning:

» functions — what exactly should they be?

» convergence — what exactly should it be?

» convergence of functions — what properties are preserved?
> integration — what exactly should it be?

> existence of limits — what are the essential properties of
real numbers? [Lecture XII]



Recall from Lecture VIII: Cauchy sequences, 1821

Augustin-Louis Cauchy, Cours d’analyse (1821), Ch. VI, pp. 124,

125:

In order for the series ug, ui, uo,... [thatis, > u;] to be
convergent ... it is necessary and sufficient that the
partial sums

Sh=ug+u+u+&c. ...+ up_1

converge to a fixed limit s: in other words, it is necessary
and sufficient that for infinitely large values of the
number n, the sums

Sn, Sp+1, Snt2, &cC. ...

differ from the limit s, and consequently from each other,
by infinitely small quantities.



Cauchy and continuity revisited

In Cours d’analyse, p. 34, Cauchy defined a function f to be
continuous between certain limits if, for each x between those
limits, the value of f(x) is unique and finite, and |f(x + a) — f(a)],
where « is indefinitely small, decreases indefinitely with a.

In other words (p.35): for x between the given limits, an infinitely
small increase in x produces and infinitely small increase in f(x).

So Cauchy defined continuity on an interval, rather than at a
point.

He went on to derive basic results concerning continuous functions:
that the composition of two continuous functions is continuous,
the Intermediate Value Theorem, etc.



A theorem of Cauchy (1821)

Cauchy, Cours d’analyse, pp.131-132:

When the various terms of a series are functions of a
variable x, continuous with respect to this variable in the
neighbourhood of a particular value for which the series
is convergent, the sum s of the series is also, in the
neighbourhood of this value, a continuous function of x.

In other words: a convergent series of continuous functions
converges to a continuous function.

Not true!



Cauchy's argument

Cauchy considered a sequence of continuous functions

up(x), ur(x), u2(x), ... on a given interval. He supposed that the
corresponding series converges to a function s(x). Partial sums are
n—1

denoted by s,(x) = > "¢ un(x). The nth remainder term ry(x) is
defined by s(x) = sp(x) + rn(x).

Cauchy noted that each s, is evidently continuous for values of x
in the given interval. Suppose that we increase x by an infinitely
small quantity «. For all values of n, the corresponding increase in
sn(x) will also be infinitely small. For n very large
(‘tres-considérable’), the increase in r,(x) becomes ‘insensible’.
Therefore, the increase in s(x) can only be an infinitely small
quantity.

NB. All notation except ‘> " is Cauchy'’s.



Cauchy’s argument
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A modern counterexample
For each n € N, define continuous functions f, by

-1 ifng%;
fa(x) = ¢ nx if —1<x<i;
+1 ifxz%.

Now set uy(x) = fi(x), and define new functions u,, recursively by

un(x) = fo(x) = fo_1(x).

Notice then that

n

sn(x) = Z uj(x) = fo(x).

j=1

But we see that s, — s as n — 0o, where

-1 ifx<0;
s(x)=40 ifx=0;
+1 if x>0,

which is discontinuous at x = 0.



A modern counterexample

What happens to the remainders r,(x) = s(x) — sp(x)?

Outside the range —% <x< % ra(x) = 0, but inside:

—1— nx if—%§X<0;
r(x) =140 if x=0;
1— nx if0<x§%.

For each x, rp(x) — 0 as n — oo, but this does not happen
simultaneously for all values of x.



Cauchy’s remainders

Cauchy: For n very large, the increase in r,(x) becomes
‘insensible’. But what does this mean?

One of the following modern statements? (Denoting Cauchy's
interval by /.)

Ve>0:3N:Vxel:n>N=|m(x)| <e
Ve>0:Vxel:dN:n>N=|m(x)| <e

The second is true for our modern counterexample, but the first is
not — so there really is a distinction between the two.

Cauchy clearly didn’t make this distinction — but should this really
be regarded as a ‘mistake’?



Reactions to Cauchy’s ‘mistake’
Abel (Crelle's Journal, 1826) on the Cours d’analyse:

the excellent work of M. Cauchy ... which must be read
by every analyst who aims at rigour in mathematical
research

Four pages later, on Cauchy's ‘theorem’ on sums of continuous
functions:
it seems to me that the theorem admits exceptions. For
example, the series

1 1
sinx — =sin2x+ =sin3x — - --
2 + 3
is discontinuous for every value (2m + 1) of x, m being
a whole number. There are, as one knows, many series of
this kind.



Abel's counterexample

1 1
sinx—Esin2x+§sin3x—---




Abel's counterexample elsewhere

Abel to Holmboe, January 1826:

One applies all operations to infinite series as if they were
finite, but is this permissible? | think not. — Where is it
proved that one gets the differential of an infinite series
by differentiating each term? It is easy to give an
example for which this is not true, e.g.

1 1
Ex:sinx— Esin2x+§sin3x—-~ .
Differentiation gives

1
5 = COSX — CoS2x + cos3x — - - - etc.

a result which is quite false because this series is
divergent.



Can theorems have exceptions?
Abel was not the first to study this example:
» Euler had discussed it in 1783;
» Lacroix had included it in his Traité du Calcul Différentiel et
du Calcul Intégral of 1810;

» it had appeared in Fourier's work — which is probably where
Abel found it.

Had Cauchy seen it?

Abel: Cauchy’s argument is essentially correct, only failing in
certain anomalous situations.

Cauchy: no (immediate) reaction — so deemed the example
irrelevant?

(See: Henrik Kragh Sgrensen, ‘Exceptions and counterexamples:
Understanding Abel's comment on Cauchy’s Theorem', Historia
Mathematica 32 (2005) 453-480)


https://doi.org/10.1016/j.hm.2004.11.010
https://doi.org/10.1016/j.hm.2004.11.010
https://doi.org/10.1016/j.hm.2004.11.010

Abel’s interpretation

Abel read Cauchy as: if the series is convergent at a point xg and
the individual terms of the series are continuous on a
neighbourhood of xg, then the series is also continuous on that
neighbourhood.

But what did Cauchy mean by ‘continuity’” and ‘convergence’?

Note that he only ever defined continuity on an interval — so was
it in fact uniform continuity? If, in addition, we regard his notion
of convergence on an interval as being uniform convergence, then
the theorem holds in all cases.

Similarly, what did Abel mean by ‘continuity’ and ‘convergence’?
The same as Cauchy? Or did he use a similar form of words but
with a different meaning?



Conditions for Cauchy's theorem to work
Dirichlet (1829): Fourier series can represent discontinuous functions.
But the reason why Cauchy’s theorem fails (if indeed it does) remained
unclear.
The need for uniform convergence was gradually recognised:
> Karl Weierstrass (lectures in Berlin), 1841;
> Emmanuel Bjérling (Uppsala), 1846 (or not?);
> Gabriel Stokes (Cambridge), 1847;
Phillip Seidel (Berlin), 1848.

v

See: G. H. Hardy, ‘Sir George Stokes and the concept of uniform
convergence’, Proc. Camb. Phil. Soc. 19 (1918) 148-156 (also: Collected
Papers of G. H. Hardy, vol. VII, 505-513)

And: Klaus Viertel, ‘The development of the concept of uniform
convergence in Karl Weierstrass's lectures and publications between 1861
and 1886’, Arch. Hist. Exact Sci. 75 (2021), 455-490



Cauchy revisits his theorem (1853)

it is easy to see how one can modify the statement of the
theorem so that it will no longer have any exception. This is
what | am going to explain in a few words.

Theorem. If the different terms of the series

uop, Uy, Uz, ..., Up, Upy1,. ..

are functions of a real variable x, continuous with respect to this variable
within the given limits; and if, in addition, the sum

un+un+1+"'+un/

always becomes infinitely small for infinitely large values of the whole
numbers n and n’ > n, then the series will be convergent and the sum of
the series will be, within the given limits, a continuous function of the
variable x.

But it was becoming clear that the language of infinities and
infinitesimals was inadequate for expressing the problems at hand.



Integration

» Recall that in the 17th century, ‘integration’ was designed for
‘quadrature’, for measuring space or calculating area.

> In the 18th century, ‘integration’ was essentially regarded as
the inverse of differentiation.



INSTITVTIONVM
CALCVLI INTEGRALIS

VOLVMEN PRIMVM

IN QVO METHODVS INTEGRANDI A PRIMIS PRIN-
«CIPIIS VSQVE AD INTEGRATIONEM AEQVATIONVM DIFFE-
RENTIALIVM PRIMI GRADVS PERTRACTATVR.

averons
LEONHARDO EVLERO .

ACAD. SCIENT. BORVSSIAE DIRECTORE VICENNALI ET SOCIO
ACAD. PETROP. TARISIN. ET LONDIN.

PETROPOLI
Impenfis Academiae Imperialis Scientiarum

‘ P 1768,
i (‘»\)'

Integration in the 18th century (1)

Leonhard Euler, Foundations of
integral calculus (1768):

Definition 1: Integral calculus is
the method of finding, from a
given relationship between
differentials, a relationship
between the quantities
themselves: and the operation by
which this is carried out is usually
called integration.

(See Mathematics emerging,
§14.2.1.)
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Integration in the 18th century (2)

Corollary 1: Therefore where
differential calculus teaches us to
investigate the relationship between
differentials from a given
relationship between variable
quantities, integral calculus supplies
the inverse method.

Corollary 2: Clearly just as in
Analysis two operations are always
contrary to each other, as
subtraction to addition, division to
multiplication, extraction of roots to
raising of powers, so also by similar
reasoning integral calculus is
contrary to differential calculus.



Integration in the 18th century (3)

+ DE CALCVLO INTEGRALI - Definition 2: Since the differentiation
ratione confripti prodierint , huissmodi conciliatio of any function of x has a form of this
nullum vfum effet habitura. - . . .
Definitio 2 kind: de,. when such a dlffe.rentlal-
7. Cum fun&ionis cuiuscunque ipfius x dife- form X dx is proposed, in which X is
rentiale huiusmodi habeat formam Xdx, propofita . )
ali forma differentiali Xdx, in quu X fit fan@lio any function of x, that function whose
quaecunque ipfius x, illa fun&io, cuius differen- . . . . .
tiale et —Xdx , huius vocatur integrale, et prae- differential = X dx is called its Integral,
ﬁxﬁ [ndiunflt ita vt S Xd. amd:no- . . . .
’ qcontitue wilema 5 i oft and is usually indicated by the prefix f
=xi .
® Coroll 1 so that [ X dx denotes that variable
8 Quemadmodum ergo fitse formulse quantity whose differential = X dx.

differentialis Xdx integrale , fen ea fanctio ipfius x,
cuius differentiale et —Xdx, quae hac fcriptura
/Xdx indicatur , inueftigari debeat, in calculo in-

tegrali ft expliwg"g';_on . ; Corollary 2: Therefore just as the letter

9. Vil ergo littera 4 fignum et differentia- d is the sign of differentiation, so we
tionis , ita littera / pro figno integrationis vtimur , .
ficque haec duo figna fibi mutuo opponuntur, et use the letter f as the sign of
quafi fe deftruunt fcilicet /dX erit =X, quia ez
quantitas denotatur cuius diffcrentiale eft X, quac integration and thUS these two signs are
vtique eft X. !

Coroll 3. mutually contrary to each other, as

ro. Cum igitur harum ipfius » fun&ionum

o £y (aa- ) diffrentalia fnc 2 2, ne™dx, though they destroy each other:
V(ae=zx) figno i / patet’ fore >
S2x certainly [dX = X,




Integration in the 18th century (4)

Coroll 3.
10. Cum igitur harum ipfius 2 fun&ionum
x2*, x*, V(aa—xx) differentialia fint 2xdx, nx""'dx,
=242 figno integrationis / adhibendo patet fore

vY{ae=-zx)
Saxdx=xx;[nx"— 'dx:x‘;f,,(—“:,’-':d:—;,:?'(aa-xx)
vonde vfus huius figni clarius perfpicitur.




Some 19th-century ideas

2 ™
Recall that Fourier coefficients are given by / @(x) sin nx dx.
T Jo

It is not always possible to solve such an integral algebraically.

Fourier (1822): but we can draw the curve of ¢(x), and hence that
of ¢(x)sin nx, under which there is clearly an area.

Fourier thus returned to the idea of integral as area and influenced
Cauchy almost immediately...



A theory of definite integrals (1823)
Cauchy's Résumé, 1823, Lesson 21:

Suppose f(x) continuous between x = xg and x = X. Choose
X1, X2, ..., Xn_1 between these limits. Define

S= (Xl — Xo)f(Xo) + (X2 — Xl)f(Xl) + -+ (X — Xn—l)f(Xn—l)
[much discussion of dependence on partition followed by]

If the numerical values of the elements are made to decrease
indefinitely by increasing their number, the value of S will become
essentially constant, or in other words, it will finish by attaining a
certain limit which will depend only on the form of the function
f(x) and the boundary values x = xy, x = X given to the variable
x. This limit is what one calls a definite integral.

[further issues connected with uniform convergence]



Cauchy and integrals

84 COURS D’ANALYSE.

Observons maintenant que, si fon désigne par Ax =k =dx un ac-
croissement fini attribué 4 la variable x, les differens termes dont se
compose Ia valeur de S, tels que les produits (x,—.)f(x). (x,—x.)f(¥.)s
&e... seront tous comptis dans la formule générale
®) hf(x) = f(x)dx
de laquelle on les déduira I'un apris l'autre, en posant d'abord x=x.
et h=x,—x,, puis x=x, et h=x,—x,, &c... On peut donc énon-
cer que la quantité § est une somme de produits semblables & Fexpres-

sion (8); ce qu'on exprime quelquefois & laide de fa istique =
en écrivant
(9) S=ZXhf(x)=Zf(x)Ax

Quant & Tintégrale définie vers laquelle converge Ia quantité §, tan-
dis que les élémens de fa différence X—x, deviennent infiniment petits,
on est convenu de la représenter parla notation /4 (x) ou ff (x)dx, dans
laquelle fa lettre f'substituée & la lettre = indique, non plus une somme
de produits semblables & Texpression (8), mais la limite dune somme
de cette espice. De plus, comme Ia valeur de fintégrale définie que
{'on considére dépend des valeurs extrémes x,, X attribuées & la variable
x, on est convenu de placer ces deux valeurs, la premitre au-dessous,
Ia seconde au-dessus de la lettre /, ou de les écrire & cbté de l'intégrale ,
que I'on désigne en conséquence par Fune des notations

X -
(o) LT S@dx, fr@dx[F] Sr0ax[I23]:
La premitre de ces notations, imaginée par M. Foarier, est la plus simple.
Dans le cas particulier ol la fonction f(x) est remplacée par une quan-
tité constante a, on trouve, quel que soit le mode de division de la dif-
férence X—x., S=a(X—x), et Fon en conclut
(1) S ade=a(X—x.),
Si, dans cette dernire formule on pose =1, on en tirera
(12) SFde=X—s.

Is it valid to use the symbol [
here?



COURS D'ANALYSE. 101

VINGT-SIXIEME LEGON.
Intégrales i ies.

St, dans Tintégrale définie /| ¥ f(x)dx, on fait varier Fune des deux
limites, par exemple, {a quantité X, I'intégrale variera elle-méme avec
cette quantité; et, si fon remplace la limite X devenue variable par x,
on obtiendra pour résultat une nouvelle fonction de x, qui sera ce quon
appelle une intégrale prise & partir de forigine x==1x,. Soit

(1) Fl)=["flx)dx

cette fonction nouvelle. On tirera de fa formule (r9) [22.% legon]

) Fl) = (x—x.) f[xe+b(x—x)], F(x)=0,

6 éant un nombre inférieur & lunité; et de la formule (7) [23.% legon]
S W — [ f@de= [ () dx = a f(x+0a), ou

3) Flx+a) —F(¥) =a f(x+0a).

M suit des équations (2) et (3) que, i la fonction £(x) est finie et continue

dans le voisinage d'une valeur particulitre attribuée 4 la variable x, la

nouvelle fonction &/(x) sera non-seulentent finie, mais encore continue

dans le voisinage de une valeur, puuqua un accroissement infiniment

petit de x un i petit de F(x).

Donc, si fa fonction f(x) reste finie et continue depuis x =x, jusqud
=X, il en sera de méme de la fonction &(x). Ajoutons que, si fon

divi:e par « les deux membres de Ia formule (3), on en conclura, en

passant aux limites,

(0] F'(x) = ().

Donc lintégrale (1), considérée comme fonction de x, a pour dérivée la

fonction f(x) renfermée sous le signe f dans cette intégrale. On prou-

verait de Ia méme maniére que lintégrale ] ¥ o) de=— " f(x)dxs
Lipons de M. Conchy, Py

Cauchy and the Fundamental Theorem of Calculus

If in the definite integral

fx); f(x) dx one makes one of
the two limits vary, for example
the quantity X, the integral
itself will vary with this
quantity; and if one replaces
the variable limit X by x, there
results a new function of x,
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limites, par exemple, {a quantité X, I'intégrale variera elle-méme avec
cette quantité; et, si fon remplace la limite X devenue variable par x,
on obtiendra pour résultat une nouvelle fonction de x, qui sera ce quon
appelle une intégrale prise & partir de origine x=x,. Soit
(1) Fl)=["flx)dx
cette fonction nouvelle. On tirera de fa formule (r9) [22.% legon]
(2 F) = (x—x.) f[xe+b(x—x)], F(x)=0,
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Donc, si fa fonction f(x) reste finie et continue depuis x =x, jusqud
x=X, il en sera de méme de la fonction F(x). Ajoutons que, si fon
divise par « les deux membres de la formule (3), on en conclura, en
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(0] F'(x) = ().
Donc lintégrale (1), considérée comme fonction de x, a pour dérivée la
fonction £(x) renfermée sous le signe [ dans eette intégrale. On prou-

) .y . X =
verait de Ia méme maniére que lintégrale f[ ¥ f(x)dx=— f}"f(x)dx;
Legons de M. Canchy, 'y

Cauchy and the Fundamental Theorem of Calculus

Let

X

F(x) = f(x) dx

X0
be this new function.

Proved that .#/(x) = f(x), and
also that

@'(x) = 0 = w(x) = const,

which may be used to show
that if F'(x) = f(x), then

X
f(x)dx = F(X) — F(xo)-

X0



The Fundamental Theorem of Calculus

What is the Fundamental Theorem of Calculus?

> integration is the inverse of differentiation?

> integration ‘as a sum’ is the same as integration ‘by rule'?

» Cauchy's integration is the same as Euler's integration?

> 19th-century integration is the same as 18th-century
integration?



Bernhard Riemann (1826-1866)

Teber die
Darstellbarkeit einer Function
durch eine trigonometrische Reihe.

Von

B. Riemann.

—_——
Aus dem droizchuten Bande der Abhandlungen der Koniglichen Gesellschalt
der Wissenschaften 7u Gittingen. .

Gottingen,
in der Dietorichachen Buchhandlung.
1867,




Riemann's integral (1853)

Function f(x) no longer required to be continuous on [a, b]. Take
X1 < Xo < -+ < Xp_1. Define 61 :=x31 —a, do :=x0 — x1, ...,
O0n = b— xp—1. Choose numbers ¢; between 0 and 1. Then define

S:=61f(a+e101) + d2f (x1 + £202)
+ 03f(x2 +€303) + - - - + dnf(an—1 + €ndp)

If this has the property that it comes infinitely close to a fixed
value A when all the §; become infinitely small, then this is the
value of fab f(x) dx.

Many variants over the years, all called Riemann integral.



Lebesgue's integral (1901)

Considers step functions on subsets that are not necessarily
intervals, thus requiring the notion of a measure (Borel, 1894).

Results in a notion of integral of wider applicability than
Riemann's; for example:

can integrate highly discontinuous functions, such as the Dirichlet
function:

Flx) = 1 if x is rational;
" | 0 if x is irrational.



