CHAPTER IX.
Derivates of functions of one or two real variables.

§ 1. Some elementary theorems. The first part of this
chapter (§§ 1—10) is devoted to studying the various relations between
the derivates of a function of a real variable. With the help of the no-
tion of extreme differentials introduced by Haslam-Jones, certain of
these relations will subsequently be extended, in the second part of
the chapter (§§ 11—14), to functions of two variables.

Accordingly, the term “function” will be restricted in the ﬁl%
part of this chapter to mean function of one real variable.

Before proceeding to the theorems directly connected with the
Lebesgue theory, we shall establish in this § some elementary results.

We first observe that o linear set E contains at most a finite num-
ber, or an enumerable infinity, of points which are isolated on one side at
least. To fix the ideas, let 4 be the set of the points of E which are
isolated points of K on the right. For each integer n, let 4, denote the
set of the points # of 4 such that the interval [z,2-+1/n] contains no
point of E other than . Then it is plain that, for each integer %, the in-
terval [k/n, (k+ 1)/n] can have at most one point in common with A ,.
Hence each set 4, is at most enumerable, and the same is true of
the set A= 4,.

We say that a finite function F' assumes at a point z, a strict
mazimum if there exists an open interval I containing z, such that
F(x)<F(zo) forevery point zel other than z,. By symmetry we define
a striet minimum.
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(1.1) Theorem. Given o finite function of a real variable F, each of
the following sets is al miost enumerable:

(i) the set of the points at which the function F assumes @ strict
MALTMUM 0T MANTMUM;
(ii) the set of the points © at which
lim sup F(t) >lLm sup F(t) or

>x x4

lim inf P(#)<1lim inf F(1);

x4+
(iii) the set of the points x af which

Fra)<P~(z) o  F(z)<F*(2).

Proof. e (i). Consider the set A of the points at which, for in-
stance, the function F assumes a strict maximum, and let 4, denote,
for each positive integer n, the set of the points # such that F(t) << F(z)
holds for each point {==x of the interval (z—1/n, 2z+1/n). We see at
once that each set 4, isisolated, and therefore at most enumerable,
Since A=J2'A,, it follows that the set A is at most enumerable.

re (ii). Let us consider, for definiteness, the set B of the points
2z at which lim sup #({)>lim sup F(¢). We denote, for each pair of in-
t>x x4

tegers p and ¢, by Bp, the set of the points z such that
hm wp F(t)>plg >1m1 sup F().

Clearly each point of a set B,, is, for that set, an isolated point on
the right. Bach of the sets B, is thus at most enumerable, and, since
B*Z B,,, the same is true of the whole set B.

;e (iii). Consider the set ¢ of the points x at which Fa)<F (x),
and denote, for each pair of integers ¢>0 and p, by Cp,, the set of the
points » at which F*(z)<p/q<F (z). Write Fyq(z)=F(z)—pt/q. We
find Tf‘;,fq(w)<0<'_ﬁ‘;q(m) at each point weCypq, and this shows that the
function F,, assumes a strict maximum at each point of Cpq. By the
result just established, each set Oy is at most enumerable, and con-
sequently, the same is true of the whole set C.

It is sometimes convenient (vide, below, § 5) to appeal to a
slightly more general form of the last part of Theorem 1.1, which
concerns relative derivates (cf. Chap. IV, p.108) and which reads thus:

(1.2) Theoremn. If U and F are two finite functions of a real variable,
the set of the poinis t at whick the derivative U'(£)>0 (finite or infinite )
exists and at which FH(t)<Fu(t), is at most enumerable.
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This is proved in the same way as the corresponding part of
Theorem1.1. In fact, if we denote, for every pair of integers ¢>0 and p,
by Cp, the set of the points z at which F??(m)< plg<Fy(z),
we see at once that the function F(z)—(p/g)- U(z) assumes at each
point of C,, a strict maximum. Therefore each set Cy, is at most
enumerable.

For Theorem 1.1 and its various generalizations, vide: A. Denjoy [1, p. 147],
B. Levi[1], A. Rosenthal [1], A. Schonflies [I, p. 158], W. Sierpinski [1; 2]
and G. C.Young [1]. As regards the enumerability of the set of the points at which
the function assumes a strict maximum or minimum, it is easily seen that this
result remains valid for functions in any separable metrical space (cf. F. Haus-
dorff [I, p. 363]). Mention should be made also of the elegant generalizations of
Theorem 1.1, obtained successively by H. Blumberg [1], M. Schmeiser[1] and
V. Jarnik [3].

§ 2. Contingent of a set. We have mentioned earlier (in
Chapter IV, p. 133), that certain theorems on derivates of functions
may be stated as propositions concerning metrical properties of
sets in Euclidean spaces. In connection with these results, we shall
state in this § some definitions which begin with some well-known
notions of Analytical Geometry.

By the direction of a half-line I in a space R, (where m>2) we
shall mean the system of the m direction cosines of I. The half-line
issuing from a point ¢ and having the direction 6 will be denoted by
af. The half-line issuing from a point o and containing a point b=a

will be denoted by a_l;.

If we interpret the system of the m direction cosines of a half-
line as a point in B, (situated on the surface of a unit sphere), we may
regard the set of all directions in a Euclidean space as a complete,
separable, metrical space (c¢f. Chap. II, § 2). It is then clear what is
to be understood by the terms: oonvergénee and limit of a se-
quence of directions, everywhere dense set of directions, etc. We
shall say further that a sequence of half-lines {ls) issuing from the
same point a converges to a half-line I issuing from a, if the sequence
of the directions of the half-lines 7, converges to the direction of I.

Given a set F in a space R, a half-line [ issuing from a point acE
will be ealled an intermediate half-tangent of B at a, if therve exists
a sequence {an; of points of & distinet from g, converging to a and such

...)
that_the sequence of half-lines {aa,) converges to I. The set of all inter-
mediate half-tangents of a set B at a point ¢ is termed, following
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G. Bouligand [I], the contingent of E at ¢ and denoted by contgza
(by the contingent of F at an isolated point of B, we shall understand
the empty set). A straight line passing through a which is formed of
two intermediate half-tangents of F at a is called intermediate tangent
of E at a. Similarly a hyperplane h passing through the point ais called
intermediate tangent hyperplane of E at a, if each half-line issuing from
o and situated in A is an intermediate half-tangent of E at . In R,
the notions of intermediate tangent hyperplane and inter-
mediate tangent are plainly equivalent.

Given in the space R, a hyperplane h, a,2;+astyt ...+ ap@=b,
(cf. Chapter III, §2) the two half-spaces (half-planes if m=2)
Oy + Ooot oo 0mm =b and a2+ ag®s+... + 0m2m<<h, into which h
divides RB,, will be termed sides of the hyperplane k. In the case in
which kb is anintermediate tangent hyperplane of a set E at a pointa
and in which, further, the contingent contgg ¢ is wholly situated on
one side of h, the side opposite to the latter is called empty side of h
and the hyperplane h istermed extreme tangent hyperplane of E at a.
The two sides of h may, of course, both be empty at the same time,
and this occurs if the contingent of E at a coincides with the set of
all half-lines issuing from ¢ which lie in the hyperplane % itself.
The hyperplane his then termed unique tangent hyperplane, or simply,
tangent hyperplane, of E at a.

For simplicity of wording, we shall restrict ourselves in the sequel
to the case of sets situated either in the plane R, orin the space KR,
Needless to say, the extension to any space R, presents no essential
difficulty (an elegant statement, which sums up the results of §§ 3
and 13 of this chapter and which is valid for an arbitrary space By,
will be found in the note of F. Roger [2]).

As usual, the hyperplanes in R, and R, are termed straight
lines and planes respectively. Moreover, in the case of plane sets we
shall speak of tangent (intermediate, extreme, unique) in place of
tangent straight line (intermediate, extreme, unique).

We shall discuss the case of the plane (§3) and that of the space
{§13) separately, although the proofs of the fundamental theorems
3.6 and 13.7 which correspond to these two cases, are wholly analogous.
The proof of the former is, however, more elementary, whereas the
latter requires some subsidiary considerations connected with the
notion of total differential (cf. below §12).
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§ 3. Fundamental theorems on the contingents of plane
sets. For brevity, we shall say that the contingent of a plane set
E at a point a is the whole plane, if it includes all half-lines issuing
from this point. Similarly the contingent of F at a point a will be
said to be a half-plane, if B has at this point an extreme tangent [
and if contgza consists of all the half-lines issuing from « and
situated on one side of 1.

We shall see in this § that, given any plane set &, at each point a of F except

at most in a subset of zero length, either 1°the contingent of Fis the whole plane, or

" 20ibis a half-plane, or finally 8° the set E has a unique tangent. This result (together

with the more precise result contained in Theorem 3.6) was first stated by

A.Kolmogoroff andJ.Versenko [1;2]. It was rediscovered independently, and

generalized to sets situated in any space Bum, by F.Roger [2]. The proofs, together

with some interesting applications of the theorem of Kolmogorott and Vercenko,

will be found in the notes of U.S. Haslam-Jones [2;3]. (For the first part;
of Theorem 8.6 cf. also A. S. Besicoviteh [4].)

A finite function of a real variable F, defined on a linear set E,
is said to fulfil the Lipschitz condition on B, if there exists a finite
number N such that |F(z,)—F(z)| <N [#¢y—a,| whenever », and A
are points of E. As we verify at once, we then have A{B(F; B))<
<(N+1)-|E| (for the notation, cf. Chap. II, § 8, and Chap. IIT, § 10).
Thus, if a function F fulfils the Lipschitz condition on a set B of finite
[zero] outer measure, its graph B(F;E) on E is of fimite [zero]
length.

Itis also easy to see that any function which fulfils the Lipschitz
condition on a linear set &, can be continued outside E so as to fulfil
the Lipschitz condition on the whole straight line B, and so as to be

linear on each interval contiguous to Z.

(3.1) Lemana, Let R be o plane set, 0 o fized direction and P the set
of the pfn‘nts o of B at which contgy a contains no half-line of direction 6.
Then“(l) the set P is the sum of & sequence of sets of finite length
and (ii) at each point o of P, except at most at those of a subset of Ze%gﬂ;
zero, 'the set R has an extreme tangent such that the side of the tangent
containing the half-line af is s empty side.

_ In the particular case in which 6 isthe direction of the positive semi-
axis of y, the set P is expressible as the sum of an enumerable mfinity of

sets e_ach of ?.ohz'ch s the graph of a function on a set om which the
funetion fulfils the Lipschitz condition.
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Proof. By changing, if necessary, the coordinate system, we
may suppose in both parts of the theorem that 6 is the direction of
the positive semi-axis of y. Let us denote, for every positive inte-
ger n, by P, the set of the points (z,y) of P such that the inequali-
ties |z'—a/<1/n and |y'—y|<1/n imply y'—y<n-jz'—z| for every
point (z',y’) of R. Since there is no point ¢ of P at which the contingent
of k contains the half-line with the direction of the positive semi-axis
of y, it is clear that P=_2 P,. Let us now express each P, as the sum of

a sequence {Pp,ir—1,s,.. of sets with diameters less than 1/n. We shall
then have [y,—y,|<n-|lw,—a,| for every pair of points, (z,, y,) and
(@4 ¥,), belonging to the same set P, Let @, be the orthogonal
projection of P, on the axis of 2. We easily see that each point of
Qn.x 1s the projection of a single point of P,, Consequently, the set
P, may be considered as the graph of a function F,, on @,z Moreover
we have |F,u(@:)—Fnx(#)|<n-|2o—a;| for each pair of points x;, and
Ty 0f Qupr, i.e. the function F, , fulfils the Lipschitz condition on @,
and therefore (cf. above p.264) each set P =B(Fur; Qnr) is of
finite length. Thus, since P= %P,,,k, we obtain the required expres-

sion of the set P as the sum of an at most enumerable infinity of sets
of finite length, which are at the same time graphs of functions
fulfilling the Lipschitz condition on sets situated on the x-axis.

It remains to examine the existence of an extreme tangent to
the set R at the points of P. For this purpose, let us keep fixed for the
moment & pair of positive integers n and %k, and let @n,h be the set of
the points of @,, which are points of outer density for @, and at
which the function F,, is derivable with respect to the set @,z Since
the set Q,,,k—(?,,,k is of measure zero (cf. Theorem 4.4, Chap. VII) and
since the function F, , fulfils the Lipschitz condition on @, ., it follows
that A [B(Fy ;5 Qn,k'—"@Jll,k)J =0.

‘We need, therefore, only prove that R has an extreme tangent
at each point of the set B(F.z; @,,,k) and that, further, the side of
this tangent which contains a half-line in the direction of the
positive semi-axis of y is its empty side.

Let (&,7,) be any point of B (Fnx;@ns), and 4, the derivative
of P, at &, with respect to the set @, Let e be a positive number less
than 1. Since &, is a point of outer density for the set @,z we can
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associate with each point (&, 1), sufficiently close to (&, 7,), @ point
&'eQnp such that

(32)  [E—&|<[E—4&| and (3.3)  |&—g<erle—¢

(for otherwise, the outer lower density of Q.. at & would not ex-
ceed 1—e).
Remembering now that =F (&), let us write for brevity

D, (&)=1F, (&)—n,—4y(E'—E&)
‘We shall have

(84) n—n—do(§—&)=D, (&) + [n—F, ()] + 4y (£ —8).

Now suppose that the point (& #) belongs to B and that
|6—&|<1/2n® and [p—7,|<1/2n% By (3.3), we have |&'—&|<{1/n,
and, by (3.2), IF,,,k(f')‘—%f<“‘1§'—§o|<7’0'|5‘—fof<1/2n7 so that
[Fos(&')—n|<1/n. Since the point (&', F, 4(£')) belongs to P, C P, it
follows from the definition of the set P, that n—F,(&)<n-|E—&,
and using (3.3) again, we derive from (3.4) that

77"—770—110'(5_—'50) <!‘Dn,k(51)| + (77; + {‘A‘ODIEI_EIS
<D, (8 + e (n+ |4y |E—E)-

Now as &, and therefore &', tends to £, the ratio D, ,(&')/(&'—&,)
tends to zero; the same is therefore true, on account of (3.3), of the ratio
Dy &) [(E—&y). Consequently, since ¢ is an arbitrary positive number
less than 1, it follows from (3.5) that the upper limit of the ratio
[9—n,—Ay (§—E&)1/|E—&), as the point (& n)eR tends to (&,7,),
is non-positive. Further, since the line Yy—n,=4,(x—§;) is plainly
an intermediate tangent of the set B(Fyx; Qn) CR at the point (&, N
we see that this line is an extreme tangent of the set R at this point
and that the half-plane y—»,> 4 -(#—&,), which contains the half-line
issuing from (&, 7,) in the direction of the positive semi-axis of 7,
is an empty side of this tangent.

This completes the proof.

(3.6) Theorem. Given a plane set R, let P be a subset of R at no point
of which the contingent of R is the whole plane. Then (i) the set P is the
sum of an enumerable infinity of sets of finite length and (ii) at every
point of P, except at those of a set of length zero, either the set R has a UNLGUC
tangent or else the contingent of R is a half-plane.
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Proof. Let {0,} be an everywhere dense sequenca of directions
in the plane and, for each positive integer =, let P, denote the set of
the points of P at which the contingent of E does not contain the half-
line of direction 6,. We clearly have P=}'P,, and by the preceding

lemma each set P,, and therefore the whole set P, is the sum of a se-
quence of sets of finite length. Further, the same lemma shows that
the set R has an extreme tangent at every point of P, except at most
in a set of length zero.

Now let @ be the set of the points of P at which 1° there exists
an extreme tangent which is not a unique tangent and 2° the con-
tingent of R is not a half-plane. For each positive integer n, let Q,
denote the set of the points b of  such that the half-line b6, is situated
on the non-empty side of the extreme tangent of R at b, but does
not belong to contg,b. Plainly @=3'Q,. Now, by the preceding

lemma, for every point be@ , except at most those of a set of length
zero, the half-line b0, is situated on the empty side of the extreme
tangent at b. It follows that all the sets @ , and therefore also the
whole set ¢, are of length zero. Hence, at every point of P, except
perhaps those of a subset of length zero, either there is a unique
tangent or the contingent at this point is a half-plane.

(3.7 Theorem. Given & plane set R, let P be a subset of R at every
point of which the set R has an extreme tangent parallel to a fixed
straight line D. Then the orthogonal projection of P on the line at right
angles to D is of linear measure zero.

Proof. We may clearly assume that the line D coincides with
the axis of x. Let S and T denote, respectively, the sets of the points
(&,m) of P for which the half-planes y>>» and y<{y are respectively
the empty sides of the extreme tangents. Consider the former of
these sets. By Lemma 3.1, the set § is the sum of a sequence of
the sets B(F ;Q,), where the @, are sets on the z-axis and the F,
functions fulfilling the Lipschitz condition on these sets, respectively.
We may suppose (c¢f. p. 264) that each function F, is defined, and
fulfils the Lipschitz condition, on the whole z-axis and is linear
on the intervals contiguous to the set Q.

This being so, we easily see that, for every m, the relation
Fy(x)=0=F,;(x) holds at each point  of @, which is not an isolated
point on any side for @, i.e. (cf. §1, p.260) at all the points of Q,,
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except at most those of an enumerable set. Thus by Lemma 6.3,
Chap. VII, we have |F [Q ]=0 for every positive integer n, and
sinece the projection of § on the y-axis coincides with the sum of
the sets F' [Q,], this projection is ifself of measure zero. By sym-
metry, the same is true of the projection of the set 7' on the
y-axis, and this completes the proof.

As an immediate corollary, we derive from Theorem 3.6 the following prop-
osition:

(3.8) Given a plane set R, let P be a subset of R at each point a of which there exists
a straight line through a which contains no half-line of contgpa. Then the set B has
a unique tangent at all the points of P except at most those of a subset of length zero.

This result can he easily extended to the space (cf. F. Roger[2]) asfollows:

(3.9) Given a set E in the space Ry, let P be a subset of R at each point a of which there
exists a plane through a which contains no half-line of contgpa. Then (i) the set P is
the sum of an enumerable infinity of sets of finite length and (i) the set B has o unique
tangent at all the points of P except at most those of a subset of length zero.

Proof. Let {6,} be an everywhere dense sequence of directions in the space
By. For each positive integer %, let P, , denote the set of the points a of P such

-
that |cos(ab, 6,)|>1/h for every point b of B distant less than 1/h from a. We
express each set P, , as the sum of a sequence P n1te=,0,. Of sets of diameter
less than 1/h. We then have

(8.10 P=JP =>p .
) it n,h n,‘lﬁk n,hk

Keeping, for the moment, the indices n,h, k fixed, we choose a new system of
rectangular coordinates, taking for the positive semi-axis of z the half-line of
direction ¢,. Let e, # and y be, respectively, the three positive semi-axes of the new
coordinate-system. For any set, or any point, §, we denote by §®, Q@ and QY the
orthogonal projections of ¢ on the planes 2y, y¢ and B, normal to the axes e, 8
and y respectively. N

We have [cos(ab, y)|>1/h whenever a sP",h,k, beR and 0<o(a, b)<<1/h. It
follows at once that there is no point Pfl“}l &t which the contingent of the plane set
B'Y contains a half-line at right-angles to the semi-axis v. Hence, by (3.8),
the set PEI“% r is the sum of an at most enumerable infinity of sets of finite
length, and the set R has a unique tangent at all thepoints of P{), , except at most
those of a set I, o,h,z Of length zero. Similarly, the set R® has a ﬁﬁique tangent at

all the points of Pg’)h » €xcept at most those of aset N, , , of length zero. It follows
that the set 2 has a unique tangent at each point g of P, 1y except perhaps when
al® e 3r mhx OF When aPe N iy NOW we easily see that the two ratios

ela, bYjo(a®, b)) and o(a, b)/e(a®, b)) remain bounded (by h) when ¢ and b
belong to the set P, e 1t follows that the set of the exceptional points of P

. . . Wk
at which the set R has no unique tangent is, with the sets M any and N, ,: ofl

length zero. For the same reason, since the set Pff‘}, » is the sum of an at most
enumerable infinity of sets of finite length, so is also the set P, 1 This com-
pletes the proof, on account of the relation (3.10). v
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§4. Denjoy’s theorems. We shall apply the results of the
preceding § to establish certain importantrelations, valid almost every-
where, which connect the Dini derivates of any function what-
soever, and which are known by the name of the Denjoy relations.
For simplicity of wording, we agree to call opposite derivates of
a function F at a point z, the Dini derivates F”L(.fvo) and F (z,),
or else Ft(x,) and F (z,).

We shall begin with some preliminary remarks.

Let F be a finite function defined in a neighbourhood J of
a point x, and let B denote the graph of F on J. It is clear that if
the function F is derivable at the point @, the set B has at (x4, F (z,))
a unique tangent not parallel to the axis of y. Similarly, if two op-
posite derivates of F are finite and equal at z, the set B has at
(g, F'(2y)) an extreme tangent y —F (x,)=k-(x—x,), whose angular
coefficient & is equal to the common value of these derivates. Con-
versely, if at the point (z,,F (x,)) the set B has the extreme tangent
y —F (x,)=k-(r—x,) where k==oo, then 10 F'(x,)=F (x,)=k in the
case in which the half-plane y—y, >k (x—=z,) ig an empty side of
this tangent and lim sup F(2)<F(2,), and 2° F " (z,)=F (2,)=Fk in

XrXy
the case in which the half-plane y—y,<k-(z—=)) is an empty side
and Hminf F(z)=F (z,).

In_>t“he enunciations of the theorems which follow, we shall
frequently be concerned with exceptional sets E, connected with
a function F and subject to the condition A{B(F;E)}=10. This
condition evidently implies both |E|=0 and |F[E]=0, since the
sets B and F[F] are merely the orthogonal projections of the set
B(F;E) on the z- and y-axes, respectively.

(4.1) Theorem. If at each point of a set E one of the exireme uni-
lateral derivates of & funmciion F is finite, this derivate is equal to its
opposite derivate at every point of E emcept perhaps at the points of
a set By, of measure zero such that A{B(F;E;);=0.

Proof. We may clearly suppose that the same derivate, Ft(x)say,

isthe one whichis finite throughout E. Wethus have 111{1) SIipF(ac) <F(zg)

at every point @,e E and, on account of Theorem 1.1 (ii), we may

even suppose that limsup F(z)<F(z,) at every point z, of E.
Xy, .

Now, when z,¢ E, the contingent of B(F;E) at the point (20, F' (9?0))

contains no half-line situated in the half-plane x>z, and having

€
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angular coefficient exceeding F+(w0). Therefore, by Theorem 3.6,
the set B(F; E) has an extreme tangent at each of its points (gs F(4)),
except for those of a subset B; of length zero, and this tangent has the
half-plane y— y,>F " (2,)-(x—u,) for its empty side. Hence, denot-
ing by E, the orthogonal projection of B, on the x-axis, we see, from
the remarks made at the beginning of this §, that at every point
of the set E—E, the derivates F'(x) and F () are equal. This corn-
pletes the proof since A{B(F;E,)}=A4(B;)=0.

(4.2) Theorem. If at each point of & set E a finite function F has
either two finite Dini derivates on the same side, or else a finite extreme
bilateral derivate (F(z) or F(z)), then the function F is almost every-
where derivable in E; moreover, denoting by E, the set of the poinis
of E at which the function F is not derivable, we have A{B(F;HE,);=0.

Proof. It will suffice to consider separately the following
two cases:

19 The function F has two Dini derivates on the same
side finite at each point of E. We then have, by Theorem 4.1,
(£.3) FHa)=F () and F(z)=F (z)
at each point z of E, except perhaps those of a set E, such that
A{B(F;B,)=0. But the relations (4.3) imply the equality of all four
Dini derivates at the point », and since two of them are finite, by
hypothesis, at each point  of E, the function I is derivable through-
out E—E,. ‘

90 The function F has an extreme bhilateral derivate
finite at each point of E. By applying twice over Theo-
rem 4.1, and making use of the obvious relations F*(z)>F"(z) and
F (z)=>F (z), we see that the four Dini derivates are finite and
equal at each point of E, except perhaps at those of a set on which
the graph of F is of zero length. This completes the proof.

Theorem 4.2 (in a slightly less complete form, it is true) has
already been mentioned in Chap. VII, p. 236, as a corollary of
Theorems 10.1 and 10.5, Chap. VII. We have also stated that (as
a consequence of these same theorems) the set of the points at which
a function has a unique derivative (even a unilateral derivative)
infinite, is necessarily of measure zero. We can now extend this
result by taking the modulus, as follows:

(4.4) Theorem. For any finite function F, the set of the points x
at -wh»ichhl_i}loljlL |F 2+ h)—F(z)|/[h=-—+ oo, is of measure zero.
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Proof. Denoting the set of the points in question by A4, we
see at once that the graph of the function F has at every point of
the set B(F;4), except perhaps at those of a set of length zero,
an extreme tangent parallel to the y-axis. Thus, by Theorem 3.7,
the set 4, which is the projection of the set B(F;4) on the z-axis,
is of measure zero and this completes the proof.

It results, in particular, from Theorems 4.1, 4.2 and 4.4 that the Dini
derivates of any finite function F satisfy one of the following four relations at almost
every point m: 10 F(z)=F ~(x)=—4c0, F¥(2)=F (x)=—o00; 20 FF(x)=F"(i) = oo,
Ftw)=—oc0, F (z)=+00, 3° FT(2)=F (z)+00; FT(x)=-+oo0, F (x)=—00;
40 I‘—1+(x)=,_l7’+(m)=l‘—'_(w)=__E"(m)#oo. For direct proofs of this theorem, which was
established first by Denjoy for continuous functions and then generalized to
arbitrary functions, vide: A. Denjoy [1], G. C. Young [2], F. Riesz [7], J. Rid-
der{4], J. C. Burkill and U. 8. Haslam-Jones [1], and H. Blumberg [2] (cf.
also A. N. Singh [1]). A further discussion of the Denjoy relations will be found
in the notes of V. Jarnik [1] (for functions of one variable) and of A. S. Besi-
coviteh [6] and A. J. Ward [4] (for functions of two variables). For Theo-
rem 4.4 see S. Saks and A. Zygmund [1] (cf. also 8. Banach [1]).

A part of the Denjoy relations has recently been generalized to differential
coefficients of higher orders; see the important memoirs of A. Denjoy [9],
J. Marcinkiewicz and A. Zygmund [1], and J. Marcinkiewicz [2].

We may now supplement Lemma 6.3, Chap. VII, by the fol-
lowing result:

(4.5) Theorem. Let M be a finite number and F o finite function
such that |F(z)|< M at every point @ of a set B. Then |FLE] < M-|B|

Proof. Let B, denote the set of the points # of E at which
F~(2)+=F" (). By Theorem 4.1, we have A{B(F;E,)}=0 and there-
fore, |F[E,]]=0. On the other hand, since lE_(m)[=|F+(:c)1<M at
each point xeE—F;, it follows from Lemma 6.3, Chap. VII, that
|F[E—E,)| < M-|E|, and this completes the proof.

An immediate consequence is the following eriterion for a fune-
tion to fulfil Lusin’s condition (N) (Chap. VIL, § 6):

(4.6) Theorem. If a finite function T has at each point © of a set B
a finite Dini derivate, the function necessarily fulfils the condition
(N) on E.

Proof. It is enough to show that if at each point » of a set H
of measure zero the function F has one of its Dini derivates, F' say,
finite, then |[F[H]|=0. For this purpose, let H, be the set of the
points xeH at which 'F*(z)) <n. We have, by Theorem 45,
|F[H,)|<n|H.=0 for each positive integer =, and hence |F[H]|=0.
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It is easy to see that the hypotheses of Theorem 4.5 imply that
AMB(F; BY\<(M+1)JB}. This remark enables us to complete Theorem 6.5 of
Chap. VII, as follows: If the derivate Ft of o finite function F is finite ab every poind
of a measurable set B, emcept at those of an enumerable subset, then the function F,
together with its derivate FT, is measurable on B and we have

|FIE)< / [Fr@)dz and A{B(F;B)= f N+ FH )2 - dw.

E E

We may note also the following consequence of Theorem 4.5: If one of the

four Dini derivates of a function F vanishes at every point of a set E, then |F[E]=0.

For funetions F(z) which are continuous, or more generally continuous in

the Darbous sense (i.e. assume in each interval [a, b] all the values between F(a)
and F(b)), we deduce at once the following result:

(4.7) Theorem. If F is a finite function, continuous in the Darboux sense on an
interval I, and if af each point of this interval, except those of an enumerable set, one
at least of the four Dini derivates is equal to zero, then the function F' is constant on I.

% § 5. Relative derivates. The Denjoy relations can be
extended in various ways to relative derivates of a function
with respect to another function. Let us remark that, in accordance
with the definition given in Chap. IV, p. 108, the extreme derivates
of any function with respect to a finite funetion U are determined
at each point which belongs to no interval of constaney of the func-
tion U; consequently, the set of values taken by the function U
at the points at which the extreme derivates with respect to U
remain indeterminate is at most enumerable.

In the sequel it will be useful to employ the notation adopted
in Chap. IV, § 8. Let us recall in particular, that if C is a curve given
by the equations =X (?), y=Y (f), its graph on a linear set F (i.e.
the set of the points (X (1), Y (¢)) for te E) is denoted by B(C;E).

(6.1) Lemina. If Cis a curve given by the equations x= U (i), y=1F(t),
the set B of the points ¢ at which Fy(t)< oo, may be expressed as
the sum of a sequence of sets {E,} such that

(V) for every n and for every open interval I of length less than 1/n,
the set B(C;I) has a unique tangent af every point of B(C;I-E,)
except those of a set of length zero.

Proof. Let us denote, for each positive integer m, by E, the
set of the points # such that, provided that the differences F'(i')— F(t)
and U(¢')—U(t) do not vanish simultaneously, the inequality |t'—t| < 1/n
implies [F(t")—F ()] /[U () —Ut)]<n. We see at once that, for any
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open interval I of length less than 1/n, the contingent of B(C;I)
at a point of B(C;I-E,) cannot contain half-lines of angular coef-
ficient greater than m, and can be, therefore, neither a whole plane,
nor a half-plane (cf. §3, p.264). The property (y) of the sequence
{E,) thus appears as a direct consequence of Theorem 3.6.

(5.2) Theorem, If U and F are continuous functions and we have
Fi(t)<+oo at every point t of a set E, then there is a finite derivative
Fu(t) ot each point t of E, except at the points of a set H such that
|ULH)|=0.

Proof. Let ¢ denote the curve given by the equations o= U(¢),
y=F(t). On account of Lemma 5.1, the set F is expressible as the
sum of a sequence of sets {E,} which fulfil the condition (v) of this
lemma. Keeping fixed, for the moment, a positive integer =, let us
consider an open interval I of length less than 1/n. Let B,(I) denote
the set of the points of B(C;I-E,) at which the graph of the curve
C on I either has no unique tangent, or else has a unique tangent
parallel to the y-axis. Further, let f?,,(I) be the projection of the
set B,(I) on the z-axis. On account of the condition (v) and
Theorem 3.7, we have |§,,(I )|=0. Now since U and F are continuous,
it is clear that the derivative Fp(t) exists and is finite at each point
te I.E,, provided that U (¢) does not belong to the set ﬁ,,(l). Hence,
I being any open interval of length less than 1/n, this derivative
exists and is finite at each point te E,, except at most at the points
of a set H, such that |U[H,]|=0. This completes the proof, since
E=}E,.

(5.3) Theorem. If U is a continuous function and F any ]‘inité
function for which Fp(t)=0 ai each point t of a set E, then |F[E]=0.

Proof. Let ¢ denote, as in the proof of the preceding theorem,
the curve = U(t), y=F(t), and let E be expressed as the sum of
a sequence of sets {E,} subject to the condition (y) of Lemma 5.1.
Keeping fixed, for a moment, a positive integer n, let us consider
any open interval I of length less than 1/n. At each point of B(C;I-Ex),
except those of a set of length zero, the set B(C;I) then has a unique
tangent, and since the function U is continuous and Fy(t)=0 at
each point teE, this tangent is parallel to the z-axis. It follows,
by Theorem 3.7, that the set F[I-E,], which coincides with the
projection of the set B(C;I-E,) on the y-axis, is of measure zero.
Since I is any interval of length less than 1/n, it follows that [F[E,]l=0
for each positive integer n, and finally that [F[E]=0.

S. Saks. Theery of the Integral. 18
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The hypothesis of continuity of the function U is essential for the validity
of Theorems 5.2 -and 5.3 (the hypothesis of continuity of the function F, which is
not required in Theorem 5.3, may, however, be removed also from Theorem 5.2).
Let F(t)=—t identically, and let U(t)=t for irrational values and U(t)=i+1 for
rational values of t. Denoting by B the set of irrational points of the interval (0, 1),
we shall have at each point t of this set

Fy)=Fft)=Fgt)=0
Nevertheless |T[E]=|F[E]|=1. On the other hand, the hiypothesis of continuity
of the function U may be removed from Theort?ln 5.3, if we replace the con-
dition FU (£)=0 by the more restrictive condition F, (2)=0. To see this, we shall first
establish an elementary lemma.

and  FyW)=FF®)=F;t)=—1.

(5.4) Lemma. If U is a finite function on a set B, there exists a set
T CE such that the set U[T] is at most enumerable and such that cach
point te B—T is the limit of o sequence of points {t} of E which
fulfils the conditions (i) ;> and U(t)£U(r) for each i=1,2,..
and (i) Lm U(t)=U(z). '

Proof. Let T be the set of the points 7eE none of which is
the limit of a sequence {{;} of points of E subject to the conditions
(i) and (ii) of the lemma. Let us denote, for each positive integer F,
by T the set of the points v of T for which there is no point te B
such that both 0<i—r<1/k and 0<|U(t)—U(7)|<1/k. We have
T=}'T;. Plainly the function U cannot, on any portion of T, of

k
diameter less than 1/k, assume two distinct values differing by less
than 1/k. It follows that each set U[T}] is at most enumerable,
and the same is therefore true of the whole set U[T].

(5.5) Theorem. If U and F are any finite functions and F’U(t):()
or, more generally Fﬁ(t):@?}(t):O, at- each point t of a set B, then
|F[E]=0.

Proof. Let C be the curve z= U(t), y="F(t), and let E, denote,
for each positive integer n, the set of the points ¢ of B such that
the inequality 0<t'—i1/n implies |F(i')—F(t) < |U (@) —U (1)
whatever be the point ¢'. We can express each set E, as the sum
of a sequence {#,:}r—15,.. of sets of diameter less than 1/n.

Let us keep n and % fixed for the moment. It is clear that
the contingent of the set B(C;E,:) cannot, at any point of this
set, contain a half-line whose angular coefficient exceeds the num-
ber 1. Consequently, denoting by B, x the set of the points of B(C; E,, .)
at which the set B(C;H,) has no unique tangent, we see from
Theorem 3.6 that A(B,;)=0.
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Now the set H,, contains, by Lemms 5.4, a subset T, such
that U[T.] is at most enumerable and that each point zeB, ;—T,,,
is the limit of a sequence {t} of points of E,, which fulfils the con-
ditions (i) and (ii) of this lemma. Hence, the relations F(t)=F(1) =0
being satisfied, by hypothesis, at each point teEny the set B(C;EB,,)
has a unique tangent parallel to the z-axis at each point of the
set B(C; B, —Tur)—Bny. Since A(Bnr)=0, it thus follows from
Theorem 3.7 that the set F[E,;—T,;], which coincides with the
projection of the set B(C;Enz—Th.) on the y-axis, is of measure zero.
The same is therefore true of the set F[E,;], for the set FIT,x]
is, with U[Ty,], at most enumerable. It follows at once that
|FLE]|=0, since BE=)'E,.

nk

We may mention an application of Theorems 5.3 and 5.5, which is connected
with the following theorem of H. Lebesgue [II, p- 299): Ifthe derivative of a con-
tinuous function F, with respect to a function U of bounded variation, is identically
zero, then the function F is a constant. J. Petrovski[l] and R. Caccioppoli[1)
extended this theorem, in the case when the function T/ is continuous, by removing
the hypothesis of bounded variation for U. At the same time, Petrovski remarked
that it was sufficient for the validity of the theorem to suppose that the relation
F’U(t)=0 holds everywhere except in an enumerable set.

It is easy to see that this result is contained in each of the separate theorems
5.3 and 5.5. These theorems actually enable us to state the result of Petrovski
and Caccioppoli in two slightly more general forms. Thus:

19 Suppose that U and F are continuous functions and that at each point t,
except at most those of an enumerable set, one at least of the four relations
Fy(t)=0, Fpt)=0, FEO=Ff(t)=0 or Fyt)=F;()=0 is julfilled. Then the
function F is a constant.

2° Suppose that U is any finite function and F a continuous function, and let
one of the relations F;(t):.ﬁ"g}(t):o or FE(t):.EE(t):O hold at each point t except
at most those of an enwmerable set. Then the function F is a constant.

We observe further that, in both the statements 1° and 29, we may replace
the hypothesis of continuity of F by the hypothesis that F is econtinuous in the
Darboux sense (cf. § 4, p. 272); moreover the condition that the exceptional set he
at most enumerable may be replaced by the condition that the set of values assumed
by the function F at the points of this set he of measure zero.

The Denjoy relations have a more complete extension to rela-
tive derivates when the function U of Theorem 5.2 is subjected
to certain restrictions. Thus:

(5.6) Theorem. Let U and F be finite functions, and suppose that,
at each point t of a set H,the derivative U'(1) (finite or infinite) emists
and that Fij(t)<+oo. Then Fy(t)=FF(t)+oc at each point ¢t of B
excepl at most the points of « set H such that [U[H]=0.

18*
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Proof. We may clearly restrict ourselves to the case in which

the derivative U’(f) is non-negative throughout F, and even, by

Theorem 4.5, to the case in which (1°) U’'(z)>0 at each point ¢

of E. We then have limsup U(#)< U (r)<lim iﬁf U(t) at each point
>1— >

reH, and consequently, on account of Theorem 1.1 (ii), we may

suppose that (2°) the function U is continuous at each

point of E. This implies that we then have also lim sup F({) <<F(7)
>+

at each point 7z of E, and hence, appealing again to Theorem 1.1 (ii),
we may suppose further that (3°) lim sup F ()< F(z) at each point
—>7

zeE. Finally by Theorem 1.2, we may suppose (4) Fy(7)<Fi(z)
at each point zeE.

Let now € be the curve defined by the equations z= U(?),
y=F(t). We denote, for each positive integer n, by K, the set
of the points teE such that, for every point #', (i) the inequal-
ity O0<t'—i<l/n implies the two inequalities U(¢)>U(t) and
F(t"Y—F(@)<n-[U(@)—U()], and (ii) the inequality 0<i—i'<1/n
implies U(#)> U(t).

Since, by hypothesis, F??(t)<+oo and since, by (19), U'(t)y>0
at each point ¢ of E, we see that B=)H,.

Keeping a positive integer n fixed for the moment, let I be
any open interval of length less than 1/n. Whenever (&.7) is a point
of B(C;I-E,), the contingent of the set B(C;I) at (& ) clearly con-
tains no half-line which is situated in the half-plane x>¢ and which
has an angular coefficient exceeding n. Let D(I) denote the set
of the points of the set B(C;I) at which this set has an extreme
tangent, non-parallel to the y-axis, with an empty side containing
the half-line in the direction of the positive semi-axis of y. Further,
let B,(I) be the set of the points of B(C;I-E,) which do not belong
to D(I), and let B,(I) be the projection of B,(I) on the z-axis.
By Theorems 3.6 and 3.7, the set E,,(I) is of measure zero.

This being so, let #, be any point of the set I.E, such that
U(t,) does not belong to the set §,,(I). Let us denote by k, the
angular coefficient of the extreme tangent to the set B(C;I) at
the point (U(ty),F (). It follows easily from the hypotheses (19),
(2% and (3% that EE(to)>k0>Fﬁf(t0), and this, in view of (49), leads
to the relation Fy(t)=F(t,) == oo.
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Thus, since I is any open interval of length less than 1/n, we
find that the last relation holds at each point ¢, of E, other than
those belonging to a set H, such that |U[H,]j=0. This completes

the proof, since we have seen that F= DB,

In view of Theorem 7.2, Chap.VII, we derive from Theorem 5.6 the following
theorem which has been established in a different way by A. J. Ward [3]:

(5.7) Suppose that the function U is VBGy and let F' be any finite function. Let B
be a set at each point ¢ of which we have either f‘;(t)<+oo or Fr (t)>—oo. Then the
derivates By and F'[’j’ are finite and equal at all points of B except at most those of a set
H such that |U[H)=0.

It will result from the considerations of § 6 (see, in particular, Theorem 6.2)
that Theorem 5.7 remains valid for all continunous functions U which fulfil the
condition (T,). Nevertheless, its conclusion ceases to hold if we allow U to be any
function which is VBG or even ACG. To see this, let @ be a non-negative continuous
function which is ACG on the interval [0, 1] and for which @(f)=0 and & (f)<—1
at any point ¢ of a perfect set B of positive measure (for the construction of such
a function of. Chap. VII, § 5, p. 224). Let us choose U(t)=i-+G(t) and F(t)=i. We
shall then have at every point t of B, U(l)=t, UT(#)=1 and T (£)<0<T (),
80 that Ogﬁ"ﬁ(t)@?j(t)gl, while F(t)=—co and Fg(t)z—l-oo. Nevertheless
|U[E]|=|E|>0. (This example is due to Ward.)

#§ 6. The Banach conditions (T, and (T,). A finite func-
tion of a real variable F is said to fulfil the condition (T,) on an
interval I if almost every one of its values is assumed at most
a finite number of times on I. A finite function ¥ is said to fulfil the
condition (T,) on an interval I if almost every one of its values
is assumed at most an enumerable infinity of times on I.

These two conditions were formulated by S. Banach [6]. We shall begin
by studying the condition (T;) and we shall establish a differential property which
is equivalent to this condition in the case when F is continuous (vide below
Theorem 6.2). Another equivalent condition, due to Nina Bary, will be estab-
lished in § 8 (Theorem 8.3).

(‘6.1) Lemuna. Suppose that F is a continuous function and that B
is a set at mo point of which the function F has @ derivative (finite
or infinite). Suppose further that each point x of B is an isolated
point of the set ]:][F(t)zF(m)]. Then A{B(F;E)}=0, and conse-

quently |B|=|F[E]=0.
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Proof. For each zeE there exists a neighbourhood I such
that, when te¢I, the difference F(t)—F(z) remains of constant sign
as long as ¢ remains-on the same side of z; this difference then ¢hanges
sign as ¢ passes from one side. of w to. the .other, except in the
case in which the function F assumes a strict maximum or mini-
mum at x. Therefore, if we denote by E, the set of the points at
which the function assumes a strict maximum or minimum, we
see at once that the four Dini derivates of -F have the same sign
at any point z of F—E,. In other words, since, by hypothesis, the
function ¥ has no finite or infinite derivative at any point of B,
we shall have at each point z of B—E, either +-co>F(2)>0 or
else —co<F(2)<0. Hence, by Theorem 4.2, A{B(F; E—E,))=0,
and, since the set F, is at most enumerable (cf. Theorem 1.1), it
follows that A{B(F;E)=0. '

(6.2) Theorem. In order that o function F which ds continuous
on an interval I, julfil the condition (T,) on this interval, it is neces-
sary and sufficient that the set of the values assumed by F' at the points
at which the function has no derivdtive (finite or infinite ) be of meas-
ure zero. '

o Proof. Denoting by ¥ the set of the values assumed an in-
finity of times by the function ' on I, and denoting by F the set
of the points of I at which # has no derivative, we have to prove
that the relations |¥|=0 and |F[E]j=0 are equivalent.

1° |T|=0 implies [F[E]=0. Let X be the sét of the points
wel such that F(z)eY. Then F[X]=Y, whence | F[X]=0.

On the other hand, for each Zye B—X, the set of the points z
such that F(z)=F(z,), is finite, and consequently an isolated set
It follows from Lemma 6.1 that |F[E—X]=0, and hence finall‘
that |P[E)<|P[X]HF[E—X]=0. y

_ 2° [F[B]=0 implies |Y|—0. Let H denote the set of the
pomts @ at which F'(#)=0. By Theorem 4.5, we have |FLH)|=0.
Now let 3, be any point of ¥ —F[E], and let L, denote the

set of the points z at which (2)=y,. The set E, being infinite and
closed, let «, be a point of accumulation of F,. Since the function I
has a derivative at each point of E,; we find that F'(x2y)=0; thus
Zye H and therefore Yoe F[H]. It follows that ¥ —F EE] C,F [H ]k,

and hence that |¥ —F[H]=0. Thus |F[E]=0 imoli
= {. :0 oy =
and the proof is complete. e el 1 ¥1=0
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(6.3) Theorem. 1° A continuous fumction which is VBG, (in par-
ticular, one of bounded vartation) on an interval I, necessarily fulfils
the condition (Ty) on I.

20 A continuous function which is VBG on an interval I neces-

sarily fulfils the condition (T,) on I.

Proof. On account of Theorem 7.2, Chap. VII, the first part
of the theorem is an immediate corollary of Theorem 6.2. To
establish 29, let us suppose that F'is continuons and VBG on an in-
terval I. The interval I is then expressible as the sum of a sequence
{E.) of closed sets on each of which the function ¥ is VB. We may
clearly suppose that each E, contains the end-points of the interval I.
Let us denote, for each positive integer n, by F,, the function which
is equal to F on E, and which'is linear on the intervals contignous
to E, The functions F, are plainly of bounded variation on'I, and
therefore, by 1% they fulfil the condition (T,). It follows at once
that the function F fulfils the condition (T,) on I.

In the part of Theorem 6.3(1%) that applies to functions which are VBGy,
the continuity hypothesis for the function F is not a superfluous one (thus, the
function F(z)=sin(1/z) for z=0 and F(0)=0 is VBG, and does not fulfil the condi-
tion (T,) on [0, 1]). This hypothesis may however be replaced by a weaker one,
which consists in supposing that the function F has no points of discontinuity
other than of the first kind (i. e. that, at each point , both the unilateral limits
F(x+) and F(z—) exist). In particular, functions of bounded variation, whether
continuous or not, all fulfil the condition (T;) (and from this it follows easily that
the continuity hypothesis may be removed altogether from the second part (2°)
of the theorem). :

‘For functions of bounded variation, the condition (T,) may also be deduced
from the following general property of plane sets, established by W. Gross [1]
(cf. J. Gillis [1]): If B is a plane set and E,, denotes the set of the values of n such that
the line y=n contains at least n distinct poinis of the set E, then A(E)=n|E,).

In connection with part 20 of Theorem 6.3, it may be noted further that
functions which are VBG, or even ACG, need not fulfil the condition (T,). An
example is furnished by the function- U considered in §5, p. 277- The latter is also,‘
as will follow from results to be established in § 7 (cf. in particular, Theorem 7.4),
an example of a continuous function which is ACG, and consequently fulfils the
condition (N), without fulfilling the condition (8) of Banach.

For continuous functions of bounded variation, the condition
(T,) is also a consequence of the following theorem of S. Banaych [5]
(¢f. also N. Bary [3, p. 631]), which contains at the same time an
important criterion for a continuous function to be of bounded

variation:
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(6.4) Theorem. Let F be a continuous function on an interval
Iy=[a,b] and let s(y) denote for each y the number (finite or infinite)
of the points of I, at which F assumes the value y. Then the function
s(y) is measurable (B) and we have
. oo
(6.5) [s(y) ay=W(F;1,).
Proof.Foreach positiveinteger n,let us put I P =[a,a+ (b—a)/2™]
and I{"=(a+(k—1) (b —a)/2" a+K(b—a)/2"], Wwhen k=2,3,.. 2"
This defines a subdivision $* of the interval I,into 2" subintervals,
of which the first is closed and the others are half-open on the
left. For k=1,2,...,2", let si’ denote the characteristic function of
2'1
the set F[I{"], and let s“(y)=3s(y).
h=1
We see at once that the functions s®(y) constitute a non-
decreasing sequence which converges at each point y to (). Hence,
the functions s@(y) being clearly measurable (B), so is also the funec-
tion s(y). +oo
On the other hand, / sﬁ")(y)cly.—.lF[Ig')]]=O(F;I1({’)). Therefore,

denoting by W™ the sum of the oscillations of the function # on the

—+oo
intervals of the subdivision 3, we obtain f sP(y)=W"™, and the

—00

relation (6.5) follows by making #— co.

(6.6)‘ ‘Theorem. If F(x) is a continuous function which fulfils the
aovzflztzc?n (Ty) on an interval I,, the set D of the points of which the
derivative F'(x) (finite or infinite) exists, is non-enumerably infinite.
Moreover, if we write l
P=E[zeD; F'(5)>0]

and N=E[reD; I'(2)<0],

then, for each imterval I =[a,b]C1, we have

(6.7) —[PINI<SF(b)—F(0)<|F[P].

Proof. We may, plainly, suppose that
F(a)<F (),

since the other case may be discussed b ¢ i si <
Bty y changing the sign of the
. Let ¥ b.e the set of those values of F on I which are agsumed
Dy the-z funetion ¥ at most an enumerable number of times on I.

enoting, for each y, by By, the set of the points zel such that

(6.8)
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F(x)=y, we shall show that with each point y ¢ ¥ we can associate
a point xye By, in such a manner that (i) F(z,)>0 and (ii) , is
an isolated point of the set E,. S

For - this purpose, we remark first that if the set E, reduccs
to a single point, the latter may be chosen for our z, For, in that
case, the condition (ii) is clearly fulfilled, while the condition (i)
holds on account of the hypothesis (6.8).

Let us therefore consider the other case, in which the set E,
contains more than one point. Then, since the function F is con-
tinunous by hypothesis and yeY, the set E, is closed, and at
most enumerable. This set, therefore, containg a pair of isolated
points a,f between which it has no further points. (This is obvious,
it the set E, is finite. If &, is infinite, its derived set (c¢f. Chap. II,
p. 40) is itself closed, non-empty, and at most enumerable; the
latter, therefore, contains an isolated point ,. Thus near x, there
are only isolated points of E,. It will, therefore, suffice to choose,
among the latter, any two consecutive points as our points ¢ and 8.)
Consequently, at one at least of the points a and g, the upper deri-
vate of F(z) is non-negative. We choose this point as our z,. We
then see at once that the conditions (i) and (ii) are fulfilled.

This being established, let X denote the set of all the points
x, which are thus associated with the points ye¢Y. It follows
from the conditions (i) and (i) and from Lemmsa 6.1, that
|F[X —P]|=|F[X —D]|=0, and so, by definition of the set X,
that |Y|=|F[X]|=|F[X-P]|<|F[P]. Since the condition (T,) im-
plies that |F[I]=|¥|, we obtain, in view of (6.8), the inequality
— |F[N]<OKF (b)) —F(a)<|F[I) < |F[P]}, i.e. the inequality (6.7).

Finally, since this relation holds for every subinterval [g,b]
of I,, we see that, unless the function F is a constant, one at least
of the sets F[N] and F[P] is of positive measure. The set D=N-+P
is thus non-enumerably infinite, and this completes the proof.

(6.9) Theorem. Let F be a continuous function which fulfils the
condition (Ty) and let g be a finite summable function. Suppose further
that F'(x)<g(x) at each point x at which the derivative F'(x) exists,
except perhaps those of an enwmerable set or, more generally, those of
o set B such that |F[E]=0. Then the function F is of bounded vari-
ation and, for each interval [a,b], we have
b
P(b)—F(0)< [ F'(w)dw.

a

(6.10)
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Proof. Let P be the set of the points ¢ of [a,b] at which the
derivative F'(x) exists and is non-negative. Then, since at each point
x e P—F we have O<F’( Y<g(x)< oo, it followa from Theorem 6.5,

Chap.VII, that |F[P—E]|< / F (o) do < ﬂ z)|dw. On the other

hand, by hvpothesm, IF[E]I_O Hence, on account of Theorem 6.6,
F(b)—F(a)<

quence, ¥ 15 a function of bounded variation whose function of
singularities is monotone non- mc.re%smg The 1nequ‘1hty (6.10) fol-
lows at once.

In view of Theorem 6.3(2%), we may apply Theorem 6.9, in particular,
to continuous functions ¥ which are VBG. We also observe that Theorem 6.9,
when F is of bounded variation, may be deduced from de la Vallée Poussin’s
Decomposition Theorem -(Chap. IV, §9).

Theorem 6.9 may be generalized further, by replacing the condition that
the function g is summable, by the condition that the latter is 9,-integrable
(the function F then shows itself to be VBG,,). We thus obtain a proposition similar
to Theorem 7.3, Chap. VI. The proof of Theorem 6.9 in this generalized.form is,
however, more compheated

~*§ 7. Three theorems of Banach. We have repeatedly
emphasized - the importance of Lusin’s condition (N)in the theory
of the Denjoy integrals. We shall show in this §, that every con-
tinuous function which fulfils the condition (N), also fulfils the con-
dition (T,). This result due to S. Banach [6] (cf. also N. Bary
[3, p. 195]) renders Theorems 6.6 and 6.9 applicable to functions
which fulfil the condition (N).

We shall also study another condition, introduced by
S.Banach[6] and termed condition (8). We say that a finite function
F fulfils the condition (S) on an interval I,, if to each number >0
there corresponds an 7>0 such that, for each measurable set
ECI,, the inequality |[E|<n implies [F[F]|<s. (This condition is
essentially more restrictive than the condition (N); cf. the remarks,
p. 279, also G. Fichtenholz [4].). '

(1.1) Lemma. Given a function F which is continuous on am in-
terval I, every closed set ECI contains a measurable set A on which
the function F assumes each mlue y e F[E] exactly once.

/ lg(x)|dz for each interval [a,b], and, in conse- .
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Proof. With each y ¢ F[E] we associate the lower bound =,
of the set.of the points 2 of B at which F(z)=y, and we denote
by 4 the set of all the points , which correspond in this way to
the values y e F[E]. Since the set F is closed, we plainly have ACE
and F assumes on 4 each of the values Y eF[E] exactly once.

In order to establish the measurablhty of 4, let us denote,
for each positive integer n, by En, the set of the points z e E such
that B contains at least one point ¢ which is subject to the conditions

F(t)=F(x) and 2 —1>1/n. We have 4= E‘—-ZE,,, where ElS closed

by hypothcsw, and where each B, is closed by continuity of 7.
The set A is thus measurmble and -this completes the proof.

(7.2) Lemina, Lct F be a continuous f'zmctwn wh'zch Tulfils the con-
dition (N) on an interval I. Then

(i) every measurable set BCI conwms, for each >0, a meas-
urable subset ¢, such that |F[E]— F[Ql|<e, and on which the func-
tion B assumes each of its values at most once;

(ii) every measurable set ECI contains a measurable subset R,
such that |F[E]—F[R]|=0, and on which the function F assumes
each of tts values at most an enumerable infinity of times.

Proof. re (i). As a measurable set, E is the sum of a set H of
measure zero and an ascending sequence of’closed sets {E,). Since
the function F fulfils the condition (N), we have |F[H]|=0, and
hence, the sets F[E,] being measurable, there exists a positive in-
teger n, such that |F[E]—F[E,]|<e. Now, by Lemma 7.1, there
exists a closed set QCE, such that each value yeF[E,] is as-
sumed exactly once by ¥ on Q This set @ plainly fulfils the condi-
tions stated.

re (ii). In view of (i), there exists for each ‘positive integer n
a measurable set Q,C E, such that |F[E] —F[Q,]|<1/n, and on which
the function F assumes each of its values at most once. Therefore,

writing R~Q(,2n, we see immediately that |F[B]—F[R]}/=0 and
that on & the function F assumes each of its values at most an
enumerable infinity of times. This completes the proof.

We shall establish in this § three theorems due to Banach on
functions which fulfil the conditions (N) or (S). The firstf of these
theorems, which concerns functions fulfilling the condition (N),
is ag follows:
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(7.3) Theorem. Any continuous function F which fulfils the condition
(N) on an-interval I, necessarily fulfils also the condition (T,) on I.

Proof. Let us denote, for each measurable set ECI, by R
the class of all measurable sets RCE which are subject to the
following two conditions: (i) |[F[E]—F[R]|=0, and (ii) each
value yeF[E] is assumed by the function F at most enumerably
often on R. By Lemma 7.2, the class R is non-empty, however we
choose ‘the measurable set B CI. We shall denote, for any such set B,
by u, the upper bound of the measures of the sets (Rg).

Consider, in particular, a sequence {H,} of sets (R;) such that
lim |H,|=p, Let H=)H, and let U be a set (R_z). We verify

n

at once that |U|=0, ‘whence on account of the condition (N),
|F[U]|=0. Therefore |F[I—H]|=|F[U]=0, so that almost every
value y e F[I] is assumed by F only on the set H, and therefore at
most enumerably often.

The second of the theorems of Banach concerns functions
which fulfil the condition (S).

(7.4) Theorem. In order that a continuous function F be subject
to the condition (S) on an interval I, it is necessary amd sufficient
that F be subject on I to both the conditions (N) and (T,).

Proof. 1° Suppose that the function F fulfils the
condition (S) on I. Since this condition clearly implies the- con-
dition (N), we need only prove that F fulfils the condition (Ty)-

Suppose then, if possible, that the set of the values assumed
infinitely often on I by the function F, is of positive outer measure.
Since this set is measurable by Theorem 6.4, it contains a closed
subset ¥ of positive measure. Let X denote the set of all the points
zel such that F(z) ¢ Y. The set X, plainly, is also closed.

We shall now define by induction a sequence of measurable
sets {X;} subject to the following conditions: (i) X;-X;=0 whenever
1], (i) [F[X>|Y|2 for i=1,2,.., and (ili) the function F
assumes each of its values at most once on each set X,

For this purpose, suppose defined the first % sets X; for which

k&
the ckonditions (1), (ii) and (iii) are satistied. Let E,=I—) X, Since,
{==1
on igl,'X » the function F assumes each of its values at most a finite
number of times, it follows that each value ¥ e Y is necessarily
assumed on the set K By Lemma 7.2, this set therefore contains
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measurable subset X,.; such that |F[X,]>|F[E:]|2>|Y]/2 and
that each value is assumed by F at most once on Xpr1. The sets
X1, X2y .oy Xppr clearly fulfil the conditions (i), (ii) and (iii).

The sequence {X;} being thus defined, it follows from (i) that
lim |X;|=0, and hence, remembering that the function F fulfils

tllle condition (S), we have also lim |FIX]|=0. But this clearly
contradicts (ii), since |¥|>0.
2° Suppose now that the function F fulfils the conditions (N)

and (T,), but not the condition (8). We could then determine a po-
sitive number ¢ and a sequence of sets {Ey} in I so that for k=1,2,...,

(7.5) || < 125, and (7.6) |F[E] > o.
Let us write F = lim sup B, and A = lim sup F[E,]. We easily see
b k

that, if ¥ ¢ 4, then either y ¢ F[F], or else the value y is assumed
by F on I infinitely often (in fact there exists an increasing sequence
of positive integers {k;; and a sequence of points {z}, every two
of which are distinet, such that ;e Eki and F(x;) =1y for i=1,2,...).

Now, on account of (7.5), we have |H|=0, and therefore
also |F[E] = 0. On the other hand, by (7.6), |A|>¢>0. Thus
|A —F[E]| >0, and since, as we have just seen, each value
y e A—F[E] is assumed by F infinitely often on I, this contradicts
the hypothesis that the function F fulfils the condition (T,). ‘

We shall establish next a “differentiability theorem” for
the functions which fulfil the condition (N): ‘

(7.7) Theovem. In order that a continuous function F be absolutely
continuous on en interval I, it is necessary and sufficient that the
function F fulfil simultaneously the condition (N) and the condition

(7.8) [ (@) dw < + oo,

b

where P denotes the set of the points at which the function F has
@ finite mon-negative derwvative.

Proof. Since the conditions of the theorem are obviously
necessary (cf. Theorem 6.7, Chap.VII), let us suppose that the
function F fultils the condition (V) and the inequality (7.8). Let g
he the funetion equal to F'(z) for # ¢ P and to 0 elsewhere. Then,
i I denotes the set of the points @ at which F'(z)=- oo, we sh.al]
have F'(x) < g(x) at every point @ of I,—E at which the derivative

I'() exists.
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On the other hand, “since |E|=0 (cf. Theorem 4.4, or
Chap. VIL, §10, p.236), we have |F[B]|=0, and, since the func-
tion F fulfils, by Theorem 7.3, the condition (T,), it follows from
Theorem 6.9 that F is of bounded variation on I,. This completes
the proof, since, by Theorem 6.7, Chap.VIIL, every continuous
function of bounded variation, which fulfils the condition (N) is
absolutely continuous.

Theorem 7.7 (in a slightly less general form) was first proved by N. Bary
[2; 3, p. 199]. It shows in particular that every continuous function F(x), which is
subject 1o the condition (N) and whose derivative is non-negative at almost every point
where F(x) is derivable, is monotone non-decreasing. This proposition contains an
essential generalization of Theorem 6.2, Chap. VII.

Theorem 7.7 may, moreover, be generalized still further. If o continuous
function F(z) fulfils the condition (N) and if the function g(x), equal to () wherever
F(z) is derivable and to 0 elsewhere, has a major function (in the Perron seuse),
then the function F(z) is ACGy i.e. an indefinite F-integral.

For the part played by the conditions (N), (T,) and (T,) in the theory of
Denjoy integrals, cf. also J. Ridder [8].

From Theorem 7.7 we obtain the third theorem of Banach:

(7.9) Theorem. Any function which is continuous and subject to the

condition (N) on an interval, is derivable at every point of a set of
positive measure. :

*§ 8. Superpositions of absolutely continuous funections.
Suppose given a bounded function @ on an interval [a,b], and. a fune-
tion H defined on the interval [, 4] where a and 8 denote respectively
the lower and the upper bound of @ on [a, b]. We call superposition
of the functions @ and H on [a,b], the function H (G(x)). The func-
tion @ is termed imner fumction and the function H owuter Fumnction
of this superposition.

If a function # is continuous and increasing on an interval
[a,b], the continuous increasing function @ defined on the interval
[F(a),F(b)] so as to satisfy the identity G(F(z))== on [a, 5], will,
as usual, be termed inverse function of F and denoted by FL

It has long been known that the superposition of two abso-
1gtely continuous functions ig not, in general, an absolutely con-
tinuous function. By means of the conditions discussed in the
Preceding §§, particularly the condition (8), Nina Bary and D. Men-
choff succeeded in characterizing completely the class of functions

expressible as superpositions of absolutely continuous functions.
(CL. also G. Fichtenholz [31)
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L

(8.1) Theorem. Any function F which is continuous end subject
to the condition (T,) on an interval [a,b] is expressible on this interval
as o Superposition of two continuous functions, of which the inner
funetion is of bounded variation and the outer fumction is inecreasing
and absolutely continuous.

If, further, the function F fulfils the condition (N), the inner
function of this superposition is necessarily absolutely contimuous also.

Proof. Let o and f denote respectively the lower and upper
bounds of F on [a,b], and let sr(y) denote, for each, ¥, the number
(finite or infinite) of the points of the interval [@,0] at which F
assumes the value y. Since, by hypothesis, the function F is contin-
uous and subject to the condition (T,), we shall have 0<1fsp(y)<1
for almost all the values y of the interval [a,8]. Let us denote by U
an indefinite integral of the function which is equal to 1/sr(y) on
[¢,p] and to 1 elsewhere. We now write G(z)=U[F(z)] for x ¢ [a, b].
We thus have F(x)= U_I[G(w)], and in order to establish the first
part of the theorem, it is enough to show that (i) the function U ™!
is absolutely continuous and (i) the function @ is of bounded variation.

Suppose, if possible, that the function U™ (which is continuous
and inereasing together with U) is not absolutely continuous. Then
(ef. Theorem 6.7, Chap.VII), there exists a set B of measure zero
such that |U_1[E]I>0. Writing Q= U"'[E], we thus have

|ULQ]| =0.

We may, plainly, suppose that the set K, and therefore the
set @, are sets (®s). Thus (c¢f. Theorem 13.3, Chap. III)

ULl = [ U'(y) dy,
Q .

(8.2) @] >0 and

which renders the relations (8.2) contradictory, since almost every-
where U'(y)=1/sr(y) >0 for yela, f] and U'(y) =1 outside the in-
terval [a, fl.

In order to establish (ii), we shall make use of the criterion
of Theorem 6.4. Denote for each z by sg(z) the number of the points
of the interval [a,b] at which the function ¢ assumes the value z.
Since the function U is increasing, we clearly have sq(U (y))=sr(y)
for each y, and sq(2)=0 for each z outside the interval [U(az)3 U(/i“)]‘.
Hence, 1'.emembering that the function U is absolutely continuous,
we obtain (ef. Theorem15.1, Chap.I)
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+e0 u® ¢
[s6(2)de= [ sale) de=[5a(U(y) AU (y) =
—00 Ue) «@

¢ §
=[sr(y)U' W) dy = [dy=Pp—a

which shows, by Theorem 6.4, that the function @ is of bounded
variation.

Finally, if the given function F fulfils the condition (N), so
does the function G(z)=U(F(z)), and the latter, since it is of
bounded variation, is absolutely continuous by Theorem 6.7, Chap. VIL.
This completes the proof.

(8.3) Theorem. 10 In order that o continuous function I be expres-
sible as o superposition of two continuous functions of which the inner
function is of bounded variation and the outer function s wbsolutely
eontinuous, it is necessary and sufficient that I fulfil the condition (T,).

20 I order that a continuous function be representable as a super-
position of two absolutely continuwous functions, it is necessary and
sufficient that the fumction fulfil both the conditions (T,) and (N), or
what amounts to the same, the condition (8).

Proof. Since it follows at once from Theorem 8.1 that these
conditions are sufficient, we need only prove them necessary.

Let therefore F(z)=H(G(z)) on an interval [e,b], where G
is a function of bounded variation and H an absolutely continuous
function. Let « and f be respectively the lower and the upper bound
of @ on [a,b]. Let B¢ and Ey denote the sets of the values which the
functions ¢ and H assume infinitely often on the intervals [a,b]
and [a, 8], respectively. Since the functions @ and H fulfil the con-
dition (T,), we have |Eg|=|En|=0, and since the function H is,
moreover, absolutely continuous, we have also |H[Eg]|=0. Now
we see at once that each value which is assumed infinitely often
on [a,b] by the function F, belongs either to By, or to H [E¢]l. The
set of these values is thus of measure zero, and the function F ful-
fils the condition (T,).

If, further, the function & is absolutely continuous (as well
as H), then the function F is a superposition of two functions which
tulfil the condition (N), and, thex fore, itself fulfils this condition.
This completes the proof.
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Theorems 8.1 and 8.3 are due to Nina Bary [1; 3, pp. 208, 633]
(cf. also 8. Banach and 8. Saks [1]). Part 20 of Theorem 8.3 was
established a little earlier in a note of N. Bary and D. Menchoff [1]
(cf. also N. Bary [3, p. 203])in a form analogous to Theorem 6.2. Thus:

(8.4) Theorem. In order that a function F which is continuous on
an interval [a,b] be on this interval a superposition of two absolutely
continuous functions, it is necessary and sufficient that the set of the
values assumed by the function F at the points of [a,b] at which F is
not derivable, be of measure zero.

Proof. Let @, be the set of the points of [a,b] at which F
is not derivable. Suppose first that

1°F(x)=H (G(x)) on [a,b], where H and ¢ are absolutely
continuous functions. Let @, and @, be respectively the sets
of the points at which the functions ¢ and H are not derivable.
We have [Q,/=|Q,|=0 and, consequently, |F[Q,]|=|H[Q,]|=0.
Now, we see at once that if the funetion F is not derivable at a point x,
then either we@Q, or G(z) €@ Therefore F[Q.]1 CF[Q.]+ H[Q,l,
and hence, |F[Q,]|=0.

Conversely, suppose that

20 |F[@,]| =0. By Theorem 6.2, the function then fulfils the
condition (T;). To show that F also fulfils the condition (N), con-
sider any set of measure zero, E say, in [a,b]. Since the function F
is derivable at each point of E—@,, we have, by Theorem 6.5,
Chap. VII, |F[E—Q,]|=0, and since, by hypothesis, |[F[@,]|=0,
we obtain |[F[FE]|=0. The function F thus fulfils both the conditions
(T,) and (N), and is, therefore, by Theorem 8.3 (29), a superposition
of two absolutely continuous functions. -

It follows from Theorem 8.3 (2°) that a superposition of any finite number
of absolutely continuous functions is expressible as a superposition of two absolutely
continuous functions. For the superposition of any finite number of functions
which fulfil the condition (8), itself fulfils this condition.. .

The results exposed in this § have been the starting point of the important
researches of Nina Bary [3] on the representation of continuous functions
by means of superpositions of absolutely continuous functions. Let us cite two of
her fundamental theorems: 1° Every continuous function is the sum of three super-
positions of absolutely continuous functions, and there exist continuous functions
which cannot be expressed as the sum. of two such superpositions. 2° Every conlinuous
functionwhich fulfils the condition (N)—or, more generally, every continuous function
which is derivable at every point of a set which has positive measure in each interval —
s the swm of two swperpositions of absolutely continuous functions, and there exist
continuous functions which fulfil the condition (N), but are not expressible as one
superposition of absolutely condinuous functions (the function U(z) discussed above
in § 6, p. 279, is an example of such a function).

Por further researches, vide N.Bary [4] and J. Todd [1; 2].

S. Saks. Theorv of the Intemal. 19
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§ 9. The condition (D). We shall now establish, for the
extreme approximate derivates, a theorem, analogous to Theo-
rem 4.6, but whose proof depends on a different idea. It is con-
venient to formulate it, from the beginning, in a slightly more ge-
neral manner.

Given two positive numbers N and ¢, we shall say that a funec-
tion F fulfils at a point &, the condition (D}}v’,&), if there exist positive
numbers %, as small as we please, such that the difference between the
outer measure of the set B[F (z) —F (,) = N - (1—i,); 0<<ao—2y<<h]

and that of the set E[F(x)—F(x))=—N-(2—y); 0<Ko—0,<<h]
X

exceeds the number he in absolute value. By symmetry, merely
replacing F(z)— F(x,) and s—x, by F(2)—F () and 2z, —x respec-
tively, we define the condition (Dy.).

If, for a point z,, there exists a pair of finite positive numbers N
and e such that the function F fulfils at this point the condition (D7),
or the condition (Du.), we say that F fulfils at «, the condition (D).

For measurable functions the condition (D) may be formulated
more simply: a measurable function F fulfils at a point x,, the con-
dition (D), if there exists a finite positive number N such that ax,
is not a point of dispersion for the set of the points x at which
|F () —F (), <N -Jo— 1z,

(9.1) Theorem. If any one of the four approximate extreme derivates
of & function F is finite at o point x,, then the function fulfils the con-
dition (D) at this point.

Proof. Suppose, to fix the ideas, that |t (o)l <+oo and write
N=|Fi(x,)+1. Let B, and E, be the sets of the points # which are
situated on the right of the point #, and which fulfil respectively the
inequalities F(z)— F(x) >N -(2—u,) and F(z)—F(5y) > —N-(x—,).
It follows at once from the definitions of approximate derivates
(Chap. V1L, § 3) that x, is a point of dispersion for the set E,, while

E, has at z, a positive upper outer density. Denoting the latter

by 4, we see at once that the function F fulfils at z, the condition
(D¥,) whatever be the positive number e<<4.

(9.2) Lemana, Let N and € be finite positive numbers and suppose
that a finite function F fulfils the condition (Dﬁ,{) at each point of
& set E. Then |F[E)|<(2N/e)-|B|.
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=

Proof. We shall first show that for every interval I=[q,5],
(9.3) [1|>(a/2N)-|F[E-I][.
For this purpose, we write, for every Y,

(9.4) H (y)=[BLF (2) >y; wel]|.

The function H thus defined is non-increasing and bounded on the
whole straight line (—oo, 4 o0); we have, in fact, for every y,

(9.5) 0<H (y)<|I).

Given an arbitrary point y, of F[E-I], which is distinet from
F(b) and at which the function H is derivable, let us consider a point
woeB-I such that F(x))=y,. Plainly z,==b. Let us write, for brevity,

Ay k)= I:J[F(m)}yo—{— k-(—a24); 0<o— a2, <<h]
and .
B(h k)= E[F (@) =Y+ kh; 0<o—ay<<h].

For every subinterval [u;,z,-+h] of I, we then have the re-
lation B(h,N)CA(hyN)CA(h,—N)CB(h,—N), whence it follows
eagily, on account of (9.4), that

H(yy—Nh)—H (Yo+Nh) >|B (h,—N)|—|B (h, ¥)| > |A(h,—N)|—|A (R, ).

Now, since F fulfils, by hypothesis, the condition (DX.) at %,, there
exist positive values h, as small as we please, such that

|4 (b, —N)—|4 (1, )] e,

and therefore H (y,— Nh)— H(y,-+ Nh)>=he. Hence, H'(y,)<—¢/2N
for every point y,==F(b) of F[E-I] at which the function H is
derivable. Therefore, denoting, for each positive integer #, by @Qn
the part of the set F[E-I] contained in the interval [—mn,n], we
find, on account of (9.5), |I|=|H (n)— H(—n)|>=&|Q.|/2N, trom which
the inequality (9.3) follows by making n-—oco.

This Dbeing established, let n be a positive number and {I;}
a sequence of intervals. such that

(9.6) EC I, and |E| +n>§[1kl-
k
Since (9.3) holds for each interval I, it follows from (9.6) that

|B|4n > (e/2N)- Y| FLE - 1]| > (¢/2N)-|F[E], whence, remembering
3

that » is an arbitrary positive number, we see that |[F[E]<(2N/e)-|B|.
19*
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(9.7) Theorem. If at each point of a set I, a finile function F ful-
fils the condition (D) (and so, in particular, if ot cach point of B the
function I has) one of its, extreme approximate derivates finite),
then the function F fulfils the condition (N) on E.

Proof. Let H be any subset of E of measure zero, and let H,
denote, for each positive integer n, the set of the points 2 of H at
which the function F fulfils the condition (DIU,,) or (D ). We
clearly have H=) H,, and since, by Lemma 9.2, | F[H,]| <402 |H,|=0,

we obtain |F[H]=0.
Theorem 9.7 enables us to complete Theorems 10.5 and 10.14
of Chap. VII, as follows:

(9.8) Theorem. 1° Every finite function F which is continuous on
o closed set B and which has at each point of B, cxcept perhaps those
of an enumerable subset, either two finite Dini dervivates on the same
side, or one finite extreme bilateral derivate, is ACG, on K.

20 Bvery finite function F which is continuous on o closed set B
and which has at each point of B, except perhaps those of an enumerable
subset, either one finite Dini derivate, or one finite extreme approximate
bilateral derivate, or finally two finite extreme approximate unilateral
derivates on the same side, is ACG on K.

Proof. By Theorems 10.1, 10.5, 10.8 and 10.14 of Chap. VIIL,
the function F' is VBG, on F in case 1° and VBG on E in case 20,
On the other hand, by Theorems 4.6 and 9.7, this function fulfils,
in both cases, the condition (N) on E. Hence, by Theorems 6.8
and 8.8 of Chap. VII, the function is ACG, on E in case 19, and
ACG on F in case 2°.

In the most important case in which the closed set £ is an
interval, Theorem 9.8 may further be stated in terms of Denjoy
integrals. For this purpose, let us begin by noting the following
proposition (cf. A. S. Besicovitch [2], and J. ¢. Burkill and
U. 8. Haslam-Jones [1]):

(9.9) Theorem. If a finite function F is measurable on a set E and
has ot each point of this set one of its Dini derivates finite, then this
derivate is, at almost all points of E ) an approzimate devivative of F.

Proof. It follows from Theorem 10.8, Chap. VIIL, that the
function F is VBG on E, and so, approximately derivable at almost
all the points of E. Let us denote by E, the set of the points of K
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at which one at least of the ollposite Dini derivates ' and Fis
finite. Plainly, F~(2)<Fiuy(2)<F () at each point z at which
the approximate derivative Fuy(x) exists, and therefore by
Theorem 4.1, I (z) :F+(m) = Fap(®) at almost all points =
of By. Similarly, we show that F(z)=F"(z)=Fi(z) at almost all
the points # of B at which one of the derivates #+and F~ is finite.
This completes the proof.

(9.10) Theorem. 1° If f is a finite function which, at each point of
an interval Ly, except those of an enumerable set, is equal to an extreme
bilateral derivate of a continuous function F, then the function f is 2,-in-
tegrable on I, and the function F is an indefinite 9,-integral of f.

20 If f is a finite function which, at each point of an interval I,
except those of an enumerable set, is equal either to a Dini derivate, or to
an extreme approvimate bilateral derivate of a continuous function F,
then the function f is D-integrable on I, and the function F is an in-
definite D-integral of f.

Proof. In view of Theorem 9.8, the function F is ACG, in
case 1%, and ACG in case 29 Moreover, at almost all the points z
of B, we have F'(x)=f(x) in case 1% and by Theorem 9.9, Fu(z)=F(x)
in cage 20 This proves the theorem. '

Although Theorem 9.8 presents a formal analogy with Theorems 10.5 and
10.14 of Chap. VII, there is an essential difference between the result of this § and
those of §10, Chap. VII. We see, in the first place, that the criteria of Theorems
10.5 and 10.14 of Chap. VII concern functions which are given on quite arbitrary
sets, whereas those of Theorem 9.8 are established only for closed sets. In the
second place, if the derivates of a quite arbitrary function satisfy on a set ¥ the
conditions of Theorem 10.5, or of Theorem 10.14, of Chap. VII, then the set E can,
by these theorems, be decomposed into a sequence of sets on which the function
is absolutely continuous. On the contrary, Theorem 9.8 of this § does not enable
us to draw any conclusion as to a similar decomposition of the set E (even when
this set is an interval), unless the function considered is continuous.

Two examples will now be given to show that this feature of
Theorem 9.8, [which represents a restriction as compared with the results of § 10,
Chap. VII, is essential for the validity of the theorem.

(i) Consider the function F(z)=_) [2"%]/5", where [2"x] denotes, as usual,
n

the largest integer not exceeding 2"x. This function is incereasing. Its lower right-
hand derivate is finite everywhere, and even, as we easily see, vanishes identically.
Nevertheless, there is no decomposition of the interval J,=[0, 1] into a sequence
of sets on which I is absolutely continuous, or even only uniformly continuous.
In fact, no such decomposition can exist for a monotone function F whose points
of discontinuity form o set everywhere dense in J,.
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For, if such a decomposition {E,, E,, ..., E,, ...} existed, one at least of the
sets E, would, by Baire’s Theorem (Chap. 11.§9), be everywhere dense in an interval
ICJ,. This is plainly impossible since the function F, monotone by hypothesis,
is uniformly continuous on each set E, and has points of discontinuity in the in-
terior of I.

(ii) Let us now consider an example of a continuous function
F(x), inereasing on the interval J,=[0,1], and which has its lower
right-hand derivate zero at every point of a set B, without being
ACG on E.

For this purpose, let us agree to call, for brevity, function attached to
an interval I=[a, b], any function H(w), which is continuous and non-decreasing
on I, and which fulfils the conditions:

(a) H(x) is constant on each of the intervals I, of a sequence {I »} of non-
overlapping sub-intervals of I such that |I|= 7?_ |Z,|; the length of any sub-

- interval of I on which H(z) is constant does not exceed |I]/2;

(b) H(xr)—H(a)<wx—a and H(b)—H(zx)<b—=z for every mel.

Such a funetion is easily obtained, by slightly modifying the construction
of the function f(x), considered in Chap. III, § 18, p. 101.

This being so, we shall define by induction a sequence {F (%)} of functions
attached to the interval J, beginning with an arbitrary function Fy(z) attached
to this interval. Given the function F, attached to J,, let {Ig”z[asz”), bﬁf)],\
be a sequence of the intervals of constancy of ¥, in the interval J,. (By an
interval of constancy of a function in J, we mean here any interval I CJ,
such that the function is constant on I without being constant on any sub-
interval of J, which contains I and is distinet from I.) For each k=1,2,...,
we determine a funetion Hg’)(m) attached to the interval If,z"), and we write

I E(x\[ﬂ-gn)( bg")) _ H§")(a§"’)} for med, E’I](?H)
Fpypyla) = l :

lH@(m)—Hg‘)(ag'))+_§<X>[H§")(b§">)_H§">(a§">)] for @el,™, k=1,2, ..,
1

the sum _S(x) being extended over all the values ¢ such that bs.") <um.
1

The sequence {F,(x)} being thus defined, let

(9.11) Fla)=)F (x)/2"

The function F(z) is clearly continuous, increasing, and singular on J,.
Consider the set E=]] 4:_,’ (I%"))C’, and let @, be any point of E. Then there
n

exists a sequence {I‘k'ﬁ}pl,z, ..., of intervals each of which contains z, in its
interior. Plainly, for each positive integer n, Fj(bg"))——Fj(mo):O if i<<n, and

- . n )
Fibly)—F(20) b —z, if j>n. Hence, by (9.11), F(bgj)—F(%)<(b§;;)—mo)/2"
for each n, and therefore E"’(mo)zo.

Nevertheless, the function F is not ACG on E. To see this,

' suppose, if pos-
sible, that E is the sum of a se g :

e, that . quence of sets E, on each of which the function
F is AC. Since the set J)—F is the sum of a sequence of non-dense closed sets,
one at least of the sets E, is everywhere dense in a sub-interval I of J, o> and,
since the function F is absolutely continuous on each E,, this function would

‘.be so also on the whole interval I. This is clearly impossible, for the function F
is singular and inereasing.
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§ 10. A theorem of Denjoy-Khintchine on approximate
derivates. The considerations of the preceding § will now be
completed by a theorem which establishes, for the extreme ap-
proximate derivates, relations similar to those which hold for
Dini derivates (cf. § 4). This theorem was proved independently
by A. Denjoy [6, p. 209] and by A. Khintechine [4; 5, p. 212]
(cf. also J. C. Burkill and U. 8. Haslam-Jones [1;3]).

(10.1) Theorem. If o finite function F is measurable on a set E
and if, to each point © of E, there corresponds & measurable set Q(x)
such that (1) the lower unilateral density of Q(x) at x is positive on at

least one side of the point x and (i) Fop(z)<+oo or Fouw(r)>—o0, then

the function F is approximately derivable at almost all the points of E.

Consequently, if a finite function F is measurable on
a set K, then at almost every point of E either the function F
is approximately derivable, or else Fix)=Fuylr)=+occ and
Fio() =Fag() = — 0.

Proof. In view of Lusin’s Theorem (Chap.IIL, §7), we may
suppose that the set E is closed and that the function F is con-
tinuous on K. To fix the ideas, consider the set 4 of the points xe E
such that (i;) the lower right-hand density of @(x) at z is positive
and (il;) Fow(®)<+ co. We shall show that the function F is ap-
proximately derivable at almost all the points of 4. By symmetry,
this assertion will remain valid for each of the other three subsets
of B, defined by a similar specification of the conditions (i)and (ii)
of the theorem.

Let us denote by P the set of the points of 4 at which the
function F is not approximately derivable, and suppose, if pos-
sible, that |P|>0. For each positive integer n, let A, b(? t.he.z set
of the points z of E such that the inequality 0<h<1/n implies
(10.2)  [B[F@)—F (2)<<n-(t—2); te By o<t<o+ Rll=h/n.

The stets A, are closed. To see this, let us keep an index n fixed
for the moment, and let {z;i—,2.. be a sequence of pqints of the
set 4, converging to a point @, Let h<<1/n be & non-negative number,
and, for brevity, let E=E[F (1) —F(z)<n-(t—u); teB; r<t<a+ k]
where §=0,1,2,.... We obtain |E{>h/n for ?:1,2,..,, 2.Lnd since,
by continuity of F on E, we have E[,:)hmisup E; it follows
(cf. Chap. I, Theorem 9.1) that |Eo|>h/n, which shows that xqedn,
i.e. that A, is a closed set.
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Let us now denote, for every pair of positive integers n and F,
by An: the set of the points # of 4, such that the inequality
0<h<1/k implies
(10.3) |Bltedn; 2—h<t<a]|>(1—nw)-h.

t

We observe easily that the sets 4,, and therefore the sets 4, ,
also, cover the set 4 almost entirely. Hence, there exists a pair of
positive integers m, and %, such that |An,4-P|>0. Let R denote
a portion of the set A, P such that

(104) |[B>0,  (105) o(R)<ljm, and  (10.6) S(R)<1fk,.

Writing G (2)=F () —(n,+1)-¢, we shall show that the fune-

tion @ is monotone non-increasing on R. Suppose therefore, if pos-
sible, that there exist two points ¢ and b in R, where a<<b, such that

(10.7) G(a)<GD).

Let J=[a,b]. Since the set 4, is closed and the function &
continuous on 4,, the function G attains, at a point ¢ of the set
Ay,-J, the lower bound of its values on this set. In virtue of (10.7)
we have e<(bh. Since ced,, and since, by (10.5), 0<<b—o<<1/ny,
we may put #n=mn,, @=¢ and h=>b—c¢ in the relation (10.2). We
thus obtain

(10.8)  [BLG(H)—6(0)<—(t—0); te By o<t<bY > (b —0)/n,.

Again, since beRCA,,» and since, by (10.6), 0<b—o<<1[k,,
we may put n=mn,y, £=>b and h=0>0—c in (10.3). This gives

(10.9) |]?[teA,,u; e<ICD]| = (L —dngh)- (b —e¢).

Now the sets which occur in the relations (10.8) and (10.9)
are both measurable; it therefore follows from these relations thatb
there exist, in the open-interval (¢,b), points te¢d, for which
G()—G ()< —(t—e)<<0. This is plainly impossible, since the
function @ attains its minimum on the set A,-J at the point ¢.

The function @ is thus monotone on the set R, and since it
is, moreover, measurable (indeed continuous) on the closed set
EDR, it follows that @ is approximately derivable at almost all
the points of B. On the other hand, however, since RCP the
function F is approximately derivable at no point of R, and, in view
of (10.4), we arrive at a contradiction. This completes the proof.
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By a slight modification of the proof, we may extend Theorem 10.1, in
a certain way, to functions which need not be measurable. Let us agree to under-
stand by approzimate derivadility of a finite function F at a point z,, the existence
of a set for which x, is a point of outer density and with respect to which the
function F is derivable (if the function F is measurable, this notion of approxi-
mate derivability clearly agrees with the definition of Chap. VII, § 3). When
approximate derivability is interpreted thus in the statement of Theorem 10.1,
this theorem remains valid without the hypothesis that the function F be meas-
urable on the set B (although the hypothesis concerning the measurability of
the sets @ (x) remains essential).

From Theorem 10.1, we may deduce the following proposition: If, for
a finite function F, we can make correspond to each point » of a set B, a measurable
set Q) (x) whose lower right-hand density ai x is positive, and with respect to which
the function has an infinite derivative ot x, then the set B is of measure zero. This
theorem is similar to Theorem 4.4, but only partially generalizes the latter. It is
not actually possible to replace, in Theorem 4.4, the ordinary, by the approx-
imate, limit, without also removing the modulus sign in the expression
|F' (- h)—F (2)|. This rather unexpected fact was brought to light by V. Jarnik[2],
who showed that there exist continuous functions F for which the relation
111_1;05—1? | I (@4 h)—F (2)|/h=+co holds at almost all points .
h

Finally, let us note that Theorem 10.1 is frequently stated in the following
form:

If a finite function F is measurable on a set E, then at almost every point
of B either (i) the function F is approvimalely derivable, or else (ii) there exists @ meas-
urable set R (x) whose right-hand and left-hand upper densities are both equal to
1 at x, and with respect to which the two upper unilateral derivates of F at z are +oo
and the two lower derivates —oo.

Tt has been shown by A. Khintchine [4] (cf. also V. Jarnik [2]) that
there exist continwous functions for which the case (ii) holds at almost every point x.

§ 11. Approximate partial derivates of functions of
two variables. The §§ which follow will be devoted to generali-
zations of the results of §4 for funetions of two real variables (their
extension to any number of variables presents, as already said,
no fresh difficulty). In this § we shall establish some subsidiary
results.

Given a plane set ¢ and a number », we shall understand
by the outer linecar measure of @ on the line y=1n, the measure of
the linear set B[(t, %) e@]. Similarly, we define the outer linear measure

¢

of @ on a line x=¢£, where £ is any number. It follows from Fubini’s
Theorem in the form (8.6), Chap. IIT, that if @ is a measurable set
whose linear measure on almost all the lines y=7 (i. e. on the lines
y=1 for almost all values of %) is zero, then the set ¢ is of plane
measure zero.
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A point (x,,y,) will be termed point of linear density of a plane
set Q in the direction of the @-awis, if x, is a point of density of the
linear set E[(t,y,) eQ]. We define similarly the points of linear den-

t .
sity of Q in the direction of the y-axis.

(11.1) Theorem. Almost all points of amy measurable plame set Q)
are points of linear density for it both in the direction of the wx-uwis

and in that of the y-amis.

Proof. We may clearly assume that the set @ is closed. Con-
sider, to fix the ideas, the set D of the points of @ which are points
of density of @ in the direction of the w-axis. Since the set ¢ —D
is of linear measure zero on each line y= 7, the proof of the relation
|@ —D|=0 reduces to showing that the set D is measurable.

In order to do this, we write, for each point (2,y) and each
pair of numbers ¢ and b,

E(CL‘,?/; a’yb):]::‘[(tay) EQ; “<t<b17

and we denote, for each pair of positive integers n and k, by @n,x the
set of the points (x,y) of @ such that the inequalities a<<w<<b and

b—a<1/k imply |B(z,y; 0,b)|>(1 —n")-(b —a). Plainly D=[]2Q,
n k

We now remark that all the sets @, . are closed. To see this,
we keep the indices n and & fixed for the moment, and consider
an arbitrary sequence {(z, yi)}-l.=1,2w of points of Q. » which converges
to a point (x4,9,). Let @ and b denote real numbers such that a<<a,<b
and b —a<{1/k. For every sufficiently large index 4, we then have
a<z<<b, and so |E(z,y,; 6,b)|=(1—n"")-(b—a). Now it is easy to
see that lim sup E (2, y,; 4,0)CE(w),y,; a,b); it therefore follows from

Theorem 9.1, Chap. I, that |B(zg,ve; @,0)|=(1 —n1)-(b —a), and so,
that (24,Yo) €Qn,x-

Since the sets @, are closed, D is a set ({qss) and this com-
pletes the proof. '

If F is a finite function of two variables, the extreme approx-
imate partial derivates of F(x,y) with respect to # will be denoted
by F;{,x, E;*;,x, Fop, and Fap,. If these derivates are equal at a point
(wyy), their common value, i.e. the approximate partial derivative
of F with respect to x, will be denoted by Fi (v,%). Analogous
symbols will be used with respect to y. For the partial Dini deri-
vates, we shall retain the notation of Chap. V, namely Fi, FY, ete.
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(11.2) Theorem. If a finite function of two variables F is meas-
urable on a set @, its extreme approxvimate portial derivates are them-
selves measurable on Q.

Proof. In view of Lusin’s Theorem (Chap. III, § 7), we may
suppose that the set ¢ is closed and that the function F is con-
tinuous on ¢. Consider, to fix the ideas, the derivate F_Q; . Let a be
any finite number and let P be the set of the ploints (@, )
of Q at which F (z,y) < % We have to prove that the set P is
measurable.

For this purpose, let D denote the set of the points of the
set ¢ which are its points of linear density in the direction of the
z-axis. Further, for every point (z,) and every positive integer «,
let H,(x,y) denote the set of the points ¢ such that

tza, (Ly)e@ and Fl,y)—Flx,y)<(e+n1) (—).

3 We easily observe (cf. Chap. VIIL, § 3) that, in order that
Fj{,x(mo,yﬂ) <a at a point (zy,y,) e D, it is necessary and suffi-
cient that the point (wxg,y,) be a point of right-hand density for
every set E,(xg¥,), where n=1,2,... Hence, denoting for every
system of three positive integers m,k and p, by @, the set of
the points (z,y) of @ such that the inequality 0 <h <1/p implies
|Ey(#,y) - [@,2+b] = (1—Fk—1) - h, we have

(11.3) P-D=£]IJ%’Q,,,k,p.

Now the set @ is closed and the function F is continuous on @,
and by means of Theorem 9.1, Chap. I (cf. the proofs of Theorems 10.1
and 11.1) we easily prove that all the sets @, are closed. Hence,
by (11.3), the set P-D is measurable, and since, by Theorem 11.1,
|@ —D|=0, we see that the set P is measurable also. This completes
the proof.

It follows, in particular, from Theorem 11.2 that the ewtreme approximate
derivates of any finite measurable function of ome real variable are themselves mea-
surable functions. We thus obtain a result analogous to Theorem 4.3, Chap. IV,
which concerned the measurability of Dini derivates (cf. also Theorem 4.1, Chap. V,
and the remark p. 171).
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§ 12. Total and approximate differentials. A finite func-
tion of two real variables ¥ is termed totally differentiable, or simply
differentiable, at a point (%,,y,) if there exist two finite numbers
4 and B such that the ratio

(12.1) [F(z,9)—F (20,Y0) —A4-(@—20)—B-(y—yo)] /[

tends to zero as (z,y)—>(2y%,). The pair of numbers {4, B} is then
termed total differential of the function F at the point (zq,4,) and
we see at once that 4 and B are the partial derivatives of F at
(@9, 7o) With respeet to x and to y respectively.

If, for a finite function of two variables F and for a point
(s ¥o), there exist two finite numbers 4 and B such that the ratio
(12.1) tends approximately to 0 as (z,9)—(2y,¥,), the function F
is termed approxvimately differentiable at (xy,y,) and the pair of
numbers {4,B} is called approwimate differential of F at (wg,y,).
The numbers 4 and B will be called coefficients of this differential.

We see at once that no funetion can have at a given point
more than one differential, whether total or approximate.

& —0| + [y —y,|]

The existence of a total differential of a function F(z,y) at a point may
be interpreted as the existence of a plane, tangent at this point to the surface
#=F(x,y) and non-perpendicular to the zy-plane. In this way the notion of total
differentiability of funetions of two variables corresponds exactly to the similar
notion of derivability of functions of one variable. Nevertheless, whereas every func-
tion of hounded variation of one variable is almost everywhere derivable, a
function of bounded variation (in the Tonelli sense), and even an absolutely
continuous function, of two variables may be nowhere totally differentiable
(cf. W. Stepanoff [3, p. 515]).

The coefficients of an approximate differential of a function
at a point are not, in general, approximate partial derivatives of
this function. Nevertheless they coincide with the latter almost
everywhere, as results from the following theorem:

(12.2) Theorem. In order that a finite function of two variables F,
which is measurable on a set Q, be approzimately differentiable at
abmost all the points of this set, it is necessary and sufficient that F
be, almost everywhere in @, approzimately derivable with vespect to
each variable.

When this is the case, the approximate partial derivates Iy, (e, y)
and F;py(m,‘y) are, at almost all the points (x,y) of Q, the coefficients of
the approximate differential of F.
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Proof. 1° Suppose that the function F is approximately
differentiable at almost all the points of Q. We denoté,
for each positive integer n, by R, the set of the points (&) of Q
such that, for every square J containing (&, %), we have

(12.3)

BUE @9) =P (& n)l<n-8(7); () €] >3-|7] 14

()
whenever 6(J)<2/n. Writing R=3'R,, we clearly have |@ —R|=0.

I

Let us now denote, for a generlal plane set B and any number 7,
by E™ the linear set of the points & such that (£, 7)eE. Keeping
fixed, for the moment, a positive integer n, and a real number Tos
we consider any two points & and &, of Rﬁ“l for which 0<C&, — &< 1/-911(,;
and we denote by J, the square (&1 €05 Moy Myt £ —&]. We then
have 6(J3)<2/ng, and so, putting n=mn,, J=J,, n=1y, in (12.3),
and choosing é=¢; and é=¢, successively, we see at once that the
square J, contains points (x,y) for which we have at the same time
| B (&1, m0)—F (2,3 )|<7LO~(5(J0)\<\2’)LO-(§2—§])

and

B (&, 770)*17’(‘17:?/)|<77‘0‘5(Jo)<2no'(‘f2‘— £y)-

Hence [F(&y,7¢) —F(&,m0)| < 4ny - |§,—&,|, which shows that,
for any fixed #u, F(2,7), as a function of x, is AC on each set RV,
and so VBG on the whole set R" (cf. Chap. VII, § 5). Now R is
(with @) a plane measurable set, so that the linear set R is meas-
urable for almost every . Hence (c¢f. Theorem 4.3, Chap. VII),
for almost all 7, the function F(z,7) is approximately derivable
with respect to @ at almost all the points of R™. Since further,
by Theorem 11.2, the set of the points of R at which the function F
is approximately derivable with respect to one variable, is meas-
urable, it follows at once that the function F is approximately
derivable with respect to x at almost all the points of R, and so,
at the same time, at almost all the points of Q. Similarly, we establish
the corresponding result concerning approximate derivability of F
with respect to y.

20 Suppose that the function F is approximately
derivable, at almost all the points of @, with respect
to # and with respect to y. We shall show that the function #
then has, at almost all the points of @, an approximate differential
with coeflicients Fay (a,y) and F{,p”(m,y). On account of Theorem 11.2
and of Lusin’s Theorem (Chap. TIL, § 7), we may suppose that
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(a) the set @ is bounded and closed, (b) the function F is approximate-
ly derivable with respect t0 each variable at all the points of @, and
(¢) the function F, and both its approximate partial derivatives,

are. continuous on Q.
This being so, we write, for each point (£, 7) of ¢ and each

point (z,y) of the plane,
(12.4) D(&73,9)=|F (2,y)—F(m)—@—E)-Fap (& m—y—n) Ly, (§1),
Dy(&, n; %) =|F(w7 n)—F (& n)— (m—f)'lﬂ;})x(fa 77)[}
Dyl&, 13 ) =\F (&) —F (&) —(y —n)-Fap, (&, m)].
Let & and 7 be any positive numbers. We shall begin by de-

fining a positive number ¢ and a closed subset 4 of ¢ such that
|@ —A4|<e and such that, for any point (£ %),

[BLDy(&m; @) <7-fo—E; (2 7) €@ 4<e<b]| = (1—e) (b—a)
(5,med, a<é<h amd b—a<o.

For this purpose, let us denote, for each positive integer =,
by A, the set of the points (£, %) of @ such that the inequality in the
first line of (i) is fulfilled whenever a<é<b and b—a<<1/n. Since
the set @ is closed and since the function F and its derivatives Fu,
and Fy, are continuous on @, it is easily seen that all the sets A::
are closed. On the other hand, the sets 4, form an ascending se-
quence and we immediately see that the set @—lim 4, is of

(i)

whenever

measure zero on each line y=7. Hence, this set being lrlneasurable,
we have [Q——linmA,,lz(). Consequently |Q —4,|<e for a suffi-
ciently large index =, and writing o=1/n, and A=4,, we find
that the inequality |@ —A4|<e and the condition (i) are both satisfied.
. In exactly the same way, but replacing the set @ by A and
interchanging the réle of the coordinates z and y, we determine
now a positive number o;<<o and 2 closed subset B of 4 such that
|4 —B|<e and that for any point (£,7)

iy [ELDel 75 Y)<Tly —nl; (&) e 45 4y <Y = (1 —e)- (b —a)

(§,m)eB,

Finally, let 0,<<o; be a positive number such that
[ Fap, (2 Yo)—Fap, (2, yy)| <7

f]c;‘.any pair of points (2,y,) and (z,y,) of @ subject to the con-
lons |z,—a|<<o, and |y,—y,| <o,

whenever as<n<h and b—a<oy.
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This be.ing 80, let (&g, 7o) be any point of B, Let J =[ay, B;; ay, fa]
denote any interval such that (&, n,)ed and §(J)<o,<o<o. We
write: '

Ezzlfl[Dz(foy Nos iy)<1‘|11—77015 (E0,y) € 4; 0, <Y< Pl

and, for each y,
El('y)=]§[D1(§07?/§ w)<7'|w_gol§ (2,9) €@ ey <Ly ]

Then any point (z,y) such that ye¢E, and xeE,(y) belongs to the
set Q-J and, for such a point, we have

D (50:770;“77?/)<D1(50yf'/§m)"|‘D2(50;7705?/)+Iw"“50|' |Ft’mx(§o;!/)_1’1;px(£m?/o)l <
<2v-[lo—&l+ ly —7o[1- ‘

On the other hand, it follows at once from (ii) and (i) respectively,
that |By>(1—e) (B—ay), and [Eyy)|>(1—e)-(fi—a) whenever
yeB, Hence, D(&yne;z,Yy) being a measurable (indeed contin-
uous) function of the point (z,y) on @-J, it follows that the set
of the points (z,y)eQ-J such that D (&, 7o} 2, y) < 2-[|z —&g|+ 1y —n0l]
is of measure at least equal to (1—e)2 (B —ay) (By—az)=(1—e)*|J].
The point (&, 7,) here denotes any point of the set B, and J any
interval, containing (&p,7,), Wwhose diameter is sufficiently small.
Therefore, since |Q —B|<|Q—A|+|4—B|<2¢, where s is at our
disposal, we see that, for every positive number z, almost every
point (&%) of @ is a point of density for the set of the points (z,y)
of ¢ which fulfil the inequality D (£, 7; 1) |[lz — &+ ly—n)<27; and
in view of (12.4), this completes the proof.

We notice a similarity between the preceding proof and that of the “Den-
sity Theorem” (Chap. IV, §10). Actually the result just established constitutes
a direct generalization of the Density Theorem. To see this, we need only inter-
pret, in the statement of Theorem 12.2, the function F as the characteristic
function of the set Q (cf. the first edition of this book, p. 231).

The notion of approximate differential, together with Theorem 12.2, are
due to W. Stepanoff [3]. Thereis, however, a slight difference between the defi-
nition adopted here and that of Stepanoff, so that, in its original form, as proved
by Stepanoff, Theorem 12.2 generalizes Theorem 6.1, Chap. IV, rather than the

Density Theorem of § 10, Chap. Iv.

We conclude this § by mentioning the following theorem,
which, in view of Theorems 9.9 and 11.2, is an immediate con-

sequence of Theorem 12.2:
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(12.5) Theorem. Suppose that a fvlm'tq fmz-ction of two vaaﬂiable:s 'F
which is measurable on @ set Q, has at each point of @ at leazsjt one ﬂmta
Ding derivate with respect to x and ab least one fimite Dind derivate
with respect 10 Y. ) .

Then the function F is approzimately differentiable at almost
every point of Q.

§ 13. Fundamental theorems on the contingent of
a set in space. Following F. Roger [2], we shall now extend
to sets in the space R, the results obtained in § 3. The proofs will
be largely a repetition of those of §3 with the obvious verbal changes.
We shall therefore present them in a slightly more condensed form.

Generalizing the definitions of §3, p.264, to functions of two
variables, we shall say that a function F(z,y) fulfils the Lipschite
condition on a plane set E, if there exists a finite constant N such
that | F (g, ya) — F (@, 12)| S N-[[@a— @ + [y —9:|] for every two
points (ay,y;) and (@,y,) of E. We verify at once that the
graph of the function F on E is then of finite area whenever
|E| < + oo, and of area zero whenever, in particular, |E|=0
(cf. Chap.II, §8; more precisely, we have, for every set F,
A,{B(F; B <4-(1+32):|B)).

In the sequel we shall make use of the following notation
for limits relative to a set. If E is a set (in any space) and ¢, is a point
of accumulation for F, the lower and upper limits of a function

F(t) as ¢ tends to ¢, on E will be written liminfz F'(¢) and im supzF (1)
>4, )
regpectively. Their common value, when they are equal, will be

written limgF(1).
>t

(13.1) Lemma. Let R be o set in the space B,, 0 o fized direction
in this space and P the set of the points a of R at which contgra con-
tains no half-line of direction 0. Then (1) the set P is the sum of a
sequence of sets of finite area and (i) at each point a of P, ewcept
at most at those of a subset of area zero, the set R has an extreme tan-
gent plane, for which the side containing the half-line a0 is its empty side.

In the particular case in which 0 is the direction of the positive
semi-axis of z, the set P is expressible as the sum of an enumerable
infinity of sets each of which is the graph of a function on o plane
set on which the function fulfils the Lipsehite eondition.
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Proof. We may clearly suppose (in the first part of the theo-
rem also) that 6 is the direction of the positive semi-axis of z. We
denote, for every positive integer m, by P, the set of the points
(#,9,2) of P such that the inequalities |o'—a|<1/n, |y'—y|<1/n
and o' —#|<1/n imply 2'—z<m-[jo'—a|+ |y —y|] for every
point (2',y’,2") of R. We express, further, each P, as the sum of
a sequence {P,aji=1,,. 0f sets with diameters less than 1/n. For every
pair of points (@y,y,,2) and (z,,¥,,2,) of the same set Py, we thus
have |zp—a|<n-[|—2y| + lyo—w1|], and if we denote by Q, the
orthogonal projection of P, on the zy-plane, we easily see that
the set Pn, may be regarded as the graph of a function #, , on Q, s
Plainly IFn,k(mz:yz)—Fll.k(‘f”l:?/1)|<%'[|m2‘“‘”1i+!‘3/2—%” for every two
points (z,y,) and (@gy,) of @ k. Thus ¥, , fulfils the Lipschitz con-
dition on Qn,x and hence (cf. p.304) Ay(Pp p)=AuB(Fr, 1;Qn 1)} <-+oo.
Thus P= ZP,,, & is the required expression of the set P.

mhk

It remains to discuss the existence of an extreme tangent
plane to I at the points of P. For a fixed pair of positive integers »
and %, the function F,p, which fulfils the Lipschitz condition
on the set @, can be continued at once, by continuity, on to the
closure Q,,, x of this set, and then on to the whole plane by writing
F, i(z,y)=0 outside @ z. On account of Theorem 12.2, the function
P, is approximately differentiable at almost all the points of @, .
Hence, denoting by (NQ,I_ r the subset of @, consisting of the points
of density of @, , at which F,  is approximately differen@iable, we
see that |Q,,,k——§,,,k|=0 and hence, that Ay{B(Fn 1;@nr— Qn z)}=0.
We need, therefore, only show that R has an extreme tangent plane
at each point of B(F, 4 @), and that, further, the half-line with
the direction of the positive semi-axis of z is contained in the
empty side of this plane. N

Let (Eq,70,80) be any point of B(Fnr;Qnx) and let {4, B}
be the approximate differential of F,, at the point (&y, 7). Let
e<1 be any positive number, and let E. be the set of the points
(#,y) ¢ Qn,x such that
| B, 00y ) — B, (&0 770)—Ao'(il‘_fo)—Bo'(ll/_%)lgg'ﬂ‘v_fol'1\‘l'.’/_%[]'
Since the function F, is measurable, (&,n,) is (¢f. Chap. VII, §3)
a point of outer density for the set E,. Hence we can make cor-
respond to each point (&, n,$), sufficiently near to (&, 77, o) 2 point
(&', n'Ye B, such that:

S. Saks. Thoory of the Infegral. 20
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|77"— 7}0|-§|7)"’"' 7/0'7

' —nl< e ln—1ol-

(13.2) | —E<|E—&l  and

(13.3)  [F—g<eE—&)

Remembering that £o=Fn (£ 70); We DOW ‘write for brevity
-Dn,k(flyn’)an,k(‘f,yn,)—CO—AO'(EI’_§O)'—BO'(T]I”'”())' We thus have

C——Co—Ao‘(5‘“50)“30'(77—770):
= Dol &) +E—Fa &', 1)) +[ Ao (&' =)+ Bo-(n'—n)].
This being so, let (&,7,{) be a point of R such that each of
the differences |E—&), |n—no and [(—Co| is less than, or equal
to, 1/4n2. Then by (13.3), we have [&'—¢|<1/n apd |7’ —n|<1/n,
while, by (13.2), [Fna(&,7")—Lol<n[|E—E+n' —70[1<1/2n, and so
[P (£, ') —E|<1/n. Since the point (&', 7' F, (&) belongs to
B(F;B:)C Py, it follows that [—Fnu(&,n)<n-[[f—&+|n—n'),
and, again making use of (13.3), we deduce from (13.4) that
C—-CO——AO~(§—50)~—BO'(’W——’I?O)S

<IDu &y 1)+ (| Ao]) €+ (nt] Bol)- I’ —11| <

<IDn &', )4 & (Aol {Bol 4 1) Llé— &+l —7l)
We now observe that, since (&,7')eF,, (13.2) implies

D (&', 0 [[1E—Eo| +m—n0l] < Do a8 1L — ol +|n" —mol] < e
Hence, & being an arbitrary positive number, we derive from (13.5)
(13.6)  lim sup, [5—Lg— Ao (§—&o)— By (1—0) ) [|E—Eol +1n—n0] <O
(& %, Do 0, &)

Moreover, since {4,, B, is the approximate differential of the func-
tion F, . at (&,7,) and since the point (&y,7,) is a point of outer
density for the set Q,, the plane z—{—Ay (x—&)—By-(y¥—n,)=0
is certainly an intermediate tangent plane (cf. § 2, p. 263) of R at
the point (&g, 7). It is therefore, by (13.6), an extreme tangent
plane at this point, with an empty side consisting of the half-space
a—Co= Ay (2—&)+ By (Yy—n,). This completes the proof.

and

(13.4)

(13.5)

We shall employ in space a terminology similar to that of the
plane (cf. § 3, p. 264) and agree to say that the contingent of a set
EC R, at a point & of F is the whole space if it includes all the
half-lines issuing from the point a; and again, that the contingent
of E at a point a of E is a half-space, if F has an extreme tangent
plane at a and if contg,a consists of all the half-lines issuing from «
which are situated on one side of this. plane. We make use of
these terms to state the analogue of Theorem 3.6:
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(13.7) Theorem. Given a set R in Ry, lat P be a subset of R at
no point of which the contingent of R is the whole space. Then (i) the
set P is the sum of an enumerable infinity of sets of finite area and
(i) at every point of P, except ot those of o set of area zero, either the

set B has a umique tangent plane, or else the contingent of R is a half-space.

The proof of this statement, which follows directly from
Lemma 13.1, is quite similar to that of Theorem 3.6. We need only
replace, in the proof of the latter, the terms length, tangent and
half-plane by area, tangent plane and half-space, respectively.

It only remains to extend to space, Theorem 3.7. This ex-
tension, in the form (13.11) in which we shall establish it, is essen-
tially little more than an immediate, and almost trivial, conse-
quence of Theorem 3.7. Its proof requires however some subsidiary
considerations of the measurability of certain sets.

(13.8) Lemana. If  is a set () in Ry, its orthogonal projection
on the xy-plane is a measurable set.

Proof. Let us denote generally, for every set E situated in R,
by I'(E) its projection on the zy-plane. In order to establish the
measurability of the set I'(@), it will suffice to show that for each
>0 there exists a closed set PCI(Q) such that |P|Z=|[(Q)—e.

We express @ as the product of a sequence {Qnt,—1,s.. oOf
sets (§,). It may clearly be assumed that the set ¢ is bounded and
that, moreover, all the sets @, are situated in a fixed closed sphere S,.

We shall define in R,, by induction, a sequence {Fnln—o,1,..,
of closed sets subject to the following conditions for n=1,2,...:
(i) FuCFuy, (ii) F,CQ, and (il) [I(FuQ)>|L(Fur Q)|—e/2"

For this purpose, we choose F;=28, and we suppose that the
next r—1 sets F, have been defined. We have QCQ, and so
Fo1-Q-Q=F._-Q, and since F, ;-Q,is, with @, a set (§,), there
exists a closed set F,CF,_-Q, such that |I'(F.Q)|=|I(Fri-Q)l—se/2".
This closed set F, clearly fulfils (i), (ii) and (iii) for n=r.

Now let F=IIF,= lim F,. It follows from (ii) that FC@, and

therefore that F(F)HCI'(Q). Further, I'(F) is a closed set, for, since { Fy}
is a descending sequence of closed and bounded sets, we easily see
that N(F)=limI'(#,). Finally this last relation coupled with (iii) shows

n

that |[I(F) =1lim|I(F,-Q) = II(Fo-Q)|—e="(@)|—e, which com-

)t
pletes the proof.
20%
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It would be easy to prove that the projection of & sot (Fga) iH’the nucleus
of a determining system formed of closed sets and thus to (1('5(11}(."(5 Leu}um 13.8
from Theorem ;5, Chap. II. We have preferred, however, to give a direct ele-
mentary proof, based on a method due to N. Lusin [3]. The same argument
shows that any continuous image of a set (F,;) is measurable. y o
It has been proved more generally (vide, for instance, W. Sierpifiski
[I1, p. 149], or F. Hausdorff [II, p. 212)) that any continuous image of an
a,ns;lytic set (in particular, of a set measurable (B)) situated in Iy is an analytic
and, therefore, measurable set.
(13.9) Lemma. Given a set R in Iy let § be the sct of the poinis
(&,n,8) of R which fulfil the condition: .
(A) the part of the contingent of R at the point (&,v,C), which
is sttuated in the plane xv=E£, is wholly contained in one or other of
the two half-spaces y=n and y<». ' .
Then the orthogonal projection of the set € on the xy-plane is
of plane measure zero.

Proof. We may clearly suppose that the set R is closed (for
the contingent of any set R coincides, at all points of E, with that
of the closure of R).

Let us denote generally, for any set F in R, and any number &,
by E¥ the set (;E)[(g,y,z)eE]. It follows from Theorem 3.6 that,

for every &, the plane set R has an extreme tangent, parallel to
the z-axis at every point of QY except those of a set of length zero.
Hence, by Theorem 3.7, the projection of @ on the xy-plane is of
linear measure zero on each line x=¢ of this plane, and, in order
to prove that this projection is of plane measure zero, we need
only show that the latter is measurable.

Let us denote, for each pair of positive integers k and n, by
Agn the set of the points (£,7,0) of R such that the inequalities

(13.10) je—&+ly—n|+le—¢l<i/n p—&<Lly—|+ fo—Cllin
imply, for any point (z,y,2)eR, the inequality Y—n<[|p— &+ |a—C]/E-
Similarly, we shall denote by B, the set of the points (&,,8)
of R for which the inequalities (13.10) imply, for every point
(r,y,2) of R, the inequality y-—n>—[|e—¢+ [s—¢|]/k. Writing

A=II:IEAk’,1 lengla,m

we find that Q=4+ B. On the other hand, since the set R is, by
hypothesis, closed, we observe at once that each set Ay, and like-
wise each set By ,, is closed. The sets 4 and B, and so the set @
also, are thus sets (Fye)s and in view of Lemma 13.8, the projection
of @ on the zy-plane is a measurable set.

and

and
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(13.11) Theorem. Given a set R in B, let P be a subset of B at every
point of which the set R has an extreme tangent plane parallel to o fized
stratght Vine D. Then the orthogonal projection of P on the plane per-
pendicular to D is of plane measure zero.

Proof. We may clearly suppose that the straight line D is
the z-axis. Let us denote by P, the set of the points of P at which
the extreme tangent plane, parallel, by hypothesis, to the z-axis
is not, however, parallel to the yz-plane. Similarly, P, will denote
the set of the points of P at which the extreme tangent plane is
not parallel to the xz-plane. We then have P=P,+ P,

Now we observe at once that each point (&,7,¢) of P, fulfils the
condition (A) of Lemma 13.9. Tt therefore follows from this lemma,
that the projection of P, on the xy-plane is of plane measure zero.

By symmetry, the same is true of the projection of the set P,.
The proof is thus complete.

§ 14. Extreme differentials. Let 7 he s finite funection
of two real variables. A pair of finite numbers 14, B} will be called
upper differential of F' at a point (29, ¥,) if, when we write Zo=F(2g,Y,),
(i) the plane z—z=A-(z—zy)+B-(y—y,) is an intermediate tan-
gent plane of the graph of the function F at the point (x,,y,,2,) and

(ii) F(w,y)—F (z, yo)—A'(x'—mo)”‘B'(;’/“‘f’lo)
lo—aq| + ly—o|

These conditions may clearly be replaced by the following: (i;) the plane
#—2y=A-(2—ay)+ B-(y—y,) isan extreme tangent plane of the graph
of F' at (@g,yp,2,) With the empty side 2—2y2 A (x—w0)+B- (y—y,)

and (i) (lim sup F(z,y)<<F (24,1,).
P gy)
The definition of lower differential is similar, and the two

differentials, upper and lower, will be called extreme differentials.

If a function F has a total differential (cf. § 12, p. 300) at a point,
this differential is both an upper and a lower differential of F at
the point considered. Conversely, if a function F has at a point
(#,99) both an upper and a lower differential, these are identical
and then reduce to a total differential of F at (g, 90)-

lim sup
(1) >(xp 1)

=0,

’

For a finite function of one real variable F, the existence of an upper dif-
ferential at a point x, is to be interpreted to mean that Fra)=F (2p)Fco (in
which case the number I_f’+(m(,)=lf"(m0) may be regarded as the upper differential
of F' at wy). There is a similar interpretation for the lower differential of functions
of one variable. This interpretation brings to light the relationship between the
theorems of this § and those of § 4.
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We propose to give an account of researches concerning the existence
almost everywhere of total, approximate, or extreme differentials. These re-
searches were begun by H. Rademacher [3], who established the first general
sufficient condition in order that a continuous function be almost every-
where differentiable. W. Stepanoff [1;38] later removed from Rademacher’s
reasoning certain superfluous hypotheses, and obtained a more complete result,
valid for any measurable function: In order that a function I which is meas-
urable on a set B, should be differentiable almost everywhere in E, it is necessary and
sufficient that the relation (HL‘I)ZL _)sil‘lp){F(m,y)—F(é‘,n){/[|m——§|+|y—-7/|]<+oo should

x ) >E0

hold at almost all the points (£,%) of B. (Certain details of Stepanoff’s proof, par-
ticularly those concerning measurability of the Dini partial derivates, have been
subjected to criticism (cf. J. C. Burkill and U. 8. Haslam-Jones [1].) U. 8.
Haslam-Jones [1] extended further the result of Stepanoff, and by introducing
the notion of extreme differentials (which he called upper and lower derivate
planes), obtained theorems analogous to those of Denjoy for functions of one
variable. The researches of Haslam-Jones have been continued and completed
by A. J. Ward {1;4] who, in particular, removed the hypothesis of measur-
ability in certain of Haslam-Jones’s theorems.

We shall derive the results of Haslam-Jones from the theorems of the
preceding § (cf. F. Roger [3]; direct proofs will be found in the memoirs of
Haslam-Jones and Ward referred to, and in the. first edition of this book).

In what follows, we shall make use of some subsidiary con-
ventions of notation. If F is a function of two real variables and {
denotes a point (x,y) of the plane R, we shall frequently write
B(t) for F(xz,y). If t;=(2y,%,) and t,=(2yy,) are two points of the
plane, [t,—t,| will denote the number |zy—;|+ |ys—l-

Given in the plane two distinet half-lines issuing from a point ¢,
each of the two closed regions into which these half-lines divide
the plane will be called angle. The point ¢, will be termed wvertex
of each of these angles.

We shall begin by proving a theorem somewhat analogous
to Theorem 1.1 (ii).

(14.1) Theorem. Let F be « finite function in the plane R, and

let E be a plane set, each point v of which is the vertex of an angle A(7)

such that limsupsuF (t)<lim sup F(¢). Then the set E is of plane
51 5T

measure zero.

Proof. Let us denote, for each pair of integers p and ¢, by E,,
the set of the points = of E at which lim sup 4 F (t)<p/¢<<lim sup F(t).
t>T T

For fixed p and ¢, we observe that no point veH,, is a point of
accumulation for the part of the set E,, contained in the interior of
the corresponding angle A(r). Hence, no point of the set Z,, can
be a point of outer density for this set. Each of the sets E,, is
thus of plane measure zero, and the same is therefore true of the
whole set E.
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As we easily see, in virtue of Theorem 3.6, each set Bp,q, and consequently
the whole set H, is the sum of a sequence of sets of finite length (this of
course, implies that % is of plane measure zero). Cf. A. Kolmogoroff and
J. Ver éenko‘ [L]. )

(14.2) Theorem. Let F be a finite function in the plane. Then

(1) of P is a plane set each point © of which is the vertex of an
angle A (t) such thaot '

(14.3) lin g | ())—F (v) 1= +oo,

the set P 1is mecessarily of plane measure zero;

(i) of @ is @ plane set each point v of which is the vertex of an
angle Ay(r) such that ' '

(14.4) limt :‘up 40 [P (8)—F (v)] ] [f—r| < o0,

the function I necessarily has an upper differential ot almost all the
points of @

(iii) of R is a plane set each point v of which is the vertex of two
angles Ai(r) and Ay(r) such that
m supgq [F(6)—F ()] /i—7|<+ o0
and e

lirginf,lz(r) [F(t)—F (T)]”t"‘rl>_°°’

the function F is totally differentiable at almost all the points of R.

Proof. re (i). By Theorem 13.7 the set B(F;P) has, at each
of its points except those of a subset of area zero, an extreme tan-
gent plane. The latter is seen to be necessarily parallel to the z-axis.
Hence, by Theorem 13.11, the set P, as the projection of B(F;P)
on the ay-plane, is of plane measure zero.

re (ii). It clearly follows from (14.4) that, at each point 7 of @,
we have limsup,qF (t)<F(r). Hence, by Theorem 14.1, we have

v

| ald
lim sup F(3)<F(r) at all the points v of @, exeept at most those
t>7

of a set @, of measure zero.

Let us now denote by B the graph of the function F (on the
whole plane). Let B, be the set of the points of B(#;Q) at which
the set B has no extreme tangent plane, and B, the set of the points
of B(F;@) at which such a tangent plane exists, but is parallel to
the z-axis. Finally, let @, and @, be the projections of the sets B;
and B, respectively, on the zy-plane. On account of Theorem 13.7,
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we easily verify that A,(B;)=0, and so, that |@:|=0. Similaxly,
it follows at once from Theorem 13.11 that |@y=0. Now, if (&, n)
is any point of Q—(Q;+@,), the set B has at (& n,I'(& 1)) an ex-
treme tangent plane of the form 2—l=M (¢, n)-(#—&)+ N (& n)-(y—n),
where M (&%) and N () are finite numbers. We observe further
without difficulty that the half-space

== M (&, 7)-(z—&)+ N (&) (y—n)

is an empty side of this plane. Hence (cf. p. 309), at each point
(&,7) of the set Q—(Qo+@Q;-+@s), the pair of numbers {M(&,n),N(& n)}
is an upper differential of the fumction F. This completes the

proof, since [Qo+@;+Qy/=0-
Finally, (iii) is an immediate consequence of (ii).

In the case in which the function F is measurahle, we can complete
part (i) of Theorem 14.2 (which itself generalizes Theorem 4.4). Thus, if F
is any measwrable function of two wvariables, the set of the poinis (2,y) al which
lim [F(z-h,y)—F(z,y)|/h=-00, is of plane measure zero.
b0+

This proposition plainly follows from Theorem 4.4, except for meas-
urahility considerations, essential to the proof, which seem to require general
theorems on the measurability of the projections of sets (B) (cf. p. 308).

We conclude with the following theorem (ct. A. J. Ward. [1]
and the first edition of this book, p. 234) which, in view of Theo-
rem 14.2 (i), (ii), may be regarded as an extension of Theorem 9.9
to the functions of two variables:

(14.5) Theorem. If F is a finite function of two variables, which
is measurable on a set B and which has on extreme differential at each
point of a set QCE, then this differential is, at the same time, an
approxvimate differential of F at almost all the points of Q..

Proof. On account of Lusin’s theorem (Chap. ILL, §7) we
may clearly suppose that the set F is closed and that the function
F is continuous on K. Let us suppose further, for definiteness, that
the function F has an upper differential at each point of @, and
let us denote, for each positive integer n, by @, the set of the points
t of @ such that, for every point #, [I'—i<1l/n implies the
inequality F(t')—F(t)<n-[t'—%|. Finally, let each set @, be ex-
pressed as the sum of a sequence {Q,r}r—,z,. 0f sets with diameters
less than 1/n. We shall have Q=23 Q, 1.
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We see at once that the function F fulfils the Lipschitz con-
dition on each set @, and therefore also on each set @.x. Hence
by Theorem 12.2, the function F has the approximate differentia]ﬁ
{Fip(@,9), Fap (,y)} at almost every point (z,y) of each seb Q.
and therefore at almost every point (z,y) of the set 0. "

Let us, on the other hand, denote, for each point (z,y) of @,
by {4(2,9), B(a,y)} the upper differential of F at this point. Tt
follows at once fror_l_l the definition of upper differential, p. 309, that
T (2,9)>A(2,9)>F5 (0,y), and similarly Fy (z,y)>B (z,y) > F; (#,y),
at each point (z,4) of @. Hence, at each point (z,y) of Q at which
the approximate partial derivates Fyp (z,y) and Fap (2,y) exist,
we have A(»,y)=TFuy. (¢,y) and B(2,9)=TFs (z,y). yThe upper
differential {4 (z,y), B(z,y)} of the function 7 thus coincides at
almost all points (x,y) of @ with the approximate differential of 7.
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