Bounded Derivatives Which Are Not Riemann Integrable

by

Elliot M. Granath

A thesis submitted in partial fulfillment of the requirements

for graduation with Honors in Mathematics.

Whitman College
2017



Certificate of Approval

This is to certify that the accompanying thesis by Elliot M. Granath has
been accepted in partial fulfillment of the requirements for

graduation with Honors in Mathematics.

Russell A. Gordon

Whitman College
May 10, 2017



Contents
Acknowledgements iv
Abstract %

1 Finding an antiderivative of a continuous function without

integration 1

1.1 Lebesgue’s method of antidifferentiation . . . . . . ... ... 1

1.2 A version of the Fundamental Theorem of Calculus . . . . . . 9

1.3 Use of the Mean Value Theorem . . . . . .. .. ... .. ... 11

2 Bounded derivatives which are not Riemann integrable 13
2.1 Volterra’s function (an overview) . . .. ... ... ... ... 15
2.2 Pompeiu’s function . . . . ... ..o 17
2.2.1 Beginning our construction (defining f) . . . . . . . .. 19

2.2.2 Differentiating our function (determining f’) . . . . . . 20

2.2.3 Finding Pompeiu’s function (exploring h = f=) . . . . 26

2.2.4  Further notes on Pompeiu’s derivative (h’) . . . . . .. 28

3 Absolute continuity and Baire class one 33
3.1 Absolute continuity and bounded derivatives . . . . . . . . .. 36
3.2 Some properties of Baire class one functions . . . .. . .. .. 38

4 The Henstock Integral 46
4.1 A worked example using the Henstock integral . . . . . . . .. 51

4.2  Further properties of the Henstock integral . . . . . . . . . .. 53

il



Acknowledgements

Thank you to our teacher, Professor Schueller, to my advisor, Professor Gor-

don, and to my emotional support cats, James and Pancake.

v



Abstract

In an elementary calculus course, we talk mostly, or exclusively, about in-
tegrating continuous, real-valued functions. Since continuous functions on
closed intervals are integrable, the Fundamental Theorem of Calculus gives us
a method to calculate these integrals (given that we can find an antiderivative).
Furthermore, the Fundamental Theorem of Calculus states that the integral
can be used to define an antiderivative of a continuous function. In this pa-
per, we will present a method for establishing the existence of antiderivatives
of continuous functions without using any integration theory. In addition,
we will explore the potentially counter-intuitive topic of derivatives which are
not Riemann integrable. It is easy to find a function whose derivative is un-
bounded, and thus not Riemann integrable; what is more surprising is that
even bounded derivatives are not necessarily Riemann integrable. We will
present two classes of functions, one conceived by Volterra and one by Pom-
peiu, which are differentiable on closed intervals, and whose derivatives are
not Riemann integrable. Finally, we will develop the Henstock integral as a

tool which integrates all derivatives.



1 Finding an antiderivative of a continuous
function without integration

When first learning about differentiation and integration, it is tempting to
think of “antiderivative” and “integral” as synonymous. In some sense, differ-
entiation “undoes” integration, and wvice versa. Of course, the Fundamental
Theorem of Calculus canonizes this relationship: if f: [a,b] — R is integrable
and has an antiderivative F', then we can calculate its integral as F'(b) — F'(a).
Moreover, the Fundamental Theorems states that, if f is continuous, then fam f

22

is an antiderivative of f. This shows that functions such as e™" indeed have

antiderivatives, even if they are impossible to write using elementary functions.

Given the intimate relationship between integrals and derivatives, it is
perhaps interesting that we can establish the existence of antiderivatives of
continuous functions without relying on any integration theory. Lebesgue gave

a proof of this fact [2]; it is recorded below in a modern format.

1.1 Lebesgue’s method of antidifferentiation

We prove that any continuous function f: [a,b] — R has an antiderivative
by estimating f using continuous piecewise linear functions. With some care,
we can find an antiderivative of each of these functions without invoking the
Fundamental Theorem of Calculus. Finally, we can show that these piece-
wise estimations, together with their antiderivatives, can be used to construct
an antiderivative of f. First, it requires proof that continuous piecewise lin-
ear functions have antiderivatives. Figure 1 gives us an intuition for how to
construct such an antiderivative.

First, we begin with some useful definitions.



Figure 1: A piecewise linear, continuous function
together with an antiderivative we can find with-
out using the Fundamental Theorem of Calculus.
Note that F' is still differentiable at the points
where f has a cusp.

Definition 1.1. A partition of [a,b] is a set P = {xg,x1,...,2,} such that

x; < Tiy1, @ = Tg, and b = x,,. The norm of a partition is denoted || P||, where

|P|| = max{x; —x;—1 : 1 <7 < n}. 0

Definition 1.2. A function f: [a,b] — R is piecewise linear if there is some
partition {zo,...,x,} of [a,b] such that, for any 1 < ¢ < n, f is of the form

a;x + b; for all x € [x;_4, x;], where a;, b; are real numbers. O

Theorem 1.3. If f: [a,b] — R is continuous and piecewise linear on |a, b,
then there exists a function F: [a,b] — R such that F'(x) = f(z) for all

x € [a,b] (one-sided limits are used at the endpoints).

Proof. We proceed by induction on the number of linear segments of f. If
f has one linear segment, i.e. if f(x) = 1@ + ¢ for © € [a,b], then the
function F(z) = ¢;2%/2+ cox is an antiderivative for f on [a,b]. Our induction
hypothesis is that a continuous, piecewise linear function defined on a closed

interval with k& linear segments has an antiderivative on that closed interval.



Consider the function

g(x), ifa<z<g
fx) =

dix +dy, ifc<x<h,

where dy, ds are constants, g(c¢) = dyc + d, and g is a continuous, piecewise
linear function with k linear segments on [a, ¢|. By the induction hypothesis,

g has an antiderivative G on [a, ¢]. We claim that the function

G(x), ifa<z<e,
F(z) =

%d1x2 + dyx — (%dlc2 + dgc) +G(e), ifc<az<b,

is an antiderivative for f on [a,b]. This is clearly true on [a,b] \ {c}, so it

remains to show that F”(c) = f(c). Note that

lim F(C + h) — F(C) — lim %dl(c + h)z + dQ(C + h) — %dlcQ — dQC
h—0+ h h—0t h
. dlch + %d1h2 + dgh
= lim
h—0+ h
= dlc + dg,

and on the other hand

F(c+h)—F(c) G(c+h)—G(c)

hlgtr)l— h B hlgtr)l— h
=G'(0)
= dlc + dg.

Thus F' is indeed an antiderivative for f on [a,b]. By induction, any con-

tinuous piecewise linear function on a closed interval has an antiderivative. [



Having established that continuous piecewise linear functions have an-
tiderivatives, we claim that any continuous function on a closed interval can
be estimated with a sequence of such functions. Figure 2 shows a simple con-
tinuous function, together with a linear approximation in six parts. As our
intuition suggests, we can choose increasingly fine linear approximations that
will converge to the desired function. Using the Mean Value Theorem, we
can show that the corresponding sequence of antiderivatives converges to an

antiderivative of f.

f(x)

f T
Figure 2: We may approximate any continuous

function using a piecewise linear continuous func-
tion.

Theorem 1.4. If f: [a,b] — R is continuous on |a,b], then there exists a se-

quence {fn} of continuous piecewise linear functions that converges uniformly

to f on |a,b].

Proof. Since f is continuous on a closed and bounded interval, f is also uni-
formly continuous on [a,b]. Thus, for each positive integer n, there exists
0, > 0 such that if |x — y| < 0, then |f(z) — f(y)| < 1/n for all z,y € [a,b].
Without loss of generality, {,} is decreasing. Let P, = {xo,...,zx,} be
a partition of [a,b] with norm less than §, and, for each n, define f, as a

piecewise linear function joining the points (z;, f(z;)) where 0 < i < k.



We claim that {f,} converges uniformly to f on [a,b]. Let ¢ > 0 and pick
N such that 1/N < ¢/2. Let z € [a,b], and identify an interval [x;, x;i1]
containing z. Then |r; — x| < §,, and without loss of generality, for all
n > N, §, < dy. Also note that, for all 1 < ¢ < n, if x,y € [x;_1, 2], then

|f(y)—f(z)| <max{z : x € [z, z;]}—min{x € [z;1, ]} = |f(2:) = fziz1)].

Using this fact together with the uniform continuity of f,

(@) = f(2)] < [ful) = ful@)| + [ fulz:) = f(2)]
= (@) = fulws)| + [f(z:) — f(2)]
< fa(@in) = falz)| + | f(2:) = f(2)]
= [f(wirr) = ()| + [f (i) = f ()]
<1/N+1/N

< €.

It follows that {f,} converges uniformly to f on [a, b]. O

In general, it is not necessarily true that lim lim f(z,y) = lim lim f(z,y).
T—T0 Y—Yo Y—Yo T—>T0

For example,

2 2
1 = lim lim Z52Y £ Jim 1im 2520
z=0y—0 x + Yy y—=0z—0 T +y

2.

Before continuing, we will establish Lemma 1.5, which shows that, in the
right circumstances, we may simply interchange limits. In the same way that

uniform continuity preserves continuity, it also preserves limits.

Lemma 1.5. Let {f,} be a sequence of functions that converges uniformly to
[ on [a,b]\ {c} where ¢ € [a,b]. Then, provided each function f, and f has a

limit at c,



Proof. Denote v, = igrri fu(x). Since {f,} converges uniformly, given ¢ > 0,
there exists N such that if n,m > N, then |f,(z) — fi(z)| < € for all points
x € |a,b] \ {c} (this is the Cauchy Criterion for Uniform Convergence). Then,
since | f,,(x) — fim(2)| < €, we have |y, — ym| = |£Llré(f”(x) — fm(x))] < e. Thus,

{yn} is a Cauchy sequence converging to some y € R.

Let € > 0. By the uniform convergence of f, pick N; such that n > NV,
implies |f(z) — fu.(x)] < e. Pick Ny > Nj such that if n > Ny, we have
lyn, — y| < €. Since yn, = lim fy, (), pick 6 > 0 such that |z — ¢| < ¢ implies

Tr—cC

|fng () —yn,| < e If |z — ¢| < 0, we see that

[F(@) =yl <[f(2) = o (@) + [ (2) =y | + [y, = vl

< 3e.
Thus lim f(z) =y = lim y,, as desired. O
T—rC n—oo

Perhaps contrary to our intuition, it is possible to give a sequence of func-
tions { F},} which converges uniformly to F', and whose derivatives f,, converge

pointwise to f, but where F' is not an antiderivative of f.

Example 1.6. This example is adapted from Gordon [4]. For each n € Z7,
define F,: [0,1] — R where

x, if x > %,

Fu(z) =
%nxg — %n3x4, ifr < L
n

It is clear that each F,, is differentiable away from 1/n. At z = 1/n, the

right-sided limit of F,, is 1/n and the left-sided limit is % (%) — % (l) =1
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Furthermore, the right-sided derivative is 1 and the left-sided derivative is

3n (1) — 2n? (%)3 = 1, so [}, is differentiable on [0,1]. For all n > 1, if

x € 10,1/n],
3 9 L34
|Fo(x) — x| < gne |+ |5 + ||

3 1 2

< 2 4= 42

“2n  2n  2n

_3

==

Since 3/n converges to 0, it follows that {F,} converges uniformly to = on
[0,1]. Furthermore, for each n, F}(0) = 0. If z € (0, 1], then there is some
N such that, if n > N, then F](x) = x. Thus {F]} converges pointwise to
the function f: [0,1] — R where f(0) = 0 and f(x) = 1 for all z € (0,1].
However, F'(z) =1 for all z € [0, 1], and thus F’ # f. (Additionally, since f

does not have the intermediate value property, it has no antiderivative). O

It thus requires proof that our sequence of functions which estimate an

antiderivative for a function indeed converges to the desired antiderivative.

Theorem 1.7. Let {F,} be a sequence of functions that are differentiable
on [a,b], and suppose that {F,(c)} converges for some ¢ € [a,b]. If {F.}
converges uniformly to f on [a,b], then {F,} converges uniformly to a function
F on [a,b]. Furthermore, F' is differentiable on [a,b] and F'(x) = f(x) for all

x € [a,b].

Proof. (Rudin [5]) Let € > 0. Choose N such that if n,m > N, then we have
|F.(c) — Fin(c)| < e and |F)(z) — F ()| < € for all € [a,b]. Let x,y € [a,]]



where = < y. By the Mean Value Theorem, for some d € (z,v),

(Fn— Fo)(x) — (F — Fi) (y)
x—y

(£ = Fo) (@) — (B — ) (y)] = |2 — ]
(1)
= |z = y||(Fn = Fi)'(d)]
<z —yle

< e€(b—a).

Thus, if m,n > N, for any x € [a, V],

[ Fn(2) = Fon(@)| < [(F = F) (@) = (Fn = Fn)(©)] + [Fa(c) = Fa(c)]
<elb—a)+e

=elb—a-+1).

Thus {F,} converges uniformly to some F' on [a,b]. Fix ¢ € [a,b] and define

the functions

oufa) = P2y L FO 2,
where x # ¢. Similar to (1), for any n,m > N,
|60 () — d(2)] = (F — Fo) () — (F — Fi)(c) <e

r —C

whenever z # c. Since {¢,, } converges pointwise to ¢ on [a, b]\{c}, it converges



uniformly to ¢ on [a,b] \ {c}. By Lemma 1.5,

F'(c) = lim lim ¢, (x)

T—>CN—00

= lim lim ¢, (x)
n—oo r—cC

= Jim fu(c)

= f(o).

Since ¢ € [a, b] was arbitrary, we have shown that " = f on [a, b]. O

We now proceed to establish the existence of antiderivatives of continu-
ous functions without the use of the Fundamental Theorem of Calculus or

integration theory.

Theorem 1.8. If f: [a,b] — R is continuous on [a,b], then f has an an-

tiderivative on |a, b|.

Proof. Let f be a continuous function on [a,b]. By Theorem 1.4, there exists
a sequence {f,} of continuous piecewise linear functions that converges uni-
formly to f on [a,b]. By Theorem 1.3, there exists a sequence { F,,} of functions
on [a,b] such that F/(x) = f,(x) for all z € [a,b]. For convenience, choose
each F}, such that F,,(a) = 0. Then by Theorem 1.7, { F},} converges uniformly
to a function F on [a,b], F is differentiable on [a,b], and F'(z) = f(x) for all

x € [a,b]. O

1.2 A version of the Fundamental Theorem of Calculus

Having established that we can find an antiderivative of a continuous function
f:[a,b] — R on [a,b], we can now prove a version of the Fundamental The-
orem of Calculus. A tagged partition of a closed interval [a,b] is a finite set

PP = {(t;,[wic1,z]) : 1 < i < n}, where a = xg, x, = b, and z;_; < x; for

9



1 <i < n; additionally, t; € [x; 1, ;] for 1 < i < n. Denote the norm of a
tagged partition ‘P by ||'P|| = max{z; — z;_1 : 1 <i < n}. Finally, define the

Riemann sum of f with tagged partition ‘P by

S(f'P) = Zf(ti)(ﬂfi — Ti-1).

We will use the following definition of what it means for a function to be
Riemann integrable. A similar definition applies for functions f: I — R where

I is an interval, but we are primarily concerned with closed intervals here.

Definition 1.9. A function f: [a,b] — R is Riemann integrable on [a,b] if
there is a number L satisfying the following: for each € > 0, there is § > 0
for which, given any tagged partition ‘P of [a,b] with ||'P|| < 4, we have
|S(f,P) — L| < e. We denote the Riemann integral of f as fab f O

Theorem 1.10 (Fundamental Theorem of Calculus). If f: [a,b] — R is con-

tinuous on [a,b], then f has an antiderivative F, f is Riemann integrable, and

J) f=F() - F(a).

Proof. By Theorem 1.8, f has an antiderivative F' on [a,b]. Let ¢ > 0. Since
f is uniformly continuous, there is § > 0 such that, if |y — x| < §, then
|f(y) — f(x)] < e Let the set 'P = {([z;_1, 2], t;) : 1 <i < n} be a partition
of [a, b] where |['P|| < §. By the Mean Value Theorem, for each i € {1,...,n},
there is s; € (x;_1, x;) satisfying F'(z;) — F(x;—1) = f(s;)(x; — x;_1). Then, for

each 7 € {1,...,n}, we have

|f(t)(zi — wiq) — (F(2i) — Fwi))| = [ f(t) (v — vi1) — f(s0) (25 — 251)]
= |(f(t:) — f(s)) (2 — wi1))|

< E(.%'i — in_l).

10



It follows that

n

S(f,P) = (F(b) = F(a))| = Z Ft) (@ —wia) = Y (F(a:) = Fli-1))

=1

< Z |f(t) (2 — zi1) — (F(2:) — F(xi-1))|

n
< Z E(LCZ' — .’171;1)
=1

=¢€(b—a).

Thus, f is Riemann integrable on [a, b] and f:f = F(b) — F(a). O

Remark. Although Theorem 1.10 allows us to integrate any continuous func-
tion on a closed interval, it is weaker than the version which states “if f
is Riemann integrable on [a,b] and has an antiderivative F' on [a,b], then
f; f = F(b) — F(a).” The difference may seem negligible, but Theorem 1.10
does not allow us to integrate the classes of functions which are not continuous
on [a,b] but which have an antiderivative on [a,b]. As an example, consider
the function f(z) = z*sin T if x € (0,1] and f(0) = 0. Then, with the details
omitted, f is differentiable on [0, 1], f’ is not continuous on [0, 1], and f’ is

Riemann integrable on [0, 1]. In this case we have fol f=0.

1.3 Use of the Mean Value Theorem

In the proof of Theorem 1.7, we used the Mean Value Theorem to show that, if
a sequence of functions {f,} uniformly converges to f, then an appropriately
chosen corresponding sequence of antiderivatives { F},} uniformly converges to
F where " = f. However, we can provide a similar version of Rudin’s proof

without using the Mean Value Theorem. We use instead the following result.

Theorem 1.11. If f is a piecewise linear, continuous function on |a,b] and

11



F is an antiderivative for f on |a,b], then
|F(b) — F(a)| < (b—a) max{[f()] : x € [a, b]}.

Proof. We proceed again by induction on the number of linear terms of f.
First, suppose f: [a,b] — R is linear and f(z) = ma 4+ n. Then the maximum
value of |f(z)| on [a, b] is either |ma+n| or |mb+n|. Without loss of generality,
assume |f(x)| < |mb+n| on [a,b]. If F is an antiderivative of f on [a, ], then

F(b) — F(a) = tm(b* — a®) + n(b— a). Then

1
2

\F(b) — F(a)| = (b—a) %m(a 10) +n

1
S(b—a)-§-(|ma+n|—|—|mb+n|)

= (b —a)|mb+ n|

as desired. Our induction hypothesis is that, if ¢ is a piecewise linear, con-
tinuous function on a closed interval, say, [a,c|, and G has k linear pieces,
then

|G(c) = G(a)] < (¢ = a) max{|g(z)| - © € [a, ]}
where G is an antiderivative of g.
Now consider a function f: [a,b] — R, where a < ¢ < b, with k + 1 linear

parts defined by

g(x), ifa<z<cg

mx+n, ifc<xz<b.

12



Then

[F'(b) — F(a)| < [F(b) — F(c)| + [F(c) — F(a)|
< (b—c)max{|f(z)|: x € [c,b]} + (¢ — a) max{|f(x)| : = € [a,c|}
< (b—c¢)max{|f(x)| : x € [a,b]} + (¢ — a) max{|f(x)| : € [a,b]}

= (b — a) max{|f(z)| : © € [a, b]}

which concludes the proof. O]

Although the Mean Value Theorem is often considered an elementary the-
orem to be taught in any calculus course, avoiding the use of it has some
advantages. Although the statement of the Mean Value Theorem is intuitive,
its proof is somewhat roundabout. The use of Rolle’s Theorem as a lemma is
potentially confusing and tedious for some students. Of course, we cannot say
whether the Mean Value Theorem or Theorem 1.11 is more understandable to

students.

2 Bounded derivatives which are not Riemann
integrable

It is tempting to think that the Fundamental Theorem of Calculus proves that
every derivative is Riemann integrable. That is, given a differentiable function
f:]a,b] = R, a calculus student might assume that the integral of f’ over
[a,b] must be f(b) — f(a). However, this is only true if f’ is integrable in the
first place. We can give some simple counterexamples. Take f(z) = /3 on
the interval (0,1). Then, since f/(z) = z7%/3 is unbounded on (0,1), it is

not Riemann integrable. In a sense, it is false to write fol = fl@)| =1,

although we commonly abuse this notation to refer to the so-called “improper

13



integral.” In this case, we might write

1 1
/f’zlim/f’zl
0 a—0t a

This example uses an open interval, and takes advantage of the fact that
f" is unbounded at an endpoint. Suppose we restrict ourselves to functions
which are continuous and differentiable on a closed interval [a,b] (with one-
sided derivatives at a and b). It turns out that the derivative may still be
unbounded. Consider the function g: [-1, 1] - R where
¥ sin%, if x #0,

0, if x =0,

for 1 < k < 2. Then, away from the origin, we can differentiate g using

elementary methods. At the origin, we have

h¥ sin * 1
. RY 1 =1+
iy () =t (s )

=0.

Thus
kakt sin% — 2%2 cos %, if © £ 0,
0, if x =0.
On the domain [—1,1], ¢’ is defined. However, while the term kaz*~'sin < is

bounded, z*~2 cos % is not. Thus the derivative of g is not Riemann integrable,

despite the fact that g is differentiable everywhere.

In both of the examples we just explored, we find a way to ensure that the

14



derivative of a function is unbounded, which shows that the derivative is not
Riemann integrable without further thought. What if we add an additional
requirement that f’ be bounded? Is it always integrable? The answer is
still no. The most widely known counter-example was constructed in 1881
by Vito Volterra [6]. We will provide an overview of his function, before
focusing rigorously on another example by Dimitrie Pompeiu with certain

other properties.

2.1 Volterra’s function (an overview)

In this section we will present a non-rigorous overview of Volterra’s bounded
derivative which is not Riemann integrable. Refer to Gordon for a simplified
version of Volterra’s function in full detail [3].

To make sense of Volterra’s construction of a bounded derivative which is
not Riemann integrable, it helps to start with a notion of exactly how we want
the derivative to “misbehave.” At the start of this section, we noted that it
is fairly easy to write down a function whose derivative is unbounded, and
thus not integrable. Another common requirement (which is also sufficient)
for Riemann integrability is that a function be bounded and continuous almost
everywhere. That is, if we can construct a derivative whose set of discontinu-
ities does not have measure zero, then it cannot be integrable. But how can
we easily introduce discontinuities in a derivative? All derivatives have the
Intermediate Value Property, so we cannot have a derivative that looks like,
for example, the indicator function f: [0,1] — R mapping rationals to 1 and

irrationals to 0. Inspired by our earlier example, consider the function

wQSin%, if x # 0,
flz) =
0, if v =0.

15



Then we have

2xsin% — cos%, if x #0,

f'x) =

0, if x =0.
Note that f’ is bounded on a finite interval containing the origin, but f’ is not
continuous at 0. Now recall the Cantor set, which is constructed by taking the
interval [0, 1] and removing the middle third, then removing the middle third
of the remaining intervals, and so on. The resulting set has measure zero, so
we will use a modified version of the Cantor set that begins with removing the
middle fourth of the interval [0, 1], etc. (the details are omitted here). Note

that this so-called thick Cantor set does not have measure zero (the sum total

of the lengths of intervals removed is 1/2).

Now, construct a function h as follows. At each step of the creation of
our thick Cantor set, we will place two copies of f in each deleted interval, so
that A’ has discontinuities at each of their endpoints. For example, the first
removed interval has length 1/4, so find the largest value of  in [0, 1/8] such

that f'(x) = 0 and call it zo. Define the functions

0, if  =0;
a(x) = x2sin%, if 0 <o < xp;
agsin -, ifag <a < g

16



and define the reflection of a across = = 1/8:

x%sinxio, if1/8§x§§+x0;
2 . .
b(z) =1 (2 —2) sing , ifgdao <z <
—
1
o1
\0, 1fx—;1.

Finally, define the first term in our sequence f;. Remember that a and b are

functions, not constants.

=
=
Jor
IN
S
AN
—_

Although cumbersome to write, Figure 3 provides a clearer picture of what
Volterra’s function begins to look like. Note that f; is differentiable on (0, 1),
f1 is bounded, and f| is discontinuous at 3/8 and 5/8. We continue this
process for each step of the construction of the thick Cantor set, obtaining
a limit function f with infinitely many discontinuities. As it turns out, f’ is
discontinuous at every point of the thick Cantor set, which, as we noted, does
not have measure zero. Thus, the function f’is a bounded derivative which is

not Riemann integrable.

2.2 Pompeiu’s function

In addition to being cumbersome to write and relying on the notion of a perfect
nowhere dense set which does not have measure zero, which may be inacces-

sible to an undergraduate student, Volterra’s function is also integrable on

17



fi(x)

Figure 3: The first term in the construction of

Volterra’s function. At this scale, there appear

to be two non-differentiable cusps, but function is

differentiable everywhere.
many intervals. In particular, it is integrable on any interval removed during
the construction of the thick Cantor set (more trivially it is integrable on the
intervals where it is constant). In this sense, as a counter-example, Volterra’s

function “fails” on many subintervals of its domain. We turn our attention to

another example of a bounded, non-integrable derivative.

In Volterra’s function, the guiding idea was to find a function whose set
of discontinuities does not have have measure zero. Consider the fact that,
if a derivative f’ is Riemann integrable on [a,b|, then its integral must be
f(b) — f(a). On the other hand, given a sequence of partitions of [a, b] whose
norm converges to 0, we must also have that respective sequence of upper
and lower Riemann sums of f’ converge to f(b) — f(a). Pompeiu’s example
hinges on the construction of a positive, strictly increasing function h whose
derivative vanishes on a dense subset. In this manner, if h' were integrable,
then its integral must be the positive number h(b) — h(a). However, given any
partition of its domain, the lower Riemann sum of A’ is zero, since h'(x) = 0

on a dense subset, and thus the integral must be 0. We conclude that A’ is not
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Riemann integrable.

The general idea in the construction of our function is to create a positive,
strictly increasing function which has a “kink” at each point of a dense subset
where the derivative is 0. To achieve this, we will begin with a function whose
derivative is oo at every rational on [0, 1], and then take its inverse (we define
infinite derivative in Section 2.4). Such a function has a derivative which is

both bounded and not Riemann integrable on any subinterval of its domain.

This function was originally developed by Pompeiu, and the proof we use
here was outlined by Bruckner et al. [1]. Throughout Section 2.2, the meaning

of the functions f and h, will not change, nor will the sequences {ax}, {qx},

and {fx}.

2.2.1 Beginning our construction (defining f)

Consider the function referred to at the beginning of Section 2, p(z) = z'/3.

At the origin, we have

(0 I
oo ko koo b o

Ly=2/3  Now

and, away from the origin, p’(z) is simply the positive number 3

let {qx} be a listing of Q N [0, 1], and for each k € Z*, define

ful@) = (x — qu)"2.

3/5

o0
Let {ax} be a sequence of positive numbers such that > aj
k=1

reason for the exponent 3/5 becomes evident in the proof of Theorem 2.2. For

converges. The

now, we simply care that the sum > aj converges. This will be sufficient to
=1
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prove that the sum ) afi(z) converges uniformly on [0, 1].
k=1

Lemma 2.1. If > ap converges, then Y ayfr(x) converges uniformly on
k=1 k=1

0,1].

Proof. Since each fj is increasing, it is bounded above by its value at 1. Also,

since (z — q)'/® < 2'/3, we have that f,(z) < 1 for all z € [0,1]. In fact,
|fe(x)] < 1 on [0,1]. Since |agfr(x)| < |ax] and > ap converges, it follows
k=1

that > agfr(x) converges uniformly on [0, 1] by the Weierstrass M-test. [
k=1

o0
We have shown that > ay fx(z) converges uniformly to some limit function
k=1

f. Note that since each fj is continuous, we know that f is continuous on [0, 1].

This will be relevant later in Section 2.2.3. Figure 4 may provide some intuition

for what f will look like.

N|—

Figure 4: An example of what the fifth partial sum
of f may look like. We have picked a convenient
geometric series for {ax} and used some arbitrary
rational numbers for the first few terms of {g;}.

2.2.2 Differentiating our function (determining f’)

The intention with the construction of f thus far was to ensure that the deriva-

tive of f is oo on a dense subset. Knowing that f” “blows up” on a dense subset,
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the following result is surprising.

Theorem 2.2. Let {a;} be a sequence of positive numbers such that Z a3/5

k=1
00

converges. Then Y arfi.(x) converges almost everywhere.
k=1

o0

Proof. Let D be the set of points z € [a,b] where > ayfi(x) diverges. Let
k=1

€ > 0 and define the interval
Ay (qk—eak/,qk—l—m/).

Let A = |J Ay and note that Q N [0,1] € A. Denoting the length of A by
k=1

((Ay), we have ((Ag) = 2666:2/5 and

ZK(Ak) = 262@2/5 = 2¢L,
k=1 k=1

where L is a real number. Let ¢ € [0,1] \ A. Note that |c¢ — gx| > eai/g’, S0

3/5
ag Qg Q.

< = .
Ble — arl*® = 3(eal/®y2/3 3€¥?

oo

. 3/5 . " :

Since > 36% 73 ak/ converges and ay is positive for £ > 1, by the comparison
k=1

test,

23 BEE Zakfk

k=1

converges. We have shown that, for any ¢ € [a,b] \ A, i ar fr.(c) converges;
thus, D C A. Since € > 0 was arbitrary and the sum ko:fl the lengths of the
intervals in A is 2Le, D has measure zero and i a fr.(z) converges almost
everywhere on [0, 1]. . O

Remark. It follows from Theorem 3.5 that we can use many different se-

quences for {a;}. We can use any geometric sequence {r*}, where 0 < r < 1,
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since (r¥)3/° = (r*°)% and 0 < r*° < 1. When outlining the basics of Pom-
peiu’s function, then, we can simply pick a, = 1/2*. Additionally, we can use

the sequence {1/n?P}> |, for any p > 5/3.

At this juncture, we would hope to simply differentiate f term by term
to show that f’ indeed is the series i aif.(xz). However, we noted that
f'(x) = oo on a dense subset, so we kcialnnot use this method. As it turns
out, the function f” is indeed the function we would expect it to be if we could
differentiate term-by-term. In other words, the naive method indeed gives the

correct result, but proving this requires care. In this section, we will at times

use the following definition.

Definition 2.3. Let f: [a,b] — R be a function and let ¢ € (a,b). We say

that f'(c¢) = oo if, for all M > 0, there exists § > 0 such that

-1
r—c
for all x satisfying 0 < |z — ¢| < 4. O

Theorem 2.4. The function f is differentiable on [0,1] (its derivative is 0o

at rationals), and

@)= arfilz).
k=1
Proof. Let ¢ € [0, 1]. Our proof consists of three claims:

(1) If ¢ € Q, then both f'(c) and ) axfi.(c) are co.
k=1

(2) If c ¢ Q and ) axfi(c) converges to oo, then f'(¢) = oco. (The existence
k=1

oo
of points not in Q where > axf(x) converges to oo is not obvious and
k=1

will be commented on later.)

(3) If c¢ Q and > axfi(c) converges to a real number r, then f'(c) = r.
k=1
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For claim (1), note that, for some j € Z*, ¢ = ¢;. Since fi(c) = oo, for any

M > 0, there is § > 0 such that 0 < |z — ¢| < § implies

fi(x) = fi(e) o M

r—c B
Then, since each f, is increasing,

) = 110 _ 5~ fulo) = (0

r—=cC el r—=cC
> fj(C+ h) - fj(C)
- h
> M.

This shows that f'(¢) = co. Since each f is increasing, f}.(z) is positive for
all k € ZT and z € [0, 1]. Additionally, recall that each ay is also positive. It

follows that > ayfi(c) = oo.

k=1

For claim (2), suppose that ¢ ¢ Q and ) axfi(c) converges to co. Let
k=1

N
M > 0. There exists a positive integer N such that Y axf;(c) > M. Then
k=1

there exists § > 0 such that if 0 < |z — ¢| < J, then

Z fr(z x_c() e

Again, since each fj is increasing,

f) = flo)

r —cC

fi(x) = fi(e)

r —cC

> M.

v

N
Z Ji(@) = file)
T —c
k=1
Thus shows that f'(c) = co.
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For claim (3), suppose that > axf}(c) converges to a real number 7. Note
k=1

that ¢ must not be a rational number. Since c is neither 0 nor 1, we may talk

about the two-sided derivative of f at c. Thus, there is some n > 0 such that

[c —n,c+n] C[0,1]. Define the function ¢: [—n,n] — R by

c+x)— flc ad c+x—q)3 = (c — qp)'/?
o) = L) f()zzak(+ w)'’ = (=g

e T

Note that, if f'(c) exists, then lin(l] o(x) = f'(c). We will show that the sum
x>

in (2) converges uniformly on its domain and apply Lemma 1.5. Note that
r=(c+x—qy)—(c— q)

and
al/3 _ pl/3 1

a—b  a®PB a4 b/

which follows from factoring a difference of cubes. Applying both of these

facts, we have

(42— ) — (= a)"”
(c+x—qr) — (c— q)

¢(x) =

.ak

ag
(c+z—q)?P+ (c+x—q)3(c— @)+ (c — qu)¥3

M T

(3)

B
Il

1

For convenience, let
(c+x—q)/?
(c—q)'/?

Ty =

and then expression (3) becomes

i (c—q)?? i+l
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Now, since 7y is a real number, by considering 77 + r;, + 1 as a polynomial in

T, we see that 77 + 74 + 1 has a global minimum of 3/4. Thus, for all k € ZT,

Qg 1
(c—qp)?? ri+r+1

ag
(c—qu)?3|"

Recall that our beginning assumption was that
S a0 =53
k=1 ' 345 (e~ a)?

1

converges. Since the terms are positive, the sum converges absolutely, and
x4
k=13

ag

—— | < 0. By the Weierstrass M-test,
(c — q)2/3

i@k(c+x —qp)V3 = (c—q)¥?
=1 z

converges uniformly to ¢ on [c — n, ¢+ 1.
Since each term in (2) is continuous, ¢ is continuous. Thus, by Lemma 1.5,

f'(c) = lim ¢(x)

z—0

N
o file+2) = fule)
=l Jim o
k=1
~ lim lim akfk(c—i_w) — fi(c)
N—oc0z—0 - X
N
= fim 2 anfilo
k=1
=> arfilc)
k=1
as desired. We have shown that f'(z) = Y axf;(x) for all z € [0, 1]. O
k=1
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Recall that our goal is to create a strictly increasing function whose deriva-
tive vanishes at some point in every interval. So far we have created a function
whose derivative is infinite at some point on every interval. We turn now to

the inverse of f.

2.2.3 Finding Pompeiu’s function (exploring h = f~1)

Following Lemma 2.1, we noted that f is continuous. By the Extreme and
Intermediate Value theorems, the range of f is a closed interval. Call it [a, b].
Since f is a strictly increasing function, f has an inverse function. Call it h.
Graphically, the inverse of a function R — R looks like a reflection across the
line y = x. Thus, it is intuitive that, at points where f’(¢) = oo, we have

W(f(e)) =0.
Theorem 2.5. Let c € QN [0,1] and let d = f(c). Then h'(d) = 0.

Proof. Let {w,} be any sequence in [a, b] \ {d} converging to d and let {v,} be
the corresponding sequence in [0, 1] converging to ¢ where f(v,) = w,. Then

lim h(w,) — h(d)

T —d e T — 10 W

Since the limit of the reciprocal in (4) converges to infinity (since f'(c¢) = 00),
we have that h'(d) = 0. O

We already know our derivative A’ vanishes at countably many points at
least. However, it bears proof that this set is indeed dense in [0, 1]. Here,
we call a set A dense in [a, ] if, for every open interval O C [a,b], AN O is

nonempty.

Theorem 2.6. Let S = f(QN0,1]). Then S is dense in [a,b].
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Proof. Let ¢ € (a,b) and let V' be an open interval in (a, b) containing c. Since
f is continuous, the preimage of V' is open. Call it U. Since the rationals are
dense in [0, 1], U contains a rational number g. Then f(¢) isin S and V', so S

is dense in [a, b]. O
We next examine some properties of '

Theorem 2.7. The function h is differentiable on [a,b] and h' is bounded on

la, b].

Proof. Tt follows from properties of inverse functions that if f is differentiable
at ¢ then h is differentiable at f(c), and that A'(f(c)) = 1/f'(c). But f is
strictly increasing, so f'(z) > 0 for all € [0,1], which establishes that h is
differentiable at f(c) whenever f'(c) exists. If f'(¢) = oo, then by Theorem
2.5, 1'(f(c)) = 0. Thus h is indeed differentiable on its domain [a,b]. Again,
since f is strictly increasing, its inverse h is strictly increasing. Because A’ is
nonnegative, to show that A’ is bounded, it suffices to find an upper bound.

Since h'(f(c)) = 1/f'(¢), it suffices to find a lower bound for f’.

By Theorem 2.4, the k-th term in f’ is

Qg

W) = 30 g

But (z — ¢)?/? is a positive number bounded by 1, so

Qg

arfr(z) > 3

Since each ay, is positive, we may use, for example, a;/3 as a lower bound for

f'. This shows that A’ is bounded. ]

We are now ready to turn to the main result of Section 2.2.
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Theorem 2.8. The function h' is not Riemann integrable on any subinterval

of its domain.

Proof. Suppose that b’ is Riemann integrable on [c, d] C [a,b]. By the Funda-
mental Theorem of Calculus, fcd h' = h(d) — h(c) > 0 (recall that h is strictly
increasing). On the other hand, i’ vanishes on a dense set of [c,d]. Thus, for
any partition of [c, d], the lower Riemann sum of A’ is 0. Thus, we must have

fcd k' =0, a contradiction. Therefore A’ is not integrable on [c, d]. O

This concludes our main example of a bounded derivative which is not
Riemann integrable. Although we cannot graph h, it seems that h is somewhat
more intuitive to visualize than Volterra’s function using copies of 2% sin % It
we start with any partial sum of f, then its inverse will be integrable, but we
may picture h as an increasing function with a horizontal “kink” on a dense
set (refer to Figure 4 for an idea of what f looks like, and recall that the plot
of h is simply the reflection about y = z). Then A/, for its part, will be a
nonnegative function which, as we note in Section 2.2.4, is positive on a dense
set and zero on another dense set. This gives some intuition for why, in some

sense, it is difficult to ascribe a value to the “area” under h'.

2.2.4 Further notes on Pompeiu’s derivative (/')

As noted in Theorems 2.5 and 2.6, h'(z) = 0 on a dense subset of [a,b].
However, the fact that A’ is not integrable on any subinterval leads to the

following observation.

Theorem 2.9. The function h' attains the value 0 on a dense subset, attains
a positive value on another dense subset, and, where h' is positive, it is also

discontinuous.
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Proof. We have seen that h'(z) = 0 on a dense subset, and we know from the
proof of Theorem 2.7 that A’ is nonnegative. Suppose that h’(x) is identically
0 on an interval. Then A’ is integrable over that interval, which contradicts
Theorem 2.8. Thus A’ attains a positive value on every interval, so h'(x) is

positive on a dense subset of [a, b].

Next we claim that, if A’(¢) > 0, then A’ is discontinuous at c¢. For all
n € Z*, there is some x, € (¢c—1/n,c+1/n) such that h'(z,) = 0. Then {z,}
converges to ¢ and {h'(x,)} converges to 0. Since h/(c) > 0, h' is discontinuous

at c. O

Recall that we constructed the function f with the intention of having an
infinite derivative at every rational in [0,1]. Furthermore, Theorem 2.2 to-
gether with Theorem 2.4 shows that f’ exists (in a sense) almost everywhere
on [0, 1]. It is perhaps surprising, then, that there are irrational points in [0, 1]
where f’is oo. This fact is not obvious, and relies on some concepts that may
not be taught in undergraduate analysis. A Baire class one function is any
function which is the pointwise limit of a sequence of continuous functions.
(Recall that the uniform limit of a sequence of continuous functions is contin-
uous, but pointwise convergence need not preserve this property.) As it turns

out, all derivatives are Baire class one functions.

Theorem 2.10. If f is differentiable on [a,b], then f’ is a Baire class one

function.

Proof. First, extend f to a function f: [a,b+ 1] — R where

~ f(z), ifa<ax <

f'0) (@ —b)+ f(b), ifb<z<b+1
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Now define ) )
flz+1/n) — f(z)
1/n '

an(x) =

Then each ¢, is continuous on [a, b] since both f and f are continuous on [a, b].

Since lim ¢, (z) = f'(x) for all z € [a,b], f’ is a Baire class one function. [
n—oo

A well-known property of continuous functions is that the preimage of open
sets under a continuous function is open. (In fact, this property is equivalent
to continuity.) As it turns out, there is a similar result for Baire class one
functions. First, we need some new terms. While any union of open sets is
open, the same is not necessarily true for an infinite intersection of open sets.
We will call a set S an F, set if S is a countable union of closed sets; we will
call S'a G set if S is a countable intersection of open sets. The following basic
properties of F, and Gy sets will be useful, although we will not prove them

here.
(1) The complement of an F, set is a Gy set.
(2) The complement of a Gj set is an F, set.
(3) A finite intersection or countable union of F, sets is an F, set.
(4) A finite union or countable intersection of Gy sets is a Gy set.

Theorem 2.11. If f: [a,b] — R is a Baire class one function, then the preim-

age of any open set under f is an F, set.

Proof. Let {f,} be a sequence of continuous functions which converge point-
wise to f on [a,b]. We will show that, for all » € R, the preimage of (—oo, 1),

and similarly (7, 00), are F, sets. Namely, we will show that

o e XENNe SlNe o]

7 ((=s0,m) = J U N £ (—00,7 = 1/k)). (5)

k=1n=1p=n
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Since each f, is continuous, we know f,'((—o0,r — 1/k]) is closed for every
p, k € Z*. Their intersection is closed, and the countable union of these closed

sets is an F), set. That is, if equation (5) is true, then f~1((—o0, 7)) is an F, set.

Suppose that z € f~'((—oo,7)). Then f(x) € (—o0,r), and, for some
K € Z*, we have f(z) € (—oo,7 — 1/K). Since {f,(z)} converges to f(z),
there is some N such that, if p > N, we have f,(z) € (—oo,r — 1/K). That

is,

ze () £, (—oo,r —1/K)) € () £, (=00, 7 — 1/K])

and this shows

reJU N £ (=00, r —1/E]). (6)

k=1n=1p=n
Conversely, begin by supposing (6) is true. Then there exist positive integers

K and N such that
re () £, (—o0,r — 1/K)).
p=N

This means that f,(z) € (—oo,r —1/K) for all p > N. Since { f,(z)}52 con-
verges to f(z), we have that f(z) <r—1/K <r, and thus z € f~((—o0,7)).
This proves equation (5). As we noted, this establishes that f~!(—oo,r)), and

similarly that f~1((r,00)), are F, sets.

Now, given any open set U, we can write U as the countable union of open

intervals (a;, b;) where ¢ > 1, and thus

[e.9]

U= U ((—OO, bl) N (ai7 OO)) : (7)
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Using some basic properties of inverse set functions, note the following:

! <U(—Oo7bz') N (%OO)) = U (f7 (=00, b)) N f~H((ai,00))) . (8)

i=1

Now, since the intersection of two F, sets is an [, set, and the countable union

of F, sets is an F), set, it follows from (7) and (8) that f~'(U) is an F,, set. [

Before we can prove the existence of irrational points where f’ converges
to oo, we need Theorem 2.12, which we will not prove here. A limit point
of a set A is a number x such that, for all r > 0, the set AN (z —r,z +r)
is nonempty. The set A is nowhere dense if AU {z : x is a limit point of A}

contains no open intervals.

Theorem 2.12 (Baire Category Theorem [4]). If{E,} is a sequence of nowhere
dense sets, then any interval [a,b] contains a point x where x is not contained

mn any .

Recall that S is the set of points z € [a,b] where f~!(x) is rational. In
Theorem 2.5, we showed that h'(x) = oo for all x € S. We are now ready to

prove the following.
Theorem 2.13. There exists a point x ¢ S such that h'(xz) = 0.

Proof. By Theorem 2.10, we know that h’ is a Baire class one function. Us-
ing Theorem 2.11, we see that h'~'((—o0,0) U (0,00)) is an F, set, and thus
R'1({0}) is a G5 set. As we noted previously (see Theorems 2.5 and 2.6),
R'(S) = {0}, and so S C W/"'({0}). If we can show that S is not a Gy set,
then S is a proper subset of /’~*({0}), which guarantees some z ¢ S which

maps to 0 under A'. By way of contradiction, suppose S is a G5 set and thus
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that [a,b] \ S is an F, set. There is a sequence {E,} of closed sets such that

[a,0]\ S = | ] E..

Now, since S is dense in [a, b], none of the sets E,, may contain an open interval.

Thus, {E,} is a sequence of nowhere dense sets. But then

[a,b] = ([a,b] \ S)U S = (UE ) U (U{f(qn)}> :

However, the Baire Category Theorem guarantees a point = € [a, b] not con-
tained in any of the nowhere dense sets E,, or {f(qx)}. Thus, S is not a Gy
set. There must be a point x ¢ S such that A'(xz) = 0. This corresponds to a
point t ¢ [0, 1] N Q such that f'(t) = oc. O

3 Absolute continuity and Baire class one

We saw that A’ vanishes on dense set which is at least countably infinite.
Similarly, it is positive on a dense set. It turns out that A’ is positive on a set
which does not have measure zero. In order to prove that claim, we will need

the following result.

Theorem 3.1. If f' is bounded, then f maps any set of measure zero to a set

of measure zero.

Proof. Let f be a differentiable function and let .S be a set of measure zero in
the domain of f. Suppose M > 0 is a bound for f’, and fix ¢ > 0. Then there

exists some sequence of intervals {(ax,by)} such that

L;Jak,bk and Z k—ak :1

k=1
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Since each z € S is contained in some interval (a;,b;), which is in turn con-

tained in f((a;,b;)),

U (ax, b))

Using the Mean Value Theorem, if we take any two points x,y € (ag, bx), we

have

1f(y) = f(@)] < |y —2|M < (b — ax) M

and thus, for each k € Z", we can cover f((ax,bx)) with an open interval of

length (M + 1)(by — a). Since
Z M+1 bk—ak)<e,
k=1

we have shown that f(S) has measure zero. O
Now we can prove our desired result.

Theorem 3.2. The set E = {z : h/(x) # 0} does not have measure zero.

Proof. Suppose that E has measure zero. Since h’ is bounded, by Theorem
3.1, the image of F under h also has measure zero. Then, for any = € [0, 1],
x is either in h(FE), or not in h(E). If x € h(E), then, since h is a bijection,
there is some y € [a, b] \ E such that h(y) = x. But this means h/'(y) = x = 0,
which, as we noted previously, implies f'(z) = co. But we already have shown
that the set of points where f/(x) = oo has measure zero. We can then write
[0,1] as a union of two sets of measure zero, a contradiction. Thus, the set F

does not have measure zero. OJ

The proof of Theorem 3.2 relies on the fact that functions with bounded
derivatives map sets of measure to sets of measure zero. We can prove a more

general result using the notion of absolute continuity.
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Definition 3.3. A function f on an interval I is absolutely continuous if, for
each € > 0, there exists 0 > 0 satisfying the following condition: if the set
{lei,d;] - 1 < i < n}is a finite collection of disjoint intervals in I that satisfies
the inequality il(dz —¢;) < 0, then il|f(dz) — fle)] < e. O

It is easy to see from Definition 3.3 that absolute continuity implies uniform
continuity (simply take n = 1 as it is used in the definition). What is less
obvious is that there are uniformly continuous functions that are not absolutely
continuous. The Cantor function, which we won’t explore here, is a canonical

example, but we will now give an example of a more elementary function which

is uniformly continuous, but not absolutely continuous.

Example 3.4. Consider the function f: [0,1] — R defined by

rsin?, ifx#0,
flx) =
0, if x =0.

From some elementary properties of continuous functions, it is clear that f is

continuous on (0, 1]. By the Squeeze Theorem,

. . T
lim xsin— =0,
z—0t xr

and so f is continuous on [0, 1]. This also shows that f is uniformly continuous

on its domain. We note that when

for n € Z, then
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Similarly, if (I + 27n, then f(y) = —y = ————. For the same values
Y 2 in —1

x and y, we have

24n —1)+2(4n+1) 16n 1

@)~ Sl = o +y= T D s 2

Now let ¢ = 1 and let 6 > 0. Since ) % is the divergent harmonic series, each
n=1

o0 o0

tail ZN% is also divergent. Take N such that 47%1 < 4. Since EN% diverges,

M

there is some positive integer M such that ) % > 1 = e. Consider the set of
n=N

disjoint intervals {[x,,y,] : N <n < M} where

2 d 2
Ty = : an n = .
n+1 (T
M M M
Then > (y; — ;) < dand > |f(y;) — f(w)] > > = >1=¢ so f is not
n=N n=N n=N
absolutely continuous. 0

3.1 Absolute continuity and bounded derivatives

Theorem 3.1 stated that a function f which has a bounded derivative maps
any set of measure zero to a set of measure zero. Here, we will prove a similar
result for absolutely continuous functions. Finally, we will give an alternate
proof of Theorem 3.1 by showing that if f has a bounded derivative on [a, 0],

then f is absolutely continuous on [a, b].

Theorem 3.5. If f: [a,b] — R is absolutely continuous and A has measure

zero, then B = f(A) has measure zero.

Proof. Let € > 0. Since f is absolutely continuous, there is some ¢ > 0 such

that, for any sequence {[rg, si|} of disjoint intervals satisfying > (sx —7%) < 9,
k=1

oo
we have > |f(sk) — f(rx)] < €. Since A has measure zero, there exists a
k=1
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o o

sequence of open sets {(ay, bx)} such that A C |J (ax, bx) and > (b —ax) < 9.
k=1 k=1

Since any open set is the union of disjoint open intervals, we may assume that

the (ag,by)’s are disjoint. By the absolute continuity of f,

ST1F) — fla)] < e.

Since f is continuous, by the Extreme and Intermediate Value Theorems, we
know that f maps closed intervals to closed intervals. Define the intervals
lck, dk] = f([ak,br]). Again, using the continuity of f, the preimage of each
[ck, di] is a closed interval whose endpoints must fall in [ag, bx]. This shows

o0
that > |dx — cx| <€, and since
k=1

B < far,bu]) = lew. dil,

k=1

we may also write

B C U(Ck — /2% di +€/2).
k=1

Because € > 0 was arbitrary and > (dy, — ¢ +¢/2F 1) < e+ 2¢, it follows that
k=1

B has measure zero. O

We have shown that if a function f has a bounded derivative, or if f is
absolutely continuous, then f maps sets of measure zero to sets of measure
zero. Next we will show that, if fis bounded, then f is absolutely continuous.
Since it follows from Theorem 3.5 that f maps sets of measure zero to sets of
measure zero, Theorems 3.5 and 3.6 provide an alternate proof to Theorem

3.1.

Theorem 3.6. If f: [a,b] — R is differentiable on [a,b] and f' is bounded,

then f is absolutely continuous on |a, b.
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Proof. Let ¢ > 0 and let M > 0 be a bound for f’. Suppose that the set

{lei,d;] ' 1 < i < n} is a finite collection of disjoint intervals in [a,b] that
satisfies the inequality Y (d; — ¢;) < €. By the Mean Value Theorem, for each
i=1

i€ {l,...,n}, there is some t; € (¢;,d;) such that |f(d;) — f(c;)| < M(d; — ;).

Then
Z |f(di) = f(ei)] < ZM(dz —¢i) < €M,
i=1 i=1
and so f is absolutely continuous. O

3.2 Some properties of Baire class one functions

In Section 2.2, we constructed a strictly increasing, differentiable function
whose derivative vanished on a dense subset of its domain. Using some ideas
about F, sets and Baire class one functions, we showed that Pompeiu’s non-
integrable derivative vanishes at even more points than that dense subset.
To expand on this, we will explore some more general properties of F, sets
and Baire class one functions. The goal of this section will be to arrive at a
necessary and sufficient condition for a function to be Baire class 1. Many
readers will recognize the following fact, which is common in a real analysis

course:

e The function f: [a,b] — R is continuous if and only if the preimage of any

open set under f is an open set.

If we think of Baire class one functions as one level of abstraction removed

from continuous functions, and F, sets as one level removed from open sets,
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then the following analogy, which we will prove, is fitting:

e The function f: [a,b] — R is a Baire class one function if and only if the

preimage of any open set under f is an F, set.

Before we turn our attention to this main idea, we first prove another fact
which alludes back to a common fact about uniform continuity. In an analysis
course, one might learn that uniform convergence “preserves” continuity. That
is, if {f.} converges uniformly to f, and each f, is continuous, then f is
continuous. Again, in a pleasing analogy, it turns out that, if each f,, is a
Baire class one function, then f is a Baire class one function. To prove this,

we will first consider the sequence {f,} in a series representation.

Lemma 3.7. Suppose that f: [a,b] — R is a Baire class one function. If
|f(z)| < M for all x € [a,b], then there is a sequence of continuous functions

{hi} which converge pointwise to f on [a,b] and each hy, is bounded by M.

Proof. Since f is a Baire class one function, there is a sequence of continuous
functions { f,,} converging pointwise to f on [a,b]. For each k € Z*, define the

function Ay as follows:

(

M7 if fk<x> > Ma
hk(x) - fk(ﬂf), if |fk(x)| < M,

—M, if fk<£L') < —M.

\

Now let ¢ € [a,b]. If |fi(c)| < M, then on some open interval containing c,
hi(z) is equal to fi(z), and so hy is continuous at c. Similarly, if | fx(c)| > M,
then hy is constant on some neighborhood of c. If fi(c) = M, then for any

€ > 0, there is § > 0 such that |z — ¢| < § implies |fx(z) — M| < e. Then,
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if |x —¢| < § and fr(z) > M, we have |hg(z) — hi(c)| = | M — M| < e.
If —M < fi(x) < M, we have |hp(x) — hi(c)| = |fe(z) — M| < e. The
case where fi(c) = —M is similar. Thus hy is continuous for each k. For
each x € [a,b], {fx(z)} converges to f(x). If |f(z)| < M, there is some K
such that, if £ > K, then |fi(x)] < M. Thus {hy(z)} converges to f(z). If
f(xz) = M, then for any ¢ > 0, there is some K such that, if & > K, then
|f(z) — K| < e. Then, if fi(z) > M, |hx(x) — M| = 0, and, if fi(z) < M,
then |hy(x) — M| = |fr(x) — M| < e. We have shown that {h;} is a sequence
of continuous functions converging pointwise to f on [a,b], where each hy is

bounded by M. O

As we mentioned earlier, we first prove the following result for series. Af-

terwards, we will relate our findings back to sequences.

o0

Theorem 3.8. Suppose that the series Y g; converges to h on |a,b], and,

7j=1
for each j > 1, there is a positive constant N; such that |gj(x)| < N; for all

o0

x € la,b], where Y N; converges. If each g; is a Baire class one function,
j=1

then h is a Baire class one function.

Proof. Suppose that ) g; converges to h on [a, b], where each g; is a Baire class
j=1

one function and bounded by N; > 0, where i N; = N. By the Weierstrass
M-test, the convergence is uniform. Each g, ]i?bounded by M; = N; +1/27,
and i M; converges to M = N + 1. By Lemma 3.7, for each j > 1, there
is a s]e:ciuence of continuous functions {f;;}°, which converge pointwise to g;
on [a,b], and where each f;; satisfies |f;;(z)] < M; for all x € [a,b] and for
all © > 1. Note: to avoid confusion, we emphasize here that the series i 9;

7=1
converges uniformly to h, and, for each j, the sequence {f;;}2, converges
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pointwise to g;. We claim that the sequence
P o0
i fia+ fop fia+ fos + fags .} = Z fip (9)
j:l p=1

converges pointwise to h on [a,b]. Since each term in this sequence is a finite

sum of continuous functions, this will show that A is a Baire class one function.

oo
Fix x € [a,b] and let € > 0. Since the series ) M; converges, there is a
j=1
positive integer () such that, if n > @), then

> Mj<e (10)
j=n

For each j € {1,...,Q}, there is a positive integer P; such that, if p > P;,

then

|fin(x) = g5(2)| < €/n. (11)

Using (10) and (11), if n > max{Q@, P, ..., Py},

> finl@) = h(a)

- :{:fhn(x)-‘zgjfh(x)

Q Q 00 n
<D i@ =D gi@)|+| D gi@|+| D finlx)
=1 =1 =Q 1 i=Q+1

§Z|fj,n(1?)—gj(x)|+ S lg@l+ Y fim(@)]

j=n+1 J=Q+1

< 3e.

This shows that the sequence in (9), when evaluated at a fixed value of
x, indeed converges to h(x). This suffices to show that h is a Baire class one

function. ]
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We now prove a similar result for sequences of functions. Corollary 3.9 will

be instrumental in our main result (Theorem 3.13).

Corollary 3.9. If the sequence {hy} converges uniformly to h on [a,b] and

each hy is a Baire class one function, then h is a Baire class one function.

Proof. Suppose {hy} is a sequence of Baire class one functions converging
uniformly to & on [a, b]. Choose a subsequence {hy, } of {hs}, such that, for all
i > 1 and z € [a,b], we have |hy,(z) — h(z)| < €/2°. Define g;: [a,b] — R by
g1(x) = hg, (z) and if i > 1, define g;: [a,b] — R by g;(z) = hy,(z) — hg,_, (x).
Then we have i gi(z) = hy, (), and for all i > 1 and z € [a, b],

i
=1

|9 ()] < [l () = h()| + [A(2) — s, ()]

< € i €
e 2i—1
€

<5

Since g; is also bounded by some M > 0, it follows that h is a Baire class one

function. n

We now can begin working towards the main result of this section, which
gives a necessary and sufficient condition for a function to be Baire class one.
Recall that Theorem 2.11 gave a necessary condition; it remains to show that,
if the preimage of any open set under f is an open set, then f is a Baire
class one function. To that end, we will partition the range of f, rather than
the domain, into open intervals. The preimage of these open intervals are F,
sets, and we will construct a sequence converging to f by using these sets.
Readers familiar with concepts like Lebesgue measure, Lebesgue integration,
and simple sets may find some of these concepts familiar. As our discussion

of F, sets concerns unions of closed sets, the following canonical result will be
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useful, and we will not prove it here.

Theorem 3.10 (Tietze Extension Theorem). Let K be a closed set. If the
function f: K — R is continuous on K, then there is a continuous function

g: R —= R such that f(z) = g(x) for allz € K.

As we discussed earlier, the proof of Theorem 3.13 consists of “partitioning”
the range of a function f, taking preimages of those sets and then reconstruct-
ing f. This “reconstruction” will be done using indicator functions, which we

define now. Define the indicator function of a set S by Xs: S — {0,1} by

0, ifxégs,
Xs(r) =

1, ifzxef.

Lemma 3.11 will streamline the proof of Theorem 3.13.

Lemma 3.11. Suppose that {Ay, ..., A,} is a set of pairwise disjoint F, sets

whose union contains |a,b]. Then the function f: [a,b] — R, defined by

fl@) =) arXa,(2),

1s a Baire class one function, where each ay is a real constant.

Proof. Since each Ay is an F), set, we can write

Ay = G BY
=1

where each Bf is closed. Now define the function f; on a subset of [a, b] such
J

that f;(z) = ax if z € |J BF. Note that f; is a piecewise function with j
i=1

“pieces,” and it is defined on a finite union of closed sets. Then, since the

domain of f; is closed, by the Tietze Extension Theorem (Theorem 3.10), for
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each j, there is a continuous function g¢;: [a,b] — R such that g;(z) = f;(z)
for any x in the domain of f;. We claim that the sequence {g;} converges

pointwise to f. Let x € [a,b]. Since [a,b] C |J A, x must be contained in
k=1

J
some Ay. Then there is an integer J such that x € |J BF. It follows that, for
i=1

any j > J, gj(z) = a;. Thus f is a Baire class one function. O

We now turn our attention to the main proof of this section. We will first
give a necessary and sufficient condition for bounded functions to be Baire
class one functions, and then prove a similar result for all Baire class one

functions.

Theorem 3.12. Let f: [a,b] — R be a bounded function. Then f is a Baire
class one function if and only if the preimage of any open set under f is an

F, set.

Proof. For convenience, this proof uses superscript when listing both sets and

real numbers; they do not represent exponents.

Theorem 2.11 shows that, if f is a Baire class one function, then the preim-

age of any open set under f is an F, set. It remains to prove the converse.

Suppose f: [a,b] — R is a function bounded by M > 0 such that, if U is
open, then f~1(U) is an F, set. For positive integers n, k, where 0 < k < n,
define

2M

yp = —M+ —Fk.
n

Then, for each k € {1,...,n — 1}, define
By = [T (i1 vi) = {x € [a,0] sy < (@) <yind
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By our hypothesis, each B} is an F,, set. Define A} = B} and, for each integer
k—1

ke{2 ...,n—1}, define A} = B} \ |J A} ,. Since the set difference of two
=1

F, sets is an F, set, the set {A},..., A’ |} contains disjoint F, sets whose

union contains [a, b]. For each positive integer n, define f,,: [a,b] — R where

—1

n
k=1

§

By Lemma 3.11, each f, is a Baire class one function. We will show that {f,}

converges uniformly to f on [a, b].

Let ¢ > 0 and pick a positive integer N such that % < €. Then let
€ [a,b]. For some k € {1,...,n— 1}, x € A;. Note that f,(z) = y and

f(x) € (i1, ypy). Forany n > N,

2M  2M

|[ful2) = f(2)| = |y — f(2)| < o < N < e

Thus {f,} converges uniformly to f on [a,b]. By Corollary 3.9, f is a Baire

class one function. O

Theorem 3.13. Let f: [a,b] — R be any real-valued function. Then f is a
Baire class one function if and only if the preimage of any open set under f

is an F, set.

Proof. 1f f: [a,b] — R is a Baire class one function, then, by Theorem 2.11,
the preimage of any open set under f is an F, set. Theorem 3.12 shows that,
if f is bounded, then it is a Baire class one function; it remains to show that,
if f is unbounded and the preimage of any open set is an F, set, then f is a

Baire class one function.
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Suppose that f: [a,b] — R is an unbounded real valued function for which
the preimage of any open set is an F, set. Define h: R — (0,1) to be a con-
tinuous, strictly increasing function mapping the real line into (0,1). Then
ho f:[a,b] = (0,1). If U is any open set, then, since h is continuous, h~1(U)
is open, and thus, by our hypothesis, (ho f)"}(U) = f~to h™}(U) is an F,

set. Since ho f is bounded, by Theorem 3.12, ho f is a Baire class one function.

Since h maps an interval to an interval and is continuous and strictly in-
creasing, h~! is continuous. Let {f,} be a sequence of continuous functions
converging pointwise to h o f on [a,b]. Then, since the composition of two
continuous functions is continuous, h=! o f,, is continuous for each n. Further-
more, we claim that {h™'o f,} converges pointwise to AL oho f = f on [a, b].
Let ¢ € [a,b]. Since h™! is continuous,

lim ™ (f,(e)) = A lim fu(e) = (b7 o ho f)(e) = f(e)

n—00

Thus, h™! o f, is a sequence of continuous functions converging uniformly to
f on [a,b]. We have shown that f is a Baire class one function if and only if

the preimage of any open set under f is an F), set. m

4 The Henstock Integral

As we have already seen, there are some functions which are not Riemann
integrable, but perhaps feel like they “should” be integrable. The simplest
example uses the so-called improper Riemann integral, such as the limit de-
scribing the area under the curve y = 272/3 between x = 0 and 1. In Section
2.2, we discovered a function on a closed interval which is bounded, has an

antiderivative, and yet is not Riemann integrable. In this section, we present a
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new integral, consistent with the Riemann integral on all Riemann integrable

functions, which allows us to integrate such derivatives.

We say that a function is Riemann integrable on [a,b] if there is some
L € R satisfying the following: for each € > 0, we can find a real number § > 0
such that, if ’P is any tagged partition of [a, b] with norm less than §, we have
|S(f,fP) — L| < e. We will define the Henstock integral a similar way, but
replacing the real number § > 0 with a function 0: [a,b] — (0,00). Rather
than a tagged partition of [a,b], with a requirement about its norm, we will

use a J-fine tagged partition, whose definition follows.

Definition 4.1. Given the closed interval [a, b] and a positive valued function

d: [a,b] — (0,00), a d-fine tagged partition of [a,b] is a set

where g = a, ©, = b, x;_1 < z;, and t; € [r;_1, ;] for all 1 < i < n.

Furthermore, for all 1 < i <n, [z;_1,2;] C (t; — 0(t;), t; + 0(t;)). O
Now we can formally define the Henstock integral.

Definition 4.2. A function f: [a,b] — R is Henstock integrable on [a,b] if
there is a real number L satisfying the following: for each € > 0, there exists
a function §: [a,b] — (0,00), such that for any d-fine tagged partition ‘Py of
la,b], we have |S(f,'Ps) — L| < e. If such a number L exists, we call L the

Henstock integral of f over [a,b], denoted L = (H)fab f. O

In this section, we will use the notation (R) f; f to denote the Riemann
integral of f, and, if not specified, we assume that f; f denotes the Riemann

integral of f.
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It follows easily from the definition that Riemann integrable functions are

Henstock integrable.

Theorem 4.3. If f: [a,b] — R is Riemann integrable on [a,b], then f is
Henstock integrable on [a,b], and (R)f;f = (H)fabf

Proof. Because f is Riemann integrable, there is some L such that, for each
€ > 0, there is some dy > 0 such that, for any tagged partition ‘P of [a, b] with

norm smaller then &y, we have
|S(f7tp) _L‘ < €.

Then let 0: [a,b] — (0,00) be defined by d(x) = dy/2. If 'Ps is a 0-fine tagged
partition of [a, b], then for all 1 < i < n, [x;_1,2;] C (t; — do/2,t; + d0/2), and

thus |'P,| < d. It follows that |S(f,'P,) — L| < ¢, and thus

[ r=r=un s

which completes the proof. O

Before proceeding, we make the following observation: if, given a function
f, for each € > 0, we could construct a function d: [a,b] — (0,00) for which
there be no J-fine tagged partition of [a,b], then f would vacuously satisfy
the criterion for Henstock integrability. As it turns out, we can always find a

0-fine tagged partition.

Theorem 4.4. For any interval [a,b] and function §: [a,b] — (0,00), there

exists a 0-fine tagged partition of [a,b].

Proof. Let D be the set of all numbers x, where a < x < b, for which there

is a o-fine tagged partition of [a,z]. By taking x = a + d(a)/2, we see that
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{(la,a 4+ 6(a)/2],a)} is a o-fine tagged partition of [a,a + d(a)/2]. Thus, D
is non-empty. Since D is bounded above by b, it has a least upper bound —
call it 8. We claim that g € D and § = b, and conclude that there is a d-fine

tagged partition of [a, b].

First we must show that 8 € D. Since 3 is the least upper bound of D,
there is some r € (0,6(8)/2) such that we have a d-fine tagged partition of
la, 5 —r]. If necessary, we can remove tagged intervals or part of tagged inter-
vals from this partition to obtain a d0-fine tagged partition of [a, 5 — §(5)/2].
By adjoining the singleton {([8 — d(8)/2, 5], 5)}, we have a J-fine tagged par-

tition of [a, 5]

Now suppose that 8 < b, and let 'Ps = {([z;_1,2],¢;) : 1 < i < n} be a
d-fine tagged partition of [a, 5]. Then since 6(f) is positive, we can extend
'Ps to the tagged partition Ps U {([5, 6 + d(5)/2],5)}. Since this is a -fine
tagged partition of [a, 5 4+ §(5)/2)], we have a contradiction (since we said g
is an upper bound for D and have shown that 5+ 6(8)/2 € D). Thus § = b,
as desired. O

Theorem 4.5. If f is differentiable on |a,b], then f' is Henstock integrable
on [a,b] and (H) [} f' = f(b) - f(a).

Proof. Let f be differentiable on [a, b] and let € > 0. For each z € [a, b], define

d(x) as a positive number for which, if 0 < |y — z| < d(x), then

fly) = f(x)

P f(z)| <e. (12)

(The existence of such a d(z) follows from the fact that f is differentiable at
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x.) Note that we may rewrite (12) as

(@) (y —2) = (f(y) — f(2))] < ely —=|. (13)

Now suppose that ‘Ps = {([z;—1,2],t;) : 1 < i < n} is a d-fine tagged
partition of [a,b] (and such a partition does exist, from Theorem 4.4). Using
the inequality in (13), for each of the tagged intervals ([z;_1,x;],t;), we have

the following:

|(@i—zia) f'(t:) = (f(2:) = f(i-1))]
= (@i =t + b — i) ['(t:) = (f (i) = f(&) + f(t:) = f(zio))|
< |f'(t) (i — 1) — (f () — f ()] (14)
+ 1) (& — wien) = (f () = f(wia))]
<€(wy —t;) + ety — xi-1)

= 6(.’171' — 331;1) <15)

Then, using (15), if we take the Riemann sum of f” with the partition ‘Ps, we

find

[S(f'1Ps) = (£(b) = f(a)| =

=1
< ZG(ZEZ — (L’i_l)
i=1
=¢e(b—a)
Thus f’ is Henstock integrable on [a,b] and (H) ff = f)— f(a). O

Corollary 4.6. Pompeiu’s derivative h', as defined in Section 2.2, is not Rie-

mann integrable on any subinterval of [a,b], yet it is Henstock integrable on
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every subinterval of [a,b]. Furthermore, for any [c,d] C [a, b,

d
() / W = h(d) - h(c).

which is a real (positive) number.

4.1 A worked example using the Henstock integral

We have successfully engineered a new integral which can integrate derivatives.
However, Pompeiu’s function and its derivative are difficult (if not impossible)
to visualize, and the proof of Theorem 4.5 may not provide much intuition
for the problem. We turn to a more elementary example of a function which
is Henstock integrable but not Riemann integrable, and hopefully gain some

intuition into the difference between the two integration techniques.

Example 4.7. Define the function f: [—a,a] — R where a > 0 and

1
2 .
x cos—$2, if x #0,

0, if x =0.

We will show that f is differentiable on [—a,a], f’ is not Riemann integrable
on [—a,a], and (H) [*, f' = 0. It is clear that f is differentiable away from the

origin. At the origin, we have
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Note that f’ is unbounded near the origin, and thus f’ is not Riemann
integrable on [—a,a]. However, since f is even, we know from Theorem 4.5
that (H)[" f/ = 0. But how do two reasonable definitions of the integral arrive
at different conclusions? Let’s consider the function we are trying to integrate,

shown in Figure 5.

Figure 5: A partial graph of f’. Note that f’ is
unbounded near the origin and that f’ is an odd
function.

Recall that, if f’ is Riemann integrable and we take any sequence of parti-
tions of [—a, a] whose norm converges to 0, then any corresponding sequence
of Riemann sums of f’ must converge to some number. Let’s consider the
sequence of partitions {P,}. The distance between two consecutive points in
P, is greater than some M > 0, and so, for some neighborhood of the origin,
each interval in P, will contain a relative maximum and minimum. Intu-
itively, then, the upper and lower Riemann sums will always differ by some
amount. Furthermore, since f’ is unbounded in each direction near the origin,
the amount by which the upper and lower sums differ does not converge to 0.
This gives us some insight into why f’ is not Riemann integrable. On the other
hand, f’ is an odd function, and, as long as we ignore a symmetric interval

around the origin, one expects the integral of f’ on its domain to be 0. We
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can ascribe meaning to this by writing

tm (w [ rem ) -o

However, we still cannot write (R) ffa f" = 0. The Henstock integral solves
this problem for us by allowing § to vary throughout the domain. Rather than
using a fixed-value § > 0, we use a positive-valued function 6 to construct a
0-fine tagged partition of the domain. Intuitively, one can imagine that, as we
approach the origin, the values of § get smaller so as to closely estimate the
“waves” of the curve. Then, when we take a Riemann sum using this partition,
the “evenness” of the function come into play, leaving a value which converges
to 0. The question remains: how does this approach solve the issue at the
origin, with unbounded magnitude and oscillation? Let’s consider the interval
of our J-fine tagged partition which contains the origin. Call it ([z;_1, 2], ;).
Then t; cannot be nonzero, because we constructed 0 in a such a way that
[z;_1,x;] closely estimated a part of the “wave” of the curve containing ¢;
(imagine that each interval is restricted to one single “hump” of the sinusoid).
Thus, we must have ¢; = 0. This gives us some clearer understanding for how

the Henstock integral can solve problems that the Riemann integral cannot.[]

4.2 Further properties of the Henstock integral

In this paper, we developed the Henstock integral with the problem of integrat-
ing derivatives in mind. In Theorem 4.5, we showed that, with the Henstock
integral, we can indeed integrate all derivatives by calculating the difference of
the endpoints in the antiderivative. In Theorem 4.3, we saw that, for Riemann
integrable functions, the Riemann and Henstock integrals give the same result.

The Henstock integral thus solves a problem that the Riemann integral has,
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and aligns with our intuition vis a vis the Fundamental Theorem of Calculus.

In this section, we explore some further properties of the Henstock integral,
focusing on classes of functions which may not be Riemann integrable but
which are Henstock integrable. We already saw that a derivative is Henstock
but not necessarily Riemann integrable. Next, we prove the stronger result
that a continuous function may be not differentiable at infinitely many places,
and its “derivative” will still be Henstock integrable. In this section, we will
say that a property holds nearly everywhere on S if it holds everywhere but a

countable subset of S.

Theorem 4.8. If F': [a,b] — R is continuous and differentiable nearly every-

where, we define f: [a,b] — R as

F'(x), if F is differentiable at z,
fz) =
0, if F'is not differentiable at x.

Then
b
(H) / f=F(b) - F(a).

Proof. Let F': [a,b] — R be a continuous function which is differentiable on
la,b] \ {qx : k € Z"}, where each ¢; € [a,b]. Define f as in the statement of
Theorem 4.8. Let ¢ > 0, and define the function §: [a,b] — (0,00) as follows:
if v # q for all k > 1, §(z) is a positive number such that, if 0 < |[y—z| < §(z),

then
F(y) — F(z)

- —flx)] <&

if © = gy, then define d(x) as the positive number such that, if |y — x| < ¢,

then |F(y) — F(z)| < €¢/2*. Now let 'Ps be a d-fine tagged partition of [a, b],
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where ‘Ps = {([xi_1, xi],t;) : 1 <i < n}. We now split ‘Ps into two sets, based

on whether or not F is differentiable at ;. That is, define !Rs as the set

tR5 = {([yi*hyiLri) . 1 S Z S p})

where ([yi—1,yi|,7:) = ([j-1, x;],t;) for some i, j, and F' is differentiable at ¢;;

define 'S5 as the set

where ([zi-1, 2], s:) = ([z;-1,%;],t;) for some 7, j, and F' is not differentiable

at tz

Recall the inequality in line (15) of the proof of Theorem 4.5, which says

that, for 1 <17 < p,

(Y — yi1) () = (F(yi) = F(yi1))| < e(yi — yia)- (16)

Then note that, because of the continuity of F and the way we defined 6,

together with the fact that f(¢;) =0, for 1 <i <gq,

((2i = zica) f(t:) — (F(21) — F(zi1))| = [F(z1) = F(t:) + F(t:) — F(zi-1)]
<|[F(zi) = F(t)| + |[F(t:) — F(zi1)|

< e/t (17)
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Incorporating (16) and (17),

|S(f,'Ps) = (F(b) = F(a))| =

IN

+ Z(zz zi1) f(ti) — (F'(2) F(Zz—l))‘
< €(Yi — yia)| + Z 2:_1
<elb—a+2).

Therefore f is Henstock integrable on [a, b], and (H)fab f=F0)—F(a). O

Remark. A similar result to Theorem 4.8 is the following: if F': [a,b] — R is
differentiable on [a, b] \ S and continuous on [a, b], where S is a finite set, and
we define its “derivative” f: [a,b] — R where f(z) = F'(z) for all x € [a,b]\ S
and f(x) =0 for all z € S, then f is Riemann integrable, and the integral has
the expected value f(b) — f(a).
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