18.100A: Complete Lecture Notes

Lecture 21:

The Riemann Integral of a Continuous Function

Theorem 1 (Riemann Integral)
Let f € C([a,b]). Then, there exists a unique number denoted fab f(z)dz € R with the following property: for
all sequences of tagged partitions {(z",£")} such that ||z"|| — 0, we have

b
lim S¢(z",£") :/ f(z)dz.

r—00

Remark 2. Uniqueness follows immediately from uniqueness of limits of sequences of real numbers. All we need

to prove is existence of ff f(z)dz.

Before giving the proof of the theorem, we first prove some useful facts. Note that we number the next few

theorems to use them in our proof of the above theorem.

Definition 3 (Modulus of Continuity)
For f € C([a,b]), n > 0, we define the modulus of continuous

wy(n) = sup{|f(x) — f(Y)| | |z —y| < n}.

Remark 4. Note that we number the following theorems to reference later.

Theorem 5 (Theorem I)
For all f € C([a,b]), lim, ,ow¢(n) = 0. In other words, for all € > 0, there exists a 6 > 0 such that Vn < ¢,

wy(n) <e.

Proof: Let € > 0. Since f € C([a,b]), f is uniformly continuous on [a,b] (as continuity on a bounded interval is

equivalent to uniform continuity on the same interval). Thus, 3§y > 0 such that if |x —y| < dg, then |f(z) — f(y)| <
€/2. Choose § = §p and let n < §. Then, if | —y| < n < § = Jy, then

€

@)~ 1) <

Therefore, €/2 is an upper bound for {|f(z) — f(y)| | |z — y| < n}. Hence,

wyr(n) <e/2<e.



Theorem 6 (Theorem II)
If (z,€) and (2, &) are tagged partitions of [a,b] such that z C &/, then if f € C([a,b]) then

1S5(z,8) = Sp(a', ) < we(llz]) (b - a).

Definition 7 (Refinement)

If (z,€) and (at/,gl) are tagged partitions of [a, b] such that z C 2/, we say 2z’ is a refinement of z.

Remark 8. Refinements of z are obtained by adding more partition points.

Proof: For k=1,...,n, let

y(k) = {II}'k_l = 11}'2,:13/[_,'_1, e ,LL‘/WL = [L‘k}

ﬂ(k) = {§2+1»§2+27 . 7§1In}~

Then,
F (&) (@ — r1) — Sp(y(k),n(k)| = [ £(&) — Y FE) () —f_y)
J=0+1
=1 > (f&) = FE) ) —2))
j=0+1
since Z;’;l x; — x;-_l =&y —T) = T — Tp—1. Hence,
(&) (@ — zeo1) = Sp(y(k),nk) < Y 1F(&) — FEDI) —2)_)
j=0+1
< Y willze — wral)(@f - 254)
j=t+1

< wy(llzll(zr = z-1)-

Thus,
1S5(z, &) — Sy(a’. &) = | > _(f(&r)(@r — zr—1) — Sy(y(k), n(k)))

<

NERINGE

[f (&) (@r — 2r—1) — S (y(k),n(k))|

>
Il
—

< wp(llzl) Y wr — 21 = wr(llz])(b — a).

k=1

Theorem 9 (Theorem III)
If (z,€) and (2/,&') are any two tagged partitions of [a,b] and f € C([a,b]), then

157 (z,€) — Sp(, €] < (wrllz) + wy(ll2'[D) (b - a).




Proof: Let 2’/ =z Uz’ (i.e. a common refinement), and §" be a tag of /. Then, by Theorem II,

1S5 (z, ) = Sy, € < 185z, €) — Sp(a”, €") = [Sp(2', €)= Sy(2”, ")
< wr(lzl)(b—a) +wp (') (b - a)-

We now have the theorems necessary to prove the big theorem at the beginning of this section.
Proof: Let {y(r),((r)}, be a sequence of tagged partitions with [|y(r)|| — 0 as 7 — oo.
Claim 1: {Sf(y(r),{(r)}r is a Cauchy sequence. Proof: Let ¢ > 0. By Theorem I, 36 > 0 such that ¥n < 4,

Since [|y(r)|| — 0, 3My € N such that Vr > My,

Choose M = My. Then, if r,s > M = M,

1S5 (y(r), €(r)) = S5 (y(s), <)) < (w((ly(r)]| + wllly(s)D) (b - a)

by Theorem III. Hence, by the above inequalities, it follows that

€ €

501, 00) = 5066160 < (557 + 557 ) 0~ @) =

This proves Claim 1. Let L = lim, ,o Sf(y(r),{(r)), which exists as Cauchy sequences of real numbers are
convergent sequences.
Claim 2: Let {(z(r),{(r))} be any sequence of partitions with |[z(r)|| — 0. Then,
lim Sy(z(r),{(r)) = L.

T—00

With (y(r),¢(r)) as before, we have by the Triangle Inequality and Theorem III that

|55 (2(r), €(r)) = LI < [Sp(2(r), £(r)) = S (y(r), C(r)| + [S5(y(r), <(r)) = L]
< (wy(lz(M)I) +wy (ly(r) D)6 — a) + [S¢(y(r),<(r)) — L] =0

as r — oo by Theorem I and by the definition of L. Thus, by the Squeeze Theorem,

1S¢(z(r),&(r)) — L| — 0 as 7 — 0.

Properties of the Riemann Integral

Notation 10
We will often abbreviate f: f(z)dz to ff I

Theorem 11 (Linearity)
If f,g € C([a,b]) and a € R, then

/ab(afw)a/aljﬂ/abg.




Proof: Let {(z(r),£(r))}, be a sequence of tagged partitions such that ||z(r)|| — 0. Then,
Safte(z(r), £(r)) = S5 (x(r),£(r)) + Sg(x(r), £(r))-

Therefore,

b
[ (@4 9)= im Supeg(alr).£0)

= lim (aSp((r), £(r)) + Sy (z(r), (1)

za/abf—f—/abg.
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