MATH 255: Lecture 2
The Riemann-Stieltjes Integral: Linearity and Additivity

Theorem 1: Linearity Theorem A. Let f1, fo € R(«,a,b) and let ¢1,co € R. Then ¢1f1 + cafa €
R(a,a,b) and

b b b
/(C1f1+62f2)da201/ fldO["’Cg/ fngé.

Proof. Let f = c¢1f1 + cafs. For any tagged partition (P, t) of [a,b] we have

n

S(Pt, fa)=>_ f(tx) AO&kZQZh (k) Aak+022f2 (te)Aay,

k=1 k=1 k=1
= aS(Pt, f1,0) + 2S(Pt, f2, ).

Let € > 0 be given and let ¢ = |c1| + |c2|. If ¢ = 0, the theorem is true since the zero function is
integrable with integral equal to zero; so we can assume ¢ # 0. Let ¢ = ¢/c. Now choose tagged
partitions (Q', '), (Q", s”) so that

(P,t)>(Q/,SI) = ‘S(Patvflaa)le‘<€1 and (Pat)>(Q//7SH) = |S(P7t7f27a)7L2|<613

where L, = ff fida, Ly = f: foda. If Q = Q" U Q" and s is any tag for Q then (P,t) > (Q,s) implies
that (P,t) > (Q’,s') and (P,t) > (Q",s”) so that

|S(P7t7f7a) _clLl _C2L2‘ = |01HS(P,t,f17OZ) _L1| + |02‘|S(P,t,f270[) _L1| < cep = €.
QED

Theorem 2: Linearity Theorem B. Let [ € R(aq,a,b) and f € R(«a2,a,b) and let ¢1,co € R. Then
f € R(craq + cocva,a,b) and

b b b
/fd(cloz1+02a2):c1/ deél—f—Cg/ fdas.

The proof of this theorem is similar to that of Theorem 1 and is left as an exercise.

Exercise 1. Prove Theorem 2.

Exercise 2. State and prove Theorems 1 and 2 for strictly integrable functions.
To prove our next result we will need the Cauchy Criterion for integrability.

Cauchy Criterion: f € R(«,a,b) <~
(Ve > 0)(3(Q, ))(V (P,1), (P, t)) > (Q,5)) |S(Pt, f,a) = S(P', ¢, f,a)| <e.

Proof. (=) Let f € R(«a,a,b) and let € > 0 be given. Choose a tagged partition (@, s) so that for all
(P, t) > (Q, s) we have
S(P,t, f.a / fdal < 5.

Then for all (P,t), (P’,t') > (Q, s) we have

b b
| ( 7f7 ) (Plt f7 )‘<|S(Pat7f7a)7/ fd0l|+‘/ deé*S(Pl,t/,f,Oé)|<§+§:€.



(<) Inductively, we can define a sequence of tagged partitions (P(i)7 t(i)) so that for i > 1 we have
(PO, 1040) > (PO 10) and |S(P,t, f,0) ~ S(PO, 1, [, a)| < 1
for (P,t) > (P®,t®). Tt follows that
|S(PD D) f ) — S(PD D f o) < %

for j > i. Hence S; = S(P®W,t® | f a) is a Cauchy sequence. Let L be the limit of this sequence. Passing
to the limit, we get |L — S;| < 1. Let € > 0 and choose i so that 2 < e. Then for (P,t) > (P™,t(") we
have

2
|L*S(P,t,f,0[)| < |Lfsz| + |SZ *S(P,t,f,()é” < ; <e€
which shows that f € R(, a,b) with L = [ f da. QED
Exercise 3. If f € R(a,a,b) and « is strictly increasing on [a, b], prove that f is bounded on [a, b].
Exercise 4. State and prove the Cauchy Criterion for strictly integrable functions.

Theorem 3. Let f € R(a,a,b), let a < c¢ < d<b. If g, 8 are respectively the restrictions of f, o to
[c,d] then g € R(B, ¢, d).

Proof. Let € > 0 be given and let (Q, s) be a tagged partition of [a, b] such that
|S(P,t, f,a) — S(R,u, f,a)| < e

if (P,t),(R,u) > (Q,s). Without loss of generality, we can assume ¢,d € . Then Q = Q" U Q' U Q"
where Q”,Q’, Q"' are partitions [a, ¢], [¢,d], [d, ] respectively and s = (s”, s, s"") where s”,s',s" are
tags for [a,cl, [c,d], [d,b] respectively. Let fi1, a1 be respectively the restrictions of f,a to [a,c| and let
fa2, as be respectively the restrictions of f, « to [d, b].

Let (P’,t'), (R',u’) be tagged partitions of [¢, d] which are finer than (@', s’) and define the tagged

partitions (P, t), (R, u) of [a,b] by
P _ Q// U P/ U Q/// t — (S// t/ 8///) R — Q// U R/ U Q/// U = (8// u/ S/”).
Then (P,t), (R,u) > (Q,s) and

S(Pat7f7 O() = S(Q//asll7f17al) + S(P/,t/,g,ﬂ) + S(QW7SW7f27a2)
S(R7u7f7 O[) = S(Q//asllvfhal) + S(R/7ul7gaﬁ) + S(Q/Haslu7f27a2)

so that |S(P/at/agvﬁ) —S(R/,’U/,g,ﬂﬂ = |S(P,t,f,0[) _S(Rvuvaa)| <e€ QED



Theorem 4: Additivity Theorem. Let a < ¢ < d and let f, « be functions on [a,b]. Let fi,a; be
the restrictions of f,« to [a,c] and let fa, s be the restrictions of f,« to [¢,b]. If f; € R(ay,a,c) and
f2 € R(as, ¢, b) then f € R(«a,a,b) and

/abfdaz/acfldal—i—/cbfgdag
/f ) da(z /f do(z /f do(z

Proof. Let ¢ > 0 be given and choose tagged partitions (Q’,s’), (Q",s") of [a, c], [c,b] respectively so
that for any tagged partitions (P’,t"), (P",¢") of [a,c], [c,b] respectively we have

or, equivalently,

(P/7t/) > (QI7S/) - |S(Pl,t/,f1,051) _/ fldal‘ < %7

c
(Pl/ //) ( N,S”) — |S(P//7t”,f1,a]_> _/ f]da]_| < g.
a

Let (Q, s) be the tagged partition of [a,b] defined by Q = Q' U Q", s = (s',s”) and let (P,t) be any
partition of [a,b] finer than (Q,s). Then P = P’ U P”, where P’, P” are partitions of [a,c], [c,d]
respectively, and ¢ = (¢/,t") with ¢/, t”’ tags for [a, c],c, d] respectively. Since

S(P,t, f,a) = S(P',t', fi,a1) + S(P",t", fa, 2)

and (P',t") > (Q',s'), (P",t") > (Q",s"), we have

c b c b
|S(P,t,f,0&)—/ fldal_/ fgda2|§|S(Pl,t/,f1,Oé1)—/ flda1|+|S(PN7tHaf17a2)_/ flda2|<6'

QED
The following is a corollary of the proof:

Theorem: Weak Additivity Theorem. If f € R(«,a,b) then fi € R(aq,a,c¢) and fo € R(wz,c,b)

and . .
/fda:/ fldOé1+/ fngég.

The Additivity Theorem is false for strictly integrable functions. For example, if f,« are as in
Example 2 of Lecture 1 then f is not strictly integrable with respect to « but the restrictions of f to
[0,1] and [1,2] are strictly integrable with respect to the restrictions of « to [0, 1] and [1, 2] respectively
with both integrals equal to zero. However, the Weak Additivity Theorem is true for strictly integrable
functions.

Exercise 4. State and prove the Weak Additivity Theorem for strictly integrable functions.

By convention, we define

a a b
/fda:O and /fda:—/ fda if a<b.
a b a
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