16. Integration by substitution

Let’s begin by re-stating the essence of the fundamental theorem of calculus: differentia-
tion is the opposite of integration in the sense that

P = fw < [fwd = Fw+C 1)

for some constant C' or, equivalently,
b
P = fw) = [ = FO)-F@ @

for arbitrary a and b, where fab f(u) du denotes the definite integral of f over the subdo-
main [a, ], i.e., the signed area enclosed by the graph y = f(u), the horizontal coordinate
axis y = 0 and vertical line segments at © = @ and u = b, with area counted positively
above the axis and negatively below it.

Because the fundamental theorem is about a relationship between f and F' on an
entire domain, it does not matter what symbol we use to denote an arbitrary element of
that domain. Furthermore, the information content of the fundamental theorem is in no
way altered by re-labelling G and g as F" and f, respectively (provided, of course, we are
100% consistent about it). Thus an identical statement of the fundamental theorem is that

sa) = G) = Gw+C= [y ®
for some constant C' or, equivalently,
g8
sa) = Glo) = GE)-Gla) = [g)ds @

for arbitrary « and 3, where | f g(z) dz denotes the definite integral of g over the subdo-
main [«, 3], i.e., the signed area enclosed by the graph y = g(z), the horizontal coordinate
axis y = 0 and vertical line segments at x = a and = = 3; again, of course, area is counted
positively above the axis and negatively below it.

Now suppose that v and = are related by u = ¢(x), where ¢ is an invertible (either
increasing or decreasing) function on a subdomain of interest. Then there exists an inverse
function, say ¢, such that

v =) = = ([ ®)
(Figure 1). Furthermore, define a composition G by
G(z) = F(o(x)), 6)

which implies, of course, that

Flu) = G(¢(u). (7)
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Figure 1: (a) A typical substitution and (b) its inverse; typically both functions are increasing (as,
for example, in all of the exercises at the end of this lecture). Integration with respect to x from «
to 3 corresponds to integration with respect to « from «a to b, and vice versa.

Applying the chain rule to each of these equations in turn, we have both that

G'(z) = F'(¢(x))¢'(z) (8)
and

Fl(u) = G'(¢(w)( (u). )
But F'(u) = f(u) = F'(¢(z)) = f(¢(z)), and G'(z) = g(z) = G'(C(u)) = g(((u)). So,
from above,

9(x) = flo(x)) ¢ (2) (10)
and

fu) = g(C(u) (u). (11)

Now we put it all together to get both
/jwmu:_ﬂm+0:=Fw@»+c
G@H%Tz(/ﬂﬂdx (12)
= [rens@as = [{rwi} e

and

/m@mm:Gummiz () + C

G(¢
= Flu)+C = /f(u)du (13)

- [ocnctan = {0 F} au

So the substitution © = ¢(z) can be used to convert an integral with respect to u into an
integral with respect to z; and, correspondingly, the inverse substitution = ((u) can
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be used to convert an integral with respect to x into an integral with respect to u. This
process is known as integration by substitution.

The corresponding equations for definite integrals are as follows. First, to convert an
integral with respect to u into an integral with respect to z, note that u = ¢(z) = du =
¢'(x)dx + o(dz) from Lecture 6, and that u € [a,b] = x € [((«), ((()] from (5). Hence*

u=>b
/: fwydu = lim > f(u)du = lim Z F(d(x){d (x)dx + o(dz)}

du—0 0x—0
u€la,b] z€[¢(a),¢(B)]
1)
= dm Y e @ + Jin 3 f<<>>6xéggoof5§>
z€[¢(a),¢(8)] rG[C(a) C
x=((b)
- [l eswa [T e o
r=C(a)
or
u=b x=((b)
f(u) du =/ F(6(2)) ¢ (z) da. (14)
u=a z=((a)

Second, to convert an integral with respect to = into an integral with respect to u, note
that x = ((u) = dx = {'(u)du + o(0u) and z € [, f] = u € [¢(a), p(b)], from (5). Hence

-
/ g@)de = lim 3 g@)or = lim S gC){C wou +o(du)}

_ ox—0 du—0
=« z€la,f] u€lp(a),¢(6)]
= lim Z g(¢(w))¢"(u)du + lim Z g(¢(u))ou lim o(du)
ou— du—0 du—0 5u
u€lp(a),0(8)] u€lp(a),0(B)]
u=¢(B) ) #(B)
= [ scwyc@dn 4 [ glcyde -0
u=¢(a) #(a)
or
=0 u=0¢(B) ,
| e = [ , 9@ Cwdn (15)
=« u=¢(a

In either case, note that integration by substitution requires both the original substitution
and the inverse substitution: specifically, the original substitution is used to

1. Rewrite the old integrand in terms of the new integration variable

2. Differentiate to find the (nonlinear) scaling factor by which the old integrand must
be multiplied to become the new integrand

and the inverse substitution is used to

3. Convert the old integration limits into the new integration limits.

¢(b)
*Note that lim > f(¢(x))oz = [ f(¢(x))dx, which is not the integral whose value we seek:
0770 e f¢(e).C(8)] ¢(a)
and we don’t care about its value, because the only thing that matters in obtaining (14) is that multiplying
u=a(8)
by zero yields zero. Likewise for lim > g(¢(u))ou= [ g(¢(u))du in obtaining (15).
u=0uelg(a),0(9)] u=¢(a)



For example, to calculate

1
3
4
I = / IV, (16)
(1+a)h
0
we can use the substitution u

— = . 17
v = ) = (17)

Because © = i~ = (16 —u)z = v = 162 — vz = u = 167 = ur +u = u(r + 1), the
inverse substition is
blz) = - (18)
u = ¢(x) = .
r+1
So, from (15) with a = 0, 8 = & and g(z) = %, we obtain
+x

h= /_ S /uw(ﬁg SAVEW) 1 (19)

-0 (1+ f) o0 (1+¢(u))?
At first, perhaps, this looks worse. But (17) = ((u) = 4 { 3% — 1} =16-L {(16 — u)'}—
0 = 16{—(16 — u)2}-L {16 — u} = 16{— (16 —u) -1} = g and 1 5 C(u) = 752
Also (17) = ¢(0) = 0 and ¢ (g5) = 153 = - S0 (19) reduces to
=7 64,/ 7" —u\?
I — / T 16 / u (16 u) 16 du
u=0 (-28)2 (16 — u)? V16 —u\ 16 (16 — u)
= 64'116/4\/1](16—14 16u2—u2 du
].62 0 (20)
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Exercises

1. Calculate [ z(2® 4 1)* dz by

(a) using the substitution z = v/u — 1 and

(b) some other method.

2. Use the substitution = = 1 + u? to show that [ zv/z — 1dz = 22

3. Use the substitution z = v/1 + u2 to show that fl\/g 3?2 — lde = %.
4. Use the substitution z = 1 + u? to show that

(a) ff(m +2)Vz —1de =2
(b) f12(295 + 1)z —1de = 4.

Suitable problems from standard calculus texts
Stewart (2003): pp. 420-421, ## 1-74.
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