July 14, 2019 MAT136 — Week 6 Justin Ko

1 Improper Integrals

In this section, we will introduce the notion of integrals over intervals of infinite length or integrals of
functions with an infinite discontinuity. These definite integrals are called improper integrals, and are
understood as the limits of the integrals we introduced in Week 1.

Definition 1. We define two types of improper integrals:

1. Infinite Region: If f is continuous on [a, o) or (—o0, b, the integral over an infinite domain is
defined as the respective limit of integrals over finite intervals,

oo b b
| fards = Jim /:f(w)do:, | taie= tm [ @

If both [ f(z)dx < oo and [*__ f(z)dz < oo, then

/O:of(w)dsc/aoof(x)der/:of(x)dx.

If one of the limits do not exist or is infinite, then ffooo f(z) dx diverges.
2. Infinite Discontinuity: If f is continuous on [a, b) or (a, b], the improper integral for a discon-

tinuous function is defined as the respective limit of integrals over finite intervals,

LLbfhﬂdr—tg?‘Ltfﬁﬁdx ‘Lbf@ﬁdr_ m [ (z) dz.

t—at Ji

If f has a discontinuity at ¢ € (a,b) and both [ f(z)dz < oo and ff f(x)dz < oo, then

fﬂ@@:lv@m+lnmw.

If one of the limits do not exist or is infinite, then f; f(z) dx diverges.

If the limit in the above definitions exist and is finite, then we say the integrals are convergent. If the
limits do not exist, or if it equals +o00, then we say the integral is divergent.

Example 1. An illustration of the two main types of improper integrals are depicted below.

Figure 1: Infinite region case Figure 2: Infinite discontinuity case
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1.1 Example Problems

Strategy: We compute the integrals normally then take a limit at the last step to evaluate it.

/O na) d

Solution 1. Since lim, ¢ In(z) = —oo, the integral is interpreted as an improper integral. Computing
the integral like usual, we see that

Problem 1. (xx) Find

1 1
/ In(z)dx = lim In(z) dz
0

t—0t Jy
r=1
= lim (m In(z) — x) By Parts
t—0+ =t
= lim ( —1—tn(t) + t) L’Hopital’s Rule
t—0t+
=—1.
To compute the limit of ¢1n(t), we used L’Hopital’s Rule,
In(t :
lim ¢In(t) = lim nl( ) = lim — = lim —t =0.
t

t—0t t—0t t—0t -z t—0t

Problem 2. (%) Find

Solution 2. Since we are integrating over an infinite region, the integral is interpreted as an improper
integral. Computing the integral like usual, we see that

<] b1
/ —dx = lim —dx
1

xT t—oo J1 T

=l )

= lim In(¢) In(1) =0

t—o0

= .

Since the value is +o00, this integral is divergent.

2
1
1z
Solution 3. Since lim,_,q+ m% = 00, the integral is interpreted as an improper integral,
2 0 2
1 1 1
/ —dac:/ —dw—l—/ — dz
_q ozt _qat o Tt
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Computing the first integral like usual, we see that

0 t
1 1
/ — dr = lim — dx

ozt t—0— J_q x*
= lim —=273 B
t—0— rz=—1
. 1 1 1
o t—0— _g . tfg 3
= 00.

Since this integral diverges, ffl 9714 dx also diverges.

Remark: It is very easy to make a mistake in this problem, because blindly integrating will give

us 9
1 -3
[
1T 3

This is not correct, because the integral does not exist, because f_ol 9%4 dx diverges. The error occurred
because we incorrectly applied the fundamental theorem of calculus to a discontinuous function.

r=2 11 3

r=—1

Problem 4. (xx) Compute
A
3 z(lx—1)(z—-2)

Solution 4. Since we are integrating over an infinite region, the integral is interpreted as an improper
integral. Computing the integral like usual, we see that

[e'e] t 1
—_——dz =1 —_——d
/3 -z -2) " T iB% )y 1 -D@-2) "
t 1 1 1
= lim 2z _ +—2 _dx Partial Fractions
twoo J3 x x—1 x—2

T e D4 S —2)) [
= Jim (Ghe—ln@ =1+ g -2)|
=1 1ltltl 11t2 11312111
= Jim (30t =In(t—1)+ 3 =2)) = (33— 2+ S ).

To compute the limit, notice that the first term is equal to

(P2 g (H3)) = o ) o

We can conclude that

0 1 1 1 1. /4
o dr=—(-In3-m2+ 1) = -In(>) ~ 0.143841.
/3 2@-D@z-2" (2 n3—In +2n> 2n(3) 01438
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2 Convergence Tests

We can determine the convergence of integrals without explicitly computing them by comparing them
with simpler integrals.

2.1 Comparison Test

If f(x) > g(x) > 0, then the area under g is smaller than the area under f. Intuitively, if the bigger
area is finite, then so is the smaller area, and if smaller area is infinite, then so is the bigger one. This
intuition is made precise with a result called the comparison test:

Theorem 1 (Comparison Test). If 0 < g(z) < f(x) for x > a and f,g are continuous, then

0< / g(z)dx < / f(z)dx.
This means
1. If faoo f(z)dx converges, then f;o g(z) dx also converges.
2. If [ g(x) dx diverges, then [ f(x)dx also diverges.

Remark: A similar result holds for infinite functions. For example, if fab f(z)dx converges and

0 <g(x) < f(z) for « € [a,b), then f;g(x) dz is also convergent.

Figure 3: The area under the green curve is smaller than the area under the red curve. If the area
under the red curve is finite, then the area under the green curve will also be finite.

2.2 Limit Comparison Test

Intuitively, the convergence of a function on an infinite region is determined by its values for large x.
That is, if two continuous functions behave the same for large values of z, then both functions should
converge or both functions should diverge.

Theorem 2 (Limit Comparison Test). Suppose that f(x) and g(x) are positive and continuous for
x> a, and
S

Iﬁngom =L € (0,00).

Then faoo f(x)dz is convergent if and only if f:o g(z) dx is convergent.

2.3 Tails of Convergent Integrals

Intuitively, if an integral of a non-negative function over an infinite region is finite, then it must get
small near co. Likewise, if the tail of the function does not vanish at oo, then the integral must diverge.

Theorem 3. If f(x) > 0 is continuous and [~ f(x)dz < oo, then

lim /Oo f(z)dx = 0.
¢

t—o0
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2.4 Example Problems

Strategy: To determine the convergence of an improper integral, we usually compare it to one of the

following integrals:
<1
/ —dx (1)
1 2P

converges for p > 1 and diverges for p < 1.

1. The integral

2. The integral

converges for p < 1 and diverges for p > 1.

/000 e “dx (3)

3. The integral

converges for a > 0.
S z?
Problem 1. (x) Is [;~ e da convergent?

Solution 1. We first split the integral

0 2 1 2 oo 2
/ ez dx:/ e 2 da:+/ e 2 dux.
0 0 1

The first integral is a regular definite integral, so it is finite. We can use the comparison test to
determine the convergence of the second integral. Since § <

2
5 for x > 1, we have

_ 1. _z? ° _az? > _ 1.
e 2" >e 2 forr>1 = e 2 dr < e 2% dx.
1 1

I2
The upper bounding integral [ 100 e~ 3% dy converges (see equation (3)), so we can conclude | 100 e~ 7 dr

12 . .
is convergent by the comparison test (the integral floo e~z dx is upper bounded by a finite number).

Remark: This makes sense intuitively because e~ 37 goes to zero way faster than any polynomial.

Problem 2. (x) Is [,° ﬁ dx convergent?

Solution 2. Since x > x — 1 > In(x) (draw the tangent line of In(z) at z = 1), we have

1 1 1 o
- < forz>2 — —dzr <
T 2 T 2

n(z) dz.

In(z)

The lower bounding integral [;° L dz diverges (see equation (1)), so we can conclude [,~ ﬁ dx is

divergent by the comparison test (the integral f;o ﬁ dz is lower bounded by infinity).

Remark: To guess the convergence, near oo we have In(z) < z¢ for all € > 0. This means that

we can treat In(z) as something that grows slower than any monomial. In particular, we have ﬁ
goes to zero slower than a monomial, so it should not converge.
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Problem 3. (xx) Is ff ﬁ dx convergent?

Solution 3. Since x — 1 > In(x) (draw the tangent line of In(z) at z = 1), we have

1 1 ' 21 |
< forx21:>/fdu:/ dxg/ dx
z—1 7 In(x) 0 u 1 z—1 1 In(x)

The lower bounding integral fol %du diverges (see equation (2)), so we can conclude ff ﬁ dz is

divergent by the comparison test (the integral [ 12 ﬁ dz is lower bounded by infinity).

Problem 4. (xx) Is [ \/2‘3;%72‘/5% dz convergent?

Solution 4. We will use the limit comparison test in this problem. Asymptotically, we have

3z + 3z 3

~ = —x
V2T + 2245 V22: V2

To see this, we can explicitly compute the limit of the ratio,

(SIS

1 2 3 4g?
lim VR B T S

wﬁw%x*% V22T £ 22 +5 @9 3 22T +22+5

. © 3 35 . oo 3+
Since [, 7547 7 dx converges (see equation (1)), we can conclude [| Tsarroass U also converges.

Problem 5. (xx*) Find the values of a such that

/ (1+ x2)_nT+1m“ dx
1

converges.

Solution 5. We will use the limit comparison test in this problem. Asymptotically, we have

a

_ntl X Cn—

(1_|_x2) 2:1;0’N :xanl.
xn-ﬁ—l

To see this, we can explicitly compute the limit of the ratio,

14 22)~ " g0 14 22)~ "% 1 -
limL:lim%:hm — +1 =1

T—00 pa—n—1 T—00 x—n—1 T—00 1:2
Since z*"~! = —4-77 converges when —a+n+1>1 => a < n (see equation (1)), our integral

converges for a < n by the limit comparison test.
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