Chapter 12
Further Contour Integral Techniques

12.1 Shifting the Contour of Integration

We have already seen how the Residue Theorem can be used to evaluate real line
integrals. The techniques involved, however, are in no way limited to real integrals. To
evaluate an integral along any contour, we can always switch to a more “convenient”
contour as long as we account for the pertinent residues of the integrand.

/ etdz
1 (z+2)?

where [ is the line z(r) = 1 4+ it, —oco0 < t < o0.
Let Cy be the left semicircle of radius R > 3 centered at z = 1. Then

R o2, e‘dz et
/ 3+/ 3=2m'Res( 3;—2).
1-ir (2+2) cx @+2) (z+2)

Since e? is bounded by e in the lefl half-planex < 1,as R —» oo

/ etdz
-0
cr @+2)°

EXAMPLE 1
Consider

and 4 i
eraz . e
/ 3=2mRes( 3;—2).
1 (@+2) (z+2)
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e 1 +iR

Cr

To evaluate the residue, we write

22
ezze_2e2+2=e_2(l+(z+2)+(Z+ ) +)

2
so that
R ¢ 2 1
es ;=2 =

(z+2)3 2e2

and
e‘dz . 7l
1 @+2)3 e
O

EXAMPLE 2
Evaluate

/ dz
lel=1 V622 =5z + 1

where the square root is the positive +/2 at the point z = 1.

Recall (see Exercise 10-16) that since 6z2 — 5z + 1 has its zeroes at 7 = é and

= ;, V672 — 57+ 1is analytic in the plane minus the interval é <z< é

To evaluate the integral, we switch to the contour |z| = R. Then, since
V622 — 57 + 1 ~ /6 7 for large z, it follows that

/ dz N 1 / dz _ 2mi
lsl=R V622 — 5z 4 1 V6 =k z V6
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To formally justify the last step, suppose (in general) that f(z) = z + €(z), where

€(z)/z = 0as z = oo. Then

1 dz €(2)
dz — = — d
/|z|:R @ /|z|:R z /|z|:R 2z +e@) "

€(2)

< 27 max
7+ €(2)

lz|=R

EXAMPLE 3
Based on numerical evidence, it was conjectured that

Z(—l)k\/(Z) — Oasn — oo.
k=0

A proof of the conjecture can be given as follows:
Note that

Sinzz
f@) = rz(l—2)(1—z/2)...(1 —z/n)

satisfies

flk) = (Z) for any nonnegative integer k.

— 0as R - .

Because f(z) is zero-freein —1 < Rez < n+ 1, 4/ f(z) (taken as positive at the

origin) is analytic there. By the Residue Theorem, then

n . n\ 1 -
g(_l) \/(k) T 2 /C\/f(z) sin nzdz

ey

where C is any contour in —1 < Rez < n + 1 which winds once about each integer

0,1, ..., n and never about any other integer.
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Suppose we let C = Cys be the rectangle formed by the lines Rez = —1/2,
Rez =n+1/2andImz = =M. Then
T wdz
Vi@ . dz =/ v .
Cy sinzz ey V2l —=2)(1—2z/2)...(1 —z/n)sinzz

and letting M — oo, we conclude

. —1/2—io0 n+1/2+ico

n 1 -
> (—1)k\/(k) =, / +/ V@ T odz|.
k=0 m —1/2+ic0 n+1/2—ico sinwz

Since the integrand is invariant (aside from a & sign) under the substitutionz — n—z,
we need only estimate the first integral. Now, when Re z = —; ,

Iz(l—z)(l—z/2)...(1—z/n)|Z;(1+é) (1+}1)...(1+21n)

1 \/ 1 \/ 1
> 14+1,/1 YA |
> V114 +

_\/n—l—l
)

and so the first integral is bounded by

dz
Jsinzz

A
< .
= Yn

.y
\/277.'\4/11 + 1 JRez=—1,2

Hence

Z(—l)k\/(’;) — 0asn — o0.
k=0

12.2 An Entire Function Bounded in Every Direction

Recall that, according to Liouville’s Theorem, every nonconstant entire function is
unbounded. Nevertheless, one may wonder whether there is a nonconstant entire
function which is bounded along every ray from the origin. The answer to this
question is yes! However, there seems to be no way of describing such a function
in closed form. Instead, the function will be given in integral form and the crucial
estimate will then be obtained by switching the contour of integration.

The strategy is as follows: We will find a nonconstant entire function f which is
bounded by 1 outside of the strip [Im z| < z. If we consider

8(2) = f(z — 2mi),
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g1
3ri /

/

g1

then it follows that g < 1 outside the strip 7 < Imz < 37 and hence g will be
bounded on every ray. As a final touch, we might then consider

hz) = g(Z);g(O)

which is an entire function that approaches zero along every ray!
Construction of f: Define
oo eZ[
fl@)= / dt.
0

tl‘

The integral converges absolutely since for any z = x + iy,

o0 ooext
/ dt:/ tdt<oo.
0 0

t
Furthermore, f is continuous and for any rectangle R

o0 eZ[ o0 eZ[ o0
f(Z)dZ=/ (/ ,dt)dz=/ (/ tdz)dt:/ 0dt = 0.
R oR \Jo 1 0 oR 1 0

The absolute convergence of the integral justifies the change in the order of integra-
tion. Hence, by Morera’s Theorem, f is entire.

We see from our definition of f that f is real-valued along the real axis. Thus,
by the Schwarz Reflection Principle, f(z) = f(z) and we need only show that f is
bounded for z = x + iy, y > x. In fact, we will show that for z = x + iy, y =
T/24c¢, |f(2)] < 1/c.

To derive the stated upper bound for

oo eZ[
f(Z)Z/O o 4t

eZl

tt
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note that the integrand is an analytic function of # in the right half-plane and hence
we can replace the integral
R ,zt
/ ¢ dr
€ tt

along the positive axis by the integral along the quarter-circle from € to i€ plus the
integral along the imaginary axis from i€ to iR minus the integral along the quarter-
circle Cr of radius R. (See below.) Since the integrand approaches 1 at ¢t = 0, the
integral along the quarter-circle of radius € is negligible. As e — 0 and R — oo,

oo Lzt zt zt
ﬂ@:/ “dr = — lim em+/edt
0 1 tt

t! R—ooo Jo, t!

where [ is the positive imaginary axis. (See the diagram below.)

iR

t-plane

Cr
et dt
it around

the closed contour = 0

i€ 0\\
€ R

Finally we will show that the latter integral is bounded by 1/c and that the limit
on the right is 0.
Using the obvious parametrizationt = iv, 0 < v < 00

et 00 eiuz o0
dt =i - d
[ﬂ IL UWUD«A

butforlImz =7/2 + ¢,

ivz

(iv)iv dv

ivz e~ v(T/24c) e~ v/ (m/240)

= . . = = e
|ewlogw| e—vm/2

ezt e8] 1
/ dt <</ e Pdo = .
rt 0 c

e

(il))i”

Hence
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To estimate
eZt ” T
/ . dt, letr = Re", 0<6O< _.
Cr t 2

Then log? = log R + i6 and

eZl‘

tl

| expl(x +iy)(Rcos6 +iRsin0)]
~ |exp[(log R + i6)(R cosé + iRsin6)]
=exp—[(logR —x)Rcos + (y —O)Rsinb].

Taking R large enough so thatlogR —x >y > y — 0,

zt

o | Sl —OR < e "

and u
e T .
/ dt <~ R-e R,
Cr 1t 2

which approaches 0 as R — oo.

We note that for every nonconstant entire function, there is always some polygonal
line along which the function is not only unbounded but actually approaches infinity.
We prove this result in Chapter 15. (See Exercise 6.)

Exercises

1.* a. Evaluate

eZ
dz,
/1 (z + D*

where 7 is the imaginary axis (from —ioo to 4+i00).
b. Evaluate
I+ico 4z
/ dz, 0<a <oo.
l—ico 2

2.* Evaluate

Jocs yan
Jil=2 V42 -8z 43

3. Evaluate fy e* log zdz where log z is that branch for which log 1 = 0 and y is the parabola: y (t) =
1—124it, —oo <t < o0.

4. Show that
n NVE
Z(—l)k(k) -0 asn— oo.
k=0
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sen()

by integrating along the lines Rez = —3/4 and Rez = n + 3/4.

b. Estimate
Z(_l)k\/(z)
k=0

by integrating along Rez = —1 + d and Rez = n + 1 — 6. Find an optimal J. [Note: Numerical
evidence suggests

5. a. Obtain an improved estimate for

Z(—l)k\/(Z) ~ \/ln for even n].
k=0

6. * Suppose g is the entire function (bounded on every ray) described in the last section. Show that
g(x + 27i) - 00 as x — 00.
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