6
Complex Integration

In the last chapter we introduced functions of a complex variable. We
also established when functions are differentiable as complex func-
tions, or holomorphic. In this chapter we will turn to integration in
the complex plane. We will learn how to compute complex path inte-
grals, or contour integrals. We will see that contour integral methods
are also useful in the computation of some of the real integrals that we
will face when exploring Fourier transforms in the next chapter.

6.1  Complex Path Integrals

In this section we will investigate the computation of complex path
integrals. Given two points in the complex plane, connected by a path
T', we would like to define the integral of f(z) along T,

/l_f(z) dz.

A natural procedure would be to work in real variables, by writing

/r F(z)dz = /r [u(x,y) +iv(x,y)] (dx + idy).

In order to carry out the integration, we then have to find a parametriza-
tion of the path and use methods from a multivariate calculus class.

Before carrying this out with some examples, we first provide some
definitions.

Definition 6.1. A set D is connected if and only if for all z;, and z; in D
there exists a piecewise smooth curve connecting z; to z; and lying in
D. Otherwise it is called disconnected. Examples are shown in Figure
6.2

Definition 6.2. A set D is open if and only if for all zy in D there exists
an open disk |z — zg| < pin D.

In Figure 6.3 we show a region with two disks. For all points on the
interior of the region one can find at least one disk contained entirely

Figure 6.1: We would like to integrate a
complex function f(z) over the path I in
the complex plane.

(@) (b)
Figure 6.2: Examples of (a) a connected
set and (b) a disconnected set.
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in the region. The closer one is to the boundary, the smaller the radii
of such disks. However, for a point on the boundary, every such disk
would contain points inside and outside the disk. Thus, an open set in
the complex plane would not contain any of its boundary points.

Definition 6.3. D is called a domain if it is both open and connected.

Definition 6.4. Let u and v be continuous in domain D, and I a piece-
wise smooth curve in D. Let (x(f),y(t)) be a parametrization of I for
to <t <tyand f(z) = u(x,y) +iv(x,y) for z = x +iy. Then

JL 7z = [ (0,500 + oG, w(0)] G+

(6.1)

Note that we have used

dm=w+my=(ﬁkig>m.

This definition gives us a prescription for computing path integrals.
Let’s see how this works with a couple of examples.

Example 6.1. [z?dz, C = the arc of the unit circle in the first quadrant as
shown in Figure 6.4.

We first specify the parametrization . There are two ways we could do this.
First, we note that the standard parametrization of the unit circle is

(x(0),y(0)) = (cosh,sinh), 0<6<2rm.

For a quarter circle in the first quadrant, 0 < 0 < %, we let z = cosO +
isin 6. Therefore, dz = (— sin@ + i cos 0) d6 and the path integral becomes
/szdz = /7(c059 + isin0)?(— sin 6 + i cos 0) df.

0

We can expand the integrand and integrate, having to perform some trigono-
metric integrations:*

/7 [sin® 8 — 3 cos? 'sin 6 + i(cos® 6§ — 3 cos Osin? §)] db.

0

While this is doable, there is a simpler procedure. We first note that z = €'
on C. So, dz = ie'?d6. The integration then becomes

/zzdz = /Y(eig)zieiedB
c 0

:i/%ww
0

ie3i9 /2
3i lo
1+

= 5 (6.2)

Figure 6.3: Locations of open disks in-
side and on the boundary of a region.

iy
2i —
i
‘\\\\\
1 2 X

Figure 6.4: Contour for Example 6.1.

*The reader should work out these
trigonometric integrations and confirm
the result. For example, you can use

sin® 6 = sinf(1 — cos? 6))
to write the real part of the integrand as
sin @ — 4 cos® O'sin 6.

The resulting antiderivative becomes
4
—cosf + 3 cos® 6.

The imaginary integrand can be inte-
grated in a similar fashion.



Example 6.2. [..zdz, T = 1 Uy is the path shown in Figure 6.5.

In this problem we have path that is a piecewise smooth curve. We can
compute the path integral by computing the values along the two segments of
the path and adding up the results. Let the two segments be called vy, and 7,
as shown in Figure 6.5.

Over 7y, we note that y = 0. Thus, z = x for x € [0,1]. It is natural to
take x as the parameter. So, dz = dx and we have

1 1
/ zdz:/ xdx = =.
T 0 2

For path <y, we have that z = 1+ iy for y € [0,1]. Inserting z and
dz = idy, the integral becomes

1 1
Azzz .0(+ly)1y i-5

Combining these results, we have [pzdz =1+ (i— 1) =1i.

Example 6.3. f% zdz, 3 is the path shown in Figure 6.6.

In this case we take a path from z = 0 to z = 1 + i along a different path.
Let v3 = {(x,y)|ly = 2%, x € [0,1]} = {z|z = x +ix?,x € [0,1]}. Then,
dz = (1 + 2ix) dx.

The integral becomes

1
/zdz = /(x+ix2)(1+2ix)dx
73 0

1
= / (x 4 3ix? —2x%) dx =
0

1
= sz +ix® — ;x‘l} =i (6.3)

In the last case we found the same answer as in Example 6.2. But we
should not take this as a general rule for all complex path integrals. In
fact, it is not true that integrating over different paths always yields the
same results. We will now look into this notion of path independence.

Definition 6.5. The integral [ f(z)dz is path independent if

z)dz = z)dz
T, f( ) T f( )
for all paths from z; to zp.

If [ f(z)dz is path independent, then the integral of f(z) over all
closed loops is zero,

dz = 0.
/closed loopsf(z) :

A common notation for integrating over closed loops is ¢ f(z) dz. But
first we have to define what we mean by a closed loop.
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iy
21 +—
i
— 1
yl 1 2 X

Figure 6.5: Contour for Example 6.2 with
I'=y1U.

iy
2i +

Figure 6.6: Contour for Example 6.3.

i

Figure 6.7: [; f(z)dz = [ f(z)dz for
all paths from z; to zo when the integral
of f(z) is path independent.
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Definition 6.6. A simple closed contour is a path satisfying C
2

a The end point is the same as the beginning point. (This makes
the loop closed.)

b The are no self-intersections. (This makes the loop simple.) C

A loop in the shape of a figure eight is closed, but it is not simple.

Now, consider an integral over the closed loop C shown in Figure

6.8. We pick two points on the loop breaking it into two contours, C;
and C,. Then we make use of the path independence by defining C, Figure 6.8: The integral §.f(z)dz

to be the path along C; but in the opposite direction. Then, around C is zero if the integral [1. f(z) dz
is path independent.

/le(z)d2+/czf(z)dz
/C1 f(z)dz — /C{ f(z)dz. (6.4)

fcf(z) dz

Assuming that the integrals from point 1 to point 2 are path indepen-
dent, then the integrals over C; and C, are equal. Therefore, we have
$c f(z)dz =0.

Example 6.4. Consider the integral §-zdz for C the closed contour shown
in Figure 6.6 starting at z = 0 following path <1, then v, and returning to
z = 0. Based on the earlier examples and the fact that going backwards on 3
introduces a negative sign, we have

y{zdz:/zdz+ zdz—/ zdz-1+(i—1>—i—
C S T2 73 2 2

6.2 Cauchy’s Theorem

Next we want to investigate if we can determine that integrals over

simple closed contours vanish without doing all the work of parametriz-

ing the contour. First, we need to establish the direction about which

we traverse the contour.

Definition 6.7. A curve with parametrization (x(t),y(t)) has a normal
— (_dx dy

(nx,ny) = (=G 77)-

Recall that the normal is a perpendicular to the curve. There are two
such perpendiculars. The above normal points outward and the other
normal points towards the interior of a closed curve. We will define a
positively oriented contour as one that is traversed with the outward
normal pointing to the right. As one follows loops, the interior would
then be on the left.

We now consider §-(u + iv) dz over a simple closed contour. This
can be written in terms of two real integrals in the xy-plane.

7§C(u+iv)dz - /C(u+iv)(dx+idy)
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= /udx—vdy+i/vdx+udy. (6.5)
c c

These integrals in the plane can be evaluated using Green’s Theorem
in the Plane. Recall this theorem from your last semester of calculus:

Green’s Theorem in the Plane.

Theorem 6.1. Let P(x,y) and Q(x,y) be continuously differentiable
functions on and inside the simple closed curve C. Denoting the en-
closed region S, we have

/de+Qdy // <—> dxdy. 6.6)

Using Green’s Theorem to rewrite the first integral in (6.5), we have

/udx—vdy // ( av—au>ddy

If u and v satisfy the Cauchy-Riemann equations (5.13), then the inte-

grand in the double integral vanishes. Therefore,

dx —vdy = 0.
/Cux vdy

In a similar fashion, one can show that
/ vdx+udy = 0.
C

We have thus proven the following theorem:

Cauchy’s Theorem

Theorem 6.2. If u and v satisfy the Cauchy-Riemann equations (5.13)
inside and on the simple closed contour C, then

fg (u+iv)dz = 0. 6.7)

Corollary §- f(z)dz = 0 when f is differentiable in domain D with
CcD.

Either one of these is referred to as Cauchy’s Theorem.

Example 6.5. Consider f\z—1|=3 z*dz. Since f(z) = z* is differentiable in-
side the circle |z — 1| = 3, this integral vanishes.

We can use Cauchy’s Theorem to show that we can deform one
contour into another, perhaps simpler, contour.

Theorem 6.3. If f (z) is holomorphic between two simple closed contours, C
and C', then § f(z)dz = $ f(

131
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We consider the two curves as shown in Figure 6.9. Connecting
the two contours with contours I'; and I'; (as shown in the figure), C
is seen to split into contours C; and C; and C’ into contours C; and
C). Note that f(z) is differentiable inside the newly formed regions
between the curves. Also, the boundaries of these regions are now
simple closed curves. Therefore, Cauchy’s Theorem tells us that the
integrals of f(z) over these regions are zero.

Noting that integrations over contours opposite to the positive ori-
entation are the negative of integrals in the opposite directions, we
have from Cauchy’s Theorem that

/C]f(Z)dz—i—/rlf(z)dz—/qf(z)dz—k/nf(z)dz—
/sz(Z)dz/rzf(z)dz/Céf(z)dz/rlf(z)dzz

In the first integral we have traversed the contours in the following

and

order: Cj, I';, C] backwards, and I';. The second integral denotes
the integration over the lower region, but going backwards over all
contours except for Cp.

Combining these results by adding the two equations above, we

dz + / dz — / dz — dz =
Jo vz [ = [ ez [ )z
Noting that C = C; + C; and C' = C| + C}, we have

é:f(z)dz = C/f(z)dz

have

as was to be proven.

Example 6.6. Compute §,  for R the rectangle [~2,2] x [—2i,2i].

We can compute this integral by looking at four separate integrals over the
sides of the rectangle in the complex plane. One simply parametrizes each line
segment, perform the integration and sum the four separate results. From the
last theorem, we can instead integrate over a simpler contour by deforming
the rectangle into a circle as long as f(z) = % is differentiable in the region
bounded by the rectangle and the circle. So, using the unit circle, as shown in
Figure 6.10, the integration might be easier to perform.

More specifically, the last theorem tells us that

fE-f.%

The latter integral can be computed using the parametrization z = €' for

6 € [0,27]. Thus,
?{ dz /ZH ie™ do
2=tz  Jo e?

C

2
Figure 6. 9 The contours needed to prove
that §- f(z)dz = ¢ f(z) dz when f(z)

is holomorphlc between the contours C
and C'.

iy

andl)
NI

2 -1

Figure 6.10: The contours used to com-
pute §, %. Note that to compute the in-
tegral around R we can deform the con-
tour to the circle C since f(z) is differ-
entiable in the region between the con-
tours.



27
= i[ d6=2mi (6.8)
0

Therefore, we have found that ¢, 9 — 271i by deforming the original simple

z
closed contour.

iyh Yz
R \\\ 2i P //
™, d
\\ //
. i Vs
\\\ i //
AN d
YS \\ /// ’Y
A N S ﬁ 1
\\
— : >
TS T
-2 -1 // ’\ 1 2 x
d Y
// \\
// \\
e .1 .
e -l \
// \\\
// N,
d A
d . \\
-2i
Y4

For fun, let’s do this the long way to see how much effort was saved.
We will label the contour as shown in Figure 6.11. The lower segment, y4
of the square can be simple parametrized by noting that along this segment
z = x — 2i for x € [—2,2]. Then, we have

15 - Lt
vz Joox—2i

= In|x—2i*,
= (111(2\6) - %) — (111(2\6) - 347-[1)
= % (6.9)

We note that the arquments of the logarithms are determined from the angles
make by the diagonals provided in Figure 6.11.

Similarly, the integral along the top segment, z = x +2i, x € [—2,2], is
computed as

dz /*2 dx
wz 2 x+2i
= In|x+2i|,?
- <1n(2\/§) + 3’;”) - (m(zfz) + T)
— % (6.10)

The integral over the right side, z = 2 + iy, y € [—2,2], is

dz /2 idy
mz o Ja2+iy

= In[2+iyf%,
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Figure 6.11: The contours used to com-
pute §, df. The added diagonals are
for the reader to easily see the argu-
ments used in the evaluation of the lim-
its when integrating over the segments
of the square R.
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(m(zﬁ) + T) — (m(zﬁ) - T)

7Tl

= 5 (6.11)
Finally, the integral over the left side, z = =2+ iy, y € [—2,2]., is
L5 - Lt
N
= In|-2+iy,
- (m(zﬁ) + 547”) - (1n(2\/§) + 347”)
= % (6.12)
Therefore, we have that
dz dz dz dz dz
= = | =+ / =+ =+ =
R z Im 2 I 2 73 2 4 2
_omimim mi
2 2 2 2
- 4(%) = 271i. (6.13)

This gives the same answer we had found using a simple contour deformation.

The converse of Cauchy’s Theorem is not true, namely §. f(z) dz =
0 does not always imply that f(z) is differentiable. What we do have
is Morera’s Theorem(Giacinto Morera, 1856-1909):

Theorem 6.4. Let f be continuous in a domain D. Suppose that for every
simple closed contour C in D, § f(z) dz = 0. Then f is differentiable in D.

The proof is a bit more detailed than we need to go into here. How-
ever, this theorem is useful in the next section.

6.3 Analytic Functions and Cauchy’s Integral Formula

In the previous section we saw that Cauchy’s Theorem was useful for
computing particular integrals without having to parametrize the con-
tours, or to deform contours to simpler ones. The integrand needs to
possess certain differentiability properties. In this section, we will gen-
eralize our integrand slightly so that we can integrate a larger family of
complex functions. This will take the form of what is called Cauchy’s
Integral Formula, which extends Cauchy’s Theorem to functions ana-
lytic in an annulus. However, first we need to explore the concept of
analytic functions.

Definition 6.8. f(z) is analytic in D if for every open disk |z — zp| < p
lying in D, f(z) can be represented as a power series in zg. Namely,

f(z) = i@ nlz — 20)".



This series converges uniformly and absolutely inside the circle of con-
vergence, |z — zo| < R, with radius of convergence R.

Since f(z) can be written as a uniformly convergent power se-
ries, we can integrate it term by term over any simple closed contour
in D containing zp. In particular, we have to compute integrals like
$c(z — 29)" dz. As we will see in the homework exercises, these inte-
grals evaluate to zero for most n. Thus, we can show that for f(z) an-
alytic in D and any C lying in D, §. f(z) dz = 0. Also, f is a uniformly
convergent sum of continuous functions, so f(z) is also continuous.
Thus, by Morera’s Theorem, we have that f(z) is differentiable if it is
analytic. Often terms like analytic, differentiable and holomorphic are
used interchangeably, though there is a subtle distinction due to their
definitions.

Let’s recall some manipulations from our study of series of real

functions.
Example 6.7. f(z) = ﬁfor zp = 0.
This case is simple. f(z) is the sum of a geometric series for |z| < 1. We
have
— 1 — - n
fle) = o = Y (2"

Thus, this series expansion converges inside the unit circle (|z| < 1) in the
complex plane.

Example 6.8. f(z) = ﬁfor zo = 5. We now look into an expansion about
a different point. We could compute the expansion coefficients using Taylor’
formula for the coefficients. However, we can also make use of the formula
for geometric series after rearranging the function. We seek an expansion in
powers of z — % So, we rewrite the function in a form that has this term.

Thus,
1 1 1

(RS TR e e T R B V)

This is not quite in the form we need. It would be nice if the denominator
were of the form of one plus something. [Note: This is just like what we had
done in Chapter 2 with functions of real variables. See Example 2.33.] We
can get the denominator into such a form by factoring out the % Then we
would have

2 1
Z) = c—sr.
R TE (=)
The second factor now has the form 1L, which would be the sum of a geo-
metric series with first term a = 1 and ratio r = —%(z - %) provided that

| #| <1. Therefore, we have found that

> [F2e-p]

n=0

fz) =

WIN
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There are various types of complex-
valued functions. A holomorphic func-
tion is (complex-)differentiable in a
neighborhood of every point in its do-
main. An analytic function has a conver-
gent Taylor series expansion in a neigh-
borhood of each point in its domain. We
see here that analytic functions are holo-
morphic and vice versa. If a function
is holomorphic throughout the complex
plane, then it is called an entire function.
Finally, a function which is holomorphic
on all of its domain except at a set of iso-
lated poles (to be defined later), then it
is called a meromorphic function.
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for
2 1
—Z@z-9) <1
-3-3)l<
This convergence interval can be rewritten as
-5l <3
20 T2

This is a circle centered at z = % with radius %

In Figure 6.12 we show the regions of convergence for the power

11? about z = 0 and z = % We note

that the first expansion gives that f(z) is at least analytic inside the

series expansions of f(z) =

region |z| < 1. The second expansion shows that f(z) is analytic in a
region even further outside to the region |z — %| < % We will see later
that there are expansions outside of these regions, though some are
expansions involving negative powers of z — zg.

We now present the main theorem of this section:

Cauchy Integral Formula

Theorem 6.5. Let f(z) be analytic in |z — zg| < p and let C be the
boundary (circle) of this disk. Then,

fao) = o f L& e

C2miJez—zo

(6.14)

In order to prove this, we first make use of the analyticity of f(z).
We insert the power series expansion of f(z) about zy into the inte-
grand. Then we have

fo) 1

Z—2p Z—2Zp

o0
cn(z —zp)"
n=0

1 2

= o [Co+C1(Z—Zo)+C2(Z—ZQ) +}

= < +eto(z—20)4+.-..
Z—2Z

(6.15)

analytic function

As noted the integrand can be written as

S =9 4 h(z),

Z— 20 Z—2Zp
where h(z) is an analytic function, since h(z) is representable as a se-
ries expansion about zy. We have already shown that analytic functions
are differentiable, so by Cauchy’s Theorem ¢ (z) dz = 0. Noting also
that co = f(zp) is the first term of a Taylor series expansion about

z = zp, we have

" f(2) 1

L f [0 ) a2 = s f, o

iyj

-2 -1

-2i

Figure 6.12: Regions of convergence for

expansions of f(z) =

1

and z = 3.

1 _
T+ about z = 0



We need only compute the integral ¢ dz to finish the proof of

1
Z—Z)
Cauchy’s Integral Formula. This is done by parametrizing the circle,
|z — 29| = p, as shown in Figure 6.13. This is simply done by letting

z —zo = pe'd.

(Note that this has the right complex modulus since || = 1. Then
dz = ipe’?df. Using this parametrization, we have

27T i0 27
% —/ ipe de—i de = 27ri.
z— 2z pet? 0

Therefore,

dz = 27f(z),

T b= ) .

cCzZ—2
as was to be shown.

Example 6.9. Compute fﬁz\:4 o dz.

In order to apply the Cauchy Integral Formula, we need to factor the de-
nominator, z* — 6z +5 = (z — 1)(z — 5). We next locate the zeros of the
denominator. In Figure 6.14 we show the contour and the points z = 1 and
z = 5. The only point inside the region bounded by the contour is z = 1.
Therefore, we can apply the Cauchy Integral Formula for f(z) = S5Z to the

integral

R R R
/|z\:4 (Z—l)(Z—5)d /\z\ 4( )d an()

Therefore, we have

cosz _ micos(1)
e L

We have shown that f(zp) has an integral representation for f(z)
analytic in |z — 29| < p. In fact, all derivatives of an analytic function
have an integral representation. This is given by

£ (z0) = ”—'7{ (f(z) dz. (6.16)

2mti Je (z — zp)H1

This can be proven following a derivation similar to that for the
Cauchy Integral Formula. Inserting the Taylor series expansion for
f(z) into the integral on the right hand side, we have

f(z) (z—zp)"
fé( n+1dz—20m]{ (z—z)" 1 dz.

Picking k = n — m, the integrals in the sum can be computed by using
the following lemma.
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iy

Figure 6.13: Circular contour used in
proving the Cauchy Integral Formula.

iy

A #
Gy
." | o »
\ t H /! 5 =
\ . /

Figure 6.14: Clrcular contour used in
computing ¢, _, %% dz.
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Lemma

%C dz :{ 0, k#£0 6.17)

(z — zg)k+1 2mti, k=0.

This is problem 3. So, the only nonvanishing integrals are when k =
n—m = 0, or m = n. Therefore,

f(z) o
fémdz—mncn.

To finish the proof, we recall that the coefficients of the Taylor series
expansion for f(z) are given by

£ (z0)

Cp = |
n.

and the result follows.

6.4 Laurent Series

Until this point we have only talked about series whose terms have
nonnegative powers of z — z. It is possible to have series representa-
tions in which there are negative powers. In the last section we inves-
tigated expansions of f(z) = 11? about z =0and z = % The regions
of convergence for each series was shown in Figure 6.12. Let us recon-
sider each of these expansions, but for values of z outside the region
of convergence previously found..

Example 6.10. f(z) = 11 for |z] > 1.
As before, we make use of the geometric series . Since |z| > 1, we instead
rewrite our function as

1 1 1

SO =1 =T

We now have the function in a form of the sum of a geometric series with first
term a = 1 and ratio r = —1. We note that |z| > 1 implies that |r| < 1.
Thus, we have the geometric series

f@»—iiz(—i)f

This can be re-indexed? as

e

f0)= L= = L

j=1

Note that this series, which converges outside the unit circle, |z| > 1, has
negative powers of z.

> Re-indexing a series is often useful in
series manipulations. In this case, we
have the series

00

Y ()=t
n=0
The index is n. You can see that the in-
dex does not appear when the sum is
expanded showing the terms. The sum-
mation index is sometimes referred to
as a dummy index for this reason. Re-
indexing allows one to rewrite the short-
hand summation notation while captur-
ing the same terms. In this example, the
exponents are —n — 1. We can simplify
the notation by letting —n —1 = —j, or
j =n+1. Noting that j = 1 whenn =0,
we get the sum Y2 1 (=1)/ "1z



Example 6.11. f(z) = %ﬂfor z— 3> 3.

As before, we express this in a form in which we can use a geometric series
expansion. We seek powers of z — . So, we add and subtract % to the z to
obtain:

1 1 1

JEEEIREENCES PRV BNV}
)

f(2)

Instead of factoring out the % we factor out the (z — % term. Then, we obtain

f<z>: = 1
2

Again, we identify a = 1 and r = —3(z — })~1. This leads to the series
1 & 3 1, .4\"
fle) = (-3e-3) -

This converges for |z — %| > % and can also be re-indexed to verify that this

series involves negative powers of z — 5.

This leads to the following theorem:

Theorem 6.6. Let f(z) be analytic in an annulus, Ry < |z — zg| < Rp, with
C a positively oriented simple closed curve around zy and inside the annulus
as shown in Figure 6.15. Then,

f(z) =Y aj(z—z0) + Y_bj(z—z) "/,
j=0 j=1
with )
1 ' z
b =55 jéc (z — zo)it1 dz,
and

1 f(z)
]{C ( dz

) 2 z —zo)—f+1 ’
The above series can be written in the more compact form
o0

fl2)=Y ¢(z—z).

jzfoo
Such a series expansion is called a Laurent series expansion named after
its discoverer Pierre Alphonse Laurent (1813-1854).
1 .
= oo the annulus 1 < |z| < 2.
Using partial fractions , we can write this as

f(z):;[ll—ﬁziz]

Example 6.12. Expand f(z)
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iy

X
Figure 6.15: This figure shows an an-
nulus, Ry < |z—2z9| < Ry, with C a

positively oriented simple closed curve
around zg and inside the annulus.
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We can expand the first fraction, 1=
|z| > 1 and the second fraction

, as an analytic function in the region

, 2+Z, as an analytic function in |z| < 2. This

is done as follows. First, we write

oy 2 h ()
24z 21-(-3)] 249\ 2/ °
Then we write
1 1 1& 1
-z z[1-1] 7_2227'
z n=0
Therefore, in the common region, 1 < |z| < 2, we have that
1 111 FAN - |
A 901 - 3[2};0(2) ,;oz"“]
v D", v (5D
= z" 4 P A (6.18)
L T h

We note that this indeed is not a Taylor series expansion due to the existence
of terms with negative powers in the second sum.

6.5 Singularities and The Residue Theorem

In the last section we found that we could integrate functions satisfy-
ing some analyticity properties along contours without using detailed
parametrizations around the contours. We can deform contours if the
function is analytic in the region between the original and new con-
tour. In this section we will extend our tools for performing contour
integrals.

The integrand in the Cauchy Integral Formula was of the form

g(z) = Zf(z) , where f(z) is well behaved at zg. The point z = zj is
called a singularity of g(z), as g(z) is not defined there. As we saw
from the proof of the Cauchy Integral Formula, g(z) has a Laurent

series expansion about z = zp,

1
82) = 22 (zo) + 2" o) e~ )
We will first classify singularities and then use singularities to aid in
computing contour integrals.

Definition 6.9. A singularity of f(z) is a point at which f(z) fails to be
analytic.

Typically these are isolated singularities. In order to classify the
singularities of f(z), we look at the principal part of the Laurent series

of f(z) about z = zy: Z °1bj(z —20) .

1. If f(z) is bounded near zy, then z( is a removable singularity.



2. If there are a finite number of terms in the principal part of the
Laurent series of f(z) about z = zp, then z is called a pole.

3. If there are an infinite number of terms in the principal part of the
Laurent series of f(z) about z = zp, then zj is called an essential
singularity.

__ sinz

Example 6.13. Removable singularity: f(z) = 2=,
At first it looks like there is a possible singularity at z = 0, since the

denominator is zero at z = 0. However, we know from the first semester
sinz

of calculus that lim, o *2

= 1. Furthermore, we can expand sinz about
z = 0 and see that

3 2

sinz 1 z z
. —E(zfa+...)—1—a+....

Thus, there are only nonnegative powers in the series expansion. So, z = 0 is

a removable singularity.

Example 6.14. Poles f(z) = ﬁ

For n =1 we have f(z) = % This function has a singularity at z = 1.
The series expansion is found by expanding e* about z = 1:

_ z—1 __ e £ _
f(z)—z_le —Z_1+e+2!(z 1)+....

Note that the principal part of the Laurent series expansion about z = 1 only
has one term, ﬁ Therefore, z = 1 is a pole. Since the leading term has an
exponent of —1, z = 1 is called a pole of order one, or a simple pole.

For n = 2 we have f(z) = # The series expansion is found again by
expanding e* about z = 1:
e . e e e e
= = —+=z-1)+....
f@) = g otz tataEo bt

Note that the principal part of the Laurent series has two terms involving
(z—1)"2and (z — 1)1 Since the leading term has an exponent of —2,
z = 1 s called a pole of order 2, or a double pole.

Example 6.15. Essential Singularity f(z) = e
In this case we have the series expansion about z = 0 given by

n
() £ 1

" =
n: =0

fe) ==y,
n=0

We see that there are an infinite number of terms in the principal part of the
Laurent series. So, this function has an essential singularity at z = 0.

In the above examples we have seen poles of order one (a simple
pole) and two (a double pole). In general, we can define poles of order
k.
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Definition 6.10. f(z) has a pole of order k at zp if and only if (z —
z0)¥f(z) has a removable singularity at zg, but (z —z)*~ f(z) for k > 0
does not.

Example 6.16. Determine the order of the pole at z = 0 of f(z) = cotzcscz.
First we rewrite f(z) in terms of sines and cosines.

Cos z
2

f(z) =cotzescz = —5—.
sin” z

We note that the denominator vanishes at z = 0. However, how do we know

that the pole is not a simple pole? Well, we check to see if (z —0)f(z) has a

removable singularity at z = 0 :

. . ZCosz
lim(z—-0)f(z) = lim—
z—0 z—0 sin“ z
. z . Cosz
= lim — lim —
z—0 sinz z—0 sinz
Ccos z
= lim —. 6.1
z—0 sinz (6.19)

We see that this limit is undefined. So, now we check to see if (z — 0)?f(z)
has a removable singularity at z = 0 :

2

lim(z — 0)2f(z) = lim — =
z—0 z—0 sin“z
. z . ZCoSZ
= <hm > <hm _ )
z—0sinz ) \z—0 sinz
z
= lim — 0)=1. 6.
zlgtl) sinzcos( ) (6:20)

In this case, we have obtained a finite, nonzero, result. So, z = 0 is a pole of
order 2.

We could have also relied on series expansions. So, we expand both the
sine and cosine in a Taylor series expansion:

,) = 08z _ 1— 222+
T oain2s 1.3 2°
sin“z  (x — 5122 4...)

Factoring a z from the expansion in the denominator,

—lZ2
fl@) = ga et = 2 (1r0@),

21— Az 4.2
we can see that the leading term will be a 1/z2, indicating a pole of order 2.

We will show how knowledge of the poles of a function can aid in
the computation of contour integrals We now show that if a function,
f(z), has a pole of order k, then

fcf(z) dz = 27ti Res[f(z); zo]




where we have defined Res|[f(z);zo] as the residue of f(z) at z = z.
In particular, for a pole of order k the residue is given by

Residues - Poles of order k

k—1
Res|[f(z);z0] = lim (kll)';zk—l [(z —zo)kf(z)] (6.21)

Z—Z(

Proof. Let ¢(z) = (z — z0)¥f(z) be analytic. Then ¢(z) has a Taylor
series expansion about zy. As we had seen in the last section, we can
write the integral representation of derivatives of ¢ as

¢(k—1)(zo) — (ki 1)! %C 47(2) dz.

27ti (z—zp)k

Inserting the definition of ¢(z) we then have

-1y, y_ k=1t 7{
(P (ZO) 27_[1 C f(Z) dZ.
Solving for the integral, we have the result

2w dkl

frd = T [0
= 2mi Res[f(z); zo] (6.22)

O

Note: If zj is a simple pole, the residue is easily computed as

Res[f(z);zg] = lim (z — zp) f(2).

Z—2Z0

In fact, one can show (Problem 4) that for g and / analytic functions at
zo, with ¢(z0) # 0, h(z9) = 0, and h'(zg) # 0,

Res {g(z);zo} _ f(=0)

h(z) 8'(z0)
Example 6.17. Find the residues of f(z) = W&zﬂ)'

f(z) has poles at z = —1,z = 2i, and z = —2i. The pole at z = —1 is
a double pole (pole of order 2). The other poles are simple poles. We compute
those residues first:

. . . z—1
Reslf(2);21] = i (z = 20) 3y, 1oz = 20
- fm 21

z—2i (z+1)2(z + 2i)
21 11

(2i+1)2(4)) 50 100" (6.23)

COMPLEX INTEGRATION

143



144 FOURIER AND COMPLEX ANALYSIS

z—1
R =21l = 1 2i
eslf(2); —2i] Jim G+ 2) e s e — 2
=  lim L
2520 (z+ 1)2(z — 2i)
—2i—1 1 11 .
= (Caipipa) - 50 Tio- G
For the double pole, we have to do a little more work.
] o d] 2 z—1
Reslf(2); 1] = zlgg dz _(Z +1) (z+1)2(z2 + 4)}
—  lim — i
C zo-1dz (22 +4)
. od [22+4-22(z-1)
= lim —
z—-1dz | (22 +4)2
B limi'—zz+22+4
 zs1dz | (22+4)2
1
= > (6.25)

Example 6.18. Find the residue of f(z) = cotz at z = 0.

We write f(z) = cotz = $°Z and note that z = 0 is a simple pole. Thus,

zcosz

Res[cotz;z = 0] = lim — = cos(0) = 1.
20 sinz
Example 6.19. fﬂz\zl Lz

We begin by looking for the singularities of the integrand. These are located
at values of z for which sinz = 0. Thus, z = 0,%xm, £2m,..., are the
singularities. However, only z = 0 lies inside the contour, as shown in Figure
6.16. We note further that z = 0 is a simple pole, since

lim(z —0) ,1 =1
20 sinz

Therefore, the residue is one and we have

dz .
j{ — = 2711.
|z|=1 sinz

In general, we could have several poles of different orders. For
example, we will be computing

f dz
lz2j=222—1"

The integrand has singularities at z2 — 1 = 0, or z = +1. Both poles
are inside the contour, as seen in Figure 6.19. One could do a par-
tial fraction decomposition and have two integrals with one pole each.
However, in cases in which we have many poles, we can use the fol-
lowing theorem, known as the Residue Theorem.

-1

Figure 6.16:
d
f\z\:l ﬁ

\,

1

~
/

Contour for computing




The Residue Theorem

Theorem 6.7. Let f(z) be a function which has poles zj, j =1,...,N
inside a simple closed contour C and no other singularities in this re-
gion. Then,

N
jgsf(z) dz = 27i Z Res[f(z);z], (6.26)
=1

where the residues are computed using Equation (6.21).

The proof of this theorem is based upon the contours shown in Fig-
ure 6.17. One constructs a new contour C’ by encircling each pole, as
show in the figure. Then one connects a path from C to each circle. In
the figure two paths are shown only to indicate the direction followed
on the cut. The new contour is then obtained by following C and cross-
ing each cut as it is encountered. Then one goes around a circle in the
negative sense and returns along the cut to proceed around C. The
sum of the contributions to the contour integration involve two inte-
grals for each cut, which will cancel due to the opposing directions.
Thus, we are left with

fc/f(z)dz:?{Cf(z)dz—?{le(z)dz—?{czf(z)dz— C3f(z)dz:O.

Of course, the sum is zero because f(z) is analytic in the enclosed re-
gion, since all singularities have be cut out. Solving for ¢ f(z) dz, one
has that this integral is the sum of the integrals around the separate
poles, which can be evaluated with single residue computations. Thus,
the result is that § f(z) dz is 27ti times the sum of the residues.

Example 6.20. le\ZZ sz—fl.
We first note that there are two poles in this integral since

1 1
2-1 (z=1)(z+1)’

n_on

In Figure 6.19 we plot the contour and the two poles, denoted by an "x”.
Since both poles are inside the contour, we need to compute the residues for
each one. They are both simple poles, so we have

1
Res |:22,Z -

: 1} = lim(z —1)

z—1 z2 -1

1 1
= -, 6.
zlg}z-i-l 2 (6-27)

and

1 . 1
RES |:22_1,Z = —1:| = Zli}l{ll(z + 1)7

COMPLEX INTEGRATION 145

Figure 6.17: A depiction of how one
cuts out poles to prove that the inte-
gral around C is the sum of the integrals
around circles with the poles at the cen-
ter of each.
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Then, ;
z 1 1
= —2mi(z—2)=0.
ffiz|:zz2—1 mi(z = 3)

Example 6.21. 3§|Z‘:3 (Z_ZA dz.

1)2(z+2)
In this example there are two poles z = 1, —2 inside the contour. z = 1is
a second order pole and z = —2 is a simple pole. [See Figure 6.18]. Therefore,
we need the residues at each pole of f(z) = %:
. 1d »  ZA+1
Reslf(z)iz =11 = lim 357 [<Z 1 (z—l)Z(z—i—Z)}
~ m 22 +4z-1
N (Z + 2)2
= g (6.29)
Res[f(z);z=1] = lim (z+2)22—+1
T ) (z—=1)2(z+2)
~ lim 2L
-2 (z—1)2
= g (6.30)

The evaluation of the integral is found by computing 27i times the sum of
the residues:

241 4 5
——————dz=2mi | -+ = | = 2mi.
]\{ZI:S (z-1)%(z+2) (9 9)
Example 6.22. fOZH .

Here we have a real integral in which there are no signs of complex func-
tions. In fact, we could apply methods from our calculus class to do this
integral, attempting to write 1 + cos§ = 2 cos® %. However, we do not get
very far.

One trick, useful in computing integrals whose integrand is in the form
f(cosB,sin®), is to transform the integration to the complex plane through
the transformation z = e, Then,

cosGZM: ! <z+1),
z

2 2
) el _ =i i 1
SanZT:—E (Z_Z>.

Under this transformation, z = %, the integration now takes place around
the unit circle in the complex plane. Noting that dz = ie'® d0 = izdf, we
have
dz

7{ iz
el=1241 (z—l—%)

27T 4o
0o 2+cosf

iy
3i
A4
X X
-3 &y3 x
-3i

Figure 6.18: Contour for computing

241
f\z\:3 (zfi)ZJr(z+2) dz.

iy
2i

-2i

Figure 6.19: Contour for computing

dz
lzl=2 21"
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. dz
= —1 % 1—2
Jlzl=12z + 5 (22 +1)
dz
= —21'7{ R —— 6.31
lzj=1 22 +4z+1 (631)
iy Figure 6.20: Contour for computing

2T 4o

/\\ Jo 2Fcose-
v / ‘

We can apply the Residue Theorem to the resulting integral. The singu-
larities occur for z> + 4z + 1 = 0. Using the quadratic formula, we have the
roots z = —2 =+ /3. The location of these poles are shown in Figure 6.20.
Only z = —2 + /3 lies inside the integration contour. We will therefore
need the residue of f(z) = ﬁ at this simple pole:

_ —2i
Reslf(iz=-2+V3] = lm (2= (-24V3)gogy

z—(=2+4++/3)

- _Zizaljﬂﬁ (z—(=2+V3))(z— (-2—-+3))
. . 1
= 2 z%lflgﬂﬁz —(-2- \@)
—2i

—2+3— (-2 3)

—1

V3

—i\@
= 3 (6.32)

Therefore, we have

2 d _21.}4 dz ) ,(—i\/§ 271v/3

3 3
(6.33)

Before moving on to further applications, we note that there is an-

0 2+cosf b1 22 +4z+1 ™

other way to compute the integral in the last example. Weierstrafs
introduced a substitution method for computing integrals involving
rational functions of sine and cosine. One makes the substitution
t= tang and converts the integrand into a rational function of t. You
can show that this substitution implies that

sinf =

14 #27 14 #2’
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and
2dt

S ire

The interested reader can show this in Problem 9 and apply the method.

de

In order to see how it works, we will redo the last problem.

de

Example 6.23. Apply the Weierstraf$ substitution method to compute fOZH TTeos"

/‘2” de B /°° 1 2dt
Jo 2 0 Sl 1412
0 + cos 2+ 175 +t

© dt
= 2 _
~/foo 243

_ %x@tan*l (‘ft) )Oj = 271\@. (6.34)

3

6.6 Infinite Integrals

As our final application of complex integration techniques, we will
turn to the evaluation of infinite integrals of the form [*_f(x)dx.
These types of integrals will appear later in the text and will help to
tie in what seems to be a digression in our study of Fourier Analysis.
In this section we will see that such integrals may be computed by
extending the integration to a contour in the complex plane.

Recall that such integrals are improper integrals and you had seen
them in your calculus classes. The way that one determines if such
integrals exist, or converge, is to compute the integral using a limit:

/jof(x)dx = lim /j;f(x)dx.

R—o0

For example,

00 R 2 _p)2
/ xdx = lim xdx = lim R—— (=R) =0.
—0 R—oo J_R R—oo \ 2 2

However, The integrals [;” xdx and [ 0 xdx do not exist. Note that

00 R R2
/ xdx = lim xdx = lim (> = oo.
0 2

R—o00 J0 R—o0

Therefore,
/_O;f(x)dx = /_Ooof(x) dx + /Ooof(x) dx

does not exist while limg_,c, | fR f(x)dx does exist. We will be inter-
ested in computing the latter type of integral. Such an integral is called



the Cauchy Principal Value Integral and is denoted with either a P, PV,
or a bar through the integral:

o0 ) © R
P[ fyax=pv [ fdx=f flydx=lim [ flxd
—o0 —00 —00 —00 J—R
635)
If there is a discontinuity in the integral, one can further modify
this definition of principal value integral to bypass the singularity. For
example, if f(x) is continuous on a2 < x < b and not defined at x = xo,
then

/abf(x)dleim </ﬂx0_€f(x)dx+ ' f(x)dx)

e—0 Xo+e€
In our discussions we will be computing integrals over the real line in

the Cauchy principal value sense.

Example 6.24. Compute fil % in the Cauchy Principal Value sense. In
1

this case, f(x) = = is not defined at x = 0. So, we have

[ ([
1 x3 o 1 x3 e x3

1i LN I I N 6.36
6%(1ﬂ4‘n¢>' (6.36)

We now proceed to the evaluation of such principal value inte-

grals using complex integration methods. We want to evaluate the
integral [* f(x)dx. We will extend this into an integration in the
complex plane. We extend f(x) to f(z) and assume that f(z) is an-
alytic in the upper half plane (Im(z) > 0). We then consider the
integral ffR f(x)dx as an integral over the interval (—R, R). We view
this interval as a piece of a contour Cr obtained by completing the
contour with a semicircle I'r of radius R extending into the upper
half plane as shown in Figure 6.21. Note, a similar construction is
sometimes needed extending the integration into the lower half plane
(Im(z) < 0)when f(z) is analytic there.

The integral around the entire contour Cg can be computed using
the Residue Theorem and is related to integrations over the pieces of
the contour by

f;_,R f(z)dz = /FR f(z)dz + L 1; f(z) dz. 6.37)

Taking the limit R — oo and noting that the integral over (—R, R) is
the desired integral, we have

P/_if(x)dx = f(;f(z) dz — lim /I"R f(z)dz, (6.38)

R—o0

where we have identified C as the limiting contour as R gets large.
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Figure 6.21: Contours for computing

P [% f(x)dx.
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Now the key to carrying out the integration is that the second inte-
gral vanishes in the limit. This is true if R|f(z)| — 0 along 'z as R —
co. This can be seen by the following argument. We can parametrize
the contour I'g using z = Re®®. Then, when |f(z)| < M(R),

/0' 7 F(Re)Rel® d@‘
R/OZ” f(Re®)| do

< RM(R) /0 " o
= 2nRM(R). (6.39)

- f(z)dz

IA

So, if img_,co RM(R) = 0, then limg_, o er f(z) dz=o.
We show how this applies some examples.

Example 6.25. [* 11’;2.

We already know how to do this integral from our calculus. We have that

©  dx T
= lim (2tan'R) =2(7) =
[oi = dim (2 2) ="

We will apply the methods of this section and confirm this result. The
needed contours are shown in Figure 6.22 and the poles of the integrand are
at z = =+i.

We first note that f(z) = ﬁ goes to zero fast enough on I'r as R gets
large.

R R
Rif(z)| = o = .
e 1+ R2%2% \/1+2R?cosf + R
Thus, as R — oo, R|f(z)| — 0. So,

/°° dx _7{ dz
Co 1422 Jo1+422

We need only compute the residue at the enclosed pole, z = i.

1 1 1
R ;z2=1i] = lim(z —i)——5 = lim —— = —.
es[f(z);z =1 Zm}(z 1)1 T s lim o=

Then, using the Residue Theorem, we have

/mdix—zm l =7
e 142 2i )

Example 6.26. P [©_SNX gy,

X
There are several new techniques that have to be introduced in order to

carry out this integration. We need to handle the pole at z = 0 in a special

way and we need something called Jordan’s Lemma to guarantee that integral
over the contour I'r vanishes.

For this example the integral is unbounded at z = 0. Constructing the
contours as before we are faced for the first time with a pole lying on the

-R

Figure 6.22:
f°° dx
—00 1+4x2°

Contour for computing

Figure 6.23:
P [ ST gy

—00

Contour for computing



contour. We cannot ignore this fact. We can proceed with our computation by
carefully going around the pole with a small semicircle of radius €, as shown
in Figure 6.23. Then our principal value integral computation becomes

[e'e] 1 —€ . R .
p / SINX i = lim < / SINX oy + / sInx dx> . (6.40)
—00 X €—0,R—00 —R X € X

We will also need to rewrite the sine function in term of exponentials in
this integral.

® ginx 1 0 piX 00 pix
P/_Oo : dx—zl,(P/_ooxde/_oo . dx). (6.41)

We now employ Jordan’s Lemma.

Jordan’s Lemma

If f(z) converges uniformly to zero as z — oo, then

: . ikz _
ngr;o CRf(z)e dz=0

where k > 0 and Cg is the upper half of the circle |z| = R.

A similar result applies for k < 0, but one closes the contour in the lower half
plane. [See Section 6.6.2 for the proof of Jordan’s Lemma.]

We now put these ideas together to compute the given integral. According
to Jordan's lemma, we will need to compute the above exponential integrals
using two different contours. We first consider P [ %dx. We use the
contour in Figure 6.23. Then we have

iz iz —e Liz iz R iz
f e—dz:/ e—dz+/ e—dz+/ e—dz+/ .
Cr Z Iz 2 R Z C 2 e Z

The integral fCR % dz vanishes since there are no poles enclosed in the con-
tour! The integral over I'g will vanish as R gets large according to Jordan's
Lemma. The sum of the second and fourth integrals is the integral we seek as
€ — 0and R — oo.

The remaining integral around the small circle has to be done separately.3
We have
/ - dz = /O Mieew o = — /Oniexp(ieeie) de.

z n eet?

Tnking the limit as e goes to zero, the integrand goes to i and we have

So far, we have that

) eix eiz
p/ € dx=—tim [ Cdz= i
—o0 X e—0 Ce Z
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3 Note that we have not previously done
integrals in which a singularity lies on
the contour. One can show, as in this
example, that points like this can be ac-
counted for by using using half of a
residue (times 27ti). For the semicircle
Ce you can verify this. The negative sign
comes from going clockwise around the
semicircle.
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We can compute P [ % dx in a similar manner, being careful with the
sign changes due to the orientations of the contours as shown in Figure 6.24.
In this case, we find the same value

P/OO e*ix
Finally, we can compute the original integral as
P/ MYy = 1(P/ —dx— /
—oc0 X 2i J—
1 . .
= = (mi+ i)

)

= T (6.42)

= 71i.

Example 6.27. Evaluate 3§|Z|:1 Zfﬁ.

In this example there are two simple poles, z = =i lying on the contour,
as seen in Figure 6.25. This problem is similar to Problem 1c, except we will
do it using contour integration instead of a parametrization. We bypass the
two poles by drawing small semicircles around them. Since the poles are not
included in the closed contour, then the Residue Theorem tells us that the
integral nd the path vanishes. We can write the full integration as a sum over
three paths, C+ for the semicircles and C for the original contour with the

poles cut out. Then we take the limit as the semicircle radii go to zero. So,

0— dz n / dz n / dz
CJeZ2+1 0 Jo, 2241 Joo 22+ 1
The integral over the semicircle around i can be done using the parametriza-
tion z = i + ee'. Then 2> + 1 = 2iee™® + €2¢*®. This gives

/ dz lim /—” iee'? 40 — 1 /—”
c, 22+1 es0Jo  2iee® +e2e20 77 2 o

As in the last example we note that this is just rti times the residue,

Res { ZET z} = 2— Sznce the path is traced clockwise, we find the con-
tribution is —miRes = —7, which is what we obtained above. A Similar
computation will give the contrzbutzon from z = —ias 7. Adding these val-

ues gives the total contribution from C+ as zero. So, the final result is that

7{ dz
=122 +1

Example 6.28. Evaluate [ {“—cdx, for 0 < a < 1.

In dealing with integrals involving exponentials or hyperbolic functions it
is sometimes useful to use different types of contours. This example is one
such case. We will replace x with z and integrate over the contour in Figure
6.26. Letting R — oo, the integral along the real axis is the integral that
we desire. The integral along the path for y = 27t leads to a multiple of this

¢

€

r
R

Figure 6.24: Contour in the lower half

plane for computing P [ ¢"

Figure 6.25: Example with poles on con-
tour.



integral since z = x 4 27ti along this path. Integration along the vertical
paths vanish as R — oo.
Thus, we are left with the following computation:

P R pax ) R pox
f ———dz = lim / dx — ezm"/ dx
c1l+ e Rooo \J_R 14+ eX _rR1+e*

i 0o X
= - [

(6.43)

We need only evaluate the left contour integral using the Residue Theorem.
The poles are found from
1+¢e* =0.

Within the contour, this is satisfied by z = irt. So,

Az az )
Res 7;2’:1'7[ = lim (Zfin) — _plima
1+e? Z—im 1+ 62

Applying the Residue Theorem, we have

i [} X .
(1 — e?in) / Tror dx = —2mie!™.

Therefore, we have found that

, O<a<1.

00 pflX —27tie!’™ T
—ax = 5T = —
—oo 1+ 6% 1 — estia sin 7ta

6.6.1 Integration Over Multivalued Functions

In the last chapter we found that some complex functions inherently
possess multivaluedness; i.e., such functions do not evaluate to a sin-
gle value, but have many values. The key examples were f(z) = z!/"
and f(z) = Inz. The nth roots have n distinct values and logarithms
have an infinite number of values as determined by the range of the
resulting arguments. We mentioned that the way to handle multival-
uedness is to assign different branches to these functions, introduce
a branch cut and glue them together at the branch cuts to form Rie-
mann surfaces. In this way we can draw continuous paths along the
Riemann surfaces as we move from on Riemann sheet to another.

Before we do examples of contour integration involving multival-
ued functions, lets first try to get a handle on multivaluedness in a
simple case. We will consider the square root function,

w=21/2 — rl/zei(ngkn)’ k=0,1.

There are two branches, corresponding to each k value. If we follow
a path not containing the origin, then we stay in the same branch, so
the final argument (0) will be equal to the initial argument. However,
if we follow a path that encloses the origin, this will not be true. In
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—R+2mi R+ 2mi

Figure 6.26: Example using a rectangular
contour.
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particular, for an initial point on the unit circle, zy = ¢'%, we have
its image as wy = ¢/%/2. However, if we go around a full revolution,

6 = 6y + 27, then

71 = 6190+2m — 6160’

but
wy = el02mi) /2 _ gibo/2gmi £ 1

Here we obtain a final argument (¢) that is not be equal to the initial
argument! Somewhere, we have crossed from one branch to another.
Points, such as the origin in this example, are called branch points.
Actually, there are two branch points, because we can view the closed
path around the origin as a closed path around complex infinity in the
compactified complex plane. However, we will not go into that at this
time.

We can show this in the following figures. In Figure 6.27 we show
how the points A-E are mapped from the z-plane into the w-plane
under the square root function for the principal branch, k = 0. As we
trace out the unit circle in the z-plane, we only trace out a semicircle
in the w-plane. If we consider the branch k = 1, we then trace out a
semicircle in the lower half plane, as shown in Figure 6.28 following
the points from F to J.

]/é Y
\ﬂ/—\D (,\B
c ‘ X X
VJ; Y
/\
41—}/ X X
S
G i I

We can combine these into one mapping depicting how the two
complex planes corresponding to each branch provide a mapping to
the w-plane. This is shown in Figure 6.29. A common way to draw
this domain, which looks like two separate complex planes, would be
to glue them together. Imagine cutting each plane along the positive

Figure 6.27: In this figure we show how
points on the unit circle in the z-plane
are mapped to points in the w-plane un-
der the square root function.

Figure 6.28: In this figure we show how
points on the unit circle in the z-plane
are mapped to points in the w-plane un-
der the square root function.



x-axis, extending between the two branch points, z = 0 and z = ce.
As one approaches the cut on the principal branch, then one can move
onto the glued second branch. Then one continues around the ori-
gin on this branch until one once again reaches the cut. This cut is
glued to the principal branch in such a way that the path returns to
its starting point. The resulting surface we obtain is the Riemann sur-
face shown in Figure 6.30. Note that there is nothing that forces us to
place the branch cut at a particular place. For example, the branch cut
could be along the positive real axis, the negative real axis, or any path
connecting the origin and complex infinity.

We now turn to a couple of examples of integrals of multivalued
functions.

Example 6.29. Evaluate fooo lJr%alx.

We consider the contour integral §- 1+%a]z.

The first thing we can see in this problem is the square root function in
the integrand. Being there is a multivalued function, we locate the branch
point and determine where to draw the branch cut. In Figure 6.31 we show
the contour that we will use in this problem. Note that we picked the branch
cut along the positive x-axis.

We take the contour C to be positively oriented, being careful to enclose
the two poles and to hug the branch cut. It consists of two circles. The outer
circle Cg is a circle of radius R and the inner circle C. will have a radius of
€. The sought answer will be obtained by letting R — oo and € — 0. On the
large circle we have that the integrand goes to zero fast enough as R — oo.
The integral around the small circle vanishes as € — 0. We can see this by

COMPLEX INTEGRATION 155

Figure 6.29: In this figure we show how
points on the unit circle in the z-plane
are mapped to points in the w-plane un-
der the square root function.

Figure 6.30: Riemann surface for f(z) =
172
z1/2,

Figure 6.31: An example of a contour
which accounts for a branch cut.
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parametrizing the circle as z = ee®® for § € [0,27] :

2 1/ epi® ,
?{ vz dz = / ce iee'®do
Ce 0

1+2277 14 (ee?)?

s [P 302
= i —————df. 6.
SR a6

It should now be easy to see that as € — 0 this integral vanishes.

The integral above the branch cut is the one we are seeking, fooo 1){; dx.

The integral under the branch cut, where z = re?™ s

/ VE [ Vel )
142277 Joo 141264
" 00 \/17
- /0 . (6.45)

We note that this is the same as that above the cut.
Up to this point, we have that the contour integral, as R — oo and € — 0

féﬁdz 2/000 ﬁdx.

1227 1+22
In order to finish this problem, we need the residues at the two simple poles.

is

Vz 1 Vi V2, .
Res [HZZ,‘ZZZ] =5 = T(l—i—z),
Res {1\1222;2:1'] = E = %(1—1’).

So,

X
1+ x? 4

2/0°° VX v~ o (*f(1+i)+ﬁ(1—i)> = V2.

Finally, we have the value of the integral that we were seeking,

T+ 7

/°° VE o V2
0

Example 6.30. Compute f;o f(x)dx using contour integration involving
logarithms.4
In this example we will apply contour integration to the integral

fcf(z) In(a —z) dz

for the contour shown in Figure 6.32.

We will assume that f(z) is single valued and vanishes as |z| — oo. We
will choose the branch cut to span from the origin along the positive real axis.
Employing the Residue Theorem and breaking up the integrals over the pieces
of the contour in Figure 6.32, we have schematically that

4This was originally published in
Neville, E. H., 1945, "Indefinite inte-
gration by means of residues".  The
Mathematical Student, 13, 16-35, and
discussed in Duffy, D. G., Transform
Methods for Solving Partial Differential
Equations, 1994.

@]

C4 Cl

?D

G

Figure 6.32: Contour needed to compute

$c f(z)In(a — z) dz.



271i Y "Res[f(z)In(a —z)] = (/C1 +/Cz+./c3+./;4) f(z)In(a — z) dz.

First of all, we need to assume that f(z) is well behaved at z = a and
vanishes fast enough as |z| = R — oo Then the integrals over C, and Cy will
vanish. For example, for the path Cy, we let z = a + ee? 0 < 0 < 27m. Then,

0 . , ,
f(z)In(a —z)dz. = lim | f(a+ ee®)In(ee)iee® df.
Cy e—0.J271

If f(a) is well behaved, then we only need to show that lime_,oelne = 0.
This is left to the reader.
Similarly, we consider the integral over Cy as R gets large,

27T . , .
f(z)In(a —z)dz = lim F(Re®)In(Re™®)iRe™ db.
Cy R—o JO

Thus, we need only require that
lim RInR|f(Re)| = 0.
lim RInR|f(Re™)| =0

Next, we consider the two straight line pieces. For Cq, the integration of
the real axis occurs for z = x, so

o f(z)In(a —z)dz = /Hoof(x) In(a — x) dz.

Howeuver, integration over Cs requires noting that we need the branch for the
logarithm such that Inz = In(a — x) + 27ti. Then,

o f(z)In(a—z)dz = /}o f(x)[In(a — x) 4 27ti] dz.

Combining these results, we have

/ﬂoof(x) dx = — ZRes[f(z) In(a —z)].

Example 6.31. Compute [/~ 435%1.
We can apply the last example to this case. Namely,
®©  dx In(1—2) 1 In(1—2) 1
L 421 6%@L122} [&le 2
Inl In3 In3
3 T3 T (6-46)

6.6.2 Jordan’s Lemma - optional

For completeness, we prove Jordan’s Lemma.
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Theorem 6.8. If f(z) converges uniformly to zero as z — oo, then

li ikzd —
Lim CRf(z)e z=0

where k > 0 and Cg is the upper half of the circle |z| = R.

Proof. We consider the integral
Ir= [ f(z)e*dz,
Cr

where k > 0 and Cg is the upper half of the circle |z| = R in the
complex plane. Let z = Re’? be a parametrization of Cg. Then,

Ig = /nf(ReiG)eichose—uRsine l-ReiG de.
0

Since
lim f(z) =0, O0<argz<m,

|z|—o00

then for large |R|, | f(z)| < € for some € > 0. Then,

[Ir] =

/nf(ReiG)eichosefaRsinQ iRei® de’
0

< /” ‘f(ReiG)‘ pikRcos6 ’e—aRsinG‘ ‘iReiG 46
- Jo
n )
< GR/ e—aRsmGdG
0
/2 .
= 2€R/ e—aRsinG g9 (6.47)
0

The last integral still cannot be computed, but we can get a bound
on it over the range 0 € [0, 7r/2]. Note that

sin® > ge, 0 € [0,7/2].

Therefore, we have

2eR

_ ,—aR
2aR/7I(1 ).

7T/2
k| < 2eR/ ¢~20R0/7 g —
0

For large R we have

te
lim |Ig] < —.
A, el < 7

So, as € — 0, the integral vanishes.

Problems

1. Evaluate the following integrals:



a. [-Zzdz, where C is the parabola y = x? fromz = 0 to z =
1+

b. [-f(z)dz, where f(z) = z+2Z and C is the path from z = 0
to z = 1 4 2i consisting of two line segments from z = 0 to
z=1landthenz=1toz=1+2i.

c Jc ﬁ dz for C the positively oriented circle, |z| = 2. [Hint:
Parametrize the circle as z = 2¢/, multiply numerator and
—i6

denominator by ¢~*, and put in trigonometric form.]

2. Let C be the ellipse 9x% 4 4y* = 36 traversed once in the counter-
clockwise direction. Define

22 4z+1
S

JC Z—2

Find g(i) and g(4i). [Hint: Sketch the ellipse in the complex plane. Use
the Cauchy Integral Theorem with an appropriate f(z).]

3. Show that

/ dz . 0, n#0,
clz—1—i)m1 ) 27, n=0,
for C the boundary of the square 0 < x < 2,0 < y < 2 taken coun-
terclockwise. [Hint: Use the fact that contours can be deformed into
simpler shapes (like a circle) as long as the integrand is analytic in the

region between them. After picking a simpler contour, integrate using
parametrization.]

4. Show that for ¢ and & analytic functions at zp, with g(zo) # 0,
h(zp) =0, and I’ (zg) # 0,

§2) 1 _ flzo)
Res {55 ] = Sy

5. For the following determine if the given point is a removable sin-

gularity, an essential singularity, or a pole (indicate its order).

)
b. Sizf;Z, z=0.

2

zc—1 —
C. W, z=1

d. zel/z, z=0.

T
z—7’

e. COos zZ =Tl.

6. Find the Laurent series expansion for f(z) = S“Z‘% about z = 0.

[Hint: You need to first do a MacLaurin series expansion for the hy-
perbolic sine.]
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7. Find series representations for all indicated regions.

a. f(z) =9, 1z <1, |z| > 1.
b. f(z) = m lz| < 1,1 < |z| <2, |z| > 2. [Hint: Use
partial fractions to write this as a sum of two functions first.]

8. Find the residues at the given points:

222437 —
a. i atz =1.
b. In(1+2z) atz —

zZ

NN o

COsz —
C. Gen) atz =

9. Consider the integral fozn — .

a. Evaluate this integral by making the substitution 2cosf =
z+ %, z = ¢'¥ and using complex integration methods.

b. In the 1800’s Weierstrass introduced a method for computing
integrals involving rational functions of sine and cosine. One
makes the substitution t = tan% and converts the integrand

into a rational function of t.

i. Show that
. 2t 1—-#
sinf = e cosf = TIe
ii. Show that ot
a0 =
1+1#2
iii. Use the Weierstrass substitution to compute the above in-

tegral.

10. Do the following integrals.

a. .
e
- dz.
7\{z—i|:3 22 + 2
b.
: z22 —3z+4
]{ A 43
‘z—z|:3 ze — 4Z + 3
C. 0 i x
S1
——dx.
[oo x2 + 4 X

[Hint: This is Im [, §" dx.]

) 2
11. Evaluate the integral |, (ﬂf()z dx.

[Hint: Replace x with z = e' and use the rectangular contour in

Figure 6.33 with R — oo.

—R+ i R+ i

Figure 6.33: Example using a rectangular
contour.
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12. Do the following integrals for fun!

a. For C the boundary of the square |x| <2, |y| <2,

dz
f(.: z(z—1)(z—3)%

b.
/” sin? 6 40
Jo 13—12cos®
C.
/°° dx
o X2 +5x+6"
d. - -
cos
/0 1—os2 dx.
e.
/°° dx
0 (x249)(1—x)%
f. JE
e X
/0 (14 x)? ax
g.

/0°°\/E

(1+x)2 dx
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