Mathematics 312 (Fall 2012) October 26, 2012
Prof. Michael Kozdron

Lecture #22: The Cauchy Integral Formula

Recall that the Cauchy Integral Theorem, Basic Version states that if D is a domain and
f(z) is analytic in D with f’(z) continuous, then

/Cf(z)dz:()

for any closed contour C' lying entirely in D having the property that C' is continuously
deformable to a point.

We also showed that if C' is any closed contour oriented counterclockwise in C and a is inside

C, then
1
/ dz = 2mi. ()
C Z—a

Our goal now is to derive the celebrated Cauchy Integral Formula which can be viewed as a
generalization of ().

Theorem 22.1 (Cauchy Integral Formula). Suppose that D is a domain and that f(z) is
analytic in D with f'(z) continuous. If C is a closed contour oriented counterclockwise lying
entirely in D having the property that the region surrounded by C' is a simply connected
subdomain of D (i.e., if C is continuously deformable to a point) and a is inside C, then

fla) = =S Mdz.

2 Joz—a
Proof. Observe that we can write
LCPRYF UV § CES PRI RN JF CE¥ (O
cr—a cr—a C Z—Q Ca Z—Qa
where C, = {|z — a| = r} oriented counterclockwise since () implies

fﬁlm:f@{é

crR—a

dz =27 f(a)i

z—a
and

z

JECECreaygy CEvOP
c  Z—a c, Z—a
since the integrand

f(z) = f(a)

z—a

is analytic everywhere except at z = a and its derivative is continuous everywhere except
at z = a so that integration over C' can be continuously deformed to integration over C,,.
However, if we write

(2) dz — 27 f(a)i = /C —f(Zi : Z:(a) dz,

cr—a
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and note that the left side of the previous expression does not depend on r, then we conclude

f(Z)d — 27 f(a @_hm/ f - _ 4

cR—a rl0

Hence, the proof will be complete if we can show that

/f —
rw zZ—a

To this end, suppose that M, = max{|f(z) — f(a)|, z on C,}. Therefore, if z is on C, =
{]z — a|] = r}, then

‘f(z)—f(a) _ G = flo)] _ [f() = fla)] _ M,
z—a |z — a r o
so that
(2) — f(a) f(z) — f(a) M, M, M,
CEsz‘S/Ca — dzg/ca . dz = . /Cale— TE(C'G)
M,
="
= 2w M,

since the arclength of C, is ¢(C,) = 27r. However, since f(z) is analytic in D, we know that
f(z) is necessarily continuous in D so that

lim |f(z) — f(a)] =0 or, equivalently, hg)l M, = 0.

JRCECR
Ca <70

as required. N

Therefore,

lim
rl0

< lim(27M,) =0
rl0

Example 22.2. Compute
1 ze?

2m Joz —1

dz

where C' = {|z| = 2} is the circle of radius 2 centred at 0 oriented counterclockwise.

Solution. Observe that f(z) = ze* is entire, f'(z) = ze* + €* is continuous, and ¢ is inside
C. Therefore, by the Cauchy Integral Formula,

1 z .
N B T P LG T S
21 Jo 2 —1 21t oz —1

z
/Ze.dz
cZ+1

where C' = {|z| = 2} is the circle of radius 2 centred at 0 oriented counterclockwise.

Example 22.3. Compute
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Solution. Observe that f(z) = ze® is entire, f'(2) = ze* + € is continuous, and —i is inside
C. Therefore, by the Cauchy Integral Formula,

/ C dr= /(z) dz = 2mif(—i) = 2mi - —ie™" = 2me ™",
c

/z;j—ldz
c

z+1 cz+1
Example 22.4. Compute
where C' = {|z| = 2} is the circle of radius 2 centred at 0 oriented counterclockwise.

Solution. Observe that partial fractions implies

1 1 1 ij2 /2

22+1222—i2_(z+i)(z—i) z4+1i  z—1

/ 2262 dZ:E/ Zez,dz—i/ Zez_dz.
c??+1 2 )cz+1 2 )cz—1

Let f(z) = ze®. Note that f(z) is entire and f'(z) = ze* + e* is continuous. Since both ¢
and —i are inside C, the Cauchy Integral Formula implies

and so

/ g = 2mif(—i) = 2mi- —ie”" = 2me”" and /  qp= 2mif (i) = 2mi - ie' = —27é’
ozt cZ—1
so that

el 4 et
2

/ =€ dz = L. Qe — L. —27e! = mie' + mwie' = 2mi [
c 2 2

22+ 1 } = 2micos 1.
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Prof. Michael Kozdron

Lecture #23: Consequences of the Cauchy Integral Formula

The main result that we will establish today is that an analytic function has derivatives of
all orders. The key to establishing this is to first prove a slightly more general result.

Theorem 23.1. Let g be continuous on the contour C' and for each zy not on C, set

Glz0) = /C Cgfio ac.

Then G is analytic at zy with

9(¢)
6'(a) = | 2 ac (¥
¢ (€ —20)?
Remark. Observe that in the statement of the theorem, we do not need to assume that ¢
is analytic or that C' is a closed contour.

Proof. Let zg not on C' be fixed. In order to prove the differentiability of G and the desired
formula for G'(zp), we must show that

G20+ Az) = G(20) _ 9(¢)
A, Az ‘jL(g—z@fK'
Observe that
G(zo + Az) — G(z) i/ 9(¢) ~9(9) ac
Az Az JoC—(20+A2) (-2

_ é/cg(@ [C— (Z01+ Az) C—lzo} &

B 9(¢)
‘/o<<—zO—Az><<—zO> d

and so (with a bit of algebra)

G20+ Az) — G(z) 9(¢) _ 9(¢) B 9(¢)
A /c (EE / € A=) / (EE
_As 9(¢)
=4 /c =z A aR M

The next step is to show that

/c (€ — 2o —gfz))(C — %) dc‘

is bounded.
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To this end, let M = max{|g(¢)| : ¢ € C} be the maximum value of |g(¢)| on C, and let d =
min{dist(zp, w) : w € C'} be the minimal distance from 2z, to C. Note that | — zo| > d >0
for all ¢ on C. Without loss of generality, assume that |Az| < d/2 (since we ultimately care
about Az — 0, this is a valid assumption). By the triangle inequality, if ¢ € C, then

d d
|C—ZO—AZ|Z|C—ZO|—|AZ|ZCZ—§:—

27
and so
9(¢) ‘ 9(¢) M
/c@—zO—Az)(c—zO)?dC S/c (RSN R %-cp/c““
MU0
_ 2M4©)

where ¢(C') < oo is the arclength of the contour C. Hence, considering (1), we find

|Gz + Az) — G(z) 9(¢) o 9(¢)
Algilo Az B /C (¢ — 20)? dC‘ - Algilo AZ/C (C— 20— Az)(¢ — 20)? dg‘
2M(C
oy
=0

so that (*) holds. Note that we have proved G(z) is differentiable at z, ¢ C for zy fixed.
Since zp was arbitrary, we conclude that G(zg) is differentiable at any zo ¢ C' implying that
G is analytic at zy € C' as required. O

It is important to note that exactly the same method of proof yields the following result.

Corollary 23.2. Let g be continuous on the contour C' and for each zy not on C', set

B 9(¢)
Hiz) = /c (€ —20)" «

where n is a positive integer. Then H is analytic at zo with

o) = 9(¢) .
1) = | I (44

Now we make a very important observation that follows immediately from Theorem 23.1
and Corollary 23.2.

Theorem 23.3. If f(z) is analytic in a domain D, then all of its derivatives f'(2), f"(z),
f"(z), ... exist and are themselves analytic.

Remark. This theorem is remarkable because it is unique to complex analysis. The analogue
for real-valued functions is not true. For example, f(x) = 92°/3 for x € R is differentiable
for all z, but its derivative f'(z) = 152%? is not differentiable at x = 0 (i.e., f”(z) = 10z~/3
does not exist when z = 0).
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Moreover, if the function in the statement of Theorem 23.1 happens to be analytic and
C happens to be a closed contour oriented counterclockwise, then we arrive at the follow-
ing important theorem which might be called the General Version of the Cauchy Integral
Formula.

Theorem 23.4 (Cauchy Integral Formula, General Version). Suppose that f(z) is analytic
inside and on a simply closed contour C oriented counterclockwise. If z is any point inside

C, then
|
f(”)(z) _ n_/ Ldg
2mi Jo (¢ — 2)" !
n=1273, ...
For the purposes of computations, it is usually more convenient to write the General Version
of the Cauchy Integral Formula as follows.

Corollary 23.5. Suppose that f(z) is analytic inside and on a simply closed contour C
oriented counterclockwise. If a is any point inside C', then

[ L 2D (a)
o (z—ay (m—1)

€5z
—d
/c<z—z'>3 :

where C' = {|z| = 2} is the circle of radius 2 centred at 0 oriented counterclockwise.

Example 23.6. Compute

Solution. Let f(z) = €% so that f(z) is entire, and let a = 7 which is inside C'. Therefore,

5z 2 I ]
/ R . i O NPT
c(z—1)3 2!

since f”(z) = 25e°%.

Applications to Harmonic Functions

Suppose that f(z) = u(z) + iv(z) = u(z,y) + v(z,y) is analytic in a domain D. From
Theorem 23.3 we know that all of the derivatives of f are also analytic in D. In particular,
this implies that all the partials of u and v of all orders are continuous. This means that we
can replace Example 13.9 and Proposition 16.2 with the following.

Theorem 23.7. If f(2) = u(z) + iv(2) = u(z,y) +iv(x,y) is analytic in a domain D, then
u=u(x,y) is harmonic in D so that

Um(%; yO) + uyy(xm yO) =0
for all (xo,y0) € D, and v =v(x,y) is harmonic in D so that

Uwz(m(b yO) + Uyy(an yO) =0
for all (zo,y0) € D.
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Proof. Since f(z) = u(z) + iv(z) is analytic at zy € D, we know
f'(20) = ua(20) + iva(z0) = vy(20) — iy (20).

By Theorem 23.3 we know that all of the derivatives of f are also analytic in D and so the
Cauchy-Riemann equations for f” imply

f"(20) = Uza(20) + 1022 (20) = Vya(20) — G2y (20)
and
F"(20) = vay(20) — tttzy(20) = —tuyy(20) — iYyy(20).
In particular, we obtain uzy = Uy,, Vzy = vy, and
Uz (20) + Uyy(20) =0 and  v44(20) + vyy(20) =0
so that u and v are harmonic at zg € D as required. O

Suppose that C = Cr = {|z| = R} is the circle of radius R > 0 centred at 0 oriented
counterclockwise. We know that if f(z) is analytic inside Cg, then

16)= 50 [ 2 a

211 Jop, C — 2
for |z| < R. Moreover, we know that
u(r,y) = u(z) = Re(f(2))

is harmonic inside C'g. Thus, we want to determine an expression for

Re(f(2)) = Re (L/C J(¢) d().

211 (—z

The trick to doing so is to consider the function
NIGE
R?—(z

which is an analytic function of ¢ inside and on Cg. (Note that the denominator, as a
function of ¢, is never 0. Why?) Hence, by the Cauchy Integral Theorem,

L f(Q)z
271 Jo, R? — (2

9(¢)

/ g(¢)d¢ =0 or, equivalently, d¢ =0.
Cr

Therefore, if we add this 0 to f(z) we obtain,
R GV B (S R Y I (S (S
1) =g [ ST ac do= o [ HE 4 JEE g

" 2mi (—=z 2mi on B2 —(Z " 2mi Cr R?—(z

¢
1 1 z

:Tm/cR L—ﬁm—cz 70y d¢
1
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If we now parametrize Cr by ¢ = Re®, 0 <t < 27, then we obtain

1= g0 | o A ) iR
= o o (Re* —z)(R? — Re'z) e

_ R2 _ ‘Z|2 /27r f(Rezt) &
2 o (Ret —z)(Re — %)
RQ o 2 27 R it
R I,
0

27 |Ret — z|?

If we now write the analytic function f(z) as f(z) = u(z) + iv(z), and then write z = re®

as the polar form of z, we obtain

Re f(Re™) \ Re u(Re™) +iv(Re™)\ u(Re")
|Reit — 2|2 ) |Reit — rei?|?  R2+4712—2rRcos(t — )

Thus, we conclude

: R? — % (2" u(Re™)
o 10 —
u(z) = ulre”) 27 /0 R? + 12 —2rRcos(t — 60) dt

is harmonic for 2z = re? with |2| =7 < R.

Example 23.8. As an example, observe that if z =0 and R = 1, then

u(0) = — /0 (et dt

T or

which is sometimes called the circumferential mean value theorem. This result also has a
probabilistic interpretation. The value of the harmonic function at the centre of the unit
disk is the uniform average of the values of that function around the unit circle.
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Lecture #24: Applications to Harmonic Functions

We know from Theorem 23.7 that if a function f(z) is analytic in a domain D, then its real
part is harmonic in D. We will now prove a partial converse, namely that if a function u
is harmonic in a simply connected domain D, then there is an analytic function in D whose
real part is w.

Theorem 24.1. Suppose that D is a simply connected domain. If v = u(z) = u(x
harmonic in D, then there is a function f(z) which is analytic in D with Re(f(z)) =

)

,Y) 18

)

Proof. Suppose that u is harmonic in D so that, by assumption, the second partials g, ty,,
and g, = u,, are continuous in D, and

um(zo) + Uyy(Z(]) =0

for every zp € D. Suppose that we now set

9(2) = us(2) — iuy(2).
Observe that ¢ satisfies the Cauchy-Riemann equations in D; that is,

0 0 0 0
5 Re(a(2) = (2] = nr(2) = =t () = (-, (2)) = - (=)

using the fact that u,, +u,, = 0 and

0 0 0 0
gy (el0(2)) = grua(2) = tay(2) = we(2) = 7oy (2)) = =57 Tm(g(2))

using the fact that u,, = w,,. Since the partials of u are continuous, we conclude from
Theorem 13.8 that g(z) is analytic in D. Therefore, we conclude there exists an analytic
function G(z) such that G'(z) = g(z). If we write G(z) = ¢(z) + i1)(z), then G(z) satisfies
the Cauchy-Riemann equations (since G(z) is analytic) so that ¢, (2) = ¥, (2) and ¢, (2) =
—1,(2). Moreover,

G'(2) = @a(z) + ita(2) = @a(z) — ipy(2)

so that G'(z) = g(z) implies

Pz (2) = ipy(2) = uz(2) — iuy(2).

That is, u,(2) = ¢,(2) and u,(2) = ¢,(z). This means that u — ¢ = ¢ for some real constant
c. Hence, the required analytic function f(z) is

and the proof is complete. O
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We can now prove a very interesting property of harmonic functions known as the Maximum
Principle. Suppose that u = u(z) = u(x,y) is harmonic in a simply connected domain D.
Let f(2) = u(z) + iv(z) be an analytic function in D whose existence is guaranteed by
Theorem 24.1. If we now consider the function e/®®), then we observe that

’ef(2)| — |eu(Z)+iv(Z)’ — ‘€U(Z)H€iv(Z)‘ — ou(?)

since [¢*)| = 1 and e**) > 0. The fact that the exponential is a monotonically increasing
function of a real variable implies that the maximum points of u(z) must coincide with the
maximum points of the modulus of the analytic function e/(*).

Theorem 24.2 (Maximum Principle for Harmonic Functions). If u = u(z,y) is harmonic
in a simply connected domain D and u(z) achieves its mazimum value at some point zy in
D, then u(z) is constant in D.

To state the theorem in slightly different language, a harmonic function u(z) cannot achieve
its maximum at an interior point zo € D unless u(z) is constant.

Of course, the minimum points of u(z) are just the maximum points of —u(z). This means

that we also have a minimum principle for harmonic functions.

Theorem 24.3 (Minimum Principle for Harmonic Functions). If u = u(x,y) is harmonic
in a simply connected domain D and u(z) achieves its minimum value at some point zy in
D, then u(z) is constant in D.

Combining these results, we arrive at the following theorem.

Theorem 24.4. A function u(x,y) that is harmonic in a bounded simply connected domain
and continuous up to and including the boundary attains its maximum and minimum values
on the boundary.
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Supplement: The Dirichlet Problem

Let D be a domain and suppose that g(z) for z € C' = 9D is a given continuous function.
The Dirichlet Problem for D is to find a function u(z) = wu(z,y) that is continuous on
D = D UC, harmonic in D, and satisfies u(z) = g(z) for z € C.

In the case when D is the simply connected domain D = {|z|] < R}, we can solve the
Dirichlet Problem. We know from last lecture that
B R2 _ 7,.2 2 U(Reit)

_ i0
u(z) = ulre”) = 2r Jo R?+4+r?2—2rRcos(t—0) d ()

is harmonic for z = re? with |z| = r < R. We now conclude from Theorem 24.1 that if u(z)
is harmonic in D = {|z] < R}, then u(z) can be represented by (x).

Example 24.5. Show

1 2 R2 . 7“2

— dt = 1.
21 Jo R?+1r? —2rRcos(t — 0)

Solution. The function u(z) = 1 is clearly harmonic in D = {|z| < R} so substituting u =1
into (x) yields
1 2m R2 o 7,2

— dt = 1.
21 Jo R?+41r?2—2rRcos(t —0)

If we also want u(z) = g(z) for z € Cr = 0D, or equivalently, u(Re™) = g(Re®), 0 <t < 2,
then we guess that

RQ _ 7“2 /27r g(Reit) &
o R2+7r?2—2rRcos(t—0)
g(2), for 2 = Re®,

for z = re? with |2| =r < R,

is the desired function.

Note that u(z) has the properties that u(z) is harmonic in D, continuous in D, and satisfies
u(z) = g(z) for z € C. By assumption, g(z) is continuous on C. This means that u(z)
is continuous both in D and on C. However, we do not know that u(z) is continuous on
D = DU C since we have not verified that

lim u(zo0) = g(2),

z0—z, |20|<|z|=R
or, equivalently, that

RZ . 7,2 2T g(Reit) )
li dt = g(Re™).
MR 21 /0 R? + 12 —2rRcos(t — 0) g(Rem)

Without loss of generality, assume that R = 1 and 6 = 0 so that we must show

1 — 7'2 2m g(eit)
li dt = g(1).
M on /0 1+ 7r2—2rcost 9(1)
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Unfortunately, a completely rigorous proof of this fact is beyond the scope of Math 312. We
can, however, give the correct intuition for why it is true. Observe that
1 1 —r?
— lim
2m 1 1412 — 2rcost

depends on the value of ¢ € [0,27]. There are two possibilities: (i) if ¢ = 0 or ¢ = 27, then

cost = 1 so that
1 . 1—12

—lim ———— =

2m 1 1+ 1r2 —2r
and (ii) if 0 < ¢ < 27, then | cost| < 1 so that 1+ r?* — 2r cost # 0 for r sufficiently close to
1 implying that

)

1 . 1—17?

— lim =

2 1 1412 — 2rcost
The Dirac delta “function” is sometimes used to describe this limit. Note that the Dirac
delta function is not a function in the usual sense but rather a generalized function or
tempered distributions; as such, the following formulas, though suggestive, are not meaningful
mathematically. Let dy(t) have the properties that

do(t) = {07 70,

400, t=0,

and

/ Tt de=1. )

That is, we have

1 1—1?

— — 0ot

2 1412 — 2rcost o(t)
for 0 <t < 2masr T 1. Note that, as a result of Example 24.5, the factor of 27 is necessary
for (1) to hold. One useful identity involving the Dirac delta function is that if h(t), t € R,
is a real-valued function, then

/ So(E)h(t) dt = h(0).
Thus, assuming that we can interchange limits and integrals, we arrive at

1— 2 2 it 2 1 1 — 2 )
lim — / J (_e ) gr—um [ — (i) dt
Mt 2m Jg 1+1r%—2rcost Ml Jo 2w 14712 —2rcost

/27r ‘ 1 1 — T2
= lim | —
o 1 [2m 1412 —2rcost

27 2
: 1 1—7r
") lim — dt
/0 g(e") [3%1 27rl+r2—27°cost]

2w

g(e“)} dt

g(e™M)do(t) dt

as required.
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Finally, we should note that the integrating kernel

1 R%* —r?
21 R?2 4+ r2 — 2rRcos(t — 6)

has a special name. It is the Poisson kernel; that is, if z = re?® € D and w = Re® € C = 0D,
then

1 2 _ 2 1 R2 2
—M or, equivalently, P(R,t;r,0) = !

P . — = — .
(w3 2) 21 R? + 12 — 2rRcos(t — 0)

S 27 |w— 2)?

Thus, the solution to the Dirichlet problem for {|z| < R} subject to boundary conditions
g(Re™) can be expressed as

2m
u(re®) :/ P(R,t;7,0)g(Re™) dt.
0

This representation of u(z) is often called Poisson’s integral formula.

Remark. Note that we have introduced the Poisson kernel from a purely analytic point-of-
view. However, as a result of Exercise 24.5 we can view the Poisson kernel as a probability
density function on the boundary of the disk of radius R. That is, P(R,¢;r,0) > 0 and
satisfies

2w
/ P(R,t;r,0)dt = 1.
0

Moreover, it turns out that Brownian motion and the Poisson kernel are intimately con-
nected. The density of the first exit from the disk of radius R by two dimensional Brownian
motion started at the interior point z = re? is exactly P(R,t;7,6). Although the Poisson
kernel has been studied for over 150 years, and the relationship between Brownian motion
and the Poisson kernel has been understood for over 60 years, the Poisson kernel is still
vital for modern mathematics. In fact, the Poisson kernel plays a significant role in the
Fields Medal winning work of Wendelin Werner (2006) and Stas Smirnov (2010) on the
Schramm-Loewner evolution.
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Lecture #25: Taylor Series

Our primary goal for today is to prove that if f(z) is an analytic function in a domain
D, then f(z) can be expanded in a Taylor series about any point a € D. Moreover, the
Taylor series for f(z) converges uniformly to f(z) for any z in a closed disk centred at a and
contained entirely in D.

Theorem 25.1. Suppose that f(z) is analytic in the disk {|z —a| < R}. Then the sequence
of Taylor polynomials for f(z) about the point a, namely

, f(a ) f(n)a . n f(j)a i
e ) = S+ @G+ T et ot e = Sy,

converges to f(z) for all z in this disk. Furthermore, the convergence is uniform in any
closed subdisk {|z — a| < R' < R}. In particular, if f(z) is analytic in {|z — a| < R}, then

©_ ) (g |
0=y ey )

We call (1) the Taylor series for f(z) about the point a.

Proof. 1t is sufficient to prove uniform convergence in every subdisk {|z —a| < R’ < R}. Set
R" = (R+ R')/2 and consider the closed contour C' = {|z — a| = R"} oriented counterclock-
wise. By the Cauchy Integral Formula,

10 =g [ £ ac (+

Observe that

1 1 1 1 1 1 " (z—a)
- = = where w =
TG () Calow (~a
and so using the fact that
1 —wntt 1 wn Tt
— =14 wHw+---+w" orequivalently —— =14+w+---+w" + ,
1—w 1—w 1—w

we conclude




and
1 1

. Z—a z—a\" (—a[z—a\""
(—= (—a *(c—a)+'”+(<—a)‘*c—z<<—a) S

Substituting (**) into (*) we conclude

f(z)_L/& 1+(§—T§)+-.-+(§jj)”+§ii(ZCZ)M] d

2 JoC—a

L[ AO e [ Q) G-ar [ Q)
:%Leﬁ“2ML@wW“”+%mL@wwM

(2 — oyt G
T o [Qc—a«—ﬂWHdg

However, from the Cauchy Integral Formula, we know

(S NN U (S NS S A (s BV )
2mi CC—ad(_f( ) 27T@'/C(C—a)2dC f(a), 27Ti/c(§—a)3d< 2! 7

and in general
f9(a)
!

1 f(©)

2 Jo [ —apl

d¢ =
so that

f"(a)

= f(a "(a)(z —a)+--- z—a)" (o)
1O = f@) + @ = a) e Doy EZU [ O

= To(2; f.a) + Ru(z; f,a).

Thus, we see that in order to show that T),(z; f, a) converges to f(z) uniformly for |z—a| < R/,
it suffices to show that R,(z;f,a) converges to 0 uniformly for |z — a] < R’. Suppose,
therefore, that |z —a|] < R and | — a] = R"” where R” = (R + R’)/2 as before. By the
triangle inequality,

I(—2|>R"—R = RJ;R/—RI: R_QR/,
and so
. |z =)t f(©) 1 F(O)(z — a)rt!
|Rn(2; f,a)| = 2mri /C C—2(C—ay dg' < %/C s ac

L Ol
<5 L e

glmwuaﬂ(ﬁ)ml e

R') R-F

where ¢(C) = 27 R" is the arclength of C. That is, after some simplification, we obtain

°R' \" 2R
R+R’> r- el

Rt sl <
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Notice that the right side of the previous inequality is independent of z. Since 2R’ < R+ R/,
the right side can be made less than any € > 0 by taking n sufficiently large. This gives the
required uniform convergence. O

Example 25.2. Find the Taylor series for f(z) = e* about a = 0.

Solution. Since f(™(z2) = e* so that f(™(0) = 1 for all non-negative integers n, we conclude

. 2223 )
e :1+z—l—§+§+-~-zzﬁ
j=0

for every z € C.

Example 25.3. Find the Taylor series for both fi(z) = sinz and fa(z) = cos z about a = 0,
and then show that the Taylor series for e equals the sum of the Taylor series for cos z and
1sin 2.

Solution. Observe that f](z) = cosz = fa(z) and f5(z) = —sinz = —f1(2). Since cos0 =1
and sin 0 = 0, we obtain

B35 T s L2
nz=z— —+2 2 4+...= Y
S TR T T jzo( Ty
and
22 2t 46 - 2%
T AT 1y
cosz =1 ST Gl +..0= ]ZO( 1) 2

for every z € C. Observe that

(iz)*  (2)°  (2)*  (iz)°  (i2)°

R T T T I
_ <1+ (122!)2 N (Zj!)4+ (Zg!)6+__'> N (Z.ZJF (2;)3 N (2;)5 N (Z;!)7+_”>
:(1—Z—2+Z—4—Z—6+--->+z‘(z+i223+i4z5+i6z7+---)
204! 06! 3! 5! 7!
:(1_Z_2+Z_4_Z_6+...>+Z'<Z_Z_3+Z_5_Z_7+...)
20 4! 06! 35 7!

Ccosz +18in z

as expected. It is worth noting that term-by-term manipulations of the sum of Taylor series
are justified by Theorem 25.1 since the Taylor series involved converge uniformly in closed
disks about the point a = 0.

Remark. Sometimes the phrase Maclaurin series is used in place of Taylor series when
a=0.

Theorem 25.4. If f(z) is analytic at zq, then the Taylor series for f'(z) at zy can be obtained
by termwise differentiation of the Taylor series for f(z) about zy and converges in the same
disk as the Taylor series for f(z).
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Proof. Since f(z) is analytic at zg, the Taylor series for f(z) about 2y is given by

< £0) (5 |
10 =Y 2

By termwise differentiation, we obtain

°©£G) (5, & ) »
O I S ) DY = [CEP (%

=0 ' j=1

Suppose now that g(z) = f’(z). By Theorem 23.3, we know that g(z) is analytic at zy so
that its Taylor series is

1
j=0 J:
However, g9 (z) = fUT (%) so that
< @ £+
9 () : S (=) :
F) =g =3 I e =) = 3 T e = (x4
=0 =0
But by a change of index, it is clear that (x) and (*x) are equal as required. ]
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Lecture #26: Taylor Series and Isolated Singularities

Recall from last class that if f(z) is analytic at a, then

16 =3 H0 - o

J=0

for all z in some neighbourhood of a. This neighbourhood, denoted by {|z — a| < R}, is
called the disk of convergence of the Taylor series for f(z).

Example 26.1. We know from Lecture #5 that

=l+z+22+22+-

11—z

for |z| < 1. Since (1 — 2)~! is analytic for |z| < 1, we conclude this must be its Taylor series
expansion about a = 0. Moreover, since | — 22| < 1 whenever |z| < 1, we find

1
T =1+ (=) + (=2 P+ (2P +-=1—22 2 =0
for |z| < 1. Observe now that
1
Earctanz: 52

Consequently we can use Theorem 25.4, which tells us that the derivative of an analytic
function f(z) can be obtained by termwise differentiation of the Taylor series of f(z), to
conclude that the Taylor series expansion about 0 for arctan z must be

2 2

arctanz =z — — + — — — + - -~

3 5 7

for |z| < 1 since

1
1422

d d 3 5 7
&arctanz:&(z—%jt%—%jt---) =1-224+22 =204+ =

We can now recover the famous Leibniz formula for 7 from 1682; that is, since arctan(1) =

7/4, we find

1 1 1
%:arctan(l):l—g—i—g—?—i—---,

or equivalently,




Observe that in the last example we obtained the Taylor series for
1
1+ 22
by formally plugging —2? into the Taylor series for

1
1—2z

Suppose that we try do the same thing with a point at which the Taylor series is not analytic.

For instance, we know that
2 3
D TR
‘ ol " 3l

for all z € C. However, is it true that
1

1
=14 =t

z 21221 3123 T

at least for z £ 07 Our goal is to now develop the theory of Laurent series which will provide
us with the means to understand the series expansion for e!/* given above.

Consider again the function e'/#. Observe that the point z = 0 is special because it is the
only point at which e'/# fails to be analytic. We call such a point an isolated singularity.

Definition. A point 2 is called an isolated singular point of f(z) if f(z) is not analytic at
zop but is analytic at all points in some small neighbourhood of z.

Example 26.2. If f(z) = e'/?, then z = 0 is an isolated singular point of f(z).
Example 26.3. If

then zg = 0 is an isolated singular point of f(z).

Example 26.4. If
1

sin 2’

f(z) =cscz =
then f(z) has isolated singular points at z = nx for n € Z.

Example 26.5. If
1

f(Z):W,

then f(z) has isolated singular points at those points for which sin(1/z) = 0, namely

1
— =nm or equivalently z = —
z nm
for n = +1,42,43,.... Note that z = 0 is not an isolated singular point since there are

points of the form 1/(nm) arbitrarily close to 0 for n sufficiently large. In other words, 0 is
a cluster point or an accumulation point of the sequence of isolated singular points 1/(n),
n=1-12-23-3,...
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The basic idea is as follows. For a function f(z) analytic for |z — 29| < R, we have

[e.o]

12) =3 a4z~ z0)'.

=0
However, if a function is analytic in an annulus only, say r < |z — zo| < R (with r = 0 and
R = oo allowed), then our expansion will have negative powers of (z — zg); for example,

el/F =1 +- Ly + L + -
21,21 T 31,3
Example 26.6. Determine a series expansion for
1422
f(z) = o
in powers of z.
Solution. Recall that ]
——=1—z+22- 2+

Hence,

1+ 22 1+2z 1 1+ 22 9 3
= = = 1— _ LY
IO= 2307~ 2 112~ =2 (=242t =2t)

:%[(1—z+22—z3+-~)—|—22(1—z+22—z3—|—-~)}
:%(1+z—z2+z3—z4+---)

1 2
=?+;—l+z—z +

This expansion is the so-called Laurent series expansion of f(z) about zp = 0. The next
several lectures will be devoted to the development of the theory of Laurent series. Here is
one important use of the series expansion just determined.

Example 26.7. Suppose that C' = {|z| = 1/2} oriented counterclockwise. Compute

1422
gl
c < + z
Solution. Assuming that

1+2: 1 1 )
—:_+__1+2_Z +...’
22423 22 g

we obtain

1422 1 1
c
/—2d2+/ dz—/ldz+/zdz—/z dz +---
c? c?

=0+2m+0+0+0+---
= 2mi.
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Lecture #27: Laurent Series

Recall from Lecture #26 that we considered the function

1+ 22
f(z)_22+23

and we formally manipulated f(z) to obtain the infinite expansion

1 1
f(z):—2+——1—|—z—z2+---.
22z

Observe that f(z) is analytic in the annulus 0 < |z] < 1. Does

1422 1 1 9

et T R Iy

22423 22 2z
for all 0 < |z| < 1?7 The answer turns out to be yes. Thus, our goal for today is to prove that
if a function f(z) is analytic in an annulus, then it has an infinite series expansion which
converges for all z in the annulus. This expansion is known as the Laurent series for f(z).

Theorem 27.1. Suppose that f(z) is analytic in the annulus r < |z — zo| < R (withr =0
and R = oo allowed). Then f(z) can be represented as

FD =D ay(z =0 + 3 asy(e = 20) (*

where

1 f(¢) ,
R — =0,£1,£2,...,
) B v v S
and C' is any closed contour oriented counterclockwise that surrounds zy and lies entirely in
the annulus.

The proof is very similar to the proof of Theorem 25.1 for the Taylor series representation of
an analytic function in a disk |z—z2p| < R. We will not include the full proof, but instead give
an indication of where the formula for a; comes from. Suppose that f(z) can be represented

as
00

f(z) = Z ar(z — 2)"

k=—0o0
with convergence in the annulus r < |z — z9| < R. Observe that

[e.o]

1 , A
g/ (Ve =007 = 3 gl )t
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and so
1 - 1
RIS E T ey T
27 Jo (2 — 20)7 2w Jo (2 = z) 7

where C' is any closed contour oriented counterclockwise that surrounds 2, and lies entirely
in the annulus. We now observe from Theorem 21.1 that

1 - .
/(—.kdz:2m if k=j5-1
c

z— z9)i™
and )
— dz = if K#4£7—-1
/C(z—zo)ﬂ_k z=0 1 #J
so that

1 f(2) N / 1
27i /C (z — 29)7 : kz_oo 27 Jo (2 — z0)77F ° = 4

In other words,

1 f(2) . 1 f(2)
aj—1 = Q—M/;mdz or, equlvalently, a; = Z—M/;mdz

Remark. Observe that
1 f(Q)

YT i Jo ([C= )
so, at least for j = 0,1,2,..., it might be tempting to use the Cauchy Integral Formula
(Theorem 23.4) to try and conclude that a; is equal to

f(j)(zo)
4!

d¢

as was the case in the Taylor series derivation. This is not true, however, since the assumption
on f(z) is that it is analytic in the annulus r < |z — 25| < R. This means that if C' is a
closed contour oriented counterclockwise lying in the annulus and surrounding zj, there is no
guarantee that f(z) is analytic everywhere inside C' which is the assumption required in order
to apply the Cauchy Integral Formula. Thus, although there is a seemingly simple formula
for the coefficients a; in the Laurent series expansion, the computation of a; as a contour
integral is not necessarily a straightforward application of the Cauchy Integral Formula.

Example 27.2. Suppose that

£(2) 1+ 22

Z)= ——
22 + 23

which is analytic for 0 < |z| < 1. Show that the Laurent series expansion of f(z) for
0<|z|<1lis

11 ,

S t-—1+z=2"+-.

22z
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Solution. Suppose that C' is any closed contour oriented counterclockwise lying entirely in
{0 < |z| < 1} and surrounding 2z = 0. Consider

L[ HQ g Lol 111420/
YT 2w o (=2 T 2w o B O dc_zm'/c g

The reason for writing it in this form is that now we can apply the Cauchy Integral Formula

to compute
L [0r20/050
2mi Jo g3 '
Observe that the function
1+ 22
9(x) = 7

is analytic inside and on C'. Thus, the Cauchy Integral Theorem implies that if j < —3, then
1 142 1
L U000
c

27 (i+3
so that a_3 =a_4 = --- = 0. The Cauchy Integral Formula implies that if j > —2, then
L/ (14+20/(04Q) 4 _ L/ 9(0) 4o _ 9720
27'('7: C Cj+3 27TZ C Cj+3 (] ‘|‘ 2)' '
Note that if j = —2, then a_» = ¢g(0) = 1. In order to compute successive derivatives of

g(z), observe that
1+ 22 1 2z
9(2) =

1+ 2 _1+z+1+z

Now, if k=1,2,3,..., then

LR W
dzk \1+2/) (14 z)k+1

and

d*x z k! klz
el — (=1 k+1__ v -1 k™M~
dzF <1+z> (=1) (1—|—z)k+( ) (14 z)k+1

g®(0) = (=D)*E! + 2(—=D)* K = (=1)* k! for k=1,2,3,.. ..

so that

This implies

(j+2) _1)i+3(4 !
g (0)  (=17( +2)! j+3 j+1 .
4 (j +2)! (j +2)! (=1) =) o T

so that the Laurent series expansion of f(z) for 0 < |z| < 1 is

o0

1 1 1

;—l—;—l—l—z—zz%—---:;—i— (—1)j+12j.

j=—1

Remark. We will soon learn other methods for determining Laurent series expansions that
do not require the computation of contour integrals.
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A first look at residue theory as an application of Laurent series

One important application of the theory of Laurent series is in the computation of contour
integrals. Suppose that f(z) is analytic in the annulus 0 < |z — 29| < R so that f(z) has a
Laurent series expansion

o0

£ = ails =) + > iz —20)7

Let C' be any closed contour oriented counterclockwise lying entirely in the annulus and
surrounding zy so that

/Cf(z)dz—iaj/c(z—zo)jdz+ia_j/c(z—zo)_jdz.

We know from Theorem 21.1 that
< 2mg, if 7 =—1
c 0, if j # —1,

/ f(2)dz = 2mia_;.
c

Thus, we see that the coefficient a_; in the Laurent series expansion of f(z) in an annulus
of the form 0 < |z — 29| < R is of particular importance. In fact, it has a name and is called
the residue of f(z) at zo, denoted by a_; = Res(f; 2o).

so that

Example 27.3. Since the Laurent series of

1+ 22
22 4 23

f(z) =

for 0 < |z| <1is
11 ,
z z

1+2
/ ter dz = 2mia_ = 2mi
C

we conclude that

22_|_23

for any contour C' lying entirely in {0 < |z| < 1} and surrounding 0.
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Lecture #28: Calculating Laurent Series

Example 28.1. Determine the Laurent series for

1

f(z) = -2z

for (i) 1 < 2| <2, and (ii) |2| > 2.

Solution. Note that the only singular points of f(z) occur at 1 and 2. This means that (i)
f(z) is analytic in the annulus 1 < |z] < 2, and (ii) f(z) is analytic for |z| > 2. Hence, in
either case, the Laurent series for f(z) will necessarily be of the form

fR)=> a2+ a2,

J=1 J=1

and so the idea is that we will find the coefficients a; directly rather than by contour inte-
gration. (It is worth stressing that the coefficients in the Laurent series expansions for (i)
and (ii) will not necessarily be the same.)

(i) Using partial fractions, we find

1 1 1

IO = ez " o1 a2

Now consider

1 1 =
= — = — Z-]_
z—1 1—-=2 Z
7=0
We know this series converges for |z| < 1. However, we are interested in determining a series
which converges for |z| > 1. Thus, we write
1 1/z
z—1 1-1/z

and observe that the series .

1 .
=1/ IZ(l/Z)j

Jj=0

converges for |1/z| < 1, or equivalently, |z| > 1. This implies

Now consider

1 1/2 1 N2
_ _ = J—
2—2 1-2/2 3 212 =D
j=0 7=0



which converges for |z/2| < 1, or equivalently, |z| < 2. Thus, when we add these two series,

we obtain
1
_ _ —j
i Z +ZW

Note that the first series converges for |z| > 1 while the second series converges for |z| < 2.
This means that they BOTH converge when 1 < |z| < 2, and so we have found the Laurent
series for f(z) for 1 < |z| < 2, namely

1 —J
f(Z):m Z2]+1+Zz )

(ii) We now want the Laurent series for f(z) to converge for |z| > 2. We already know that

oo
= E Z_]
j=1

converges for |z| > 1. However, the series that we found for

1
z—2

converges for |z| < 2. This means that we need to manipulate it differently, say

1 1/z 1 — =i i >
— i 2/} = o ,=i—1 — 9J=1,=J
z—2 1-2/z zjz_;( /?) JZ_; ‘ ]2_; ©

which converges for |2/z| < 1, or equivalently, |z| > 2. Thus,

1 1 —J J—1l,—J — J—1y,—J
R P e e —Zz Zz ;;(1—2 )z

for |z| > 2.

Example 28.2. Determine the Laurent series for

622

f(Z):m

for all |z — 1| > 0.

Solution. Observe that f(z) is analytic for |z — 1| > 0. Now
2z 2(z—1+1) 2(z—1)
f)= o= =
(-1 (z-1)° (z—1)°

Recall that the Taylor series for e¥ is

w?  w? Y
e’ =ltwt o tort Eﬁ
]_
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which converges for all w € C. This implies

22(z—1)2 2%(z—1)° V(2 —1)]
2(z-1) — — =N 2
e =120 - )+ = gt => T
=0

Hence,

(=1 V(=1 K2 (z—1)73

T o ~a — (Z — 1)73 _— = _

(z—1)3 j;o J! jgo J!
so that the Laurent series of f(z) for |z — 1] > 0 is

2z e j i—3
e T A G ) 1 2 4 8
f<z)_(z—1)3_€;0 b\ G e ey s )
Example 28.3. Let
sinh 2 = % — —isin(iz)
and let |
(=)= z2sinh 2’

Determine the first few terms of the Laurent series for f(z) in 0 < |z| < 7, and then calculate

1
——d
/0228111}12 :

where C' = {|z| = 1} is the unit circle centred at 0 oriented counterclockwise.

Solution. On Assignment #9 you will show that the Taylor series for the entire function

sinh z is
3 5 X L2541

) z z
smhz=z+§+5+'”22m

=0
which converges for all z € C. Moreover, it is not too difficult to show that sinh z = 0 if and
only if z € {0, tim, +2im,...}. This implies that f(z) is analytic for 0 < |z| < 7. Now

1 1 1 1

Z) = R == = — .
/) 22 sinh 2 22(2+§+§+'”> 231+§+§+...

Using the identity

1
——=1l-w+w —w+-,
1+w
we obtain
L =1 22+Z4+ + 22+Z4+ 2+ =1 22+7z4+
I+2 4+ 54 3 5 3 5! B 6 360
so that
1 _1 ] 22+7z4+ _1 1+7z+
22ginhz 23 6 360 23 6z 360

for 0 < |z| < m. Hence,
1 1 1 7 2mi )
/2'—dz:/___+_z+...dzz_ﬂ:_7r_7’.
o 22sinh z oz 6z 360 6 3
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Lecture #29: Laurent Series and Residue Theory
Example 29.1. Determine the Laurent series of

22 —22+3

fle) ==

for |z — 1| > 1.

Solution. Note that f(z) is analytic for |z — 1] > 1 since the only singularity for f(z) occurs
at z = 2. Since we are expanding about the point zy = 1, the Laurent series will necessarily

have the form .

F@) =3 alz— 2.
Jj=—00
Therefore, if we want to expand in powers of z — 1, we need to turn both our numerator and
denominator into functions of z — 1. Observe that

= = = = —_— 77 prm— —_— 7‘7
z—2 (z2-1)—-1 =z-11--% z—lz (Z—l) Z N Zz
zZ— ]:O ]:O jZl

for [1/(z —1)| < 1, or equivalently, |z — 1| > 1, and
2 —224+3=(2—-1)*+2.
This yields

g S S

for |z — 1] > 1 as the required Laurent series.

Classifying isolated singularities
We will now focus on functions that have an isolated singularity at zy. Therefore, suppose

that f(z) is analytic in the annulus 0 < |z — zp| < R and has an isolated singularity at zo.
Consider its Laurent series expansion

o0 o
— (2 — ) _
z) = g a;j(z — 2o) +E a_j(z—zp)”
]:O ] 1
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We call the part with the negative powers of (z — z), namely
Z a_;j(z — zo) =
7=1
the principal part of the Laurent series. There are three mutually exclusive possibilities for
the principal part.
(i) If a; = 0 for all j < 0, then we say that z; is a removable singularity of f(z).

(ii) If a_,, # 0 for some m € N, but a; = 0 for all j < —m, then we say that z; is a pole
of order m for f(z).

(iii) If a; # O for infinitely many j < 0, then we say that zy is an essential singularity of

f(2).

Example 29.2. Suppose that

f() 1 . 1 23+z5 Z7+ 1 22+z4 26+
Z)=-sinzg=-|z-—-—"4+———+--|=1—— 4+ — — — + ..
2 z ! ! 31 51 7! ’

we conclude that zy = 0 is a removable singularity.

Example 29.3. Suppose that

e
f2) =,
for |z| > 0 where m is a positive integer. Since
1 2228
- (1 44
f(2) zm( tatg +3!+ )
EE I +oo - S
T ogm | gmel ] 9lym=2 (m—1!2 m!  (m+1) ’
we conclude that zg = 0 is a pole of order m.
Example 29.4. Suppose that
f(z) = e
for |z| > 0. Since
1/2)? 1/2)3 1 1 1
f(z):el/zzl—k(l/z)—i—( /2) +( /2) +oo=lt -t st et

21 3! z 2122 3123

we conclude that zp = 0 is an essential singularity.
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Recall from Lecture #27 that we took a first look at residue theory as an application of
Laurent series. The basic idea is that if we have the Laurent series expansion of a function
f(z) for 0 < |z — 29| < R and C'is an closed contour oriented counterclockwise surrounding
Zo, then

/ f(2)dz = 2mia_y
c
where a_; is the coefficient of the (z — 29) ™! term in the Laurent series expansion of f(z).

Definition. Suppose that the function f(z) has an isolated singularity at zo. The coefficient
a_1 of (z — 29)~! in the Laurent series expansion of f(z) around 2, is called the residue of
f(2) at z and is denoted by

a_1 = Res(f;2p).

Example 29.5. Suppose that C' = {|z| = 1} denotes the unit circle oriented counterclock-
wise. Compute the following three integrals:

sin z
d
(@) [

ez
(b) / — dz, where m is a positive integer, and
c <

(c) /C el dz.

Solution. In order to compute all three integrals, we use the fact that zy = 0 is an isolated
singularity so that

/ f(2)dz = 2miRes(f;0).
c

(a) From Example 29.2, we know that a_; = 0 so that

/szdZ—O.
C V4

(b) From Example 29.3, we know that a_; = 1/(m — 1)! so that

62

2m
czm T (m—1)

(c¢) From Example 29.4, we know that a_; = 1 so that

/ el% dz = 2mi.
c

Note that although we could have used the Cauchy Integral Formula to solve (a) and (b),
we could not have used it to solve (c).
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Question. Given the obvious importance of the coefficient a_; in a Laurent series, it is
natural to ask if there is any way to determine a_; without computing the entire Laurent
series.

Theorem 29.6. A function f(z) has a pole of order m at zy if and only if
9(2)
z) = ————
f( ) (Z — Zo)m

for some function g(z) that is analytic in a neighbourhood of zy and has g(z) # 0.

Proof. Suppose that f(z) has a pole of order m at zy. By definition, the Laurent series for
f(2) has the form

O T +j__%;1) iz = =)’

and so
(2 —20)" f(2) —a_m+ Z ]+m—a_m+2a]m

Therefore, if we let
2)=a_m+ Z ajm(z — 20),
j=1

then ¢(z) is analytic in a neighbourhood of zy. By assumption, a_,, # 0 since f(z) has a
pole of order m at zg, and so g(z9) = a_,,, # 0.

Conversely, suppose that

fo)= 2

(z — z9)™
for some function g(z) that is analytic in a neighbourhood of zy and has g(z) # 0. Since
g(z) is analytic, it can be expanded in a Taylor series about zy, say

()_b0+b1(2—20)+b2(2—20 . Zb Z—ZO

Since g(zp) = by # 0 by assumption, we obtain

1 > i bo by
A D B M

Therefore, by definition, f(z) has a pole of order m at z. O
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Lecture #30: The Cauchy Residue Theorem

Recall that last class we showed that a function f(z) has a pole of order m at zj if and only
if
z
1) = 22

(2 — zp)™
for some function g(z) that is analytic in a neighbourhood of z, and has g(zg) # 0.
Example 30.1. Suppose that
£(2) sin z
z) = ——s.
ERNE

Determine the order of the pole at zg = 1.

Solution. Observe that 22 —1 = (2 — 1)(z + 1) and so

2) = sinz sin z _ sin z/(z+ 1)
f(2) (22—1)2  (z—1)2(z+1)? (z —1)2
Since sin z
9(z) = GHip

is analytic at 1 and g(1) = 272?sin(1) # 0, we conclude that 2y = 1 is a pole of order 2.

Suppose that f(z) has a pole of order m at 2z so that we can write

__Oom A—(m-1) ey 0= Y
£(z) EE T e R > ai(z— z).

J=0

Therefore,

(2= 20)"f(2) = e + a_(m-1)(2 — 20) + -+ a_1(z — 20)™ " + Z a;(z — 2) "
=0

which is analytic at zy by Theorem 29.6. This means we can pick out a_; by taking successive
derivatives. That is, differentiating m — 1 times gives

dmfl

dzm—l

(z—=20)"f(2) = (m—10a_1 + Z bi(z — z)

J=0

for some coefficients b;. The exact value of these coefficients is unimportant since we are
going to make the non-constant terms disappear now. If we evaluate the previous expression
at z = 2o (which is justified since (z — 29)™ f(z) = g(z) is analytic at zp), then we find

dm—l
dszl

(2 = 20)"f(2)

=(m—1)la_4,




and so we’ve found our formula for a_; in the case that f(z) has a pole of order m at z.
Note that if m = 1, in which case f(z) has a simple pole at zy, then taking derivatives is
unnecessary. We just need to evaluate (z — z) f(2) at zo.

Theorem 30.2. If f(2) is analytic for 0 < |z — 29| < R and has a pole of order m at z,

then
1 dmfl . 1 ) dmfl .
Res(f;20) = (m — 1)l dzm—1 (2 —20)" f(2) . = (m—1)! leglo dzm—1 (2 — 20)" f(2).
In particular, if zo is a simple pole, then
Res(f;20) = (2 — 20) f(2) = ZILI%(Z —20) f(2)-
2=z

Example 30.3. Determine the residue at zg = 1 of

sin z

f(Z)Zm

/C f(2)dz

where C' = {|z — 1| = 1/2} is the circle of radius 1/2 centred at 1 oriented counterclockwise.

and compute

Solution. Since we can write (z — 1)?f(2) = g(z) where

sin z

is analytic at zgp = 1 with ¢g(1) # 0, the residue of f(z) at zp = 1 is

1 4! ) d )
gzt V@) = e DE)

z=1

Res(f;1) =

2=1
_d sinz
_@(z+1)2 z=1
(24 1)°cosz—2(z+1)sinz
B (z+1)*
_4cosl—4sinl
16

cos1l —sinl

4

z=1

Observe that if C' = {|z — 1| = 1/2} oriented counterclockwise, then the only singularity of
f(z) inside C'is at zp = 1. Therefore,

sin z _ (cos1 —sin1)mi
/Cmdz—%mf{es(f;l) = 9 .
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It is worth pointing out that we could have also obtained this solution using the Cauchy
Integral Formula; that is,

sin z g(2) ., . cosl —sinl  (cos1 —sinl)mi
2 de= [ P24z = 2mig/(1) = 2mi - -
/C(ZQ — 1) 2 /C(Z_ g z = 2mig (1) = 2mi 1 5

as above.

Remark. Suppose that C' is a closed contour oriented counterclockwise. If f(z) is analytic
inside and on C' except for a single point z, where f(z) has a pole of order m, then both
the Cauchy Integral Formula and the residue formula will require exactly the same work,
namely the calculation of the m — 1 derivative of (z — 29)™ f(2).

Recall that there are two other types of isolated singular points to consider, namely removable
singularities and essential singularities. If the singularity is removable, then the residue is
obviously 0. Unfortunately, there is no direct way to determine the residue associated with an
essential singularity. The coefficient a_; of the Laurent series must be determined explicitly.

In summary, suppose that f(z) is analytic for 0 < |z—zy| < R and has an isolated singularity
at zg. By direct inspection of the function, one may make an educated guess as to whether
the isolated singularity is removable, a pole, or essential. If it believed to be either removable
or essential, then compute the Laurent series to determine Res(f;2o). If it is believed to be
a pole, then attempt to compute Res(f; z9) using Theorem 30.2.

Theorem 30.4 (Cauchy Residue Theorem). Suppose that C' is a closed contour oriented
counterclockwise. If f(z) is analytic inside and on C' except at a finite number of isolated
singularities z1, zo, . . . , Zn, then

/Cf(z) dz = QWiZRes(f;zj).

Proof. Observe that if C'is a closed contour oriented counterclockwise, then integration over
C' can be continuously deformed to a union of integrations over Cy, (s, ..., C, where Cj; is
a circle oriented counterclockwise encircling exactly one isolated singularity, namely z;, and
not passing through any of the other isolated singular points. This yields

/ fyds= [ ezt [ ) ae
C Cq Cn

Since
/ f(z)dz = 2miRes(f; 2;),
Cj
the proof is complete. n

Remark. Note that if the isolated singularities of f(z) inside C' are all either removable or
poles, then the Cauchy Integral Formula can also be used to compute

/C £(2)de.
30-3



If any of the isolated singularities are essential, then the Cauchy Integral Formula does not
apply. Moreover, even when f(z) has only removable singularities or poles, the Residue
Theorem is often much easier to use than the Cauchy Integral Formula.

Example 30.5. Compute
dz

/ 323+ 422 -5z +1
o (2=20)(* = 2)
where C' = {|z| = 3} is the circle of radius 3 centred at 0 oriented counterclockwise.
Solution. Observe that

_ 38 +422—be+1 35 +422 5241
A P s e P | [ FES V[T

has isolated singular points at z; =0, zo = 1, 23 = —1, and z4 = 2i. Moreover, each isolated
singularity is a simple pole, and so

3234422 — b5z +1 1 i
Res(f;0) = S S—
U0 = e e —2)|., - —T—2 2
323 +422 - 52+ 1 3+4-5+1 3 3(1+ 2i
Res(fi1)= 2422 02l 3+ 841 3 3042
2z+1)(z—2i) |, 1-2-(1—-2i) 2(1—2i) 10
Res(f'_l)_3z3+422—52+1 34445+l T T(2i-1)
T 2 -D(=2) |, —1--2-(=1-2) 2(1+2) 10
Res(f:2i) 32% + 422 — 52+ 1 C3(20)° +4(2i)2 —5(20) +1 34— 15
U 2=+ 1) |, 2i(2i — 1)(2i + 1) 10

By the Cauchy Residue Theorem,

/323+422—5Z+1
c

3(1+2)  7(2i—1)  34—15) _
(z—20)( — 2) - " )‘6 |

i
—omi (-2
1z m( 27 T 10 10 10
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Lecture #31: Computing Real Trigonometric Integrals

Suppose that C' is a closed contour oriented counterclockwise. Last class we proved the
Residue Theorem which states that if f(z) is analytic inside and on C, except for a finite
number of isolated singular points z1, ..., z,, then

/ f(z)dz = 27rizn:Res(f;zj).
c =

In order to compute Res(f;z;), we need to determine whether or not the isolated singular
point z; is removable, essential, or a pole of order m. If z; is a pole of order m, then we
know

S S )

(m —1)! 2>z dzm—1

Res(f; 2;) = o 1 5 dd;‘_l (z — z)"f(2)

Z=Zzj

In particular, if z; is a simple pole, then

Res(f;z;) = (2 — 2;) f(2)

Example 31.1. Compute

[t
— Az
CZ2+4Z+1

where C' = {|z| = 1} is the circle of radius 1 centred at 0 oriented counterclockwise.

Solution. Clearly
2
J(z) = 2244241

has two simple poles. Notice that 22 +4z+ 1= (2 4+4z+4) —3 = (2 +2)* — 3 = 0 implies
z1:\/§—2 and 22:—\/3—2

are simple poles. However, |z;| < 1 and |z2| > 1 which means that f(z) only has one isolated
singularity inside C'. Since

Pdz41l=(2—2)(z—2)=(z—V3+2)(z+V3+2),

we find )
Res(f;z) = Res(f; V3 —2) = ———— = =
(f 1) (f ) 2+ \/§+2 s 9

e

B
8-

so by the Cauchy Residue Theorem,

/ 2z d o 2 .
— 42 = 4T+ —= = —=Tr1t.
o +4z+1 V3 V3

31-1



Suppose that we now parametrize C' by z(t) = e, 0 < t < 27, and attempt to compute this

same contour integral using
2 ) )
/ f(z)dz = / f(e™) -ie™ dt.
c 0

2 2 2

——dz = _— Tt =2 ——dt

/022+42+1 : /0 e?it 4 4eit + 1 e Z/0 62”—1—46“54—1
_dt

/0 6”—|—4+6 it

27
2@/
0 4+2008t

2
= —dt
/0 2+ cost

2 [ 1 , S | 2
—Ti =1 ——dt or, equivalently, ——dt = —m.
o 2+ cost o 2+ cost V3

That is,

and so

Notice that we were able to compute a definite integral by relating it to a contour integral
that could be evaluated using the Residue Theorem. If we have a definite integral, the limits
of integration are 0 to 27, and the integrand is a function of cosé and sinf, then we can
systematically convert it to a contour integral as follows. Let C' = {|z| = 1} denote the
circle of radius 1 centred at 0 oriented counterclockwise and parametrize C' by z(6) = e,
0 < 0 < 27, so that 2/() = ie? = iz(f). Since

2(0) = e = cosf +isinf and ﬁ =e " =cosf —isinb,
we find
e R Y C R n )
Therefore,
/O%F(cose,sin 0)do = /OZWF (% (z(0> + %) % (2(0> - ﬁ)) do
TG0 ) (0 ) 2
-/ i (5 (04 =5) 3 (-0 - 75 ) ) 7@
() A e



Example 31.2. Compute
2m
2
/ cos(20) 4.
o D—4cost
Solution. Let C' = {|z| = 1} oriented counterclockwise be parametrized by z() = €%,
0 < 8 < 27. Note that

2i0 | —2if 4
cos(20) = erre ™ 1 <z(0)2 + ! ) = 20y +1

2 2 z(0)? 22(0)?
and
 deosd—§ — 1 B R L(0) — 2 :_22(0)2—52(9)+2
5—4cosf=5—14 2(””49)) 5 — 22(0) 0 0 :
so that
cos(20) Zg(zz;;gl _ z(0)* +1 _ z(0)* +1
5—4cosf IR ZOB RO T 22(0) (22(0)2 —52(0) +2)  22(0)(22(0) — 1)(2(0) — 2)

This implies

T cos(26) _ 2m () +1 _ 2 +1 1
/0 5 dcosf 0T _/0 22(0)(2200) — D)0y —2) 0 = _/C 2202 -1)(z=2) iz "

/ 2 +1
== dz.
2 Jo 2222 —1)(2—2)

~.

Let

B 441
1@ = a5 169

so that f(z) clearly has a double pole at z; = 0, a simple pole at z; = 1/2, and a simple pole
at z3 = 2. Of these three singularities of f(z), only two of them are inside C. Therefore,

o d 2P+ 1 42222 -1)(2—2) — (2" +1)(42 = 5) 5
Resl/:0) = L@ — D9 o (22 — 1)2(z — 2)2 ., 4
" Res(f;1/2) = (z— 1) Z 41 = —Z4+1 -
’ 2) 22 = 1)(z2—2) [0y 2232 —2) |00 12

By the Residue Theorem,
Qﬂ- . 4 .

/ Mdng/ - Z+1 dz:f.gm(§_1_7):f

o D—4cosd 2 Jo 2222 —1)(2—2) 2 4 12 6
Remark. It is possible to compute both

] T cos(26)
——df d ———df
/0 2+ cosf o /0 5—4cosd

by calculating indefinite Riemann integrals. However, such calculations are very challenging.
The contour integral approach is significantly easier.
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Lecture #32: Computing Real Improper Integrals
Example 32.1. Compute

===y
dz.
o (@2+1)(a%2+44)
Solution. Although it is possible to compute this particular integral using partial fractions

easily enough, we will solve it with complex variables in order to illustrate a general method
which works in more complicated cases. Observe that by symmetry,

2/0 2+ )2+ 9) dx:/_m Er 4 &

Suppose that C' = Cg @ [—R, R] denotes the closed contour oriented counterclockwise ob-
tained by concatenating Cg, that part of the circle of radius R in the upper half plane
parametrized by z(t) = Re”, 0 < t < 7, with [ R, R], the line segment along the real axis
connecting the point —R to the point R. Therefore, if

22

&= @y

then

/Cf(z) dz = /[—R,R] f(z)dz+ . f(z)dz. (%)

We now observe that we can compute

/Cﬂz) dz= /C (22 + 1?222 Ty &

using the Residue Theorem. That is, since

22 22
&) = D 0 " G =2
we find that f(z) has simple poles at z; = i, 29 = —i, 23 = 2i, 24 = —2i. However, only z;

and z3 are inside C' (assuming, of course, that R is sufficiently large). Thus,

2 72

Resli) = oo 20|~ @GO 6

and
Res(f; z3) = G :ﬂ:_f
) S D2 e GO B

so by the Residue Theorem,

/Cf(z)dz:/c(22+1§zz2+4)dz:2m (%—%) -
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In other words, we have shown that for R sufficiently large (%) becomes

2 2

N /[_R,R] ErnEiy T /c (2 +1)(22 +4)

The next step is to observe that since [—R, R| denotes the line segment along the real axis
connecting the point —R to the point R, if we parametrize the line segment by z(t) = t,
—R <t < R, then since 2/(t) = 1, we obtain

dz.

m
3

22 d R t2 d R :L.Q d
p— t:
/[—R,R} RS R /_R CESVCEYY /_R @2+ D)2+ d)

where the last equality follows by a simple change of dummy variable from ¢ to x. Thus,

7T R x? 22

- = / dz + / dz

3 Jogp(@®+1)(22+4) cn (24 1)(22+4)
and so by taking the limit as R — oo of both sides we obtain

R 1'2 22

Ty dz + li d
— = 11Im s 1m Z.
3 Roeo ) p (12 + 1)(a? + 4) fovoo Jo, (22 4 1)(22 + 4)

We now make two claims.

Claim 1.

R 2 00 2
lim T dox = / < dx
R—oo | _p (22 + 1)(22 +4) oo (@2 1) (22 4+ 4)

Claim 2.

22

li dz =0
Rooo Jo, (2+1)(2214)

Assuming that both claims are true, we obtain

W/oo z* dx and so /00 z* d _T
3 oo (B2 1) (22 +4) voan o (22+1)(22+4) I—6

which is in agreement with what one obtains by using partial fractions.

Hence, the next task is to address these two claims. We will begin with the second claim
which follows immediately from this result.

Theorem 32.2. Suppose that C'g denotes the upper half of the circle connecting R to —R
and parametrized by z(t) = Re, 0 <t < . If

P(z)
Q(z)
is the ratio of two polynomials satisfying deg () > deg P + 2, then

f(z) =

lim f(z)=0.
Cr

R—o00
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Proof. The fact that deg @ > deg P + 2 implies that if |z| is sufficiently large, then

=] 5

for some constant K < co. (See the supplement for derivation of (f).) Hence,

< % 1)

K K Kr
fdeS/ f(z dz:/ —dz = —/((CR) = —
[ sz < [ ea= [ o= gucw =
since /(Cg) = mR is the arclength of C'r. Taking R — oo then yields the result. O

Thus, we conclude from this theorem that

22

1 dz =0
Rooe Jo, (2 + D)2+ 4)

since P(z) = 2% has degree 2 and Q(z) = (22 4+ 1)(2? + 4) has degree 4.

Review of Improper Integrals

In order to discuss Claim 1, it is necessary to review improper integrals from first year
calculus. Suppose that f : R — R is continuous. By definition,

/OOO f(@)dz = lim /Obf(a:) d.

b—o0

Thus, assuming the limit exists as a real number, we define

/Ooof(x)dx

to be this limiting value. By definition,

a——00 a

/_ f(x)dx = lim f(x)de.

Thus, assuming the limit exists as a real number, we define

/_Zof(:c)da:

to be this limiting value. By definition,

/ Zf(:z:)da:: / " @) do + / iof(:z:)d:c: lim / fle)do+ lim_ ao F(a) da.

b—o0

Thus, in order for

/ Zf(ar) da (+)
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to exist it must be the case that both

b 0
blirgo/o f(z)dz and agmoo f(z)dz

exist as real numbers. However, if one of these limits falls to exist as a real number, then
the improper integral (x) does not exist. Sometimes, we might write

[ swa= [ (M

instead which just writes the two separate limits in a single piece of notation. It is important
to stress that this notation still implies that two separate limits are being taken: a — —oo
and b — oo. It might be tempting to try and combine the two separate limits into a single
limit as follows:

/_°° f(2) dz = lim f< ) dz @)

c—00

However, (1) and (1) are not the same! As we Wlll now show, it is possible for

C

Ay ) S
to exist, but for
b
lim / f(x)dx
a——o0,b—0c0 [,

not to exist.

Example 32.3. Observe that

c 21 2 RY
vdz =2 :C——(C) =0
e 2, 2 2
and so .
lim zdxr =1im0=0.
c—oo J_ . c—0
On the other hand,
0 210 2 b 21b b2
/mdx:x— - L and /.Id,CE:x— = —
“ 2, 2 0 2,
so that
0 a2 b 2
lim zdr=— lim — = —oo0 and lim rdr = lim — = oo.
a——oo [, a——00 b—oo 0 b—o0
Thus,
b
lim /xdx:—oo+oo:oo—oo
a——o0,b—0c0 [,
so that

/ xdx
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Supplement: Verification of (f) from proof of Theorem 32.2

Suppose that Q(z) = by + byz + -+ + b,,2™ is a polynomial of degree m. Without loss of
generality assume that b,, = 1. Therefore,

by b
and so by the triangle inequality,
by b b b
TR = L4 = e > = S e
z z z z
Let M = max{1, |by|,...,|bm-1]} and note that 2mM > 1. This means that if |z| > 2mM,
then
brn—j M M < 1
2| TP Tzl T 2m’
Therefore, since there are m terms in the following sum,
bm,l+ +b0< +1+ +1_1
z Zm| T 2m o 2m om 2
which implies that
by b 1
Q) 21— | e 21— o=
zm 2
Hence, we obtain,
2™
>
Q) = &

for |z| sufficiently large. On the other hand, suppose that P(z) = ap + a1z + - -+ + a,2" is a
polynomial of degree n so that

Ap—1 Qo
o —
on

2 "P(z) = a, +

If |z| > 1, then by the triangle inequality,

Ap—1

27" P(2)] < an| +

Qo
+---+‘Z’S]an|+|an,1|+---+]a0]

and so with C' = |ag| + - - - + |a,| we obtain

|z7"P(2)| < C
for |z| > 1. Now suppose that
P(z)
e

is the ratio of polynomials with deg Q(z) > deg P(2)+2. If deg P(z) = n and deg Q(z) = n+k
with & > 2, then we find that for |z| sufficiently large,

P(z)|  [z7"P(2)] < C 20 20 K
Q(2)

B R R P e E L FIEN FE

since k > 2.
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Lecture #33: Cauchy Principal Value

Definition. Suppose that f : R — R is a continuous function on (—oo, 0c0). If

exists, then we define the Cauchy principal value of the integral of f over (—oo,0) to be
this value, and we write

R

p.v. /OO flx)dx = Blgr;o 7Rf(x) dz

for the value of this limit.

Remark. If -
| s

/Z f(z)dz = p.v. /Z F(z)da.

pov. /_ Z (@) da

/_Zf(x)da:

p.V./ xdxr =0 whereas / xdx does not exist.

[e.e]

exists, then

However,

may exist, even though

does not exist. For instance,

[e.e]

We can now finish verifying Claim 2 from Example 32.1 of the previous lecture.

Example 32.1 (continued). Recall that we had deduced

R 2 2
—:/ L dx+/ i dz
3 _p (@ +1)(22+4) Cr (22 +1)(22+4)

where Cg is that part of the circle of radius R in the upper half plane parametrized by
z(t) = Re", 0 < t < 7. Taking the limit as R — oo and using Theorem 32.2, we obtained

R I2

T lim dz
—_ = 1 .
3 R—oo |_p (IQ + 1)(x2 + 4)

33-1



By the definition of the Cauchy principal value, we have actually shown

w

T B /oo I’Q d
= p.V. . (xz + 1)(1*2 + 4) xZ.

We now observe that )
x

(22 + 1)(2? + 4)

is an even function so that

R $2 R 1,2
/_R @1 )2+ 4) dx:2/o CER T

which implies that

00 ZL‘2 R 1'2
v, dz = 2 i dz.
pv/_oo(.r2+1)(x2—|—4) TN, @ n@ra

In order to verify that the improper integral actually exists, note that

R 1,2 R .TQ R 1
dz| = dz < dx = t
/0 (@ + 1)(22 + 4) x’ /o (@ + 1)(22 + 4) x_/o 2y O T etan

using the inequality z? < (22 + 4). Since arctan R — 7/2 as R — oo, we conclude

R .TQ
I d
Ao Jy @+ D@2 +4)

exists by the integral comparison test. Thus,

T /OO z? da:—/oo z* dx—?/oo z* dz
PV @@ )T T @@ T ), i@t

so that

w

& x? T
3 5 de = —.
o (@2+1)(22+4) 6

Example 33.1. Compute

> 1
V. —dx.
pv/_oo:v2+2x+1 v

Solution. Suppose that C' = Cg @ [—R, R] denotes the closed contour oriented counter-
clockwise obtained by concatenating Cg, that part of the circle of radius R in the upper half
plane parametrized by z(t) = Re®, 0 < t < &, with [~ R, R], the line segment along the real
axis connecting the point —R to the point R. Suppose further that

1

fz) = 224+ 2242
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so that f(z) has two simple poles. These occur where
P42242=22422+1+1=(2+1)2+1=0,

namely at z; =v/—1—1=4i—1and 25 = —/—1—1=—i—1= —(i+ 1). Note that only
z1 is inside C, at least for R sufficiently large. Therefore, since

1 1
z) = 242242 (2—2)(z - 2)’
we conclude that
1 1 1
R . — — — —_ .
es(f; 1) z—2,_, a—z i—i+t({@+1) 2

This implies

[
c?2?2+2z+2 BT

so that

1 1 1
T= [ 5—o——dz= ——dz + ——dz
o2 +2z+2 —RE 2%+ 22+2 op 22+ 2242

R 1 1
T e .
_prt+2x+1 cp 20T 2242

Taking R — oo yields

R 1 1 > 1
7= lim ——————dz+ lim —dz:p.v./ ———dx
R—oo |_pa?+2r+1 R—o0 Jo, 22+ 22 + 2 o T2+ 2z +1

using Theorem 32.2 to conclude that the second limit is 0.
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Lecture #34: The Fundamental Theorem of Algebra

Theorem 34.1 (Fundamental Theorem of Algebra). Every nonconstant polynomial with
complex coefficients has at least one root.

Proof. Suppose to the contrary that
P(z)=ag+arz+ -+ ap12" " + ap2™

is a nonconstant polynomial of degree m (so that m > 1) having no roots. Without loss of
generality, assume that a,, = 1. Consequently,

1
Q(Z) - P(Z)
must be an entire function. Let M = max{l,|aol|,|a1],...,|amn-1]}. Using an argument

similar to that given in the supplement to the proof of Theorem 32.2, we find that if |z| >
2mM , then
1 1 2

< < .
’P(Z) ~ a2 T 2mM)m
On the other hand, if |z| < 2mM, then we have a continuous real-valued function, namely

|Q(2)], on a closed disk. From calculus, we conclude that the function must be bounded.
Hence,

Q(2)] =

1
P(z)
is bounded and entire. Thus, Q(z) must be constant and therefore P(z) must itself be

constant. However, we assumed that m > 1 so this contradicts our assumption and we
conclude that P(z) must have at least one root. O

Q(z) =

Corollary 34.2. If P(z) =ap+ a1z + -+ + apm_12""' + a,,2™ is a polynomial of degree m,
then P(z) has m complex roots. Moreover, if the coefficients a; € R for all j, then the roots
come in complexr conjugate pairs.

Proof. By Theorem 34.1 we know that P(z) has at least one root. Thus, suppose that z; is
a root of P(z). This means that we can write

P(z)=(z—21)(bo+ b1z +---+ bm_lzm_l)

for some coefficients by, by, ..., by,_1. However, Q(z) = by + bz + -+ + by,_12™ 1 is a poly-
nomial of degree m — 1, and so applying Theorem 34.1 to this polynomial, we conclude that
Q(z) has at least one root. This means that P(z) must have at least two roots. Continuing
in this fashion yields m complex roots for P(z).
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Suppose that P(z) = ag+ a1z + -+ + am-12™"" + a,, 2™ with a; € R for all j. Suppose that
2o is a root of P(z) so that P(zy) = 0. Consider Z;. We find

P(Z) =ap+ a1z + -+ am1(Z0)" 4 am(Z0)™ = ap + @120 + -+ G120+ Gz

-1
=ap+a1zo+ -+ apo12y + amay

Thus, if 2 is a root of P(z), then so too is Zy. In other words, the roots of a polynomial
with real coefficients come in conjugate pairs. O]

Example 34.3. Show that the roots of P(z) = z® — 1 come in conjugate pairs.

Solution. From Theorem 34.1 we know that P(z) has three roots. They are z; = 1,
2y = €2™/3 and z3 = €*™/3. Observe that z; is real so that it is self-conjugate. Furthermore,
3 = e 23 = ¢4i/3 — 23 50 that 2, and 23 are a conjugate pair of roots.
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