Complex Analysis

0. Preliminaries and Notation

For a complex number z = x + iy, we set x = Rez and y = Im z, its real and imaginary
components. Any nonzero complex number z = x + iy can be written uniquely in the
polar form z = re'® where r = |2| = /22 + 42 and 0 = tan~!(y/z). r is called the norm,
modulus, or absolute value of z and 6 is called the argument of z, written arg z. Notice
that arg z is well defined only up to multiples of 2.

Euler’s formulas €% = cos(z) + isin(z) and e~%* = cos(z) — isin(z) give

12 —1iz 1z _ ,—1Z
cos(z) = eete and sin(z) = %
i

Complex numbers can sometimes be used an intermediate step to solve problems which
are given entirely in terms of real numbers. In fact, if this were not true there would be
little reason to define complex numbers.
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Example. Let n > 2 be an integer. Show that Hz;ll sin(
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Solution. Set w :=e™n

. Thus w4 = e™/2 = j and w" = 1.
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Since (w*)™ = 1 for each k, each factor in the numerator satisfies the equation (z+1)" = 1.
In other words, they satisfy 2" + nz"~! + (Z) 2"~2 + ...+ nz = 0. Since none are zero,
they satisfy p(z) := 2" ' + nz""2 4+ (3)2"® + ... + n = 0. Therefore they are all the
roots of the degree n — 1 polynomial p(z). In the general, the product of all the roots of
a degree d polynomial is (—1)? times the constant term. Thus in this case, the numerator
is (—1)""1n. O



1. Complex Differentiation

f:C—C.

We shall assume that f is defined on a domain D which is open and path connected
(meaning that any two points in D can be joined by a path within D.) Using real and
imaginary components we can write z = x+ iy and f(z) = u(z,y) +iv(x,y) for real-valued
functions u and v, and in this way, when convenient, we can regard f as a function f(z,y) =
(u(x, y),v(x, y)) : R? — R2. For example, when ¢ = a+bi € C the function z + ¢z : C — C
corresponds to the function (x,y) — (ax — by,ay + bx) : R? — R? or equivalently, the

function given by
()G 2)0)
— .
y b a y

The (complex) derivative of f is defined by

(z) = lim L) =S (z0)

Z—20 z — ZO

if the limit exists.
The assumption that the limit exists implies that the same value is obtained if the
limit is taken as z approaches zy along any line. Approaching along the z-axis gives

o fl e iye) = fla + iyo)
Flzo+iyo) = I = S = o + 7o)

= (92 f)(x0,y0) = (Oxu + i0zv) (w0, yo)- (1)
Similarly approaching along the y-axis gives

(ay“ + iayv)($07y0)~ (2)

, 1
(o + iyo) =

Equating real and imaginary parts in (1) and (2) gives
Cauchy-Riemann Equations: Ozu = Oy, 0,v = —0yu

Conversely, suppose f : C — C is differentiable when regarded as a function R? — R?
and also satisfies the Cauchy-Riemann Equations. The Jacobian matrix for the derivative

is given by
_ [ Uz Uy
br= (”w Uy ) ’

which, upon substitution from the Cauchy-Riemann equations, becomes the matrix corre-
sponding to z — (uy + ivy)z. It follows that f is complex differentiable with derivative
f(2) = uy + iv,.

Summing up, we have:

Theorem. Let f : C — C be differentiable when regarded as a function from R? — RZ2.
Then f is differentiable as a complex function if and only if it satisfies the Cauchy-Riemann
equations. O



A function which is differentiable at every point in a domain D is called holomorphic
on D.

In polar form, the CR-~equations are as follows. Set x = rcosf, y = rsinf. Then

@ = %COSQ—}—@SHIQ_ @COSQ— @sine— 1@
or  Ox oy Oy ox - rof
and similarly
o0_ 1o
or  roo’

Example. Let D = {z € C | Rez > 0}. Recall that argz is well defined only up to
multiples of 27r. Define f: D — C by f(z) = log(|#|) + i arg(z) where we choose the value
of arg(z) which lies in (—m, ).

du _ dlog(r) 1or 1 x lz «x

or  Ox _;33:_;—\/332—}—3/2_;;_72

and
ov 99 90 _Otan"'(y/z) _ (-y/2®) -y -y
or Ox Ox Ox 14 (y/o)2 a2y 2

Similarly we can calculate g—z and g—z and verify that the Cauchy-Riemmann equations are

satisfied. Therefore f(z) is differentiable.

According to (1), % = % + i% and so

ﬁ_x—iy_ 1

dz r2 x4+ 1y -

1
z

A matrix of the form
()~ G0
— )
Yy b a Yy

corresponds to the linear transformation consisting of the composition of rotation by
cos ! (a/(a® 4+ b?)) and scalar multiplication by a? + b?. Thus the Jacobian matrix for
Df corresponds to the composition of rotation by arg( 1! (z)) and multiplication by |f/(2)|.



2. Complex Integration

For a differentiable parameterized curve v(t) = x(t) +1iy(¢t) : [a,b] — C let 4/(¢) € C denote
the derivative 7/(t) := 2/(t) + iy/(t). As discussed in MATB42, ~/(t) gives the tangent
vector to the curve ~y(t), corresponding to the velocity at time ¢ of a point moving along
curve with position 7(¢) at time ¢t. Let f : B — C be continuous where B is a domain

containing the curve ~. (That is, y([a,b] C B.) Assume that +/(¢) is a continuous function
of t. Define [ f(z)dz by

b
[s@rd= [ ro@)p e

where the right hand side is defined by taking integrals of the real and imaginary compo-
nents. In other words,
b

/Wf(z) dz := /abRe<f(’y(t))7’(t)> dt+z‘/a Im<f(7(t))7'(t)) .

More generally, for a piecewise differentiable curve v, the integral can be defined by adding
the integrals on the subintervals on which ~ is differentiable. It is also possible to relax
the condition that f be continuous, although we shall not need to consider such cases.

As in line integrals in MATB42, the sign of the answer depends upon the orientation
of the curve v which is determined by the given parameterization.

Example. Compute fv z dz where + is the straight line joining 0 to 1 + /2.
Solution. Parameterize v by v(t) =t +it/2,0 <t < 1.

b . o . . ! 1,
/yzdz:/o (t+zt/2)d(t+zt/2):/0 (t+zt/2)(1+z/2)dt:(1+z/2)2/ tdt:§(1+z/2)2.

0

OJ
Example. Compute |, c 22 dz where C is the unit circle, oriented counterclockwise.
Solution. Parameterize C' by C(t) = cos(t) + isin(t), 0 < t < 2.
2m £) +isin(t))’ t=2r
/ 22 dz = / (cos(t) + isin(t))zd(cos(t) + isin(t)) dt = (cos(t) + isin(t)) =0.
c 0 3 t=0
O

Example. Compute | c % dz where C' is the circle of radius R, oriented counterclockwise.

Solution. Parameterize C' by C(t) = Rcos(t) + iRsin(t), 0 <t < 27.

1 27 1 27
—dz = —Rsin(t) + iR t))dt =  dt = 273,
/C ~dz ' Teos(t) 7 iRsm(D) (—Rsin(t) + iR cos(t)) /0 i i

The calculation could equivalently be expressed by writing C(t) = Re®, 0 < t < 27, giving

1 27 d it 27
/—dz:/ (Re.t):/ idt = 2,
c? 0 Re 0

Note in particular that the answer is independent of the radius of C. O
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Proposition. For f = u + v,

/ f(z)dz = /(u(a:, y)dz —v(z,y) dy) +1 / (v(ac, y)dr + u(x,y) dy)

Proof.
A f(z)dz = / b(u(w(t),y(t))+iv(x(t),y(t)))(x'(t)+iy'(t)) dt
- / (o0 9(0)2 1) — (a0, ) (1))
" i/ab(v((x(t),y(t))x'(t) Fu(e(t) y(0)y (1)
— /W(U(a:,y) da — v(z,y) dy) +z‘/(v(:c,y) dx + u(z,y) dy)

v

O

Recall (MATB42) that a differential form w is called closed if dw = 0. Given f = u+iv,
let w = u(z,y)dz — v(z,y)dy + iv(z,y) dzv + u(z,y)dy. Then dw = (—yu — dpv +
i(—0yv + 8xu))dx A dy. Therefore, if f is holomorphic, the Cauchy-Riemann equations
imply that dw = 0.

Lemma. Suppose |f(z)| < M for z on «. Then ‘fv f(2) dz‘ < M (arc length of 7).

Proof. Let y(t), a <t < b be a parameterization of ~.

b
(arc length of v) = / lds = / 17/ (t)]] dt.
~ a

Therefore

A () dz

b b
< [1raoy ol < [ ap)d

= M (arc length of ~).

b
/ £ ()7 () dt

O

Theorem (Cauchy — Preliminary Version). Let B be a closed region whose bound-
ary 0B consists of piecewise differentiable curves. Let f(z) be holomorphic in a domain
containing B. Suppose f’(z) is continuous throughout B. Then [, f(z)dz = 0.

Proof. Given f = u+ iv, let w = u(x,y)dr — v(z,y) dy + v(x,y) dz + u(x,y)dy. Since
f is holomorphic, dw = 0, as above. Since f’(z) is continous, the partial derivatives of u
and v are continuous. Therefore using Stokes” Theorem (MATB42) gives [, f(z)dz =

faB w(Stokes; Thm.) fB dw = 0. 0



Note: The preceding theorem does not require that 9B be connected. For example, if
B is an annular-shaped region lying between an outer curve Cs and an inner curve Cy (each
oriented in the same direction, say counterclockwise) then the theorem gives | Oy fdz —
fCl fdz=0so f02 fdz = fCl fdz. (As in Stokes’ Theorem, the signs are determined by
picking an orientation on D and using the induced orientations on Cy and C;.) If f is
holomorphic not only on B but also on the interior of C (i.e. the “hole” in the annular
region B) then applying the theorem to that region gives the stronger statement that
J o fdz =0 and [ Oy fdz = 0. Thus, in particular, if v is any simple closed curve which
goes once counterclockwise around the origin then the earlier example gives f7 é dz =
) c % dz = 2mi.

The preceeding proof used Green’s Theorem (special case of Stokes’ theorem) so re-
quired the hypothesis that f’(z) be continuous. The proof can be refined to eliminate this
hypothesis.

Theorem (Cauchy-Goursat). Let B be a closed region whose boundary 0B consists of
pieceWise differentiable curves. Let f(z) be holomorphic in a domain containing B. Then

Jop £(2)dz=0.

Proof. As in the proof of Green’s Theorem, it suffices to consider the case where B is a
rectangle.

Bisect the sides of the rectangle B to subdivide it into four (conguent) subrectan-
gles By, Bs, Bs, By whose sidelengths are 1/2 the sidelengths of B. Then

f(z)dz = f(z)dz + f(z)dz + f(z)dz + f(z)dz
OB OB, dBs dBs OBy
the integrals over the interior lines cancelling out.
The preceding equation implies that the average value of ‘ f on. (%) dz‘ is at least

| [o5 [(2)dz| /4, so ‘faB > | [, f(2)dz| /4 for (at least) one j.
Pick B to be By, Bo, B3, or By such that UaBO) f(z dz‘ > UaB dz! /4.
Applying the same procedure to B, pick B® < BM such that the sidelengths of
B® are half those of BV and | [, 50, f(2 dz} > | [ f(2)dz| /4.
Continuing, for each n, find B™ such that

BM™ B cBYcB

and the sidelengths B(™) are (sidelengths of B/2") and | [, g f(2) dz| > | [, 5 f(2) dz| /4™
Since lim,, ;o diam(B(™) = 0, by the Cantor Intersection Theorem (MATB43), Nn By,
is a single point.
Let w = N, B,,. Since f is differentiable at w, given € > 0, there exists § > 0 such that

f(z) = f(w)

Z—w

—fw)|<e

whenever 0 < |z —w| < 6.



Equivalently
£ (z) = flw) = f(w)(z —w)| < €]z —w]

whenever 0 < |z — w| < .
Pick n such that diam(B,,) < d. Then for all z € B, |z — w| < § and so

1f(2) = f(w) — f(w)(z — w)| < e diam(B,,) = € diam(B)/2"

for all z € B,,.
Since 1 and z — w are differentiable with continous derivatives, by the prelimary

version of Cauchy’s theorem [, f(w)dz = f(w) [ 1dz=0and [,, f'(w)(z—w)dz =
f'(w) [z (z—w)dz=0.

Therefore
fE = [ (f) = flw) — £w)(z —w) d
8B, 9B,
Thus
f(z)dz| < 4" / (f(z) = f(w) = f'(w)(z —w)) dz
OB 0B,
= 2"¢ diam(B)(Perimiter of B,,)
= 2"¢ diam(B)(Perimiter of B)/2" = e diam(B)(Perimiter of B)
Since this is true for all € > 0, [, f(z)dz = 0. O

Theorem (Cauchy Integral Formula). Let f be holomorphic on a domain containing
a simple closed counterclockwise-oriented curve v together with its interior. Then for any
2o In the interior of 7,

f

f(20) = %/ " (_in dw.

Proof. By translation (i.e. the change of variable Z := z — 2q), it suffices to consider the
special case zgp = 0. Let D be the interior of . The closure of D is D = DUJD = D U~,
the union of D with its boundary. Set

{ f(w)—£(0) if w#0;
L F(0) if w=0.

Since 27if(0) = f(0 L dw (earlier example) we need to show that [ F(w)dw = 0.
v w 2l

It is clear that F is continuous throughout D and differentiable in the interior except
possible at w = 0. (It is actually also differentiable at w = 0 but this is not so obvious
and we do not need it.) Since D is closed and bounded (i.e. compact in the terminology
of MATB43) continuity of F implies (MATB43) that F is bounded on D. That is, there
exists M € R such that |F(w)| < M for all w € D. Let C be a circle within D centred at 0,
oriented counterclockwise. The preceding theorem implies that fv F(w)dw = [, F(w)dw.

7



Parameterize C' by C(t) = Rcos(t) + iRsin(t), 0 < ¢t < 27, where R is the radius of C.

Then |C'(t)] = | — Rsin(t) + iR cos(t)| = R, so
/WF(w) dw‘ = /CF(w) dw‘ = /O%F(C(t))c’(t) dt' < /()2W|F(C(t))0’(t)\dt

< MRdt =2nMR.
0

Since this inequality holds for arbitrarily small R, f7 F(w)dw = 0 as desired. O

The special case when f(z) = 1 says that if v is any simple closed counterclockwise-
oriented curve about zg, then == fv L_dz = 1. more generally, if v is a closed curve

271 zZ—2z0
with zg & 7, we define the index, or winding number of v about zy, denoted I(v, (z0)),
by (v, 20) := 2+m N Z_lzo dz. It is always an integer, and represents the number of times

circles around zp, where curves oriented in the clockwise direction are considered to circle
a negative number of times.
By translation, consider the special case zg = 0 in which case we write simply I(7)
for I(v,0). If we write z = x + iy, then
1 z T — 1y

P Y

so by our earlier Proposition,
% W%dz: 2% i (%de%—ﬂ—izﬂdy) +%/y <$2_—f’y2da:+%+y2) dy
- ﬁ/y (d(log(mQ 4 y2)) 4 %/y (x2_+yy2 dx + . j_ y2> dy
04 - 7 (ﬁ—_&mﬂ%ﬁ@)

1 —y T
= — dr + ——— ) d
27 J, <:1:2+y2 x2+y2) Y

so this agrees with the MATB42 definition of winding number.

Another geometrical interpretation of I(7y) is as follows. Start at some point wg on ~y
and let 6y = argwp, normalized to lie in [0,27). As w moves around the curve =, arg(w)
changes continuously, returning to 6y + 27n when we get back to wy.

Claim: I(y) = n.
Proof. Paramterize v by v(0) = r(0)e?®, 0 < 6 < 27n. Then

1 (1 L [2™ 1 [(0r , 0
Y e — (L 1 ir(9)e® ) do
2mi )., 2 T om o r(0)e? (806 Hir©)e )
1 2mn 1 dr 1 27n 1 0=27n 1 2mn
_ b ey — 6 = — log (r(6 ‘ — do = —n.
omi Jy @) a0 2 ), 2 80O, +ar | Otn=n
O



We noted earlier that for holomorphic f(z), the formula [,, f(z)dz = 0 does not
require that B be connected. We can similarly generalize Cauchy’s Integral Formula so
that it applies to cases where 0B is not a single simple closed curve, but perhaps a disjoint
union of curves.

Corollary. Let B be a closed region whose boundary 0B consists of piecewise differen-
tiable curves. Let f be holomorphic in a domain containing B. Then for any zy in B,

f(z0) = 1 (w) dw.

21 Joap W — 20

Proof. Pick a simple closed curve v in B such that zy lies in the interior of v and let
B = B — {interior of v} and orient it in the counterclockwise direction. Then g(w) :
f(w)/(w — z) is holomorphic throughout B so J55 9(w)dw = 0. The boundary of B is
the disjoint union of 9B and ~, and so, taking orientation into account, we get

(w) f flw) .
10— 20 dw—[yw_zo dw = 27i f(2p).

O

Notice that Cauchy’s Integral Formula implies that for a holomorphic function f the
values of f on v completely determine the values of f at any point inside . In particular,

Corollary. Let f be holomorphic on a domain containing the closed ball B = Bpg[zo].
Then

1 2 )
Proof.
1 (w) 1 fzo + Re®) _ ., 1 [ 0
= dw = — L0 " JiRe" do = — Re'®) dp.
Je) =50 | w0 ), Rew Re om |, (70T ReT)

O

In other words, the value of f at the centre of a circle is the average of its values on
the circle.

Corollary (Maximum Modulus Principle). Let f be holomorphic on a domain con-
taining a closed bounded set B. Then the maximum value M of |f| occurs on OB and
unless f is constant, |f(z)| < M for all z in the interior of B.

Proof. A continous function on a closed bounded set attains a maximum (MATB43). The
average value of a function can equal its maximum value only if the function is constant.
Therefore if | f(z0)| = M for some z¢ in the interior then | f(z)| = M in some neighbourhood
of zp. Since our domains are connected, this implies |f(z)| = M for all z in the domain.
Therefore it suffices to show



Lemma. If|f(z)| is constant then f(z) is constant.

Proof. Let f = u+ iv and suppose |f(z)| = M for all z in the domain. If M = 0 then
f = 0 so suppose M > 0. Differentiating M? = |f(2)|?> = u® + v? gives 2uu, + 2vv, = 0
and 2uu, + 2vvy, = 0. After substituting from the Cauchy-Riemann equations we get

uuy + vuy = 0 and wu, — vu, = 0. Therefore wlu, = —UVUy = —v?u, and v2uy =
—uvu, = —u?u,. Thus (u? + v*)u, = (u* + v*)u, = 0. Since u? +v? = M? # 0, we get
u, = uy = 0 so u is constant, and similarly v is constant. O

Theorem (Cauchy Integral Formula for higher derivatives). Let f be holomorphic
on a domain containing simple closed counterclockwise-oriented curve v together with its
interior. Suppose that f is holomorphic throughout the interior of v. Then f is infinitely
differentiable on the interior of v with and for any zy in the interior of vy the nth derivative
is given by

2w

P 0) = g [ oty do.

Proof. Suppose by induction that the theorem is known for f(™), the case n = 0 being the
preceding theorem. Thus to prove the theorem it suffices to prove the following lemma
which completes the induction.

Lemma. Let f be holomorphic on a domain containing a simple closed counterclockwise-
oriented curve . For z in the complement of v define functions F,(z) by F,(z) =

% fv % dw. Then F, is differentiable on the complement of v with derivative

equal to Fj41.

For future reference, notice that the Lemma is stronger than needed in the proof of the
theorem in that the definition of the functions F),, and the proof that they are differentiable
do not require f to be defined throughout the interior of v and the conclusion also applies
to points outside 7.

Proof. Let zg lie in the complement of ~.

Fo(2) — Fn(z0) (n+1)! f(w)
— [y (w dw

Z— 20 27 — zg)" T2

_(nt 1) L y flw) .

271 — zp)" 2

_ (f(w) A C) —(n—l—l)L)dw

2mi (w—2)"*t1 (w — zp)t!

10



( k+1_yk+1) .

For any a and b, applying -~ = Zl? o PyF77 with x = 1/a and y = 1/b gives

r—y 1=
1 1 1 1 1 /1 1\ 1 1
b—a (a”“ - b"“) ~t g =y, (5 - 5) E g7 - s
1
ab an” J n+1)bn+2

1
- Z aj+1bn—j+1 —(n+1)s pr+2

1 1
altlpn—i+1 B pn+2
1 1 1
pn—it+l \ gitl  pitl
1 /1 1\<& 1
=it \a b ZO aibi—i
n 7 1
=(b-a)) Gitipn—it2

§=0 i=0

1
<
M: i
o

.
I
o

I
NE

.
I
o

I
NE

.
I
o

Setting a = w — z and b = w — 2y gives

[ (@l - g s g D) an= a0 [ e o

where

n ] )
S e

Thus

F.(z) — F,(z0) (n+1)! f(w) n!|z — zo|
zZ — 2 B ) Ky w — zg)" 12 dw‘ = 27

[ stz dw]

Since g(z,w) is continuous on the closed bounded set 7 it is bounded (MATB43), and

SO fvg(z,w) dw is bounded, showing lim,_,,, |z — 2| ‘fvg(z, w) dw‘ = 0. Hence

F!(z0) — (nt 1) / f(w) dw = 0.

271 (w — zp)"+2

11



Corollary (Liouville). If f is holomorphic throughout C and f is bounded then f is
constant.

Proof. Suppose |f(z)| < M for all z. Then given zy € C, letting applying the Cauchy
Integral formula for the first derivative to the circle of radius R about zy gives |f'(z0)| =

= [ %iRew d@‘ < o= fOZW 2. Rdf = M/R. Since R is arbitrary, this implies

f'(z0) = 0 for all 2y and so f is constant. O

The converse to Cauchy’s theorem also holds.

Theorem (Moreira). Let f: D — C be a continuous function such that fv fdz=0 for

any closed curve v C D. Then there exists a holomorphic function g(z) on D such that
¢’ (z) = f(z). In particular, f is holomorphic.

Proof. Let f = u+iv, and set wy := u(z,y) der—v(z,y) dy and wy := v(z,y) de+u(z,y) dy.
Since f,yfdz = fv wy + ifv wa, it follows that f7 w; = 0 and fv wy = 0 for any closed
curve v C D. According to a theorem from MATB42, this means that there exists “potential
functions” for wy and we in D. That is, there exist functions g (x,y) and g2(x, y) such that
dg1 = wy and dgs = wo. In other words, 0,91 = u, Oyg2 = —v, 0,92 = v, and Jyg2 = u.

Set g(z) := g1 + ige. Since f is continuous, the partial derivatives of the components
of g(z) are continuous, so g is differentiable as a function from R? — R2. Furthermore,
the formulas above show that the Cauchy-Riemann equations are satisfied, so g(z) is
holomorphic in D.

The derivative of g(2) is given by ¢'(2) = 9xg1 + 0,92 = u +iv = f. Since g(z) is
holomorphic in D, according to the Cauchy Integral Theorem for Derivatives, its derivative
f(2) is also holomorphic in D. O

Corollary. If f(z) is holomorphic throughout a simply connected domain D then there
exists a holomorphic g(z) on D such that ¢'(z) = f(z).

Proof. Since f(z) is holomorphic and D is simply connected, integrals of f(z) over curves
in D are independent of the path. In particular, fv f(z) =0 for any closed curve v in D.
(]

This implies that a holomorphic function has “local” antiderviatives as follows.

Corollary. If f(z) is holomorphic throughout a domain D then for each zo € D there
exists and open neighbourhood of zy throughout which f has an antidervative.

Proof. Since our domains are assumed to be open, there exists an open ball B about zg
within D. Since B is simply connected, applying the previous Corollary shows that f(z)
has an antiderivative in B. O

Notice that this does not say that there is a single function g(z) defined throughout
all of the domain of f(z) such that ¢'(2) = f(2).

12



3. Power Series Expansions

Recall the following from MATB43.

1) A sequence of functions f,(z) is said to converge uniformly to f(z) if V ¢ > 0 IN
(independent of z) such that ¥V n > N |f(z) — fn(2)| < € for all z in the domain.

2) If f,, continuous on D and fn converges uniformly to f then f is continuous on D and
lim,, oo fD fn(2)dz = fD z)dz.

3) To any power series f(z) = Y .- c,2" there is an associated radius of conver-
gence R € [0,00] such that f(z) converges (absolutely) for |z|] < R and diverges
for |z| > R. Within its radius of Convergence f(z) is differentiable and integrable (on
bounded regions) with f'(z) = Y27 ¢,nz""! and anti-derivative Y2 | 252" and
the radius of convergence of the differentiated and integrated series are R.

4) A continuous function f(z) on a closed bounded domain has both a minimum and a
maximum. In particular |f(z)| is bounded.

For any curve  our assumption that +/(t) is continous implies (by (4)) that it is
bounded. It follows that:

Proposition. If f,(z) converges uniformly to f(z) on a domain including the image
of v then fn( )7 (t) converges uniformly to f(y(t))v'(t) and so applying (1) gives
hmn_mof fn(2)dz = f f(z O

For differentiable functions of a real variable, even if f, (x) converges uniformly to f(x)
in the vicinity of a point a, it need not be true that f(x) is differentiable at a. However
for functions of a complex variable, we can use the fact that corresponding statement for
integration (the preceding proposition) to deduce the result for differentiation.

Theorem. Suppose f,(z) is a sequence of functions which converge uniformly to f(z)
on D. If f,(z) is holomorphic on D for all n, then f(z) is holomorphic on D.

Proof. For evey closed curve v in D,

/f ) = lim fn()zlimOZO.

n— o0 n—oo

Therefore f(z) is holomorphic in D by Moreira’s theorem, O

From (3) we know that a function which is representable by a power series is differen-
tiable within its radius of convergence. For complex differentiable functions we show that
the converse is true.

= %1_i/a =15 (8)" =307, & within its radius of con-
vergence |z| < a.
Suppose that f(z) is differentiable on a domain D and let zy belong to D. Since

D is open, the closed ball B,[z] := {z € C | |z — 29| < r} is contained in D for
sufficiently small r. Let C be the circle C’ = 0B,[20] == {2z € C | |z — 20| = 71},
oriented counterclockwise. Cauchy says f(z) = fC ! (w dw for all z in the open ball
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B.(z0) := {z € C | |z — 29| < r}. For simplicity we will use translation to consider
expansions about zp = 0. Then for z € B,.(0) we have |z| < |w| for any w € C' and so

):/Cw(iuz /Z wn+1 Z /wnﬂ w:gzn%

Thus within C, the Taylor series of f(z) converges to f(z). Since r was arbitrary (subject
to the condition that B, (zg) be contained in D) the Taylor series expansion is valid for
any z whose distance to zg is less than the distance of zy to the boundary of D. In
particular, the radius of convergence of the Taylor series of f(z) about zy is at least as
large as the distance from zy to the boundary of D.

It is also clear that the power series expansion of f(z) about any point is unique. That
is, if 3" g an(z — 20)™ is any series which converges to f(zo) in some neighbourhood of zy
then by successively differentiating and evaluating at z = z; we find that a,, = f()(2y)/n!
so the series is the Taylor series of f(z).

A function with the property that at every point in its domain, the Taylor series of
the function converges to the function within some sufficiently small radius of the point
is called analytic. Therefore for complex functions, “differentiable” and “analytic” are
equivalent. This is in contract to functions of a real varable where if f(z) is differentiable:

a) f not need be differentiable more than once so the Taylor series of f might not be
defined.
b) Even if f is infinitely differentiable, the Taylor series of f need not converge to f.

™) (o
Since the Y 7 2 nt ( ) converges within C| its radius of convergence is at least 7.
Thus within C we can deﬁne a function g(z) by the convergent series

and it will have the property that it is differentiable within C' with ¢'(2) = f(z2).
In summary, unlike functions of a real variable, complex differentiable functions have
the following properties:

Theorem.
1) f(z) is analytic at every point in its domain
2) f is locally the derivative of some complex function. That is, at every point of the
domain of f there a function g(z) defined in some neighbourhood of that point such
that ¢'(z) = f(z).
3) If f,(z) is a sequence of differentiable functions which converge uniformly to f(z)
on D then f(z) is differentiable on D. O

Notice that (2) does not say that there is a single function g(z) defined throughout
all of the domain of f(z) such that ¢'(z) = f(2).
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Laurent Series

Consider a function f(z) which is holomorphic throughout an annular region
A:={2€C|R; <|z— 2| < Ry}

where 0 < R < Ry < co. By translation, assume zg = 0. Given p € A, choose concentric
circles C7 and Cs about 0 such that Ry < radius of C; < |p| < radius of Cy < Ry and
orient them in the counterclockwise direction. By the Corollary to Cauchy’s Integral
Formula,

v fw) 1 [ f(w)
f(z)_Zm' C2w—zdw 2me Clw—zd
Set f1(z) = 5= Jey % f(w) dw and fo(2) = 5 Je, % f(w) dw so that f(z) = fa(z) — f1(2).

Accordlng to the lemma in the proof of Cauchy’s Integral Formula, the functions f; and f5
are defined and analytic on the complement of C; and Cs respectively. Hence fs is analytic
throughout the interior of C3, and given in this region by the power series expansion
fa(z) = 3207 anz™ where a, = 2(n)( 0)/n! = 5= f 55}1{ dw, which holds, in particular,
at the point p.

For the analogous statement concerning the function f; make the change of variable

¢ :=1/z. That is, set f1(¢) = f1(1/¢) = oET o wf((lf/)o dw. Letting C; be the circle

(with counterclockwise orientation) whose radius is the reciprocal of the radius of Cy, the
change of variable w := 1/w gives

A= [ /() () do= 5 CIG) gy & [ 9 4,

271 1/w) — (1/¢) w? 211 Jo, ww —(¢ 211 Ja, w—C

where g(w) = f(;) . As with f5, we use the fact that h(¢) := 5% [+ M dw is analytic in

27wt JCp w—
the interior of C’1 to obtain the expansion h(¢) = Y 7, ¢, (™ where ¢, = 9 .

27Tz Cp wntl
Therefore f1(¢) = Ch(¢) = 3200y a1 = = 32°° . b, (" where

1 1 1
b, = —Cp_1 = ——— 9(w) dw = —— de
21 Jo, wh 211 Ja, wntt
1 1 1
_ = n+l [ - d = n—1 dw.
211 J o, J(w)w ( w2) YT o o J(w)w v
The expansion fl(g ) = —> 2 byC™ is valid in the interior of C; which contains 1 /.

Therefore f1(z) = f1(¢) = — >0 buC™ = — 2% b, /2" holds at p.

Using the Corollary to Cauchy’s theorem, if we choose a curve v about p which lies
within the annulus and give it the counterclockwise orientation, we can write our coefficents
asan:2mf i,(fﬁ)ldwandb —2mff w1 dw.

To summarize,
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Theorem. Let f(z) be holomorphic in an annular region Ry < |z — zg| < R where
0< R; < Ry <o0. Then

F@) =) an(z—20)"+ ) (Z_b—nzo)n
n=0

n=1

where a, = 5= fv (w_fi% dw and b, = 5 f7 f(w)(w—2z9)" ! dw for any curve v within
the annulus such that p lies in the interior of 7. O

This is called the Laurent expansion of f(z) in the region. If f(w) is holomorphic
within the entire ball of radius Ry about zgp, then the b,’s are all 0 and the Laurent
expansion of f(z) reduces to its Taylor expansion.

4. Analytic Continuation

Theorem. Suppose that f(z) are g(z) are analytic within a domain D. For any zy € D,
if there exists a sequence of points z, # zy with z, — z, such f(z,) = g(z,) for all n then
f(z) =g(z) for all z in D.

Note: Recall that our definition of “domain” was an open path connected set.
Proof. By substraction, it suffices to consider the special case where g(z) = 0. Let d be the
distance from zq to the boundary of D. Let f(z) =Y p, ax(z — z0)" be the Taylor series
expansion of f(z), which, as noted earlier, converges to f(z) throughout B := Bg(zp).
Since f(z) is differentiable at zy it is continuous so f(zg) = lim,_~ f(z,) = 0. Therefore
substituting into the power series gives ag = 0. Write f(z) = (2 — 29)h(z) where

_JF@)/(z=20) if 2 # 20
h(Z)—{f’(zo) " ifz:O(.)

The series Y po,art+1(z — 20)" converges to h(z) for z # zp, so by continuity it also
converges to g(z) = f/(z0) when z = 29. Since z,, # 20, h(zn) = f(2n)/(zn — 20) = 0 s0
substituting into the power series gives a; = 0. Proceeding, we inductively conclude that
ar = 0 for all k and therefore f(z) = 0 throughout B.

Now let p be an arbitrary point in D. Let X = {z € D | f(z) = g(2)}. Since we
assumed that D is path connected, there exists a path v : [0,1] — D joining zo to p. Set
t :=sup{t € [0,1] | v(t) € X}. Since the definition of supremum implies that there is a

sequence of points in X converging to 7(t), the preceding shows that X contains an open
ball about y(¢). This can happen only if ¢ = 1, and so p lies in X. O

An analytic function g which extends an analytic f to a larger domain is called an
analytic continuation of f. That is, if f(z) and g(z) are analytic functions with D :=
(domain of f) € D := (domain of ¢g) and f(z) = g(z) for all z € D then g is called an
analytic continuation of f to D.

The preceding theorem implies that any two analytic continuations g1(z), g2(2) of f(2)
to the same domain D are equal. However this does not imply that analytic continuations
of f(z) to different domains must agree on the intersection of those domains. In other

16



words it might be possible that f(z) has analytic continuations g;(z) defined on Dy D D
and go(z) defined on Dy D D for which there exists p € Dy N Dy for which g1 (p) # g2(p).
This can happen only if there is no path in the intersection D; N Dy joining p to a point
in D. Indeed, if DN Dy contains a path v joining p to a point ¢ in D, we can form an open
connected subset D of Dy N Dy containing ~. Then D is a domain and since by hypothesis
g1(z) and go(z) agree in a neighbourhood of ¢ (where both are given by f(z)) applying the
preceding to the domain D shows that g1(z) and go(z) agree on D and in particular at p.

Example. Let D; = C—{(z,0) | x <0} and D2 = C —{(0,y) | y < 0}. Recall that arg z
is well defined only up to multiples of 2. Define g1 : D1 — C by g1(2) = log(|z|) +iarg(2)
where we choose the value of arg(z) which lies in (—m, 7). Define g : Do — C by g2(2) =
log(|z|) + ¢arg(z) where we choose the value of arg(z) which lies in (—n/2,37/2). We
showed earlier that g1 and g, are differentiable with gj(z) = g5(2) = 1/z.

Since z = |z]e**8% by definition, e91(*) = elog(zeiargz — 5 Similarly e92(*) = 2.
Therefore each of g; and g, might deserve the name log(z). They are called “branches” of
the logarithm function. If we let

D = open 1st quadrant = {z € C| Rez > 0 and Imz > 0}

and define f : D — C by f(z) = log(|z|) + iarg(z) where we choose the value of arg(z)
which lies in (0,7/2), then each of g; and gs are analytic continuations of f(z). However
although the points in the 3rd quadrant are in Dy N Da, the values of g1(z) and g2(z) on
these points differ by 2.

Proposition. Let R be the radius of convergence of f(z) = -~ ,an(z—p)™ and suppose
0 < R < 0o. Then there must be at least one point q¢ with |¢ — p| = R such that f cannot
be analytically continued to any domain containing q.

Proof. Let B = Bg(p) be the open ball of radius R about p, and let B be the boundary
circle of B. Suppose that for each point ¢ € 0B, there exists an analytic continuation g,(z)
of f(z) to a domain D, containing ¢. Let D= UgeapDy. For any qi, g2 on the boundary,
applying the preceding uniqueness theorem to Dy, N D, shows that g, (2) and g4, (2) agree
on Dy, NDg,. Therefore the functions {g,(2)},caB piece together to produce a well defined
function on g(z) on D. The function g. is differentiable since in the neighbourhood of each
point of D it equals some differentiable function gq(z). Since D is open and 9B is closed,
the distance d of B to the boundary of D is positive, which means that the distance R+d
from p to the boundary of D is greater than R. But according to our earlier discussion
(Section 3), the radius of convergence of the Taylor series of g(z) about p (which is the
same as f(z)) is at least as large as the distance of p to the boundary of D, contradicting
the definition of R. O

Let f(z) be analytic throughout D. At any point p in D we can expand f(z) into a
power series f(z) = an(z — p)"™ whose radius of convergence R is at least as large as the
distance d from p to the boundary of D (where R and d depend upon p). If there is a
point p in D at which d < R, then we can create an analytic continuation g(z) of f(z)
to D U Bgr(p) by defining

[ f(») if z € D;
9(z) := {an(z —p)" if z € Br(p).’
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By applying this procedure to more points in the extended domain one might be able to
extend the domain still further.
Recall (MATB42):

a) two curves 7o, 71, from p to ¢ in a subset X of R™ are called homotopic in X, written
Yo =~ 71, if one can be continuously deformed into the other within the subset X.
More precisely, v ~ 71 if there exists a continuous function H : [0,1] x [0,1] — X
such that H(0,t) = vo(t), H(1,t) = y1(t) and H(s,0) = p for all s and H(s,1) = q
for all g. In other words, the family of curves defined by v4(t) := H(s,t) interpolates
continuously from ~y to v;.

b) a connected subset X is called simply connected if any two curves in X with the same
endpoints are homotopic in X.

For subsets X of R?, this is equivalent to saying that X is simply connected iff for
every closed curve v lying in X, the interior of v also lies in X.

Theorem (Monodromy). Let f(z) be analytic on a domain D. Let X be a simply
connected domain containing D. Suppose that for every curve v € X there is an analytic
continuation of f(z) to some domain containing . Then there exists a unique analytic
continuation of f(z) to X.

Proof. If the analytic continuation exists, it is unique by an earlier theorem.

Pick a point p € D. Given g € X, choose a path =y joining p to q. By hypothesis,
there exists an analytic continuation go(z) to some domain Dy containing ~y. We wish
to show that go(q) is independent of the choices involved. It is clear from the uniqueness
theorem that the same value of go(q) would be obtained if we choose a different domain
containing 7, but what happens if we choose a different path from p to q.

Suppose that v; is another path joining p to q. Since X is simply connected, there
exists a homotopy H : [0,1] x [0,1] — X from vy to 71 and set v4(¢) := H(s,t). Let d
be the distance of Im H to the boundary of X. d > 0, since Im H is compact (closed and
bounded) and X is open. Suppose h is some point in H and suppose kp,(z) is any analytic
continuation of f(z) to some domain containing h. The straight line joining h to any point
whose distance to h is less than d lies in X, and therefore by hypothesis there is an analytic
continuation of f(z) to some domain containing that line. By the preceding proposition,
this means that the radius of convergence of the Taylor series of kj,(z) about h must be at
least d.

Let S={s €10,1] | 3 an analytic continuation of f(z) to some domain containing , }
and let § = sup S. We show that § = 1. Choose sy € S such that §—s¢ < d. Let g5, (2) be an
analytic continuation of f(z) to a domain D, containing ~s,. According to the preceding
discussion, for each h € 75, the radius of convergence of the Taylor series of g,,(z) about h
is at least d, so f(z) has an analytic continuation g (z) to Ds, U Bg4(h). According to the
uniqueness theorem, these functions (for various h € ~5,) agree whenever their domains
overlap, so they piece together to produce a well defined analytic continuation §(z) on
D:=D,, U Uhe%o By(h). Since s +d > 5, unless § = 1, D contains 7, for some s > 3,
contradicting the definition of §. Therefore § = 1 and §(z) is an analytic continuation of
f(2) to a domain containing all of H and in particular contains both 7 and ;. Therefore
the value go(q) obtained using the path -y equals the value g; (¢) obtained using the path ;.
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The conclusion is that there is a well defined extension of f(z) to a function g(z)
defined on X where for any ¢ € X, g(q) is defined by chosing any path ~ from p to ¢,
and setting ¢g(¢) := g,(¢) where g,(2) is any analytic continuation of f(z) to a domain
containing y(z). The resulting function g(z) is differentiable at each point ¢ since it equals
some differentiable function in the neighbourhood of q. O

Theorem (Schwarz Reflection Principle). Let D be a domain which is symmetrical
about the z-axis. (i.e. z € D if and only if z € D.) Let I = D Nx—axis. Let U = {z €
D | |Imz > 0} (the upper half of D) and let U = U UI. Let f : U — C be a continuous
function such that the restriction f |U is holomorphic and the restriction f ‘ ; Is real-valued.
Then f has a holomorphic extension to D.

Proof. Extend f to D — U by setting f(z) = % for z € D — U. Since f is continuous
on U, by symmetry f } p_p has a continuous extension to I and since f(p) = f(p) for
p € I, the symmetry in the definition of f implies that this extension agrees with f(I).
Thus f is continous on D. By Moreira’s theorem, it suffices to show that f,y f(z) =0 for
any closed curve v C D. For a curve which is entirely contained in U, this 1s clear, since
f(2) is holomorphic on U and for a curve contained entirely in the refection D — Uof U
it is also clear, by symmetry. Therefore consider a curve 7 which intersects I. We may
write v as a union of curves each of which lies entirely in the upper half plane or the lower
half plane so this reduces the problem to showing that fv f(z) = 0 for a curve v which
lies entirely in one the two half-planes. By slightly perturbing the portion of v running
along the z-axis, such a curve can be approximately as closely as desired by a curve ~
which lies entirely within U or D — U. Since, as noted above, fgy f(z)dz = 0, and we

can choose the 4 so as to make the difference | fﬁ f(z)dz — fv f(2) dz| arbitrarily small, it
follows that [ f(z)dz = 0. O
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5. Residues

Proposition. Let v be a simple closed counterclockwise-oriented curve about a point p.

2mi  ifn = —1;
Th dw { ;
i f w=p)" 0 otherwise.

Proof. If n > 0, (z — p)" is holomorphic everywhere so the integral is 0 by Cauchy’s
theorem. According to Cauchy’s Integral Formula for higher derivatives,

| g o= e )
y

w —p)m ml?

where g(z) = 1, and applying this with m := —n gives the result when n < 0. O

Let f(z) be homorphic in an annular region 0 < |z — p| < R about some point p. Let
B := Bg[p] be the closed ball of radius R about p and let B’ = B — {p} be the punctured
ball obtained by removing the point p. Let f(2) =Y 0" jan(z—p)" +> o, (zE—Z)n be the
Laurent expansion of f(z) in B. Then applying the proposition gives

%@_ f(2) Z cn/ z=c_q.

oB n=—oo

The coefficient ¢_; in the Laurent expansion of f(z) about p is called the Residue of
f and p, written Res, f(z).

Notice that if « is any simple closed counterclockwise-oriented curve about a point p
and f(z) is holomorphic in a domain containing 7 together with all of its interior except
possibly p then for any circle C' about P contained in 7, applying Cauchy’s Theorem to
the region between v and C' gives 5 f f(2) = 55 [ f(2), so the answer is again given
by Res,, f(2).

Consider now a simple closed counterclockwise-oriented curve v and a function f(z)
which is holomorphic on a domain containing ~ together will all of its interior except
possibly a finite number of points p1, p2, ..., px. Carve the interior of v into subregions
Bi, Bs, ..., By, where Bj contains p; but none of the other p’s. Then, assuming all the

curves are given the counterclockwise orientation, fv f(z)dz = Z?:o Jop. f(2)dz, since
J

the integrals over the extra curves in the RHS introduced by the division into subregions
each appear twice with opposite directions and cancel out. Therefore

k

k
o / f= = omi Z f(z)dz = ;Respj f(2).

j=0"9B;

Suppose f(z) is a function which is holomorphic in a punctured neighbourhood of a
point p. (That is, there is a ball B = Br(p) about p such that f(z) is holomorphic on
the punctured ball B — {p}.) Then p is called an “isolated singularity” of f. Let f(z) =
Yo pan(z—p)" + >0, (zﬁ—’;)n be the Laurent expansion of f(z) in the neighbourhood
of an isolated singular p. If b,, = 0 for all n then p is called a “removable singularity” of f.
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If there exists an integer N such that b, = 0 for all n > N, then p is called a “pole” of f
of order k, where k is the largest integer for which by # 0. A pole of order 1 is called a
“simple pole”. If p is not a pole of f (i.e. b, # 0 for infinitely many n), then p is called
an “essential singularity” of f. If f is holomorphic on a region A everywhere except for
a finite number of islated singularties none of which are essential singularities, then f is
called “meromorphic” on A. Note that the uniqueness theorem in the analytic continuation
section implies that the zeros of a nonconstant meromorphic function are isolated.
Our previous result can be stated as

Residue Theorem. Let v be a simple closed curve counterclockwise-oriented curve and
let f(z) be holomorphic, aside from isolated singularties, on domain D containing vy and
its interior, with no singularities on y. Then

1

k
5 /yf(z) dz = ;Respj f(2)

where p1, po, ..., pr are the singularities of f within the interior of ~. O

Proposition. Let p be an isolated singularity of f(z). Then p is a removable singularity
if and only if any of the following conditions hold (in which case all must hold):

1) f(z) is bounded in a deleted neighbourhood of p.

2) lim,_,, f(z) exists

3) lim,_,,(z —p)f(2) =0

Proof. If p is a removable singularity then in some deleted neighbourhood of p, f(z) =
> oan(z —p)™. In this case we can extend f(z) to an analytic function in the neigh-
bourhood of p by setting f(p) := ag. It follows that all three conditions are satisfied.
Conversely, if either conditions (1) or (2) holds then obviously so does (3), so it suffices
to show that condition (3) implies that the singularity is removable. Let C, denote the
circle of radius r around p. by = 5= fcr f(w)(w—p)*~tdw. Given € > 0, condition 3 says
that there exists r such that |z — p||f(2)| < € whenever |z — p| < r. In particular, if z lies
on C,. then r|f(z)| < e. Choosing a smaller r if necessary, we may assume r < 1. Therefore
bi| < 5= fCr rk=le/r = L (2mrrF~Le/r) = r*~1e <€ for every € > 0 and so by = 0. O

Computation of residues can be complicated, but there are some tricks which handle
many common situations. If f(z) has a removable singularity at p then lim,_,, f(z) = ao
exists and the domain of f can be extended to include p by setting f(p) := ag. Conversely,
it is clear from the Laurent expansion that if lim,_,, f(z) exists then the singularity must
removable with the limit equalling ag. If the singularity of f at p is a pole of order k then
(z—p)* f(2) has a removable singularity at p. In particular, if k = 1 then lim,_,,(z —p) f(2)
exists and equals the residue Res,, f(z) and conversely if lim,_,,(z—p) f(2) exists then k =1
and Res, f(2) = lim,_,,(z — p) f(2).

As a consequence we have

Proposition. Let f(z) = g(z)/h(z) where g(z) and h(z) are holomorphic at p with h(p) =
0 and h/(p) # 0. Then Res, f(z) = g(p)/I (p).
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Proof. h'(p) =lim,_,, %Z(p) = lim,,, Z(TZ; and so lim,_,, % = m. Thus
lim(z — p)f(z) = lim g(z)z b 9(p) .
Z=p =" h(z)  W(p)

As above, the existence of the limit shows Res, f(z) = lim,_,,(z — p) f(2) = g(p)/F ().
O

Corollary.
a) If f has a zero of order k at p, then Res,(f'(z)/f(z)) = k.
b) If f has a pole of order k at p, then Res,(f'(z)/f(z)) = —k.

Proof. Use the convention that a pole of order k can also be called a zero of order —k.
With this convention, let m be the order of the zero of f at p, where m may be either
positive or negative. In a punctured neighbourhood of p, set g(z) := f'(2)/(z — p)™~1
and h(z) := f(2)/(z —p)™ 1. Since f(z) has a zero of order m at p, f'(z) has a zero of
order m — 1 at p, and so both g(z) and h(z) have removable singularites at p and thus
have extensions to holomorphic functions at p. Therefore the proposition applies to give

Res, (f'(2)/f(2)) = Resp(9(2)/h(2)) = g(p)/h (p)
L £ )=
2op f1(2)/(z = p)" 7t = (m = 1) f(2)/(z = p)™

Ry e

using that lim,_, = % is the order of the zero at p. 0O
Corollary (Argument Principle). Let v be a simple closed counterclockwise-oriented

curve and let f(z) be meromorphic on a domain containing ~y with no zeros or poles on 7.
Then

1 [ f'(z) .
— dz = total number of zeros of f(z) within ~
2mi ), f(2)
where the zeros are counted with multiplicity and poles are consider to be zeros of negative
multiplicity. (]

Since making the change of variable w = f(z) gives [ for Ldw = f7 % dz the argu-

ment principle can be rewritten in terms of the index I(f o~) of the curve f o~ about 0
as follows:
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Corollary (Argument Principle). Let v be a simple closed counterclockwise-oriented
curve and let f(z) be meromorphic on a domain containing ~y with no zeros or poles on 7.
Then

I(f o) = total number of zeros of f(z) within ~

where the zeros are counted with multiplicity and poles are consider to be zeros of negative

multiplicity. (]
Example. How many zeros does the function f(z) = 2® + 6z + 10 have in the first
quadrant?

Solution. Let C be the portion of a large circle |z| = R which lies in the first quadrant.
Let v be the curve consisting of the line segment L; := [0, R] on the z-axis followed by the
curve C from 0 to R, followed by the line segment Lo := [iR, 0] on the y-axis from iR to 0.

The restriction of f(z2) to Ly is f(x) = 2% + 62 + 10 which is a positive real number
for all x and thus arg( f (z)) remains constant at 0 along L.

For large R, the value of f(z) is approximately the same as the value of 2% and in
particular, the change in the argument of f(z) along C' is the same as the change in the
argument of 2% on C. Over a complete circle, arg(z®) changes from 0 to 127 so on the
quarter circle C' it changes from 0 to 3.

The restriction of f(2) to Ly is f(iy) = (—y°® + 10) + 6iy, from which we see that,
along Lo, f(z) begins in the second quadrant, slightly above the z-axis, (arg(f(z) slightly
less than 37,) moves into the first quadrant as we pass through y = +v/10 finishing at (10, 0)
on the z-axis. Thus along Lo, arg(z) decreases from approximately 37 to 27. Putting it
all together, arg( f (z)) stays at 0 along L1, increases from 0 to slighly less than 37 along C
and then decreases by around 7, going from from approximately 37 to 27 along Lo.

Hence, for large R, the index I(fo~)is 1 and so f(z) has 1 zero in the first quadrant.

OJ

Example. How many zeros does the function f(z) = 23 + 522 4+ 82 + 6 have in the first
quadrant?

Solution. Again let C' be the portion of a large circle |z| = R which lies in the first quadrant
and let v be the curve consisting of the line segment L; := [0, R] on the z-axis followed by
the curve C from 0 to R, followed by the line segment Lo := [iR, 0] on the y-axis from iR
to 0.

The restriction of f(2) to Ly is f(z) = 2® + 52% + 8z + 6 which is a positive real
number for all x and thus arg( f (z)) remains constant at 0 along L;.

For large R, the value of f(z) is approximately the same as the value of z* and in
particular, the change in the argument of f(z) along C' is the same as the change in the
argument of 23 on C. Over a complete circle, arg(z®) changes from 0 to 67 so on the
quarter circle C' it changes from 0 to 37/2.

The restriction of f(2) to La is f(iy) = u(y) + iv(y) where u(y) = —y? + 6 and
v(y) = —y> + 8y. Along Lo, arg(f(z)) =tan~! (%) u(y) > 0 for y < \/6_/5 and u(y) <0
for y > 1/6/5. v(y) > 0 for 0 < y < v/8 and v(y) < 0 for y > /8. Therefore as
we traverse Lo, arg( f (z)) begins in the third quadrant (at approximately 37/2), moves
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into the second quadrant as we pass y = 1/6/5, and then into the first quadrant as we
pass y = v/8, finishing at 0.

Hence, for large R, the index I(fo~y) is 0 and so f(z) has no zeros in the first quadrant.

OJ

In some cases, determination of the number of zeros can sometimes be done more
easily by comparison with a function whose number of zeros in known, according to the
following corollary of the Argument Principle.

Corollary (Rouché’s Theorem). Let v be a simple closed counterclockwise-oriented
curve. Let f(z) and g(z) be holomorphic on a domain containing ~ and its interior, with
no zeros or poles on . Suppose that |f(z) — g(2)| < |f(2)| for all z on . Then

total number of zeros of f(z) within v = total number of zeros of ¢g(z) within

where the zeros are counted with multiplicity.

Proof. Set h(z) = g(2)/f(z). The hypothesis implies that |h(z) — 1| < 1 for all z on ~.
Therefore the curve h o is contained within the open disk of radius 1 about 1 and in
particular does not contain 0 in its interior. Thus I(h o) = 0. Applying the Argument
Principle gives

(MR, [fRR &I, (4R, [
0=/ 5 / e L5 e-[5

so another application of the Argument Principle gives that the result O

Example. How many zeros does the function k(z) = e — 427 have inside the unit circle?

Solution. Let f(z) = —427. Then k(z) — f(z) = €*. If z lies on the unit circle then
k(2) — f(2)] = |e?| = |eRe*)| < e. However for z on the unit circle |f(2)| = | — 427| =
4)z|" =4 > e. Thus |f(2) — k(2)| < |f(2)| for all z on the unit circle. It follows that the
number of zeros within the unit circle of k(z) is the same as that of f(z), which is 7. O

Theorem. Let p be a zero of order k of a nonconstant holomorphic function f(z). Then
there exist an open neighbourhood U of p such that f(U) is an open neighbourhood of 0
and every point in f(U) aside from 0 has precisely k-preimages under f.

Proof. Since f(z) is nonconstant, neither f(z) nor f’(z) is identically zero. Therefore we
can choose a closed ball B in the domain of f(z) containing p but no other zeros of f and
no zeros of f’ except possibly p. Let M be the minimum value of the restriction of |f(z)|

to 0B. M > 0 by choice of B. Set U := f_l( Mm(0)) N Interior of B.

For ¢ € By(0) define g(q) by g(q) := 5 Jom f’gz()z ; dz. The zeros of the function

he(2) := f(2) — ¢ count, with multlpllclty, the number of preimages in B of ¢ under f. By
the argument principle

1 h!
# of preimages of ¢ = — a(?)

dz = )
i o hatz) & =9
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The function g takes on only integer values, so by continuity g(q) = ¢(0) = k. If u # p lies
in U, then by choice of B, h'y, (u) = f'(u) # 0 and so u is a zero of hy(,) of multiplicity 1.
Since the multiplicity of each preimage of any point ¢ # 0 is 1, each such point must have
k pre-images in B. Note also that since every point in Bj;(0) has preimages in U, so that
f(U) = Ba(0) and is, in particular, an open neighbourhood of 0. O

Corollary (Complex Inverse Function Theorem). Let f(z) be holomorphic at p
with f'(p) # 0. Then there exists an open neighbourhood U of p such that V := f(U) is
an open neighbourhood of f(p) and the restriction f : U — V is a bijection. The inverse
function f~1':V — U is also holomorphic with derivative given by f%(z)

Proof. Apply the preceding theorem to g(z) := f(z) — f(p). Since ¢'(p) = f'(p) # 0, the
multiplicity of p as a zero of g is 1. Therefore k = 1, and choosing U as in the theorem,
every point in g(U) (including 0) has precisely one preimage in U. Equivalently, f : U — V
is a bijection.

Let g : V — U be the inverse to f. If v is any closed curve in V, then making
the change of variable z = f(w) gives fvg(z) dz = fg(v) wf'(w)dw = 0 since it is the
integral of the holomorphic function wf’(w) over the closed curve g(vy). Therefore g is
holomorphic by Moreira’s theorem, and its derivative is determined by applying the chain
rule to z = f o g(z2).

O

Residues can be used to evaluate integrals (MATC34). We will now examine how this
process can sometimes be usefully reversed.

The function sin(7z) has zeros precisely at the integers. We can sometimes make use
of this to compute >>7 __ f(n) in cases where f(n) is the restriction to the integers of

some meromorphic function.
f(2)

sin(mz)
at the integers in addition to the poles of f(z). The poles at the integers which are not
singularities of f(z) are simple poles, while those at singularities of f(z) have higher order.
If f(n) is not a singularity of f, according to our earlier formula,

Suppose f(z) is a meromorphic function. Then is meromorphic with poles

R( /() ): /() i)

sin(mz) d(sin(mz)) /dz|.=n ~ mcos(mn) B T

This is sometimes useful in evaluating alternating series, but for series of positive terms
it is more useful to replace sin 7z in the preceding discussion by tan7z and consider the
ta{l((”?z) = mcot(mz) f(z). Since d(tan(mz))/dz|.—n, = msec?(7n) = 1, repeating
the preceding calculation gives

function 7

Res,, mcot(mz) f(2) = f(n).

To apply the method we will need to assume that zf(z) is bounded as |z| — co. That
is, there exists R and M such |zf(z)| < M for all |z| > R.
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Consider a large square vy centred at the origin and having side length 2N + 1 for a
large integer N. Then

/ meot(mz)f(z)dz = Z all residues inside vy of 7cot(7z)f(2)
TN

N
= Z {f(n) | n is not a singularity of f} (%)
n=—N
+ Zresidues of wcot(mz)f(z) at singularities of f(z) inside vy

We will show that our boundedness assumptions on f(z) imply that

lim meot(mz) f(z)dz =0

N—oo VN

so that we might get a formula for Y 2 f(n).

Lemma. Let f(z) be a meromorphic function such that zf(z) is bounded as z — 0.
Then

lim /WN cot(mz)f(z)dz =0

N—o0

where vy is the square of side length 2N + 1 centred at the origin.

Proof. Euler’s formulas e'* = cos(z) + isin(z) and e™**
eiz+e—iz . . eiz_e—iz . eiz+e—iz o 62iz+1
€—F— and sin(z) = “=%—. Therefore cot(z) = = = Sy

On the vertical sides of vy, 2 = £(2N +1)/2 + iy so

= cos(z) — isin(z) give cos(z) =

6i27riNeiz'7re—27ry +1 ‘ B ' 1(_1)6—27ry +1 ‘ B ’ _6—27'ry +1 ‘ B ’ 1 — e—27ry

t, =
‘CO (71'2’)‘ 1(_1)6—27ry -1 _6—27ry —1 1 + e—27ry

eE2miN oimo—2my _ |

On the horizontal sides of vy, z =z £ (2N +1)/2 so

2mwix +7(2N+1)
| cot(m2)| = ¢_te

eQTrize—:l:Tr(QN—i—l) +1 ‘

e2mizo—Em(2N+1) _ ] e2mir _ pxm(2N+1)
The right hand side is a continuous periodic function of z so it is bounded. (A continuous
function on a closed bounded set is bounded (MATB43) and in the case of a periodic
function we may restrict attention to one period, which is a bounded set.) In fact, it
represents the ratio of the distances of some point on the unit circle to the points w and
to —w for some fixed w and is bounded, for example, by 2. Thus 2 is an upper bound for
| cot(mz)| on yn.

Our assumption on f(z) is that there exists R and M such that |zf(z)| < M for
all [z|] > R. Let w = 1/z. Set g(w) := zf(z) for 0 < |w| < 1/R or equivalently |z|/geR.
Since g(w) is bounded on 0 < |w| < 1/R, its singularity at 0 is removable so it extends
to a holomorphic function on |w| < 1/R. Let g(w) = ag + ajw + asw? + azw? ... be the
Taylor series of g(w) about 0.
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SubLemma. 22 (f(z) — %) is bounded as z — oc.

Proof. Since lim,, ¢ g(w)T_ao = ¢'(0) exists, g(w)T_ao has a removable singularity at 0 so

it represents an analytic, thus continuous, function on |w| < 1/R. Therefore (MATB43)

it has a bound on any closed set in its domain. Let K be a bound for ‘g(wq)u—_ao on
|lw| < 1/(2R). If |z] > 2R then w < 1/(2R) and so
a w) —a
2 (1) = )| = et ) - an) = |12 < 6
z w
for |z| > 2R. O
Proof of Lemma (cont.). If 2N +1 > 2R,
2
- 2K
/ cot(7mz) (f(z)—@> dz §/ | cot(mz)| ° (f(z)2 a0/?) dzg/ —2’ dz
TN z TN z TN z
2K 42N +1)2K 8K
< o T 8% S 5 =
v 2N +1) (2N +1) 2N +1
Therefore
. L cot(rz) , . cot(mz), .
ngnoo . cot(mz) f(z)dz = A}gnoo . a0 — dz = ay Z Residues of inside vy

We noted earlier if that f(z) does not have a zero at n then Res, cot(nz)f(z) = f(n)/7.

Applying this in the case f(z) = 1/z shows Res, @ = 1/(mn). Therefore, in the above
sum, for n # 0, the residues at n and —n cancel out leaving

lim L cot(mz) £ (2) dz = ao Res (COt(”)) —0

N—o0 z

since the pole of COt(Z—m) at 0 has order 2. O
Substituting this into equation (*) and taking the limit as N — oo gives

Theorem. Let f(z) be a meromorphic function such that zf(z) is bounded as z — 0.
Then

N
Z {f(n) | n is not a singularity of f}
n=—N
= — Z residues of 7 cot(mz) f(z) at singularities of f(z)

Note: limpy_ ZnN:_N f(n) is not exactly the same as > >~ f(n) since the former
might exist in cases where the latter does not converge. For example, if f(z) is some
function for which f(n) = 1/n for n # 0 then, because of the cancellation, the limit on the
left exists and equals f(0), but the series on the right does not converge.
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Example. Let f(z) = 1/22. Then zf(z) = 1/z is bounded as z — co. The only singularity
of f(z) is at 0. Therefore limpy o Z;iv_l # —1—22]:1 # = — Resg (ﬂ%ﬁ) In this case
we know that the two series on the left converge individually and are equal by symmetry.
Thus we get

> = = R () - e ()

n=1
——zReso (1—m222/2+ .. )0+ 72226+ ... :—ERGSQ 1—7222/3...
2 w23 2 w23

O

Example. Suppose p is not an integer and let f(z) = 1/(z — p). Then zf(z) = z/(z — p)
is bounded as z — co. The only singularity of f(z) is at p. Therefore

N

im > = —Res, (WCOt(m)) — _rcot(rp).

N— n — zZ —
> TN p p

In other words, for every point in the domain of cot(7wz) we have the identity

oo oo
ﬂ-COt(ﬂ-Z):_J\;i—IPOO Z n—Z:]\/lgnoo Z Z—N
N

n=-— n=-—

n=

Notice that series in the final answer converges for each z, but it would not have been

correct to write mcot(mz) = — Y >° _ —L— since the right hand side does not converge.
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6. Harmonic Functions

A real-valued function h : R™ — R is called harmonic if it satisfies Laplace’s equation
V2h = 0, where V?h, the Laplacian of h, is defined by VZ*h = >"}_,0%°h/0z?. The
notation is suggested by the fact that V2h = V - (Vh), where Vh is the gradient of h and
V -V denotes the divergence of a vector field V. When n = 2, we will see that there is a
very close connection between harmonic functions and holomorphic functions.

Let f = u+iv be holomorphic throughout a domain D. A consequence of the Cauchy-
Riemann equations is that Vu is always perpendicular to Vuv. This means that the family
of curves u = C (the solutions to the differential equation Vu = 0) are the othogonal
trajectories (MATB44) of the family v = C. Also

02u 0 Ou 0 Ov 0 Ov 0 Ou 0%u

0x2  Oxdxr Oxrdy Oyodx  Oydy  Oy?
and so u (and similarly v) is harmonic. Thus a holomorphic function on D determines a
harmonic function v on D.

To what extent can this process be reversed? Let u be a harmonic function on a
domain D. Can we find a v such that u 4+ iv is holomorphic? We reformulate the question
in terms of differential forms. Recall (MATB42) that a differential k-form w is called closed
if dw = 0 and called exact if there exists an (k — 1)-form 7 such that dn = w. The fact that
exact implies closed is a trivial consequence of the formula d?> = 0. We know from MATB42
that for differential forms defined throughout simply connected regions, the converse also
holds: if w is defined and closed throughout a simply connected region D then there exists
71 defined throughout D such that dn = w.

Given harmonic u, we wish to find a function v such that Vv = (—u,, v,) so that the
Cauchy-Riemann equations will be satisfied. Define a 1-form w by w := —u, dz + u, dy.
Then

dw = —Uyy dy N\ dx + Ugy dr N dy = (Ugg + Uyy) dz A dy = 0,

since u is harmonic. Therefore in any simply connected region (for example a ball about
any point in domain) there exists a O-form (i.e. a function) v such that dv = w, which is
equivalent to saying that Vv = (—uy, v;). The solution is (locally) unique up to a constant,
since if ¥ also satisfies dv = w then d(v — ) = 0 so v — ¥ is constant. To summarize,

Theorem. Given a harmonic function u(z,y), in any simply connected neighbourhood N
of any point in the domain of u, there exists a harmonic function v, unique up to a constant,
such that the function f(z) = u + iv is homolomorphic throughout N.

Thus, locally, a harmonic function u determines, uniquely up to a constant, a holomor-
phic function whose real part is u. Similarly a holomorphic function is uniquely determined
up to a constant by its imaginary part. Therefore the study of the local properties of holo-
morphic functions is equivalent to the study of the local properties of harmonic functions.
Note again that the preceding does not say that given harmonic v on D we can necesarily
find a holomorphic function throughout D whose real part is u (unless D happens to be
simply connected). For example, if u(z,y) = log(z? + y?) = log(|z|), then u is harmonic
on the domain R? — {0}, and, although we have branches of the function log(z) whose real
part is locally u(z,y), there is no holomorphic function defined on all of R? — {0} whose
real part is w.
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Example. Let u(x,y) = ’”—22 + a2y — y—; Observe that w is harmonic. In this case the
domain is u is all of R? which is simply connected so there exists a holomorphic function
f(2) (unique up to a constant) whose real part is u. To find such an f we could proceed as
follows. Since differentiation shows that u = C' is the solution of the differential equation
(x +y)dx + (xr — y)dy = 0. we wish to find a solution v of the differential equation
(y —x)dx + (z 4+ y) dy = 0. Equivalently, we need to solve dv = w where w = (y — z) dx +

(z + y) dy = 0. This equation is equivalent to

v

% =y—x (1)

ov

oy Tty (2)
(1) implies v = [(y—x) dz +h(y) = vy —2*/2+ h(y) for some function h(y). Differentiate
to get g—z =x+ % which, upon comparison with (2) yields % =yandso h=y?/2+C

for some contant C. Therefore v = zy — 22/2 + h(y) = zy — 2%/2 + y?/2 + C. Choosing
C = 0 gives the solution f(z,y) = u+iv = 22/2 + 2y — y?/2 +i(xy — 2% /2 + y?/2), which,
by inspection can be written equivalently as f(z) = 22/2.

Proposition. Let u(z) be harmonic and let f(z) be holomorphic. Then uo f is harmonic.

Proof. Find a holomorphic function g(z) such that Reg = u. Then g o f is holomorphic
and its real part is w o f. (Of course, this Proposition can also be proved directly by
differentiating the composition.) O

Let v be a harmonic function on a domain containing a disk B. Since the disk is simply
connected, there is a holomorphic function f(z) = u 4 iv defined a domain containing B.
Since the values of f in the interior of B are determined according to Cauchy’s integral
formula by the values of f on the boundary circle of B, the values of u on the interior
of B must also be determined by the values of u on the boundary of B. The formula for
harmonic functions corresponding to the Cauchy Integral Formula in this case is called the
“Poisson Integral Formula”. By translation, we might as well consider the case where the
ball B is centred at the origin.

Theorem (Poisson Integral Formula). Let u(z,y) be harmonic on a domain contain-
ing the closed ball B = Bpr(0) of radius R about 0. Then for any zy in the interior
of B,

L ey B Lol

Proof. Consider first the special case where zy = 0. According to the preceding discussion,
there is a function v(x,y) such that f(z) := w4+ iv is holomorphic on B. Applying the
Cauchy Integral Formula to f on the circle C' = 9B of radius R about 0, gives

1 f(w) 1 o f(Rew), i0 9 1 o i0
f(O) = % . wa = % . Reig zRe d@ = % . f(Re )d@
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Taking the real part yields

w(0) = = /0 7 u(Re) db.

27
which is the Poisson formula in the case zg = 0.
Given arbitrary zop in the interior of B, define g(z) by g(z) := R’éi’z‘)zRQ and set
@ := wo g. The inverse of g is given by h(z) = R’E—Z_"RQ and so u = @ o h. Observe that

@(0) = u(g(0)) = u(z0). We can check that g(C) = C' as follows. Suppose |z| = R. Then

oo = () (22 ) it = (it el Y
R2 + 752 R? + 2z R* 4+ R220Z + R?Zoz + | 20|%|2|2
_( R? + 20z + 202 + | 20/? >R4_R2
RY+ R220% + R%%Zp7 + | 202 R? '

Notice that since u is harmonic and ¢ is holomorphic, the real valued function @
is harmonic, since it is the real part of the holomorphic function f o g, where f is a
holomorphic function whose real part is u. Applying the special case the formula to the
harmonic function % gives

u(z0) = (0) = 1/wa(Rei9)d9:i " u(g(Rei®)) db

2T 2 Jo
L[ oy iRe” L[ ufg(w))
= om ), RN R di=on | A
Since
h/(Z): <R2_Z_OZ)(1) __(Z_ZO)(_%)RQZ R2—Z_QZ—|—,Z_%—’ZO‘2R2: R2 |_ZO‘ RQ’
(R? = Z2)? (R? — Zp2)? (R? —%52)?
making the change of variable w = h(() gives
1 [ulgw) 1 [ ul),,
271 L w dw = 9270 /; (<) h'(¢) d¢
_ 1 u(©) (R? — |20]*) R? i
2mi Jo ((C — 20)/(R? —Z¢) ) R?  (R? — %0)?
Ll O (ko)
2mi Jo (€ — 20) (R? —Z0()
1 27 it 2 _ 2 '
TR (Rl
2mi Jo  (Re™ — z0) (R? — ZoRe™)
_ LT u(Re) (R —al?)
2 Jo  (Re™ — zp) (Re™ % — Zp)
L2 (R —20]?)
= ) u(Re )]Re“—zoP dt
as desired. 0O
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We note in particular the special case where zg is the centre of the circle where the
formula reads

1 27 )
u(zg) = %/0 u(zo + Re') db.

indicating that as in the case of holomorphic functions, for harmonic functions the value of
u at the centre of a circle is the average of its values on the circle. And as we holomorphic
functions we have

Corollary (Maximum Modulus Principle). Let u be harmonic on a domain contain-
ing a closed bounded set B. Then the maximum value M of |u| occurs on OB and unless
u is constant, |u(z)| < M for all z in the interior of B. O

7. Conformal Maps

Many important problems lead to differential equations whose solutions are bounded har-
monic functions. For example consider the flow of heat in a region B. Let u(z,t) the
temperature at the point z at time ¢. The total thermal energy [ pciudV (where c; is a
constant depending on the units or measurement) changes only as heat enters or leaves
through the boundary. Heat “fows” from hot to cold and in particular at any point it flows
in the direction of most rapid decrease of the temperature function, which (MATB41) is
the direction of —Vu. At any time, the rate of change of heat loss through the bound-
ary is given by [, 5caVu-ndS. Therefore, 4 [ ciudV = [,,c;Vu-ndS. By Gauss’
(Divergence) Theorem (MATB42), [,5c2Vu-ndS = [V - (Vu)dV. Therefore u is a
bounded function satisfying the “heat equation” V2u = ku,, where V2u = 2?21 Ug 2, and
k is a constant. If the temperature of the surroundings (i.e. the boundary) do not change
with time, then the value of u(z,t) at any point z will stabilize over time and the function
u(z,t) will approach a “steady-state solution” w(z) which is independent of ¢. Since in
steady state, u; = 0, the steady-state solution is a bounded harmonic function and thus
determined by its values at the boundary. For example, if the temperature at the boundary
is a constant C, then the steady-state solution will be u = C. (e.g. in the absence of other
influences, a hot object will eventually cool to the temperature of its surroundings.) It
should be noted that in recent years the study of the heat equation has played a central
role in the emerging field of financial mathematics, since it has been discovered that in
addition to providing a mathematical model for the flow of heat, it also provides a good
model for the “flow” of money. Because of applications to the heat equation and others,
an important problem in mathematics is:

Dirichlet Problem. Given a real-valued function v on the boundary of a region B, find
the harmonic function on B (if there is one) which extends the given function to the
interior.

The preceding discussion applies in any number of dimensions, but the methods are
complex analysis are particularly suited to handle the case n = 2.

Example. A large (effectively infinite) sheet of metal occupies the right half-plane = >
0. The upper y-axis is maintained at room temperature (20°) but ice placed along the
negative y-axis keeps the temperature at 0° there. Suppose that the interior of the sheet
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is insulated above and below, so that heat can flow only in the xy-plane. Find the steady-
state temperature at the point (x,y).

Solution. Let u(z,y) be the steady-state temperature at (z,y). Then u(x,y) is the bounded
harmonic function for which

_[20 ify>0;
“(O’y)_{o if y < 0.

The temperature would not actually jump discontinuously from 0 to 20 at the origin, but
would change very quickly so that our model would be a good approximation except in

the immediate vicinity of the origin.
Let f(z) be the branch of log z defined on C — {(z,y) | z < 0} by

f(z) = log(|z]) +iarg(2)

w/2 ify > 0;
—r/2 ify <O.
Therefore if we set g(2) := 22 (—if(z)+m/2) then u(z) = Re g(z) is the solution. Explicitly,

with arg(z) chosen in the range (—m, 7). Then the imaginary part of f is {

u(z,y) = 27T—0(arg(z) +7/2) = 27r_0 tan~'(y/x) + 10

where we are using the branch of tan™!( ) which takes values in [—7/2,7/2]. O

If u(z) is harmonic and f(z) is holomorphic then w o f is harmonic. If we know how
to solve the Dirichlet problem on some region B then one way to solve it for some other
region B’ would be to find a holomorphic function f whose domain U contains B and
which has the property that f is a bijection from U to V := f(U) taking B to B’. The
inverse function f~! : V — U will then also be holomorphc (with derivative ﬁ) and

uo f~! solves the Dirichlet problem on B’.

A holomorphic bijection f : U — V is called a conformal mapping from U to V. We
say that U and V' are conformally equivalent if there exists a conformal map between them.
The derivative of a bijection must be nowhere zero, and conversely, we showed early that
given a holomorphic function f(z) for which f’(p) # 0 there exists open neighbourhoods
U of p and V of f(p) such that f: U — V is conformal.

The word “conformal” means “angle-preserving”. As we noted earlier, the Jacobian
matrix for f’(z) corresponds to rotation by arg(f’(z)) followed by multiplication by |f’(2)|.
Therefore the angle at which two curves cross (defined as the angle between their tangent
vectors) is preserved under the application of any holomorphic function with nonzero
derivative. Thus conformal mappings are indeed angle-preserving.

Example. A large (effectively infinite) sheet of metal, insulated above and below, occupies
the first quadrant. The y-axis is maintained at room temperature (20°) but ice placed
along x-axis keeps the temperature at 0° there. Find the steady-state temperature at the
point (z,y).

Solution. Let @) be the first quadrant and let H be the right half plane. The function

2
z

f(z) = % is a conformal mapping from @ — {0} to H — {0} taking the upper y-axis (as
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a unit, not point-by-point) to itself and taking the z-axis to the lower y-axis. Therefore
the solution is given by u o f where u solves the corresponding problem in the right half
plane. Since that solution was found earlier to be u(z,y) = 2 arg(z) + 10, the solution to

the present problem is

20 20 20
h(z,y) = — arg(z?/i) +10 = ?(arg(f) —7m/2) +10 = — arg(z?)

20 20 2
= “arg(z? — y? + 2ixzy) = = tan? ( 5 i 2) .
T T 2 —y

O

Example. A sheet of metal, insulated above and below, occupies the unit disk. The upper
arc of the boundary circle is maintained at room temperature (20°) but ice placed along
the lower arc keeps the temperature at 0° there. Find the steady-state temperature at the
point (x,y).

Solution. Let B be the unit disk. The function f(z) = {2 is a conformal mapping from
B — {1} to the right half plane taking the boundary circle 9B to the y-axis. Therefore
the solution is given by u o f where u solves the corresponding problem in the right half
plane. Since that solution was found earlier to be u(z,y) = 2 arg(z) + 10, the solution to
the present problem is

20 1 20 1 '
h(z,y) = ?arg( +Z) +10 = —arg (w) + 10

1—2 1l—z—1y
20 1+ 2 +iy)(1 — x + iy) 10 20 1— 2% —y% + 2iy 10
= — ar = — ar
T ey AN
20 1 2y
:?tan <m)+10

Using the identity
1 1 o 7T/2 lfU>O,
tan™ " (v) + tan (1/1})—{_7T/2 ifv <0

the final answer can also be written as h(x,y) = % tan~1 (#) using the branch

of tan™!(') which takes values in [0, 7]. O

The Poisson Integral Formula gives a solution to the Dirichlet problem in the case
where the region B is a closed disk, although even in this case one might hope for a more
explicit formula for the solution (as in the preceding example) rather than the integral,
which might be hard to compute. More precisely:

Solution to Dirichlet Problem on a disk. Let u(z) be a continuous function on the
boundary circle of the closed ball Bg[p] of radius R about p. The function defined by

2r Jo |Re? —z]2

1 2 R 0 RQ—|Z|2 Ao if 2 li in interi B:
h(z) = u(p + Re") ootz if z lies in interior B;
u(2) if z lies on 0B.
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solves the Dirichlet problem on B.

It is clear from Poisson’s formula that if the problem has any solution then this is it,
but there are two technical points which need to be resolved.

(1) Does the resulting function h(z) satisfy V2h = 0 throughout the interior of B?
(2) Is h continuous?

It is not so hard to demonstrate that h satisfies (1), but showing that the limit as we
approach the boundary is the original function u(z) is not so easy. We shall not go into
the details except to observe that this a place where the properties of harmonic functions
differ from the analogous properties of holomorphic functions.

Example. Let B be the unit disk B1[0]. Let g : 9B — C be given by g(z) = 1/z. Define
f:B—Cby

f(z) = 27” Jo5 2 g(w) dw if z lies in interior B;
9(2) if z lies on 0B.

For z in the interior of B, f(z) = 5= [, w(w -y dw. The function h(w) = ﬁ is
meromorphic on B with simple poles at 0 and z. Therefore

f(2) = Resg h(w) + Res, h(w)

1 1 1 1 -1 1
w — 2z lw=0 w W lw=z2 w—z z z

But f‘aB # 0, so f is not continuous. O

The examples above suggest the following questions:
1) Given regions B and B’, how can we tell if there exists a conformal mapping between B
and B'?
2) If f is conformal, how does it behave as we approach the boundary of its domain?
3) Assuming a conformal mapping f : B — B’ exists, how do we find it?

For simply connected regions, we can give a complete answer to question (1):

Riemann Mapping Theorem. Let U be a simply connected domain such that U # C.
Then there exists a conformal map f : U — D where D = {z | |z| < 1} is the unit disk.
Furthermore, given any p € U and q € D, there exists a unique such f such that f(p) = q
and f'(p) is a positive real number.

The proof is difficult and we shall not go into it. The Riemann Mapping Theorem tells
us that, aside from C itself any two simply connected domains are conformally equivalent
since both are conformally equivalent to D. Notice that C is not conformally equivlent to D
since D is bounded and therefore by Liouville’s Theorem there cannot exist a holomorphic
function f : C — D whose image contains more than one point. It follows that C is not
conformally equivalent to any other domain, since any conformal image of C would be
simply connected and thus conformally equivalent to D. Determining whether or not two
non-simply-connected domains are conformally equivalent is not easy in general.

For bounded simply connected regions, information about behaviour as we approach
the boundary is given by:
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Theorem (Osgood-Caratheodory). Let U; and Uy be the interiors of simple closed
curves v, and 75 and set By := Uy U~y; and By := Uy U~ys. Let f : Uy — Uy be conformal.
(Such f exists by the Riemann Mapping Theorem.) Then f extends to a continuous
bijection from By to By (which must, in particular, restrict to a continuous bijection from
between the boundaries ~y; and ~yz).

The proof of this theorem is also difficult and we shall not go into it.

Fractional Linear Transformations.

To assist in finding conformal maps from a region B to another region B’ we begin by
looking at the special case where B and B’ are the unit disk D = {z | |2| < 1}.
For any p € D and any w with |w| =1, define ¢, , : C —{1/p} — C by

_ wiz—p)
Opw(z) = 1
Proposition.
1) For any p € D and w with |w| =1, ¢p (D) C D and ¢, .,| Iis a conformal self-map
D

of D taking p to 0.
2) Any conformal self-map of D is ¢, ., for some p € D and w with |w| = 1.

Proof.
1) The domain of ¢, includes D = {z | |z| < 1} since p € D implying that [1/p] > 1.
Let C ={z | |z2| = 1} be the boundary circle of D. For z € C,

|22 — pz — pz + |p|?
1 —pZ —pz + |p|?|2]?
_|1—pz—pz+|p]?
a '1 —pz —pz+|pf?

2 _|w=p)* | =nE-p)
’QSp,w(z)‘ _' 1—pz o ‘(1—]32)(1_172)

using |2|? = 1, since z € C. Thus ¢, (C) C C. Since ¢, is continuous, the image
if each of the two connected components of C — C' is connected so the either ¢, (D)
is entirely contained in D or it is contained in the outside of C'. Since ¢(p) = 0, we
must have ¢, (D) C D and similarly the image of the outside of C is contained in
the outside of C. It is clear that ¢, ., is differentiable and it is invertible with inverse
given by g(z) = W.

2) Let f : D — D be conformal. Find p such that f(p) = 0. The derivative ¢/, ,(p) is
given by

(1-pz)1 — (2 —p)(—p) -1
(1 —pz)? =p (1—[p[*)? 1-—|p?

so it is a positive real number. Write f'(p)/¢;,1(p) = re’, for some r and 0 and set
w = €. The functions f/w and ¢, are each conformal self-maps of D taking p

to 0 with positive real derivatives at p. Therefore according to the Riemann Mapping
Theorem, f(2)/w = ¢p,1(2) and so f(2) = wep1(2) = dpw(2). O

¢;,1 (P) =
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Given a 2 X 2 matrix M = (CCL

function F(M) by

Z) of complex numbers with det(M) # 0, define a

az+b
cz+d

F(M)(z) =
Regard F(M) as a function on CU {oo} with

FOM)(=5) = o0
az+b a

F(M)(o0) := Jm cz+d ¢

A function f: CUoco — CU oo of the form f(z) = Zjig with ad — be # 0 is called

a fractional linear transformation. We saw above that every conformal self-map of D is a
fractional linear transformation.

Proposition. Under the association M +— F (M), matrix multiplication corresponds to
composition of functions. i.e. F(MN) = F(M) o F(N).

_(a b (d Y B aa’ + bc’ ab’ + bd’
Proof. LetM—(c d>;N—<c/ d’)'HenceMN_(ca’+dc’+dc’ Cb/—i-dd/)'

a’2+b’
a(c’z—td’>+b a(a'z+b0)+b(dz+d)

C(a’z+b’> 1d - claz+b)+d(dz+d)

c' z+d’
(aa’ + bc’)z + ab’ + bd’
= =F(MN
(ca’ +dc’)z + b + dd’ ( ))
Corollary.
1) The product of two fractional linear transformations is a fractional linear transforma-
tion.

1) The inverse of a fractional linear transformations is a fractional linear transformation.

Proof. They correspond to the product and inverse of matrices. O

In the language of group theory (MATCO01), F : GL2(C) — Self-maps of (C U o0), is
a group homomorphism where for a field F',

GL,(F) = {n x n matrices with entries in F’ and nonzero determininant}.

The homomorphism is not injective since F (kM) = F(M).

The fractional linear transformation I(z) := =} is called inversion (or reflection) in
the unit circle. In polar coordinates, I(r,6) = (1/r,0).

I interchanges points P and ) on the same radial spoke if |OP| = 1/|0Q)| where O is
the origin. Points on the unit circle C' = {z | |2| = 1} are fixed.

Consider the image of a line L under I.
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Let A be the intersection of the perpenticular from 0 with L. Let A’ = I(A). Draw
the circle D with diameter OA’.
Claim: D = I(L).
Proof. Let P be any point on L. To show I(P) lies on D:

Let @ be the intersection of D with OP. Since OA’ is a diameter of D and () is on
the circumference, ZOQA’ — w/2. Therefore AOAP ~ AOQA’. Thus % = % and
so |OP||0Q| =|OA||OA’| = 1. Hence Q = I(P). O

We have just seen that for any line L, the image I(L) is a circle passing through the
origin. Conversely, I takes circles passing through the origin to lines.

What about circle not passing through the origin?

Let C be a circle with centre O. As before C' denotes the unit circle with centre
O = origin. Let A, B the intersections with C' of the line joining the centres O, O. Let M
be some other line through O, intersection C' at points Q and P.

Set A :=|OA] b:=|0B].

Let § : C — C be the dilation (expansion/contraction) §(z) = z/ab.

Set A" := §(B) B’ :=4§(A) P :=46(Q) Q' :=46(P)

|OA’| = |OB|/(ab) = b/(ab) = 1/a so A’ = I(A). Similary B’ = I(B).

|OA’| 1 |OP’

OBl " ab — |OQ]

Therefore AOA'P" ~ ANOBQ.

Also ZABQ = L/ APQ (they are angles at the circumference opposite the chord AQ).

Thus AOBQ ~ ANOPA.

/ /
Therefore ||OO’?3‘| = ||g—2 which implies

(OP'||OP| = |0A'| |OA| = (1/a)a = 1

and so P’ = I(P). Similarly Q' = I1(Q).

Since A, B, P, Q lie on circle C, their images B’, A’, @', P" under I lie on the
circle 6(C). i.e. I(C) is the same as the circle §(C).
Thus, I takes circles not passing through the origin to circles not passing through the

origin.

Theorem. Let (z) be a fractional linear transformation. If S is either a line or circle then
so is f(S).

Note: As in the special case of inversion, f(line) might be either a circle of a line. Similarly
f(circle) might be either a circle of a line. We refer to a set which is either a circle or a
line as a “circline”.

Proof. Write f(z) = 3513 with a, b, ¢, d € C, ad — bc # 0. Set M := (? Z) . Find

k € C such that k? = det M. Then det M /k = 1. Since multiplication by k has the desired
property, it suffices to consider the special case where det M = 1.

sty o= (o 1) oo= (1)) Then ) = 247 and Flo) = 2 so

T, corresponds to translation by r and o corresponds to the composition of inversion
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(reflection) in the unit circle followed by reflection about the y-axis. Therefore 7. and o
each have the desired property.

(0 =1\ (1 r\ [0 -1
r=\1 o J\o 1)7\1 «
(0 -1\ [0 -1\ (-1 —¢
T =1 s 1 ) s rs—1

(0 -1 -1 -r . —S 1—rs
OO 0T = 1 ¢ s rs—1) \st—1 rst—r—t
“ Z then we will know that F (M) is the
composite F(o)F (1) F(0)F(7s)F(o)F(7.) of functions each having the desired property
which demonstates that F (M) has it as well.

If a # 0:

If we can choose r, s, t so that oryoTs07, =

_b—l '_—1—c

Set s:=—a 7o

Then

—1—c

R L IR

b—1 —1—c¢ b—1 —-1-—c¢
rst—r—tz( )(—a)( )— —
a a a a

:b—l—l—bc—c—b-l—l—i-l—i—c:1+bc:a_d:d y

a a a

using ad — bc = 1.
If a = 0 then ¢ # 0 (since ad — bc = 1) so consider

0 -1 a b —c —d
= 5) (0 0)= (%)
By the above calculation, F(oM) preserves circlines so F(M) = F(o) "t F (o M) does as
well. O

Example. Find a conformal map from the unit disk D to the upper half plane H.

Solution.
Plan:
Step 1: Translate D so that its boundary passes through the origin.
Step 2: Apply z +— 1/z to convert the boundary circle to a line.
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Step 3: Translate the line so that it passes through the origin
Step 4: Rotate so that the boundary line becomes the z-axis with the region on the
correct side.

1) Let g(z) = 2z —1. Then Im D is the disk D’ of radius 1 centred at (—1,0).

2) Let h(z) = 1/z, which is the composition of inversion in the unit circle followed by
reflection in the z-axis. Then h(0D’) is a line L. To determine L we need to know
two points on it. Since points on unit circle are fixed by inversion, h reflects the unit
circle in the z-axis. In particular, the two intersection points of 9D and 9D’ lie on
the unit circle 9D, so are reflected by h(z), and lie on 9D’ so their images lie on L.
These two intersection points lie on the line x = —1/2 so L is its reflection in the
x-axis, which is again the line z = —1/2.

3) Let k(z) = z + 1/2, which translates the line x = 1/2 to the y-axis. Let

1 1_2+z—11<z+1)

12T 22 \z-1

Then ¢(0D) is the y-axis and since ¢(0) = —1/2 we see that ¢(D) is the left half plane.
4 ) Rotate clockwise by 7/2 (i.e. multiply by —i) to rotate the left half plane to H. We
can also drop the factor of 1/2 which is only a rescaling taking H to itself. Therefore

a(z) = kohog(z) =

z—1 )"

a solution is given by f(z) = —i (il> 0O
The solution found above is called the Cayley transformation.

Theorem (Schwarz Reflection Principle for a circle). Let D be a domain which
equals its inversion in the unit circle C. (ie. z € D if and only if —1/Z € D.) Let
I=DNC.Let U={2€D||z| <1} and let U = U UI. Let f : U — C be a continuous
function such that the restriction f |U is holomorphic and the restriction f ‘ ; Is real-valued.
Then f has a holomorphic extension to D.

Proof. Let C(z) be the Cayley transformation. Apply the Schwarz Reflection Principle to
(f o C71)(2) to get an extension g(z) of (f o C71)(z). Then f := (C o g)(z) is the desired
extension of f. O

Example. Show that there does not exist a conformal map from the annulus A = {z |
1 < |z| <2} to the punctured disk D' = {z | 0 < |z] < 2}

Solution. Assume that there exists a conformal map f from A to D’. Let (w,) be a
sequence in A which converges to some point w on the circle C' = {z | |z] = 1}. The set
of images {f(w,)} is an infinite set so it has an accumulation point L (MATB43) lying
in the closure D = {2z | 0 < |z| < 1} of D'. If L lay in D’ then f~!(L) would be an
accumulation point of {w,} in A. But {w,} has no accumulation points in A since (w,,)
converges to a point outside A. Therefore L does not lie in D’ so L = 0. It follows that
if we extend f to the closure A = {z | 1 < |z < 2} of A by setting f(z) := 0 for 2z € C,
the resulting extension is continuous. Therefore by the Schwartz Reflection for a circle, we
can further extend f to a holomorphic function f on {z | 1/2 < |z| < 2}. But f is zero
on C' which contains a convergent sequence. By our first theorem on analytic continuation
(uniqueness) this implies that f(z) = 0 for all z, contradicting the fact that the origin f
was a bijection from A to D’. Thus there is no conformal map from A to D’. O
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Leaving aside now the difficult question of which regions are conformally equivalent,
there remains the question of how to find a formula for a conformal map in cases where
one exists. Fractional linear transformations are very useful for producing conformal maps
(e.g. the Cayley transformation discussed earlier), so we consider their properties in greater
detail.

Theorem. Given any 3 distinct point p, q, r € CU{oc} and any other 3 distinct points p’,
q', " € CU{oo}, 3 a fractional linear transformation f(z) such that f(p) =p', f(q) = ¢,
f0) =

Proof. It suffices to consider the special case where p = 0, ¢ = 1, r = oo since if we can solve
this special case then there exists a fractional linear transformation g(z) sending (0, 1, c0)
to (p,q,r) and and a fractional linear transformation h(z) sending (0,1, 00) to (p/,¢’,7’)
so we can set f :=hog !

Want
= f(0) =b/d (1)
¢ = f(1)=(a+b)/(c+d) (2)
= f(o0) =a/c (3)
(1)=b=pd
(3)=a=r1'c
Therefore (2) = ¢' = "2 = g'c+ ¢/d =r'c+p'd = (¢ —1")c= (¢ — p')d
If v’ # oo,
o VW
Choose c:=1 d:= Z, _;/ a:=r b:= %

using that the denominators are nonzero since p’, ¢/, r’ are distinct. Notice that

,',_/(q/_,r,/) p/(q/_,’,,/) (,’,,/_p/)(q/_p/) %O

ad — be = q —r B o —q - q —p
since 1’ # p’ and 1’ # ¢'.
Of ' =
1 /
Choose c:=0 a:=1 di=—r7 b:= /p .
q —p qg —p
In this case ad—bc:ﬁ#(). O

Lemma. Let f(z) be a fractional linear transformation. If f(0) = 0, f(1) = 1 and
f(c0) = oo then f = identity.

Proof. Write f(z) = (az + b)/(cz + d).

f(0) =b/d (1)
f) = (a+b)/(c+d) (2)
0 = f(oc) = afe 3)
(1)=b=0
(3)=c=0
Therefore (2) = 1 =a/d = d = a. Thus f(z) = az/a = z. i.e. f = identity. O

41



Corollary. If a fractional linear transformation has 3 fixed points it is the identity.

Proof. Suppose p, q, r are fixed points of f. By previous theorem, 3 a fractional linear
transformation g such that g(0) = p, g(1) = ¢, g(oo) = r. Then g1 fg fixes 0, 1, and oo.
Therefore g~ fg = identity. Thus f = gg~'fgg~' = g o identity o g~ = identity. O

Corollary. A fractional linear transformation is determined by its values on any 3 points.

Proof. Suppose f and g are fractional linear transformations with f(p) = q(p), f(q = g(q),
f(r) = g(r). The p, q, r are fized points of g~ ! o f. Thus g~! o f is the identity, so f = g.
OJ

Cross Ratio

We know that for any points p, ¢, r, p’, ¢/, r’ there exists a unique fractional linear
transformation f such that f(p) =p', f(¢) = ¢, f(r) = r'. Would like a convenient way
of finding f.

Notation: Given a, b, ¢, d € C U oo (with at least three distinct), set
— —d — b—d
(a,b;c,d) := (a —c)/(a —d) _(*=€ :
(b—c)/(b—d) b—c) \a—d
called the cross-ratio of a, b, ¢, d. If any of the elements is oo, define it by lim; ... e.g.
b

. — i —c —d\ _ 15 1—c/t)(b—d) _ b—d

For a variable z,

(z=b)/(z=c) _(2=b)(a—¢)
(@a=0b)/(a—c) (z—-c)(a—0b)

is a fractional linear transformation. Notice that T'(a) = <“—_b> (“_C> =1, T(b) =0,
and T'(c) = oo.

T(z) = (z,a;b,¢c) =

Example. Find the fractional linear transformation f such that f(1) = 1, f(—i) = 0,
F(-1) = .

Solution. f(z) = (2, 1;~i,~1) = (25 (1) = &2 0

Example. Find the fractional linear transformation f such that f(i) = i, f(co) = 3,
f(0) =—-1/3.

Solutionl. f = h~'o g where g(i) =1, g(0) = 0, g(co0) = oo and h(i) = i, h(—1/3) = 0,
h(3) = .

g(Z)Z(Z,i;O,oo):j:(?:;:_izz}—<6i (1)>
z+1/3> (i—l—l/B) (2 41/3)(i-3)  (3z+1)(i—3)

z—3 i—-3 ) (2=-3)(i+1/3) (2—3)(3i+1)

h(z) = (z,i;—1/3,3) = (

3 -3)z4+i-3 (3(2'—3) i—3 )
C(Bi+1)2—33i+1) 3i+1 —3(3i+1)
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—3(3i+1) 3—i
—3i—1 3(i—3)

ro=otear=#((550 375) (3 1)
(S0 weh) = (2800 6ty)=A(E )
3z—1
T 243

Inverting the matrix gives h™1(z) = F ( ) Therefore

O

Proposition. The fractional linear transformation f(z) such that f(a) = o', f(b) =1V,
f(c) = ¢ is given by the solution of (z,a;b,c) = (f(z),a;b'c’). ie.

(z=b/(z—0) _ (f(z) =¥)/(f(z) = ¢)
(@ =b)/(a—c) (@ =b)/(a" = )

Proof. The fractional linear transformations on the left and right take on the same values
at 0, 1, and oo if and only if f takes on the specified values. O

Solution2 to previous example. Set w = f(z).
(2,7;00,0) = (w,4;3,—1/3).
Therefore

C(w=3)(i+1/3)  (w—3)(3i+1)

i
z (w+1/3)(i—3) (Bw+1)(i—3)
i(Bwi — 341 —9w) = 2(3iw — pi — 3 + w)
3w — 31— 1 =9%wi = Jizw — piz — 3z + zw
—3w —Ywi — Jizw — 2w =—-92z—-3+3t+1
(=3—-9i)z+ (14+3i) —3(1+3i)z+(1+3i) 3z-1

(-1 -3i)z— (3+9) —(1+3i)z—3(1+3i) 2z+3
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8. Infinite Product Decompositions

In this section, let log(z) denote a branch of the logarithm function defined on the do-
main C — {(z,0) | x < 0}.

Suppose |a,,| < 1 for all n. We write [[,—, (14 ag) for lim,_, [T;_, (1 + ax) provided
the limit exists and is greater than 0. The product is called divergent if either the limit
does not exist or if it exists but equals 0. The motivation behind this convention is that
we want L = [[,— (1 + ay) if and only if log L = Y 7° | log(1 + ax) and the latter would
not converge if L = 0. The fact that this holds with our actual definition is an immediate
consequence of the continuity of log(z).

Lemma.
1) If [1,2,(1 + |ag]) converges then [];- (1 + ai) converges.
2) Tl (1 + |ag|) converges if and only if Y ;- |ax| converges.

Proof.

1) If [T72 (14 |ak|) converges then >"77 ; log(1 + |ax|) converges which implies by com-
parison that Y ,- log(1 + aj) converges and so [[,—,(1 + ax) converges.

2) Unless lim, o |a,| = 0 both sides diverge, so assume lim,,_,~ |a,| = 0. Since
lim,_.q w = 1, for any constant € > 0, we have 1 < w < 1+ € for all
sufficiently small z > 0. Then z < log(1 + z) < (1 4 €)x for all sufficiently small x,
so by the Comparison Theorem, >~ log(1+ |ay|) converges if and only if Y - | |ak|
converges. O

A holomorphic function whose domain is the entire complex plane is called entire.
Clearly composition of entire functions gives an entire function. If g(z) is an entire function,
it is clear that e9(*) is an entire function with no zeros. Conversely

Theorem. Let f(z) be an entire function with no zeros. Then f(z) = e9*) for some
entire function g(z).

Proof. Since f has no zeros, f’/f is holomorphic. Let J;/((ZZ)) =ag+ a1z +az?+ ... be
the Taylor series of f’/f. Its radius of convergence is oo since f’/f is entire. Therefore

(MATBA43) the radius of the integrated series §(z) := agz +a122/2+az23/3+. .. is also cc.

Thus g(z) is an entire function with §'(z) = ]}/((;)). Set h(z) := e9(*). Differentiating shows
h'(2)

e = J'(z). Since f has no zeros, h(z)/f(z) is entire and, since };L/((ZZ)) = J}/((;)), differentiat-
ing gives (h/f)'(z) = 0 for all z. Hence kf(z) = h(z) = e9(*) for some constant k. Setting
z = 0 shows k # 0 so k = e° for some c. Therefore f(z) = e9*) where g(z) = § + c. O

Given a sequence of (a,) of nonzero complex numbers, none occurring more than
finitely many times, the Weierstrass Problem is to find an entire function (if one exists)
whose zeros are pricely at the points {a,} with the order of the zero at a, equal to the

), but this

will usually not converge so we modify it slightly. We will need a condition on the a,’s
which will guarantee that their size increases quickly enough.

number of times a,, occurs in the sequence. One might think of [ 7, (1 —

Z
An
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Lemma. Suppose Y oo, % < oo. Then f(z) = [0 [(1—i) ez/a"] solves the

n=1 Ja,|? n=1 an

Weierstrass Problem for the sequence (ay,).

Remark. In general, convergence of a series depends not only on its elements but also
upon the order. In this case, since the convergence condition is given in terms of the
absolute value, the order is irrelevant. Of course, since the function f(z) determines only
the set of its zeros and not the order in which we placed them in the sequence, for the
answer to converge to f(z) the right hand side must be independent of the numbering of
the roots.

Remark. A function having the form of f(z) is called a canonical product.

Proof. Set fn(z) = [Ir—, (1 — é) e/ . Since f,(z) is differentiable for all n, from the

power series section, we know that to show that f is differentiable it suffices that each
point has a neighbourhood in which f,(z) converges uniformly to f(z). In particular,
since every point in contained in a sufficiently large ball, it suffices to show that f,(2)
converges uniformly to f(z) on the closed ball Bg[0] for every R.

SubLemma. If |b| < 1 then |(1 —b)e® — 1| < |b||2b‘.
Proof.
2 b3 b4 5 b3 b4
(1 —0b)e* (1+b+—+§+4 .) (b+0 +§+§+ y

S (w2 () ()

Therefore

1 oo
1—b)e’ —1 I—=)<y p"=1p b”—62
v == () (1 5) | < 5w ||Z|| T
where the final step makes use of |b| < 1. O

Proof of Lemma (cont.). Since >~ | ﬁ converges, there exists N such that |a,| > 2R
for n > N. If |z| € Bg[0] and n > N then |z/ay,| < 1 and so from the SubLemma

2 2 2
‘(1_1) ez/an_l‘ S |z/an| _ |Z| 12 S R 12 :2R2%
an L—|z/an| (1 =|z/an|) [an]> = (1 =1/2) |ay| |an|

Therefore Y ;_, (1 — é) e*/® — 1 converges uniformly to Y orey (1 — ﬁ) e*/* — 1 and
so it follows from the previous Lemma that f,,(z) converges uniformly to f(z). O

If f1(z) and f2(z) both solve the same Weierstrass Problem then f;/f2 has removable
singularities, so extends to an entire function without zeros, and thus fi/f, = e9(*) for
some entire function g(z). If we wish to include a zero of order k at the origin in our
function we can just multiply the preceding function by z*. Summing up, we have
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1
n=1 |a

f(z) = e9F R0 (1 — a—> #/an is an entire function which has a zero of order k at
the origin and a zero at each a,, (where some a,,’s might be repeated resulting in a zero of

higher order) but no other zeros. Conversely every function with these properties has this
form for some entire function g(z).

Theorem. Suppose Y - .z < 0. Then for any entire function g(z), the function

2

Example. Show that sin(z) =z ][, (1 — Z—)

m2n?2

Solution. The zeros of sin z are at mk where k is an integer and g converges So

(k#£0)€Z

27.2
the theorem applies to give
z
sin(z) = e9() H (1 - —) e*/an
a
nonzero roots a,, of sin z "

for some entire function g(z). As noted earlier, the absolute convergence of the series
means that the ordering of the roots does not affect the answer, so we will choose the
order (mw, —m, 27, —2m, 3w, —3m,...). Therefore

sin(z) = ) H {( _) 2/(mn) ( _Lm) ez/(_m)]
7 H (=) ()l = “ﬁ (1-5)

so it remains to show that g(z) = 1. Logarithmic differentiation gives

dlog(sin(z)) @ (g(z) +log(z) + 32,2, log(1 Trz_i?)>
cot(z) = dz - dz

oo

—22/(n%n?) 1 = 22
_ : _TeE

)+ +Z z2/wn2)_g(z)+z+;ﬂ2n2—z2

, 2z

Z)+z+7222—ﬂ2n2

(Note: There is no branch of the logarithm which is defined everywhere, but the method
above can be used in the vicinity of any particular point z using a branch defined at cot z.
Alternatively, one could regard the preceding calculation as only providing intuition and
verify the above formula for cot(z) = sin(z)’/sin(z) by the more laborious process of
(non-logarithmic) differentiation followed by division.)

Comparing with our earlier formula for cot(z), we get ¢’(2) = 0 so g = ¢ for some

constant c¢. Therefore sz(z) ClL., ( §—an> with C = e°. Taking the limit z — 0

sy

gives C' = 1. O
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9. Gamma Function
Since > 7, W converges, the canonical G(z) := [[7; (1+ 2) e~ */" defines a holo-
morphic function with zeros at the negative integers. Our earlier example shows that
sin(z) = 12G(2)G(—2).

Set H(z) := G(z — 1). Then the zeros of H(z) are the same as those of 2G(z) so we
get H(z) = e9*) 2G(z) for some entire function g(z). Therefore

) g5 (e ) et ]

However the definition of H(z) gives

) o) () F (i)

Therefore comparing gives

g'(Z)z—Hé(%—nil):—1+(1—%)+(é—%>+(%—i)+...:0

Thus ¢'(z) is a constant v, known as “Euler’s constant”, and we get G(z — 1) = ze"G(z).
To evaluate v, set z := 1 yielding

e = G)/00) = o = ] (14 2] = 1 (22) o]

n=1 n=1

= lim 2 § é E e~ 1-1/2-1/3=-1/4—..=1/k

= lim [(k+ 1)671f1/271/371/47...71/k}
k—o00

— lim (ke—1—1/2—1/3—1/4—...—1/k) 4 lim (6—1—1/2—1/3—1/4—...—1/k)

k—o00 k—oo
= lim (ke—l—1/2—1/3—1/4—...—1/k)
k— o0
since limy,—.o0 (6_1_1/2_1/3_1/4_”'_1/k) = 0 due to the fact that -, _Tl diverges to —oo.

Therefore taking log( ) and solving for v gives

. 1 1 1
v = kll)ngo <1—|— 3 + 3 +...4+ z —log(k)> ~ 0.577216

Define the Gamma function by

T(2) = (2¢7°G(2)) " = (Z@W ﬁ [(1 * %) ez/nD_l

n=1
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It is a meromorphic function with simple poles at 0 and the negative integers.
Since G(z — 1) = ze"G(z),
M(e)= — b =2 ! — (z— Dz —1)
2e7*G(z) 2e7*G(z—1) DGz - 1)
By definition of v, 1 = G(0) = e"G(1) = ﬁ Therefore I'(1) = 1 and inductively
['(n) = (n — 1)! for integer n > 1.

1 1 B T

P(1— 2)D(2) =

(=2)T(=2)T(z) = ze V*G(—z2)e"*G(z)  2G(—z)G(z)  sin(mz)
It follows that I'(z) # 0 for any z in its domain.

It is clear from the definition of T'(z) that if z is real then I'(z) is real. Furthermore,
since I'(z) has no zeros in its domain, which includes the positive z-axis, its restriction to
the positive z-axis does not change sign and so I'(x) > 0 for all z > 0.

The formula I'(1 — 2)I'(2) = sn(ny Shows that ['(1/2)* = 7. Since I'(1/2) > 0 this
implies I'(1/2) = /7.

Theorem (Euler).

()= lim 7 Sln(z ) %}1 ((1 * %) (1+ §>_1)

Proof.
1 n Py
— : (141/24+...4+41/n—logn)=z : ~ —z/k
i == (e ) (e T+ 5) )

_ . (1+1/24...41/n—logn)z - f) —2/k
znlgr;o € [H(1+k e ])

k=1

_ : ‘ z/k _—(logn)z ‘ E —z/k _ : —z - E
S 01 GRS B B O 1 ((95)

k=1
T H(k+z)>:lim (Z(1+z)...(k:+z))
k=1

n—oo \ n*n! n— oo n*n!

which gives the first identity. Also n = (%) (%) <L> = 2;11 (k+1) = Hz;ll (1 + l)

VR “‘z,ﬁ(lﬁ)) =2 Jim <H (1+%)>_2§(1+%)
s (3 ([ 001) TO+)
=2 lim (lf[l <1+%>)kﬁ1(1+%)]




since lim,, (1 + 2)7% = 1. The second identity follows. O

Theorem (Gauss). For any integer n > 2,

1 -1
I'(2)l <Z + _) ...T (Z + n > = (Zﬂ-)(nfl)/Qn(l/Q)*nzF(nz)
n

n

n (T (z2+1).. . T'(z4+2=1
Proof. Set f(z) := al )F(&’(ng)r( T ) The theorem claims that f(z) is the con-

stant (2)("~1)/2n=(1/2) We first show that f(z) is constant.

He) =l ey f?.!?f‘; +m) (m“i“oo 2z + (1> s (13‘—”: = 1)) (%iinoo = m)
(m — 1)!m?

= i
mgrlOOZ(Z—f—l)"‘(Z—i—m—l)

When taking a limit as m — oo, we can if we wish, consider only the values of a sub-
sequence. For example, we could choose some integer n and look only at terms indexed
by multiples of n: in any convergent sequence g(m), lim,, o, g(m) = lim,, . g(mn).
Applying this gives

L (mn — 1)!(mn)?
I'(z) —Wgnoo 2(z+1)--(z+mn—1)

Then applying this rewritten form of Euler’s Theorem to the denominator of f(z) and
the standard form to the numerator gives

nnz— 1 (m_l)!mz+k/n
[T = limm—soc (a4 %) (st 5 +1) (45 +m—1)
7z = . (D™

limyp, 00 nz(nz+1)--(nz+nm—1)

_ lim n™* = tm — 1)I" Hz:é ztk/n nz(nz+1)---(nz+nm —1)

— lim “m =" T2 Om nz(nz+1)---(nz+nm—1)

om0 (mn — 1)In—mn n—1
H((nz+k)(nz+k+n)~~(nz+k+n(m—1)))
k=0

~ lim n~t(m — 1)mm®-1/2 nz(nz+1)---(nz+nm—1)

 m—oo (mn — 1)In-—mn -

H( (nz + k)( nz+k—|—n)~~(nz+k+n(m—1))>
nmn—l(m_ 1)!nm(n—1)/2
= lim
m—00 (mn —1)!
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since both the numerator and the denominator in the second factor consist of the product of
the same nm numbers, beginning with nz and increasing by increments of 1 to nz+nm—1.
Thus f(z) is a constant. To evaluate the constant:

Notice that since f(z) is a constant, f(0) := lim,_,o f(2) exists and by the definition

of f is given by: , ) ,
fo-r () (15

Therefore, rearranging the order of multiplication,

-r()r (”‘1>f(%>F(”;2)'--f(”;l)r(%)

) T

using our earlier formulas for I'(z)I'(1—z) and for the product of the sin( ) terms. Therefore,
since f(0) > 0 we get f(0) = (2n)(»~1/2//n, as desired. O

The Gamma function is often defined instead by means of an improper integral.
Theorem (Euler). I'(z) = [~ t* e " dt

Proof. By uniqueness of analytlc continuation, it suffices to check that the integral agrees
with I'(z) when z is real and greater than 1. Set

r—1 1— n o<t <n:
() ::{t (1—t/n) i 0<t<m;
0 ifn<t<oo.
Then fi(z) < fo(z) < ... < fu(z) < t*te™t with lim, oo fn(z) = t*"te~t. According to
the Lebesgue Monotone Convergence Theorem (MATC37), these conditions imply
t:= 1
( nr) lim (1—7)"(nr)" !

= n—oo 0

ndr
n—roo

/ t*le7tdt = lim fn(t)dt
0 0

1
= lim nw/ (1—7)"r* tdr
0

n—oo

Parts) piy e [(1 —T)"Tf”/x)l - ﬁ/01(1 —T)" T irtdr

g n— oo 0 X

1
= lim nwﬁ/ (1—7)"" 1% dr
0

n—00 T

t —1) [!
(par S) lim n® n(n ) / (1 _ T)n—QTw—i—l dr = ...
= n-ooo  z(x+1) Jy

. n! ! +n—1
= lim n” T dr
n—oo  z(z+1)---(z+n-1)J,
n!
= lim n” =TI'(x)

n—00 x(;p—{—l)...(x_}_n)
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Example. Making the change of variable u = 22 gives

0o ) oo ) 00 —u
e " dx:2/ e " dx:/ —du=T1(1/2) =1
/—oo 0 0o Vu 1/2)

O

Remark. This integral, which figures prominently in STAB52, can also be calculated by
the techniques of MATB42.

10. Laplace and Fourier Transforms

The Laplace Transform is studied in MATC46. We begin with a summary of its definition
and basic properties.

Definition. Let f : [0,00) — C. The Laplace transform of f, denoted L(f) (or some-
times f when the context makes the meaning clear,) is the function

L) (2) = /0 oy

The domain of L(f) is the set of z for which the integral converges.

This slightly generalizes the situation studied in MATC46 where only real values of z
were considered.

Theorem. If L(f)(z) converges, then L(f) (z) converges for all z such that Re z > Re zp.
(]

Definition. Given «, a continuous function f : [0,00) — R is said to have exponential
order « if there exists a constant C' such that |f(z)| < Ce®” for sufficiently large z. More
precisely, f has exponential order if there exist constants C' and b such that |f(z)| < Ce®®
for x > b.

We write f € &, to mean that f is real-valued and has exponential order a.
Theorem. If f € &,, then L(f)(z) is defined for all z such that Re z > «. O

Theorem. Properties of Laplace transforms:
1. L(af +bg) = aLl(f)+ bL(g)

2 L) (2) = 2L(f) = f(0),
Lf") (2) = 2L(f") = J'(0) = 2*L(f) — 2/ (0) — f'(0),

L(5™) () = 2" L() = 2771 £(0) = 22 (0) = o = f0D (0)

3. If f and g are continuous on [0,00) and L(f) = L(g), then f = g.

~

4. L(e* f(x)) (2) = f(z - a)
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5. a) fis differentiable and L(z"f(z)) (z) = (—1)"f(™(2).
b) f is integrable and L(f(z)/z) (z) = — Iy f(u) du.
6. limpe 200 f(2) =0
7. L(f xg) = L(f) L(g), where the convolution f*g of f and g is defined by (f*g)(z) :=
Jo [z —t)g(t)dt. O

A few basic Laplace Transforms are given in the following table.

/() L(f) (2)

x" %

cos(ax) 7ans Rez2 >0
sin(ax) e

x cos(ax) (ZZ;J:aajy

x sin(ax) (sz;)g

Note: z/ (22 + a2) is, of course, defined for z # +ia, but it equals fooo e ** cos(x) dx only
when Rez > 0. (The latter does not converge for Rez < 0.)

Example. Solve y — 4y = e with y(0) = 1.

Solution.
L(y —4y) = L(e")

L(y') - 4L(y) =

1 z
—4 = 1 =
(=) Lly)=_—7+1=—"—"
p 41 11
E _ — —
W= GG " 3224 3.-1
4496 1x
= - — —¢
Y73 3

A related transformation is the Fourier Transform.

Definition. Let f : [0,00) — C. The Fourier transform of f, denoted F(f) (or some-
times f when the context makes the meaning clear,) is the function

Ff) (2) = / T e () at.

— 00
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The domain of F(f) is the set of z for which the integral converges.

The domain of F(f) will, in general, be somewhat different from that of £(f). In par-
ticular, for real z the function e~%*! is periodic rather than approaching 0 as z increases.
Hence for real-valued f(t), unless f(t) — 0 as ¢ — 0 the integral has no chance to con-
verge. Like the Laplace Transform, it has the property of converting differentiation into
multiplication.

Theorem. Let f(z) be meromorphic on C with no singularities on the x-axis. Suppose
|f(z)] = 0 as |z2]| - . Let H := {z € C | Imz > 0} be the upper half plane and
L:={z € C|Imz <0} be the lower half plane. Then for real t < 0

F(f) (t) = 2mi Z residues of e~ f(2) at its singularities in H
and for real t > 0

F(f)(t) = —2mi Zresidues of e~ f(2) at its singularities in L
Proof. Let s = —t. Consider case the case ¢ < 0 so that s > 0. Let B be the rectangle

[—T,U] x [0,S] where S, T, and U are chosen to be large enough so that B contains all
the singularities of f(z) in H. By the residue theorem

/ e f(2) dz = 2mi Z residues of €%*% f(z) at its singularities in H
0B
Jop €5 f(2) dz = f_UT e f(z) + I + I + I3 where

S
I, = / eiS(UJriy)f(U +iy)i dy,
0

I

—T
/ @9 £ (1 449) da,
U

0
and I3 = / e T £ (T + iy)i dy.
s

O

Given € > 0 find R such that |f(2)| < e for |z| > R. We may assume that S, T', and U,
are chosen so that S > T > Rand S > U > R and e *%(T + U) < ¢. Let

My =max{|f(U+iy)| |0<y < S} <e

My =max{|f(z+19)| | T <z <U} <e
Ms = max{|f(-T +iy)| [0 <y < S} <e

using the choices of T', U, S, and R. Then

—sY S M M
e :—1(1—€_SS)§_1<E

0 S S S

S S
I < / e F(U +iy)| dy < M, / =5 dy = M,
0 0
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and similarly |I3] < <. Also |I5| < fiJT e~ 5| f(z +i9)| drv < Mae *5(T + U) < €2. Since
this is true for all € > 0, taking the limit as 7' — oo and U — oo gives

27i Z residues of e~%*! f(2) at its singularities in H = F(f) (2).

If ¢ > 0 then we consider instead a rectangle in L. The argument is the same, but the
counter-clockwise orientation of the boundary curve results in the portion along the z-axis

running backwards resulting in the minus sign. O
Example. Let f(z) = ﬁ, where a > 0. Then
> cosw 1 [ cosz 1
———dr = = ————dr = = Re(F -1
/0 2ra2™” 2/_Oo.r2+a2 Y79 o(F(H) (1)
= Re (m' Z residues of % at its singularities in H >
. e'* €| ia e @ Te ?
= Re (m Res;, m) = Re (m SR ) = Re <m 2@,@) = 9
using Res, }’;Ezg = ]f,((pz )) when ¢(z) is holomorphic at p and h(z) has a simple pole at p.

O

We return now to the Laplace transform. While property (3) of the earlier theorem
says that a function is uniquely determined by its Laplace Transform, there remains the
question of how to compute inverse Laplace Transforms. In simple cases one can find the
inverse Laplace Transform by inspecting a table a table of Laplace Transforms. Our goal
is to derive a general formula for the inverse Laplace Transform.

Given F(z) we wish to find f(z) such that £(f) = F. According to property (6) of
the theorem, there is no chance unless limge ., F'(z) = 0. We will need to assume the
stronger condition that there exist positive constants M, [, and R such that |F(z)| <
M/|z|? whenever |z| > R. For example, if F(z) = P(z)/Q(z) where P(z) and Q(z) are
polynomials with deg @) > deg P, then the condition is satisfied.

Theorem. Let F(z) be a meromorphic function such that there exist positive constants
M, B, and R such that |F(z)| < M/|z|? whenever |z| > R. Let o be the maximum of the
real parts of the singularities of F'(z). Then the inverse Laplace transform of F(z) on the
domain Re z > o is given by

1 [~ ;
LTHF)(t) = Zresidues of e*F(z) at its singularities = o / etV R (o 4 iy) dy
™ — 00

for any real a > o.

Proof. Suppose a > o and consider the domain Re z > «. The bound on |F(z)| implies, in
particular, that lim|,|_, [F'(2)| = 0, so given € > 0 by choosing a larger R, we may assume
that |F'(z)| < € whenever |z| > R. Let p > max{R,|z|} be arbitrary. Let B; and By be
the rectangles By := [a, S] X [T, U], By := [—S,a] x [T, U] where S, T, and U are chosen
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to be large enough so that By contains all the singularities of F'(z) and By U By contains
the ball B,[0]. Set v; := 0B; and 2 := 0By be the boundaries with the counterclockwise
orientation.
Set
ft) = Z residues of e** F'(z2) at its singularities.

We wish to show that £(f) = F.
By the residue theorem, 27i f(t) f e*'F(z) dz. Therefore by definition

2miL(f) () = lim ' e *amif(t) hm/ t/ e F(w) dw dt
Y2

T—00 T—>00

T—00

— lim / (W=2)t P (w) dw dt
2

This is a surface integral over the sides of the cube of height r over the base v,. Changing
the order of integration gives

(w—2)t t=r
2miL(f = lim / / (w— Z)tF )dtdw = lim e—(w) dw
T—00 T—00 ~a w — z t=0
(w z)r
— lim —F()dw_/de |
r—oo J.. w— 2z yy W — 2

:/ lim wdw_/ Fw) 4,
v IO W2 v, W2

where we used that it is a proper integral to move the limit inside. Since Rez > « and
Rew < o for w in the region of integration, e =) — 0 as 7 — o0, so the first term is 0
and we get

2m’£(f)(z):—/ F(w) dw:/% F(w) dw—/(9 F) .

by W — 2 w—z (BiUBy) W — 2

Since all the singularties of F'(2) lie to the left of Rez = «, F(z) is holomorphic through-
out By and so f F(w) dw = 27F(z). Using the fact that F'(z) is holomorphic outside

of B1U By gives fa(B UBy) @ Ew) 2 dw = faB 0 w F(w) dw. However on B,[0], |F(2)| < M/|z|?,

and so
F M
/ (w)dwgf dwg/ M4
dB,[0) W — 2 dB,[0] 5,
2nMp

B, 0] |28 |w — 2|
M
< — _dw< P
/193p[0] pP(p = |2]) p?(p —|2I)

Since p is arbitrary, this implies the second term is 0 and so L(f) (z) = F(z), which is the
first equality in the theorem. O

F(w)

w—z
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For the restatement given by the second equality

1 [ : 1 [ . 1
e TR (o + iy) dy = oy /OO Ve F(a + iy) dy = %}"(G) (—1)
where G(z) = e F(a +iz). Since t > 0, the earlier theorem gives
lf(G)(t)—lz'Z idues of €'*'G(z) at its singularities in H
5 = 5-2mi ) residues of e z) at its singularities in

= ZZ residues of e**(G(z) at its singularities in H

p is a singularity of e** F(2) if and only if g := 2=% = i(a — p) is a singularity of e***G(z).

The condition i(a —p) € H is equivalent to the condition Rep < o which is satisfied by all

singularities of e** F'(z). Thus all singularities of e’**G(z) lie in H. Also, if a = Res, e*'F(2)

then the Laurent expansion of e*! F'(2) at p contains the term zfp. Making the change of

variable z := « + iw gives that the Laurent expansion of e F(a + iw) = e¥!G(w) at
a —1a

the corresponding point ¢ = (o — p) contains the term — o = weq- Therefore

1 [ ; ;
o TR (o 4 iy) dy = ZZ residues of €*'G(z) at its singularities in H
s

—

=i(—1i) Z residues of e*' F'(2) at its singularities

= Zresidues of e*' F(z) at its singularities = f(¢)

Therefore the equalities stated in the theorem hold in the domain Rez > «. Since o was
arbitrary (aside from the condition o > o), they hold in the domain Rez > o. O

Example. Let F(z) = -. The conditions of the preceding theorem are satisfied so

there is a function f(¢) such that £(f) (z) = F(z) and it is given by

ezt €Zt|z:2 e

ft) = Zresidues of % at its singularities = Resg 56— 32-6)| =3

In this simple case, obviously one could just look up the answer in the table instead.
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11. Stirling’s Formula

Letting 7 := 2t in the integral I'(z + 1) = [;~ 7%e 7 dr gives

L(z+1) = / (zt)?e 2 dt = ZZH/ e?log(t) =2t gy — Zz+1/ o) gy
0 0 0

where h(t) = log(t) — t.

We consider the case where z is real. Notice that h'(t) =1/t — 1, so h(t) has a global
maximum at ¢t = 1, with (1) = —1. We will show that the portion of the integral around
t = 1 dominates the rest of the integral. Some approximate values of h(t) are:

h(1/2) ~ —1.19
h(l) = -1
h(2) = —1.31

Choose constants ¢ € h(1/2,—1) and € > 0 such that h(t) < ¢ — € for all ¢t ¢ [1/2,2]. For
example, let ¢ = —1.1 and € = 0.05. Since ¢ < —1, h(t) = ¢ has two solution, say a and b,
with 1/2 <a <1< b< 2. Then h(t) > ¢ for t € [a,b].

0o 1/2 2 00
Dz +1)/2"H = / "M dt = / ™) gt + / ™) gt + / ™) gt.
0 0 1/2 2

Using the definitions of ¢ and e:

1/2 0o 1/2 )
/ ewh(t) dt +/ emh(t) dt = / eh(t)e(w—l)h(t) dt +/ eh(t)e(x—l)h(t) dt
0 2 0 2

1/2 00
< ele—tle=o) / Gh(t) dt+/ 0 gr | = afele—1l(e—o)
0 2
where M = <f1/2

o T ehWdt+ [ et dt) is a constant, noting that the integrals defining M
converge since they are bounded by I'(2). Similarly

2 b b b
/ ) g > / coh(D) gy / RIGHESIIOEN e|m—lc/ D) gp — A ele-1le
1/2 a a a

where M’ is a constant. Therefore

1/2 0 2
/ coh(D) gy +/ () gy < e—em—l|£/ coh() gy
0 2 M" Ji /9

We now consider the term f12/2 em(t) dt in detail.
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The function — (h(t)+1) = t—1—log(t) is always non-negative, with a global minimum
of 0 at ¢t = 1 where its tangent line is the z-axis. Define

[ =/=h) -1 ift<1
w(t)'_{ —h(t)—1 ift>1.

Then w(t) is monotonically increasing so it is invertible. Let ¢ = v(w) be the inverse
function to w and let v = 1 + a;w + asw? + ... be its Taylor expansion about 0, noting
that the constant term is 1 since w(1) = 0 and thus v(0) = 1.

2

2 2
/ emh(t) dt :/ e—xew(h(t)—Fl) dt = e—m/ e—:cw(t)2 dt
1/2 1/2 1/2

Make change of variable y := /zw(t), t = v(y/+/z). Then dt/dy = v'(w)/+/x and so

/2 (t)? e ” e 2 /( )
e ” e TN dt = / e Y v (w)dy
1/2 \/E VT

where p = w(1/2) and ¢ = w(2). Notice that the definition of w implies that p < 0 and
q > 0.

/T ) qVT ,
/ e Vv (w)dy = / e Y Z(k + Dags1w” dy
pVT pVT k=0
VT 0o k
_2 Yy
— e Y (k+ 1agy1 (—) dy
/pﬁ kz:;) v
'z . a/z y k
:/ aje” Y dy-l—/ e Y (k+ 1ags1 (—) dy
pVT PV k=1 VT

k
For the second term, write Y p- (k4 1)ag41 (\%) = <\/ig) B(x,y) where

B(z,y) = 2as + 3as <%) +...= M‘w—y/ﬁ

Since Y@= g continuous (singularity at 0 is removable) there is a bound B for its

values over the finite interval [p, ¢] which is thus a uniform bound on B(z,y) in the range
of integration. Hence

e , 2 k vz oo
- ) lyl o B —y2 2B
oY (k+1)ak1(—) dyg/ B 2 gy < 2 lyle 2 dy = ==
/pﬁ ,; T \Vz pvE VT Vo ) vV

wzT 00 5 AVERE 00 ,
/ e Y dy:/ e Y dy—/ e Y dy—/ e Y dy
pVT —o0 —oo /z
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Lemma. There exists a constant K such that froo e=¥’ < % for all sufficiently large r.
(In fact, the statement is true for every K > 0.)

Proof. Choose K > 0. Since lim,,_, er_yZ = 0, dY such that eV < K/y?*forally > Y.

Then for r > Y,
e 2 K —1|o
/ e VY §/ —dy=K—
T r Y Y

The Lemma shows that [ o\of eV’ dy < ﬁ% for sufficiently large x and similarly
Ve
2y

T T

O

eV’ dy < f for sufficiently large x.
The Lemma’s show that

avz ) oo )
/ e Y dy—/ e YV dy
VT —00

for all sufficiently large =, where L = K/q + K/p.
Putting it all together, we showed

2 —x oo
wh(t) g _ € / —y?
e dt are” ¥ dy|l <
A/2 \/E —o0

L
< —

T

= ()

and

P(IE + / y ’ —¢] 1 M M / h(t) (2B CllL)
are ¥ d lr= e\ dt + — | —= 2
‘ x:rJrl \/_ 1 Y 12 Jz \Vz Nz (2)

Since (1) shows that for large z, f1/2 et dt < Ce — for some constant C, and

e~@=1) < 1/\/z for large z, equation (2) can be rewrltten as

F(x+1)—€_$/ooaey2d <e_$ CM/M/—I—%-FE
2z )L YTy T e v

In other words, for large x, Fg(cfill ) is approximately equal to e\;; ffooo are~¥" dy and the

error in the approximation is sufficiently small that even when multiplied by /xe® it still
approaches 0 as x — oo.

ale_y2 dy.

In an earlier example, we showed.
Lemma. [ eV dy = /7. O
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a; = v/(0). Since w(1) = 0, v/(0) = 1/w'(1). By definition w?(t) = —h(t) — 1.
Therefore 2w(t)w’(t) = —h/(t). Substituting ¢t = 1 at this point does not help, since
w(1) = 0, so differentiate again to get 2(w’(t))2 +w(t)w”(t) = —h"(t). Thus

2(w'(1))” +0 = —h"(1) = (t —log(t))"|1=1 = 1

which gives w’(1) = 1/4/2, taking the positive square root since w(t) is monotonically
increasing. Hence a; = v/2.

Stirling’s Formula : D(z+1) ~ 2® e ™ "V2y1//x = V2ra® /2"

Still better approximations could be obtained by taking more terms in the Taylor
expansion of v(w).

The formula is still valid when z is not real, but in the proof, instead of looking
at the fixed interval [1/2,2] one concentrates on a small interval about 1 determined by
Im z where the interval is chosen so that the deviation of ™ #M®) from ™ #h(1) i5 small
throughout the interval. Details omitted.

12. Riemann Zeta Function

In this section, the symbol p will indicate a prime.
The Riemann-zeta function is defined for Rez > 1 by the convergent series ((z) :=

220:1 n*.

Theorem. For Rez > 1, the infinite product Hp (1 — l%) converges and equals @
n=1 nz
Given z with Rez > 1, for € > 0, 3N such that >~ .| & <e.
Collecting the terms with denominators divisible by 2 we get.

Proof. Since ) z% < 3% L converges for Rez > 1 so does [1, <1 - I%)

() = T+t et et S (R L L IR IS R
2 3 45 5 pE 2 3= 45 | 5° 3 ' 52

SO (1 — 2%) ((z) =1+ 3% + 5% + .... Repeating the procedure with the prime 3 gives
(1 — 3%) (1 — 2%) C(z) =1+ 5% + 7% +.... Continuing, if p; denotes the kth prime, we get

(1_ﬁ)...(1_3l2) (1_%)g(z):1+ﬁ+....

Therefore, by choice N,

() () ()]

. Since this is true for all ¢,
1 1 1
1-— (11— = 1—— z) = 1.
(= Gr) - (-5) (- 3)

60




Theorem.

Proof. For any positive integer n,
n-* /OO > te T dr (7
0

and so n=% = F(lz) fooo t*~le=nt gt Therefore

0

0 tz—].e—t

= 1 /OO -1 _—nt 1 /OO = —1/, —t 1 /
g n_* = E t* e dt = g t*" (e )" dt = dt
— I'(z) =170 I'(2) Jo — (™) I'(z) Jo 1-e!

where the interchange of the integration and summation is justified by the Lebesgue Mono-
tone Convergence Theorem (MATC3T7). O

For € and 4, let C. s be the boundary (with counter-clockwise orientation) of the
thermometer-shaped region consisting of the union of the ball B[0] and the strip [0, o] x
[—6,0]. Ces is called a “Hankel contour”. The Hankel functions are defined by H(z) :=

fce,é u(w, z) dw where u(w, z) = % Here we are using the branch of the logarithm

defined except on the portion (0,00) of the z-axis to define (—w)*~! := e(z=Dlos(=w) The
answer is independent of € and § since, for ¢ < e and ¢’ < ¢, the region between Ce s
and C. s contains no poles of u, all whose poles (as a function of w) lie on the z-axis.

Theorem.

—H(z)
¢z) = 2isin(m2)'(2)

if Re(z) > 1.
Proof. Let (€,0) and (€, —d) be the intersection points of the boundary of the strip with the
boundary circle of the disk. In polar coodinates these points become (¢, §) and (€, 27 — )
for some angle 6. (Explicitly, € = v/e2 — 62 and 6 = sin™'(2).)

He(z) = Il —+ _[2 —+ 13 Where

€ o(z—1)log(—(t+id)) ,— (t+id)
I = . d,
~ 1 — e—(t+39)
© _(z—1)log(—(t—id)) ,—(t—1id)
(& (&
I = / e
2m—§ __if\z—1 ,—ee®? )
I3 2/ (zee”) 6.9 iee’® d
5 1 —ece

For small €, |1 — eeew\ >|1—e" ¢ >¢€/2 and so

|(_€ei9)z—1| |6—eew

€/2

| < 47T6Rez—1€27r| Imz|ee

|I3] < 2me max
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which implies that I3 — 0 as € — 0.
: (z—l)[10g(\/t2+62)+i(—7r+6/)] s o (z—l)[log(\/t2+62)+i(7r—6/)] Cetis
Il _|_ 12 — f e e e e

dt + |- —— dt

oo 1—e—t—i0 €
where §; is chosen so that —7 + 6; = Imlog(—(t + 46)) and 4, similarly. Letting § — 0
gives
€ _(2—1)[log(t)—in] ,—t oo _(z2—1)[log(t)+in] ,—t
e e e e
H(z) = dt dt
(2) /Oo 1—et * /g 1—et
. ) oo tz—l —t 00 tz_l —t
= —(e"™ — e_mz)/g T Z_t dt = —2i Sin(’/Tz)/g T :_t dt

so taking the limit as € — 0 and applying the previous theorem gives the result. O

Corollary. ((z) has an analytic continuation to C — {1}.

For b > 1 let C¢ 5 be the portion of C¢ 5 for which 6 < b. Since for proper integrals we
can interchange the order of differentiation and integration, we can deduce that for each
b > 0 the integral Hy(z) := [, ;. W(w, z) dw defines an entire function. Using that b > 1

implies, |u(b, z)| < 2bR¢*~1e~® we can deduce that in the neighbourhood of any point z,
these functions converge uniformly to H(z) := lim;_,; Hy(z), so we conclude that H(z) is

an entire function. Thus, since I'(z) has no zeros, W(zz)i“(z) is an analytic continuation

of ¢(z) to C — {zeros of sin(wz)} = C —Z. We already know that ((z) is holomorphic at
n > 1, and the simple poles of I'(z) at the integers n < 0 cancel those zeros of sin(7z),
meaning that those singularities are removable. Therefore we have produced an analytic
continuation of {(z) to C — {1}. O

Theorem. ((z) has a simple pole at z =1 with Res; ((z) = 1.

Proof. Let I, Is, and I3 be as in the proof of the previous theorem. As before, Iy + Iy =
—2isin(mz), so I; + Is = 0 when z = 1. Our previous proof that I3 = 0 depended upon
Rez > 1. For z = 1 we get instead

eei® i0

2 2 .
H(Z) = Ig — / f?ﬁieew df = / eezfe% df
0 - 0 -

0

Letting v := ee??, we have v — 0 as e — 0. Therefore

27 . 27 . 27
I3 = lim Wdp = / lim —2— dg = / i df = 2mi
1 0 1 0

v=0 Jo €e¥— v—0 eV —
Therefore ) ( )
—-H(z) (-1 —2m 1
1. - 1 = l‘ = = ]_
z1_>ml(z )(2) e ['(z) 2isin(7mz) 1 —2m
and so ((z) has a simple pole with residue 1 at z = 1. O
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13. Prime Number Theorem

In this section, the symbol p will indicate a prime.
Let 7(n) = number of primes which are less than or equal to n. We wish to show that

m(n) ~ n/log(n). More precisely, the claim is that lim,, % =1.
Set V(z) := > <, log(p).
Lemma. V(z) ~ x implies w(z) ~ x/log(x).
Proof. Suppose that we know V(z) ~ x.
Viz) = <, log(p) < > <, log(x) = m(z)log(x). Therefore W(x)iog(x) > V;m) so
lim, 0 w > 1, giving a lower bound for the limit.
However for all € > 0,

V(z)=> logp) > > log(p)> > log(z'")= > (1—e)log(z)

p<z 21— <p<aw 2l-c<p<z 2l-c<p<z
= (1—¢)log(z) E 1
zl=e<p<z

= (1 - ) log(x) (n(x) — w(a"~))
Therefore, noting that 7(y) < y for any y we have

(1 — ¢) log(z)(m(2)) < Vie) d=¢ log(a)m(x') < Vie) (A=) log(z)a! ¢

x x x x x

Vi), (1= 0log()

oz xe€
Since lim,_, oo loi(f) = 0, this gives

1 V
(1— ) lim 2@E@) o V@)
T—00 x r—oo I

Since this is true for every € > 0, lim,_, w <1. O

Lemma. If floo V(z_t dt converges then V (z) = x.

Proof. Suppose [, V(f)_t

dt converges to L. Then for any A,

Az o Ax o
i [ YOt YOt
z—oo [, 12 r—oo [q 12 r—oo [q

TV()—t
VO =ty -0,
t2
If V(x) % z then either there exists A > 1 such that @ > A for infinitely many z,
or there exists A < 1 such that %m) < A for infinitely many .

Assume there exists A > 1 such that @ > A for infinitely many x. For any such =,

Az . Az . A .
V(t) tdtZ/ Az tdt:/ x tdt
12 = t2 1 t2

x
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so limy ;0 foo V(t) Ldt > fl 2t dt > 0, a contradiction.
Assume there exists A > 1 such that (

T - T _ A o
/ V(t) tdt</ AT tdt_ / . tdt
12 12 12
Ax Ax 1

so limg o0 [o° V(t) Ldt < fl 23t dt < 0, a contradiction.

Since V() 56 x, leads to a contradiction in both cases, we conclude V (z) ~ z. O

) < A for infinitely many x. For any such =z,

Lemma. There exists a constant K such that V(z) < Kx for all x > 1.

Proof. Let N be a positive integer. If N < p < 2N then p divides % = (211\>r) and thus

VN)=V(N)= > log(p) = log M]plmp Slog[(%v)}

N<p<2N

22N = (1+1)*Y = % <2]iv> > (%V)

k=0

However

and so V(2N) — V(N) < log(2?") = 2N log 2. Thus for any k > 2,

VR = v ) (v v L (V) - V) + (V(2) - V(1)
<(24+4+8+...+2Nlog(2) < 2¥log(2)
Given x > 2, find k such that 2¥=1 < 2 < 2%, Then V(z) < V(2F) < log(2)2* < log(2)2z
so let K = 2log(2). O

Lemma. The function defined for Rez > 1 by ((z) — % has an analytic continuation to
the domain Re z > 0.

Proof. Set q(z) := ((z) —

For any z,
n+1 1 n+1
[ Gemw)l=1]
n nZ z

where the region of integration B is the triangle forming half of the square [n,n + 1] x
[n,n + 1] and M is the maximum value of |55 | on B. The area of B is 1/2 and in the
region of integration u > n, so M = |—Z=|. For any real a,

‘ < M(Area of B)

la?| = |e” 1og(a)| = |e” log(a) |€z’ylog;(a)| = |e” log(a)| _ gRez
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so we conclude
n+1 1 1
/ <_z - _z) dt’ = l‘%elz-i—l
n n t 2n

Thus for every ¢ > 0, the partial sums of the series Y~ , f e (F - t—z) dt converge uni-
formly in a ball around z providing an analytic continuation of ¢(z) to the domain Re z > c.
Since this is true for every ¢ > 0, ¢(z) has an analytic continuation to the domain Re z > 0.

O

Set ®(z) := >, p~*log(p). For any ¢ > 0, log(p) < p° for sufficiently large p, so
lp~*log(p)| < |p~*7¢| = |p~ R°**¢| and hence >, “log(p) converges and defines a holo-
morphic function in the domain Rez > 14 ¢. This is true for all ¢ > 0 and so ®(z) is a
holomorphic function in the domain Rez > 1.

C(z) =11, 1_% so logarithmic differentiation shows

e

)/dz p Zlog o log(p) - x— log(p)p?
U -y D -y e
_ log(p)(1+p*—1) 10g( ) log(p)
= — Z <pz _ 1) - ; z2(mz - Z z

p*(p* — 1)
B _log(p)
—E -1 — ®(2)

Since for any z with Rez > 1/2, — Zp pzl?gz(]i)l) converges uniformly, it defines a holomor-

phic function in the domain Rez > 1/2, and therefore ®(z) extends to a meromorphic

function in the domain Re z > 1/2 with simple poles at the poles of %, which consist of

z = 1 together with the zeros of {(z).

Suppose Rea > 1/2. Then }_ zogz(p )1) is holomorphic in the neighbourhood of a, so

Res, ®(2) = Res, <— %((;)))O In particular, Res; ®(z) = —(—1) = 1, since ((z) has a pole

of order 1 at 1. (Recall, if f has a pole of order k at a then Res,(f'(2)/f(z)) = —k.)
Equivalently, lim._,1(z — 1)®(z) = 1 so ®(z) — -5 is holomorphic in the neighbourhood
of 1.

Theorem. ((z) #0 if z =1+ ia with a # 0 € R.

Proof. Let the order of the zeros of ((z) at 1 4+ i and 1 + 2ic be p and v respectively,
where we use the convention that a zero of order 0 means a place where the function is

nonzero. Notice that ((z) = ((z), so the order of the zeros of n at 1 — i and 1 — 2i«v are
also p and v.

As above, for Rea > 1/2, Res, ®(z) = Res, — ¢ and so

¢(2)
Z_l)l{Ij:a(Z + (J,/)(P(Z) - A and z—lgr:llza(z + a)q)(Z) -
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Equivalent, letting € := 2z — a,

lim e®(1 + e i) = —p and lim e®(1 + € + 2ia) = —
e—0 e—0
p@/2 4 p=ie/2 g real and by definition

lo p (e —io 4
5 (e )
P
=®(1+e—2ia) +4P(1 + e —ia) +6P(1 +€) +4P(1 + € +ia) + (1 + € + 2ix)

Since the left hand side is always positive, multiplying by ¢ > 0 and taking the limit at
e — 0 gives

0<—v—4p+6—-—4p—v=6—8u—2v.
Since p is a non-negative integer, this implies p = 0. O

Since we showed earlier that on Re z > 1/2 the poles of ®(z) occur at the zeros of {(z),
we get
Corollary. ®(z) — 1 is holomorphic on a domain containing Rez > 1. O

Lemma.

B(z) = 2 /O ety (et dt

Proof. Letting u := e,

Z/ 7th /
0

Zp<u log(p > log(p
/ uz—l—l Z / uz—i—l du

p

O

Recall that to prove the prime number theorem, it suffices to show that f 1 % du
converges. Making the change of variable u := e,

o0 _ 0 ty _ t 00
/ mzu du = / %et dt = / (eitV(et) — ]_) dt
u €
1 0 0

Set f(t) := e *V(t) — 1. Then the prime number theorem follows from the following
Lemma.
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Lemma. [~ f(t)dt converges.

Proof. Let g(z) = [~ e f(t)
We want to show that g(O) converges. From the previous Lemma,

CI)(Z + 1) — / 6*(z+1)tv(et) dt = / efzteftv(et) dt
0 0

Z/OOO e " f(t) dt+/ooo e—zt:/ooo 6_th<t)dt+%

ﬁ@(z +1)— % is holomorphic on a domain D containing Re z > 0, since

we showed earlier that <I>( ) — =1 is holomorphic on a domain containing Rez > 1.

z+1

and so g(z) =

For T > 0, let g7 (2 fo e *' f(t)dt. Since the interval is bounded, we can differen-
tiate under the integral 51gn to conclude that gr(z) is holomorphic for all z. To prove the
Lemma, we show that limr_, o g7(0) = g(0).

Pick a large R. The open set D contains the closed interval 0 x [—R, R] along the
y-axis so we can choose a small § > 0 such that all points whose distance to 0 x [-R, R] is
less than § lie in D. Let C be the boundary of the region B := {z € C | |z2| < R and Rez >
—6}. Then g(z) is holomorphic on B by choice of 4.

Set hr(2) := (9(2) —gr(z))e*” <1 + ;—22) Since g(z) and gr(z) are holomorphic on B,
so is h(z). Notice that h(0) = g(0) — g7 (0). Applying the Cauchy integral theorem to h(z)

and the curve C' gives
1 h(z)
0)—gr(0)=— | —=dz.
o0) = gr(0) = 5 [

We showed earlier that there exists a postive constant K such V(z) < Kz for all x > 1.
Therefore there exists M > 0 such that |f(¢)| < M for all ¢t > 0.
On the semicircle Cy := CN{z € C|Rez > 0},

Rez)T
o)~ a0 = | [ et ar <o [Tl
and ) ) )
1 1 R4+ 241
zT 1 Z_ —| — ,TRez 1 el TRez -
¢ ( TRz T +R2 z R?2 =z
_eTRezl (Rez) (Imz)2~|—22
B R R?
_ rres 1| (Re2) + (Re2)? +2(Re z)(Im )
B R R?
< JTRez 1 |[(Rez)R+ (Rez)R+2(Rez2)R
- R R?
4Re z
T Rez
¢ TR
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Therefore

/ Mdz
c, *

Next look at C_ := CN{z € C | Rez < 0} where we will consider ¢g(z) and gr(z)
separately.
First consider gr(z). Let C” be the semicircle ¢’ = {2z € C | |z| = R andRez < 0}

Since gr(z) is entire, [, gre*” (1 - 1‘3—22) Ldz= [, gre*T <1 + ;_22> 1 dz.

. —TRez
<M e *dt =
/ = e

lgr(2)| = e *tdt

and so )fc’ gTeZT <1 + 2—22) %dz‘ < % as before.

Now consider g(z). Since Rez < 0 on C_,
For every € > 0, in the region |z| < —¢, e*T converges uniformly to 0 as T — oo, while
the other factor is independent of T'. Letting C.,_ = C'N{z € C | Rez < —¢}, this shows

that ‘fc g(z)erT <1 + ;—22) %dz) goes to 0 as T" — oo. Since C_ = U.C, _, this implies

that limr_,o [ g(2)e* (1 + E—Z) 1dz=0.
Combining the previous estimates shows that

1 h
1 / (2) 4.
2m Jo 2

Since this is true for all R, [ f(t) dt = g(0) = lim7_ gr converges. O

<
— 27

R+R

. 1 47 M 47 M 4M
T lg(0) — g2(0)] = Jim ( o)

T— o0

This concludes the proof of

Prime Number Theorem.
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