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Introduction

This text covers material presented in complex analysis courses I have taught numerous
times at UNC. The core idea of complex analysis is that all the basic functions that arise
in calculus, first derived as functions of a real variable, such as powers and fractional
powers, exponentials and logs, trigonometric functions and their inverses, and also a host
of more sophisticated functions, are actually naturally defined for complex arguments, and
are complex-differentiable (a.k.a. holomorphic). Furthermore, the study of these functions
on the complex plane reveals their structure more truly and deeply than one could imagine
by only thinking of them as defined for real arguments.

An introductory §0 defines the algebraic operations on complex numbers, say z = x +1iy
and w = u + iv, discusses the magnitude |z| of z, defines convergence of infinite sequences
and series, and derives some basic facts about power series

(i.1) 1) = anh,
k=0

such as the fact that if this converges for z = zy, then it converges absolutely for |z| < R =
|20], to a continuous function. It is also shown that, for z = ¢ real, f'(t) = Y., ~ kapt* 1,
for —R <t < R. Here we allow a; € C. We define the exponential function

(1.2) => ki
k=0

and use these observations to deduce that, whenever a € C,

(i.3) %e“t = ae®.
We use this differential equation to derive further properties of the exponential function.
While §0 develops calculus for complex valued functions of a real variable, §1 introduces
calculus for complex valued functions of a complex variable. We define the notion of com-
plex differentiability. Given an open set 2 C C, we say a function f : {2 — C is holomorphic
on {2 provided it is complex differentiable, with derivative f’(z), and f’ is continuous on 2.
Writing f(z) = u(z) + iv(z), we discuss the Cauchy-Riemann equations for u and v. We
also introduce the path integral and provide some versions of the fundamental theorem of
calculus in the complex setting. (More definitive results will be given in §5.)
In §2 we return to convergent power series and show they produce holomorphic functions.
We extend results of §0 from functions of a real variable to functions of a complex variable.
Section 3 returns to the exponential function e?, defined above. We extend (i.3) to

d
(i.4) Eeaz = ae””.
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We show that ¢t — ¢! maps R one-to-one and onto (0,00), and define the logarithm on
(0,00), as its inverse:

(i.5) r=c¢c < t=Iloguz.

We also examine the behavior of v(t) = e, for t € R, showing that this is a unit-speed
curve tracing out the unit circle. From this we deduce Euler’s formula,

(i.6) et = cost +isint.

This leads to a direct, self-contained treatment of the trigonometric functions.
In §4 we discuss inverses to holomorphic functions. In particular, we extend the loga-
rithm from (0, 00) to C\ (—o0,0], as a holomorphic function. We define fractional powers

(i.7) 20 =etl82 g ecC, z€C\ (00,0,

and investigate their basic properties. We also discuss inverse trigonometric functions in
the complex plane.

In §5 we introduce a major theoretical tool of complex analysis, the Cauchy integral
theorem. We provide a couple of proofs, one using Green’s theorem and one based simply
on the chain rule and the fundamental theorem of calculus. Cauchy’s integral theorem
leads to Cauchy’s integral formula, and then to the general development of holomorphic
functions on a domain 2 C C in power series about any p € 2, convergent in any disk
centered at p and contained in €.

Results of §5 are applied in §6 to prove a maximum principle for holomorphic functions,
and also a result called Liouville’s theorem, stating that a holomorphic function on C that
is bounded must be constant. We show that each of these results imply the fundamental
theorem of algebra, that every non-constant polynomial p(z) must vanish somewhere in C.

In §7 we discuss harmonic functions on planar regions, and their relationship to holo-
morphic functions.

In §8 we establish Morera’s theorem, a sort of converse to Cauchy’s integral theorem.
We use this in §9 to prove Goursat’s theorem, to the effect that the C'! hypothesis can be
dropped in the characterization of holomorphic functions.

After a study of the zeros and isolated singularities of holomorphic functions in §§10—
11, we look at other infinite series developments of functions: Laurent series in §12 and
Fourier series in §13. The method we use to prove a Fourier inversion formula also produces
a Poisson integral formula for the unique harmonic function in a disk with given boundary
values. Variants of Fourier series include the Fourier transform and the Laplace transform,
discussed in §§14-15. These transforms provide some interesting examples of integrals
whose evaluations cannot be done with the techniques of elementary calculus.

Residue calculus, studied in §16, provides a powerful tool for the evaluation of many def-
inite integrals. A related tool with many important applications is the argument principle,
studied in §17. In a sense these two sections lie at the heart of the course.

In §18 and §19 we make use of many of the techniques developed up to this point to
study two special functions, the Gamma function and the Riemann zeta function. In both



cases these functions are initially defined in a half-plane and then “analytically continued”
as meromorphic functions on C.

Sections 20-28 have a much more geometrical flavor than the preceding sections. We
look upon holomorphic diffeomorphisms as conformal maps. We are interested in holo-
morphic covering maps and in implications of their existence. We also study the Riemann
sphere, as a conformal compactification of the complex plane. We include two gems of
nineteenth century analysis, the Riemann mapping theorem and Picard’s theorem. An
important tool is the theory of normal families, studied in §21.

In §29 we return to a more function-theoretic point of view. We establish Harnack
estimates for harmonic functions and use them to obtain Liouville theorems of a more
general nature than obtained in §7. These tools help us produce some concrete illustrations
of Picard’s theorem, such as the fact that e* — z takes on each complex value infinitely
often.

In §830-33 we provide an introduction to doubly periodic meromorphic functions, also
known as elliptic functions, and their connection to theta functions and elliptic integrals,
and in §34 we show how constructions of compact Riemann surfaces provide tools in elliptic
function theory.

This text concludes with several appendices. In Appendix A we collect material on
metric spaces and compactness, including particularly the Arzela-Ascoli theorem, which is
an important ingredient in the theory of normal families. We also prove the contraction
mapping theorem, of use in Appendix B. In Appendix B we discuss the derivative of
a function of several real variables and prove the Inverse Function Theorem, in the real
context, which is used in §4 to get the Inverse Function Theorem for holomorphic functions
on domains in C.

Appendix C discusses metric tensors on surfaces. It is of use in §26, on the Riemann
sphere and other Riemann surfaces. This material is also useful for Appendix E, which
introduces a special metric tensor, called the Poincaré metric, on the unit disk and other
domains in C, and discusses some connections with complex function theory, including
another proof of Picard’s big theorem. In between, Appendix D proves Green’s theorem
for planar domains, of use in one proof of the Cauchy integral theorem in §5.

In Appendix F we give a proof of the Fundamental Theorem of Algebra that is somewhat
different from that given in §7. It is “elementary,” in the sense that it does not rely on
results from integral calculus.

In Appendix G we show that a construction arising in §14 to prove the Fourier inversion
formula also helps establish a classical result of Weierstrass on approximating continuous
functions by polynomials. In fact, this proof is basically that of Weierstrass, and I prefer
it to other proofs that manage to avoid complex function theory.

Appendix H deals with inner product spaces, and presents some results of use in our
treatments of Fourier series and the Fourier transform, in §§13—-14. In Appendix I, we
present a proof that 72 is irrational. Appendix J has material on Euler’s constant. Ap-
pendix K complements §32 with a description of how to evaluate p(z) rapidly via the use
of theta functions.
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0. Complex numbers, power series, and exponentials

A complex number has the form
(0.1) z=x+ 1y,

where x and y are real numbers. These numbers make up the complex plane, which is
just the xy-plane with the real line forming the horizontal axis and the real multiples of ¢
forming the vertical axis. See Figure 0.1. We write

(0.2) r=Rez, y=Imz.

We write z,y € R and z € C. We identify z € R with z 4+ 0 € C. If also w = u + iv with
u,v € R, we have addition and multiplication, given by

z+w=(z+u)+i(y+v),
2w = (zu —yv) +i(xv + yu),

(0.3)
the latter rule containing the identity

(0.4) i2 = —1.

One readily verifies the commutative laws

(0.5) z+w=w+z 2w=wz,

the associative laws (with also ¢ € C)

(0.6) z+(w+c)=(z+w)+c z(we)=(zw)c,
and the distributive law

(0.7) c(z +w) =cz+ cw,

as following from their counterparts for real numbers. If ¢ # 0, we can perform division
by ¢,

z
- =W < Z = Wc.
C

See (0.13) for a neat formula.
For z = z+iy, we define |z| to be the distance of z from the origin 0, via the Pythagorean
theorem:

(0.8) |z| = Va2 + y2.



Note that
(0.9) 2| =22, where Z =1 — iy,

is called the complex conjugate of z. One readily checks that

(0.10) z+zZ=2Rez, z—-%Z=2iImz,
and
(0.11) rtw=zZ+w, Zw=zw.

Hence |zw|? = zwzw = |z|*|w|?, so
(0.12) |zw| = |2] - |w].

We also have, for ¢ # 0,

(0.13)

The following result is known as the triangle inequality, as Figure 0.2 suggests.

Proposition 0.1. Given z,w € C,

(0.14) |z + w| < |z| + |w].

Proof. We compare the squares of the two sides:

|z +w|? = (2 + w)(Z + W)
(0.15) = 2Z + wW + 2w + wz
= |2]* + Jw|* + 2 Re(zw),

while

(I + [wh)? = [2]* + [w]* + 2]2] - |w]

(0.16)
= [2[* + [w]? + 2|2w].

Thus (0.14) follows from the inequality Re(2w) < |2w|, which in turn is immediate from
the definition (0.8). (For any ¢ € C, Re( < [(].)

We can define convergence of a sequence (z,) in C as follows. We say

(0.17) zp — 2z if and only if |z, — z| — 0,
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the latter notion involving convergence of a sequence of real numbers. Clearly if z, =
T, + 1y, and z = x + 1y, with x,,y,,z,y € R, then

(0.18) zn — z if and only if x, — = and y, — vy.
One readily verifies that
(0.19) Zn — 2, Wy — W —> Zp + W, — z+w and z,w, — zw,

as a consequence of their counterparts for sequences of real numbers.
A related notion is that a sequence (z,,) in C is Cauchy if and only if

(0.19A) |2n — 2m| — 0 as m,n — oo.

As in (0.18), this holds if and only if (z,) and (y,,) are Cauchy in R. The following is an
important fact.

(0.19B) Each Cauchy sequence in C converges.
This follows from the fact that
(0.19C) each Cauchy sequence in R converges.

A detailed presentation of the field R of real numbers, including a proof of (0.19C), is given
in Chapter 1 of [T0].
We can define the notion of convergence of an infinite series

(0.20) i 2k
k=0

as follows. For each n € Z™, set

(0.21) Sp = 2k
k=0
Then (0.20) converges if and only if the sequence (s,,) converges:

oo
(0.22) Sp — W => Z 2 = w.
k=0

Note that

n+m

Sn+m _3n| = ‘ Z Zlc‘

k=n+1

n+m

< > lal

k=n+1

(0.23)

Using this, we can establish the following.
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Lemma 0.1A. Assume that

(0.24) >z < o0,
k=0
i.e., there exists A < oo such that
N
(0.24A) > lml <A, VN
k=0

Then the sequence (sy) given by (0.21) is Cauchy, hence the series (0.20) is convergent.
Proof. If (s,,) is not Cauchy, there exist a > 0, n, / oo, and m, > 0 such that
|8nu+my - Sny| Z a.
Passing to a subsequence, one can assume that 1,11 > n, +m,. Then (0.23) implies
my+n,
Z |zi| > va, Vv,
k=0
contradicting (0.24A).

If (0.24) holds, we say the series (0.20) is absolutely convergent.
An important class of infinite series is the class of power series

(0.25) Z apz®,
k=0

with ar € C. Note that if z; # 0 and (0.25) converges for z = z1, then there exists C' < oo
such that

(0.25A) larz¥| < C, Yk

Hence, if |z| < r|z1], r < 1, we have

oo oo C
k k _
(0.26) I;}]akz |§C’kz_07‘ =15 <%

the last identity being the classical geometric series computation. This yields the following.
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Proposition 0.2. If (0.25) converges for some z1 # 0, then either this series is absolutely
convergent for all z € C, or there is some R € (0,00) such that the series is absolutely
convergent for |z| < R and divergent for |z| > R.

We call R the radius of convergence of (0.25). In case of convergence for all z, we say
the radius of convergence is infinite. If R > 0 and (0.25) converges for |z| < R, it defines
a function

(0.27) f(z) = Zakzk, z € Dp,

on the disk of radius R centered at the origin,
(0.28) Dr={z€C:|z|] < R}

Proposition 0.3. If the series (0.27) converges in Dg, then f is continuous on Dg, i.e.,
given zn,z € Dpg,

(0.29) zn — 2 => f(zn) = f(2).

Proof. For each z € Dp, there exists S < R such that z € Dg, so it suffices to show that
f is continuous on Dg whenever 0 < S < R. Pick T such that S < T < R. We know that
there exists C' < oo such that |a,T*| < C for all k. Hence

Sk
(0.30) 2z € Dg = |ap2"| < C(f) )

For each N, write
f(z) = Sn(2) + Rn(2),

N 00
Sn(z) = Zakzk, Rn(z) = Z apz”.
k=0

k=N+1

(0.31)

Each Sy (z) is a polynomial in z, and it follows readily from (0.19) that Sy is continuous.
Meanwhile,

k _
(0.32) :eDs= [Ry(z)| < Y Jaf<C Y (T) — Cew,
k=N+1 k=N+1

and ey — 0 as N — oo, independently of z € Dg. Continuity of f on Dg follows, as a
consequence of the next lemma.
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Lemma 0.3A. Let Sy : Dg — C be continuous functions. Assume f : Dg — C and
Sn — f uniformly on Dg, i.e.,

(0.32A) |ISn(z) — f(2)]| < 0N, Yz € Dg, oy — 0, as N — 0.

Then f is continuous on Dg.

Proof. Let z, — z in Dg. We need to show that, given € > 0, there exists M = M(e) < oo
such that
|f(2) = f(zn)| <&, Vn>M.

To get this, pick N such that (0.32A) holds with dy = ¢/3. Now use continuity of Sy, to
deduce that there exists M such that

1SN (2) — SN (zn)] < g Yn > M.
It follows that, for n > M,

|f<Z) - f(zn>| <
<Lt .
-3 3

f(2) = Sn(2)| + S8 (2) = Sn(zn)| + [Sn (2n) — f(2n)]

£
37

as desired.

REMARK. The estimate (0.32) says the series (0.27) converges uniformly on Dg, for each
S < R.

A major consequence of material developed in §§1-5 will be that a function on Dpg
is given by a convergent power series (0.27) if and only if f has the property of being
holomorphic on Dp (a property that is defined in §1). We will be doing differential and
integral calculus on such functions. In this preliminary section, we restrict z to be real,
and do some calculus, starting with the following.

Proposition 0.4. Assume a € C and
(0.33) ) =" axt?
k=0

converges for real t satisfying |t| < R. Then f is differentiable on the interval —R <t < R,
and

(0.34) ') = i kapth1,
k=1

the latter series being absolutely convergent for |t| < R.
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We first check absolute convergence of the series (0.34). Let S < T' < R. Convergence
of (0.33) implies there exists C' < oo such that

(0.35) lan|T* < O, VE.

Hence, if |t| < S,

C  /S\F
k—1 v ~
(0.36) |kapt™ | < Sk(T> ;

which readily yields absolute convergence. (See Exercise 3 below.) Hence

(0.37) g(t) = f: kajth 1
k=1

is continuous on (—R, R). To show that f'(t) = ¢(t), by the fundamental theorem of
calculus, it is equivalent to show

(0.38) / g(s)ds = f(t) — £(0).

The following result implies this.

Proposition 0.5. Assume by € C and

(0.39) g(t) =Y byt*
k=0
converges for real t, satisfying |t| < R. Then, for |t| < R,
t o bk
(0.40) / g(s)ds = mtkﬂ,
0 im0 T
the series being absolutely convergent for |t| < R.
Proof. Since, for |t| < R,
(0.41) )b—ktk“‘ < R|byt*]
' k+1 - ’

convergence of the series in (0.40) is clear. Next, parallel to (0.31), write

g(t) = Sn(t) + Rn (1),

N o)
Sn(t) =Y bith, Ry(t)= > bpt".
k=0

k=N+1

(0.42)
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Parallel to (0.32), if we pick S < R, we have

(0.43) | < S =|Rn(t)| < Ceny —0 as N — oo,
SO

t N bk t
(0.44) /0 g(s)ds = g o +/0 Ry (s)ds,
and

t t

(0.45) ]/ Ro(s) ds| < / R (s)|ds < CRen.

0 0

This gives (0.40).

We use Proposition 0.4 to solve some basic differential equations, starting with

(0.46) f'@)y=f), f0)=1.

We look for a solution as a power series, of the form (0.33). If there is a solution of this
form, (0.34) requires

ak

0.47 =1 ="

i.e., ap = 1/k!, where k! = k(k —1)---2-1. We deduce that (0.46) is solved by
(0.48) d=3 L
: 23

This defines the exponential function e. Convergence for all ¢ follows from the ratio test.
(Cf. Exercise 4 below.) More generally, we define

(0.49) = ki
k=0

Again the ratio test shows that this series is absolutely convergent for all z € C. Another
application of Proposition 0.4 shows that

oo a
0.50 hadll
(0.50) =Y

k=0
solves

(0.51) —e™ = qe™,
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whenever a € C.
We claim that e is the only solution to

(0.52) f't) =af(t), f(0)=1.
To see this, compute the derivative of e~ f(¢):

d

(0.53) %(e*atf(t)) = —ae " f(t)+ e af(t) =0,

where we use the product rule, (0.51) (with a replaced by —a), and (0.52). Thus e~ f(t)
is independent of t. Evaluating at ¢ = 0 gives

(0.54) e f(t)=1, VteR,

whenever f(t) solves (0.52). Since e solves (0.52), we have e~ %¢% = 1, hence

1
(0.55) e " = VteR, acC.

57
Thus multiplying both sides of (0.54) by e* gives the asserted uniqueness:
(0.56) ft)y=e", VteR.

We can draw further useful conclusions by applying d/dt to products of exponentials.
Let a,b € C. Then

di (e—ate—bte(a+b)t)

(0.57) — _qe— e btelatb)t _ po-ato=bto(atd)t | (4 | p)emate=bt(ath)t

=0,

=

so again we are differentiating a function that is independent of ¢. Evaluation at ¢ = 0
gives

(0.58) e~ e telatt)t — 1 vyt e R,
Using (0.55), we get

(0.59) elatb)t — gateht i e R g, b€ C,
or, setting t =1,

(0.60) et =¢%b  Va,beC.
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We will resume study of the exponential function in §3, and derive further important
properties.

Exercises

1. Supplement (0.19) with the following result. Assume there exists A > 0 such that
|z,| > A for all n. Then

1 1
(0.61) Zp — 2= — — —.
Zn 2

2. Letting s,, = ZZZO r*, write the series for rs,, and show that

1 —pntl
(0.62) (1—7)s, =1—7r"T1 hence s, = =
—r
Deduce that
1
(0.63) O<7“<1:>sn—>1 , as n — 00,
—r

as stated in (0.26).

3. The absolute convergence said to follow from (0.36) can be stated as follows:

(0.64) O<r<l= Z kr* is absolutely convergent.
k=1

Prove this.
Hint. Writing r = s, 0 < s < 1, deduce (0.64) from the assertion

(0.65) 0 <s<1= ks is bounded, for k € N.

Note that this is equivalent to

(0.66) a>0= ﬁ is bounded, for k € N.
Show that
(0.67) 1+a)*=0+a)---(14+a)>1+ka, Ya>0, keN.

Use this to prove (0.66), hence (0.65), hence (0.64).
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4. This exercise discusses the ratio test, mentioned in connection with the infinite series
(0.49). Consider the infinite series

(0.69) > ar, ar€C.
k=0

Assume there exists r < 1 and N < oo such that

(0.70) kzN:‘akH‘ <r
ag
Show that
(0.71) Z lax| < oco.
k=0
Hint. Show that
= = 0 _ lan|
(0.72) D k] < lan| D o rf = T
k=N =0
5. In case
k
z
(0.73) ar — R

show that for each z € C, there exists N < oo such that (0.70) holds, with r = 1/2.

6. This exercise discusses the integral test for absolute convergence of an infinite series,
which goes as follows. Let f be a positive, monotonically decreasing, continuous function
on [0,00), and suppose |ai| = f(k). Then

Z|akl < o0 <:>/ f(t)dt < oco.
k=0 0

Prove this.
Hint. Use

N N N—-1
Sla< [ s <Y ol
k=1 0 k=0

7. Use the integral test to show that, if a > 0,

o0

1

E — <0< a>1
na

n=1



8. This exercise deals with alternating series. Assume b \, 0. Show that

oo
Z(—l)kbk is convergent,
k=0

be showing that, for m,n > 0,

n—+m

(Z (-1)’%4 < by.
k=n

9. Show that >"7,(—1)*/k is convergent, but not absolutely convergent.

10. Show that if f,g: (a,b) — C are differentiable, then

(0.74) — (f(W)g(®) = f'(t)g(t) + f(t)g' (2).
Note the use of this identity in (0.53) and (0.57).

11. Use the results of Exercise 10 to show, by induction on k, that

d
(0.75) %tk =kt"7l, kE=1,2,3,...,
hence
¢ 1
(0.76) / sfds = ——t**t k=0,1,2,....
0 k+1

19

Note the use of these identities in (0.44), leading to many of the identities in (0.34)—(0.51).
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1. Holomorphic functions, derivatives, and path integrals

Let Q C C be open, i.e., if zg € Q, there exists € > 0 such that D.(z9) = {z € C :
|z — 20| < €} is contained in Q. Let f: Q — C. If z € Q, we say f is complex-differentiable
at z, with derivative f’(z) = a, if and only if

(1.1) lim %[f(erh) )] =

h—0

Here, h = hy + thsy, with hi, he € R, and A — 0 means h; — 0 and hy — 0. Note that

(12 T LG+ ) — )] = 2L,
and
(13) i (7 i) — £(2)] = e (2),

provided these limits exist.
As a first set of examples, we have

fe)= 2= 1z +h) — ()] =1

(1.4)

S| 3

_ 1
f&) =2 = 31f(z+h) ~ f(2)] =
In the first case, the limit exists and we have f’(z) = 1 for all z. In the second case, the
limit does not exist. The function f(z) = Z is not complex-differentiable.

DEFINITION. A function f : 2 — Cis holomorphic if and only if it is complex-differentiable
and f’ is continuous on €.

Adding the hypothesis that f’ is continuous makes for a convenient presentation of the
basic results. In §9 it will be shown that every complex differentiable function has this
additional property.

So far, we have seen that f1(z) = z is holomorphic. We produce more examples of
holomorphic functions. For starters, we claim that fi(z) = z* is holomorphic on C for
each k € Z™*, and

(1.5) —F = kL

One way to see this is inductively, via the following result.
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Proposition 1.1. If f and g are holomorphic on §2, so is fg, and
d / /

(1.6) 7, (F9)(2) = [(2)9(2) + f(2)g'(2).

Proof. Just as in beginning calculus, we have

[f

—~

z+h)g(z+h) = f(2)g(2)]
£+ Wg(z +B) = (=)ol + b) + (=)l + b) — £(2)g(2)]
£ 1) = £ gtz +B)+ £(2) - 3Lz + ) — g()]

S

bIHDIH

The first term in the last line tends to f’(z)g(z), and the second term tends to f(2)g'(z),
as h — 0. This gives (1.6). If f’ and ¢’ are continuous, the right side of (1.6) is also
continuous, so fg is holomorphic.

It is even easier to see that the sum of two holomorphic functions is holomorphic, and

(1.9 L) +g() = F(2) +9(2),

Hence every polynomial p(z) = a,2"™ + -+ - + a1z + ao is holomorphic on C.
We next show that f_;(z) = 1/z is holomorphic on C\ 0, with

d 1 1
1. — =
(1.9) dz z 22
In fact,
1 1 1 1 h 1
1.10 — = __ —
(1.10) h[z+h z] h z(z+h) z(z+h)’

which tends to —1/22 as h — 0, if z # 0, and this gives (1.9). Continuity on C\ 0 is
readily established. From here, we can apply Proposition 1.1 inductively and see that z*
is holomorphic on C\ 0 for k = —2,—-3,..., and (1.5) holds on C\ 0 for such k.

Next, recall the exponential function

1
1.11 —
i oy b
kj:
Introduced in §0. We claim that e* is holomorphic on C and

(1.12)
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To see this, we use the identity (0.60), which implies

(1.13) eFth = e2eh,
Hence

1 b1
(1.14) E[€Z+h e’ = < .

Now (1.11) implies

(1.15) eh_l—iih’“—i L
' h _k:1k! _k:O(k+1)! ’
and hence
h
-1
(1.16) lim &~ =1.
h—0

This gives (1.12). Another proof of (1.12) will follow from the results of §2.

We next establish a “chain rule” for holomorphic functions. In preparation for this,
we note that the definition (1.1) of complex differentiability is equivalent to the condition
that, for h sufficiently small,

(1.17) f(z+h) = f(2) + ah +r(z,h),
with
(1.18) lim T(Z];h) =0,

i.e., (z,h) — 0 faster than h. We write
(1.18) r(z,h) = o(|hl).

Here is the chain rule.

Proposition 1.2. Let Q2,0 C C be open. If f : Q2 — C and g : O — Q are holomorphic,
then fog: O — C, given by

(1.19) fog(z) = f(g9(2)),
18 holomorphic, and
(1.20) 2L Hg(2) = F(9(2))d'(2).
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Proof. Since g is holomorphic,
(1.21) g(z+h) =g(2) + ¢ (2)h + 7(2, h),
with 7(z, h) = o(|h|). Hence
Flg(z+h)) = f(g(Z) g9'(2)h +1(z, 1))

(1.22) = F'(g())(g'(2)h+ (2, h)) + ra(2, h)
f'(9(2))g'(2)h + rs5(2, h),

with ro(z,h) = o(|h|), because f is holomorphic, and then

(1.23) r3(z,h) = f'(9(2))r(z, h) + r2(2, h) = o(|h]).
This implies f o g is complex-differentiable and gives (1.20). Since the right side of (1.20)
is continuous, f o g is seen to be holomorphic.
Combining Proposition 1.2 with (1.9), we have the following.
Proposition 1.3. If f : Q — C is holomorphic, then 1/f is holomorphic on 2\ S, where

(1.24) S={2€Q: f(z) =0},
and, on Q\ S,
(1.25) 4 1 _ 1)

dz f(z)  f(2)*
We can also combine Proposition 1.2 with (1.12) and get

4 1@ 2 pr(2)el @),

(1.26) e

We next examine implications of (1.2)—(1.3). The following is immediate.

Proposition 1.4. If f: Q — C is holomorphic, then

(1.27) of and —— exist, and are continuous on (2,
ox Y
and
of _19f
1.28 - =
( ) or 1 ay

on Q, each side of (1.28) being equal to f’ on .
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When (1.27) holds, one says f is of class C' and writes f € C1(Q2). As shown in
Appendix B, if f € C1(Q), it is R-differentiable, i.e.,

(1.29) f((z+ hy)+i(y+ he)) = f(x+iy) + Ahy + Bha +1(z, h),
with z =z + iy, h = hy +iho, r(2,h) = o(|h|), and

af _of

(1.30) A=5.0) B=75 ().

This has the form (1.17), with a € C, if and only if
(131) a(h1 + Zhg) = Ahl + Bhg,

for all hq, ho € R, which holds if and only if

1
(1.32) A=-B=a,
7

leading back to (1.28). This gives the following converse to Proposition 1.4.
Proposition 1.5. If f: Q — C is C! and (1.28) holds, then f is holomorphic.

The equation (1.28) is called the Cauchy-Riemann equation. Here is an alternative
presentation. Write

(1.33) f(z) =u(z) +iv(z), uw=Ref, v=Imf.
Then (1.28) is equivalent to the system of equations

ou Ov ov ou
]_ . 4 _— = — _ = ——
(1.34) ox Oy  Ox Oy

To pursue this a little further, we change perspective, and regard f as a map from an
open subset  of R? into R2. We represent an element of R? as a column vector. Objects
on C and on R? correspond as follows.

On C On R?
z=x+1y z=

(
(1.35) <u>

f=u+w f=

h = hy + ihso h:(m>
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As discussed in Appendix B, a map f : Q — R? is differentiable at z € Q if and only if
there exists a 2 X 2 matrix L such that

(1.36) f(z+h) = f(2) + Lh+ R(z,h), R(z,h) = o(|h)).

If such L exists, then L = Df(z), with

[ Ou/Ox Ou/dy
(1.37) Df(z) = (81}/8x 8v/8y> .
The Cauchy-Riemann equations specify that
I A TR
(1.38) Df_(ﬁ a), a=-. f=o.

Now the map z + iz is a linear transformation on C ~ R?, whose 2 x 2 matrix represen-
tation is given by

(1.39) J:((l) _01>.
Note that, ifL:(g g),then

_ (-8 -9 _ (7 —«
(1.40) JL—(a 7), LJ—((S _5>,

so JL = LJ if and only if « = § and § = —y. (When JL = LJ, we say J and L commute.)
When L = Df(z), this gives (1.38), proving the following.

Proposition 1.6. If f € CY(Q), then f is holomorphic if and only if, for each z € Q,

(1.41) Df(z) and J commute.

In the calculus of functions of a real variable, the interaction of derivatives and integrals,
via the fundamental theorem of calculus, plays a central role. We recall the statement.

Theorem 1.7. If f € C*([a,b]), then

b
(1.42) | rwi=r0)- s@.

Furthermore, if g € C([a,b]), then, for a <t <b,

d t

1.43 i
(1.43) i |,

g(s)ds = g(t).
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In the study of holomorphic functions on an open set 2 C C, the partner of d/dz is the
integral over a curve, which we now discuss.
A C* curve (or path) in Q is a C! map
v :la, b — Q,

where [a,b] = {t € R:a <t <b}. If f:Q — C is continuous, we define
b
(1.44) [ @z = [ romn o
8!

the right side being the standard integral of a continuous function, as studied in beginning
calculus (except that here the integrand is complex valued). More generally, if f,g: Q2 — C
are continuous and y = 71 + 172, with «; real valued, we set

(1.44A) / F(2)d + g(=) dy = / [ (E) + g1 ()b ()] dt.

Then (1.44) is the special case g = if (with dz = dz + i dy).
The following result is a counterpart to (1.42).

Proposition 1.8. If f is holomorphic on Q, and 7y : [a,b] — C is a C* path, then

(145 [ @z = 100) - f6l).

The proof will use the following chain rule.

Proposition 1.9. If f : Q@ — C is holomorphic and v : [a,b] — Q is C*, then, for
a<t<b,

(1.46) CFO0) = PO ().

The proof of Proposition 1.9 is essentially the same as that of Proposition 1.2. To
address Proposition 1.8, we have

/ f(2) dz = / £ (8) dt
b

(1.47)
— [ i)

= f(v(b)) — f(v(a)),
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the second identity by (1.46) and the third by (1.42). This gives Proposition 1.8.
The second half of Theorem 1.7 involves producing an antiderivative of a given function
g. In the complex context, we have the following.

DEFINITION. A holomorphic function ¢ : 2 — C is said to have an antiderivative f on €
provided f : Q — C is holomorphic and [’ = g.

Calculations done above show that g has an antiderivative f in the following cases:

1
g(Z) = Zka f(Z) = k_’_lzk—’_l, k 7£ _17

g9(z) =€, [f(z)=e

(1.48)

A function g holomorphic on an open set {2 might not have an antiderivative f on all
of €. In cases where it does, Proposition 1.8 implies

(19 [ stz =0

~

for any closed path v in Q, i.e., any C! path v : [a,b] — € such that vy(a) = v(b). In §3,
we will see that if + is the unit circle centered at the origin,

1
(1.50) / —dz = 2,
z
8!
so 1/z, which is holomorphic on C\ 0, does not have an antiderivative on C\ 0. In §4, we
will construct log z as an antiderivative of 1/z on the smaller domain C \ (—o0, 0].

We next show that each holomorphic function g : 2 — C has an antiderivative for a
significant class of open sets (2 C C, namely sets with the following property.

There exists a + ib € ) such that whenever = 4 iy € ),
(1.51) the vertical line from a + ¢b to a + iy and the horizontal line
from a + iy to x + 1y belong to €.

(Here a,b,z,y € R.) See Fig. 1.1.

Proposition 1.10. If Q C C is an open set satisfying (1.51) and g : Q@ — C is holomor-
phic, then there exists a holomorphic f : Q — C such that f' = g.

Proof. Take a +ib € Q as in (1.51), and set, for z = = + iy € Q,

xT

(1.52) f(z) = z/by g(a+1is) ds—i—/ g(t + iy) dt.
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Theorem 1.7 readily gives

(1.53) (2 =g()
We also have
0 o
(1.54) 8_;;(2) =ig(a +iy) + /a 8—5(15 + dy) dt,

and applying the Cauchy-Riemann equation dg/dy = idg/0x gives

xT

10f , dg
i g(a-l—zy)—l—/a a(t-l—zy)dt

= g(a+1y) + [g(x +iy) — g(a + iy)]
9(z).

(1.55)

Comparing (1.54) and (1.55), we have the Cauchy-Riemann equations for f, and Proposi-
tion 1.10 follows.

Examples of open sets satisfying (1.51) include disks and rectangles, while C\ 0 does
not satisfy (1.51), as one can see by taking a +ib = —1, x 4+ iy = 1.

Exercises
1. Let f,g € C1(Q), not necessarily holomorphic. Show that

0
da

0
dy

(f(2)9(2)) = f2(2)9(2) + f(2)gx(2),
(f(2)9(2)) = f4(2)9(2) + f(2)g9y(2),

(1.56)

on , where f, = 0f/0x, etc.

2. In the setting of Exercise 1, show that, on {z € Q: g(z) # 0},

0 1 _ g(2) 0 1 _ gy(z)
(157) 92 gz " 9P Oyga) 9P
Derive formulas for
96 0 f)
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3. In (a)—(d), compute 0f/0x and 0f/0Jy. Determine whether f is holomorphic (and on

what domain). If it is holomorphic, specify f/(z).

z+1
(a) 1) = 50

z+1
(b) 1) = 5
(c) f(z) = €7,
(d) flz) =€l

4. Find the antiderivative of each of the following functions.

1
(3 16 = g
(b) f(z) = 2e*,
(©) f(5) = 2+,
5. Let v : [—1,1] — C be given by

v(t) =t 4 it>.

Compute [ f(z)dz in the following cases.
(a) f(z) = 2,
(b) f(z) =%,

1
(c) 1@ =
(d) f() = e,

6. Do Exercise 5 with
y(t) = t* +it?.

7. Recall the definition (1.44) for fv f(z)dz when f € C(Q) and v : [a,b] — Qis a C*
curve. Suppose s : [a,b] — [a, 3] is C1, with C! inverse, such that s(a) = «, s(b) = 3. Set

o(s(t)) = y(t). Show that
[z = [ roa
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so path integrals are invariant under change of parametrization.

In the following exercises, let

Anf(z) = 7 (f(z+h) = f(2)).

S

8. Show that Apz~! — —z72 uniformly on {z € C: |z| > ¢}, for each € > 0.
Hint. Use (1.10).

9. Let 2 C C be open and assume K C 2 is compact. Assume f,g € C(Q2) and
Anf(z) — f(2), Ang(z) — ¢'(2), uniformly on K.

Show that
An(f(2)g(2)) — f'(2)g(2) + f(2)g'(2), uniformly on K.

Hint. Write
An(fg)(z) = Anf(z) - g(z + h) + f(2)Ang(2).
10. Show that, for each ¢ > 0, A < oo,

Apz"" — )

uniformly on {z € C:e < |z] < A}.
Hint. Use induction.
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2. Holomorphic functions defined by power series

A power series has the form
(2.1) F(2) = an(z - 20)"
n=0

Recall from §0 that to such a series there is associated a radius of convergence R € [0, ],
with the property that the series converges absolutely whenever |z — 29| < R (if R > 0),
and diverges whenever |z — zg| > R (if R < 00). We begin this section by identifying R as
follows:

1
(2.2) = limsup |a,|'/™.

This is established in the following result, which reviews and complements Propositions
0.2-0.3.

Proposition 2.1. The series (2.1) converges whenever |z—zy| < R and diverges whenever
|z — 20| > R, where R is given by (2.2). If R > 0, the series converges uniformly on
{z : |z — 20| < R'}, for each R" < R. Thus, when R > 0, the series (2.1) defines a
continuous function

(2.3) f:Dgr(z9) — C,
where
(2.4) Dpr(z0) ={z € C: |z — 2| < R}.

Proof. If R* < R, then there exists N € ZT such that
1
n>N=|a,|'/" < = = lan|(R)" < 1.

Thus
zZ— 20"
R/
for n > N, so (2.1) is dominated by a convergent geometrical series in Dgs(zp).

For the converse, we argue as follows. Suppose R” > R, so infinitely many |a,|"/" >
1/R”, hence infinitely many |a,|(R"”)™ > 1. Then

(2.5) |z — 20l < R < R=>|a,(z — 20)"| <

Y

zZ— 2o |™

R//

> 1,

|z — 20| > R” > R = infinitely many |a,(z — 20)"| > ‘

forcing divergence for |z — 29| > R.
The assertions about uniform convergence and continuity follow as in Proposition 0.3.

The following result, which extends Proposition 0.4 from the real to the complex domain,
is central to the study of holomorphic functions. A converse will be established in §5, as a
consequence of the Cauchy integral formula.
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Proposition 2.2. If R > 0, the function defined by (2.1) is holomorphic on Dg(zg), with
derivative given by

(2.6) fl(z) =Y nan(z—2)""".

Proof. Absolute convergence of (2.6) on Dg(zg) follows as in the proof of Proposition 0.4.
Alternatively (cf. Exercise 3 below), we have

1/n 1/n

(2.7) lim n'/" =1 = limsup |na,|"™ = limsup |a,|*/™,
n—oo n— 00 n— o0

so the power series on the right side of (2.6) converges locally uniformly on Dr(zg), defining
a continuous function g : Dg(z9) — C. It remains to show that f’'(z) = g(2).
To see this, consider

k k
(2.8) fr(z) = Z an(z —20)", gr(z) = Z nan(z — 29)" L.
n=0 n=1

We have f, — f and g, — g locally uniformly on Dr(zp). By (1.12) we have f,(z) = gr(z).
Hence it follows from Proposition 1.8 that, for z € Dg(zg),

(2.9) fe(z) = a0 + / gr() dc,

Oz

for any path o, : [a,b] — Dg(20) such that o,(a) = zp and 0,(b) = z. Making use of the
locally uniform convergence, we can pass to the limit in (2.9), to get

(210) £ = a0+ [ 9(6) dc.
Taking o, to approach z horizontally, we have (with z = x + iy, 29 = xo + o)

x

f(z):ao+/yg(xo+it)idt+/ g(t +iy)dt,

Yo xo
and hence

(2.11) () =02,

while taking o, to approach z vertically yields

T Yy

f(z):ao+/ g(t+iy0)dt+/ g(x + it) i dt,

Yo
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and hence

(2.12) —(z) =1ig(2).

Thus f € C1(Dg(20)) and it satisfies the Cauchy-Riemann equation, so f is holomorphic
and f'(z) = g(z), as asserted.

REMARK. For a proof of Proposition 2.2 making a direct analysis of the difference quotient

[f(2) = f(w)]/(z = w), see [Ahl].

It is useful to note that we can multiply power series with radius of convergence R > 0.
In fact, there is the following more general result on products of absolutely convergent
series.

Proposition 2.3. Given absolutely convergent series

(2.13) A= iana B = iﬁna
n=0 n=0

we have the absolutely convergent series

(2.14) AB=) Yn, MW= ;B
n=0 7=0
Proof. Take Ay = ZZ:O a,, B = Zﬁ:o B,. Then
k
(215) ALBy = Z Yn + Ry
n=0
with
(2.16) Ry = Z U fn, o(k)={(m,n) €Z* xZT :m,n < k,m+n > k}.
(m,n)eao(k)
Hence
Rl < Y0 >0 emlBal+ D D aml (Bl
m<k/2k/2<n<k k/2<m<kn<k
(2.17) o L
<A S B+B Y laml,
n>k/2 m>k/2
where
(2.18) A=) "lap| <00, B=) |Bn|<o0.
n=0 n=0

It follows that Ry — 0 as k — oo. Thus the left side of (2.15) converges to AB and the
right side to > 7, 7¥,. The absolute convergence of (2.14) follows by applying the same
argument with «a,, replaced by |«a,,| and S, replaced by |3,].
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Corollary 2.4. Suppose the following power series converge for |z| < R:
o0 oo

(2.19) f(z) = Z anz", g(z)= Z bpz".
n=0 n=0

Then, for |z| < R,

(2.20) f(z)g(z) = Z L A Zajbn_j.
n=0 j=0

The following result, which is related to Proposition 2.3, has a similar proof.

Proposition 2.5. If aj, € C and >~ |ajk| < oo, then 3_; ajy is absolulely convergent
for each k, >, a;i, is absolutely convergent for each j, and

(2.21) ;<§ ajk> - ;(; ajk) = Zkajk.

Proof. Clearly the hypothesis implies }_, |a x| < co for each k and }_, |a;x| < oo for each
j. It also implies that there exists B < oo such that

N N
SN = ZZMJM < B, V N.

§=0 k=0
Now Sy is bounded and monotone, so there exists a limit, Sy " A < oo as N / oco. It
follows that, for each € > 0, there exists N € Z* such that

> lajpl<e, C(N)={(jk) €Z* xZ":j>Nork>N}

(4,k)EC(N)

Now, whenever M, K > N,
M K N N
() X< X el
=0 k=0 §=0 k=0 (j,k)EC(N)

SO
M oo N N
So(Xan) =< D anl.
=0 k=0 §=0 k=0 (j,k)EC(N)

and hence
0o 0o N N
S (Xanw) -~ Dan|< X gl
§j=0 k=0 §=0 k=0 (j,k)EC(N)

We have a similar result with the roles of j and k reversed, and clearly the two finite sums
agree. It follows that

}i(i ajk) - i(iajk)‘ <2, Ve>0,
Jj=0 k=0 k=0 j=0

yielding (3.23).

Using Proposition 2.5, we demonstrate the following.
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Proposition 2.6. If (2.1) has a radius of convergence R > 0, and z1 € Dr(2p), then f(z)
has a convergent power series about z1:

(2.22) f(z) = Zbk(z —2)k, for |z —z| < R— |z — 2.
k=0

The proof of Proposition 2.6 will not use Proposition 2.2, and we can use this result
to obtain a second proof of Proposition 2.2. Shrawan Kumar showed the author this
argument.

Proof of Proposition 2.6. There is no loss in generality in taking zy = 0, which we will do
here, for notational simplicity. Setting f,, ({) = f(z1 + {), we have from (2.1)

le (C) = Z an(g + Zl)n
n=0

:i Y an<Z)Ckz?_k,

n=0 k=0

(2.23)

the second identity by the binomial formula (cf. (2.34) below). Now,

(2:24) 5 lanl () 61l = X lanle] + Jal)” < o,
n=0

n=0 k=0

provided [(|+]z1| < R, which is the hypothesis in (2.22) (with zy = 0). Hence Proposition
2.5 gives

oo

2.2 =3 (2 m ()5 )e

=0 n=

Hence (2.22) holds, with

(2.26) by = i an (Z) ok

n=k
This proves Proposition 2.6. Note in particular that

oo

(2.27) by = Znanz?_l.

n=1
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SECOND PROOF OF PROPOSITION 2.2. The result (2.22) implies f is complex differentiable
at each z; € Dg(20), and the computation (2.27) translates to (2.6), with z = z;.

REMARK. The result of Proposition 2.6 is a special case of a general result on representing
a holomorphic function by a convergent power series, which will be established in §5.

Exercises

1. Determine the radius of convergence R for each of the following series. If 0 < R < o0,
examine when convergence holds at points on |z| = R.

(2 S
n=0
(b) >

(© >

oo Zn
() 2
n=0
o Zn
(e) on
n=0

() > o
n=0
2. Show that if the power series (2.1) has radius of convergence R > 0, then f” ' ...
are holomorphic on Dr(zp) and
(2.28) F™(20) = nlay.

Here we set f(")(2) = f/(2) for n = 1, and inductively f"TV(2) = (d/dz)f™(z).
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3. Given a > 0, show that for n > 1
(2.29) (1+a)" > 1+ na.

(Cf. Exercise 3 of §0.) Use (2.29) to show that

(2.30) limsup n'/™ <1,
and hence
(2.31) lim n'/" =1,

a result used in (2.7).
Hint. To get (2.30), deduce from (2.29) that n'/™ < (1 + a)/a'/™. Then show that, for
each a > 0,

(2.32) lim a'/™ =1.

n—oo

For another proof of (2.31), see Exercise 4 of §4.

4. The following is a version of the binomial formula. If a € C, n € N,

(2.33) (14a)" = i (Z) a*, (Z) - kl(n”—ik)‘

k=0

Another version is

(2.34) (2 + w)" = i (Z) Rk,

k=0

Verify this identity and show that (2.33) implies (2.29) when a > 0.
Hint. To verify (2.34), expand

(2.35) z+w)"=(z+w) - (z+w)

as a sum of monomials and count the number of terms equal to z*w™*. Use the fact that

(2.36) (Z) = number of combinations of n objects, taken k at a time.

5. As a special case of Exercise 2, note that, given a polynomial

(2.37) p(2) = anz™ + -+ a1z + ao,
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we have

(2.38) p™(0) =klag, 0<k<n.
Apply this to

(2.39) pn(2) = (1+2)".

Compute p;k)(z), using (1.5), then compute p*)(0), and use this to give another proof of

(2.33), i.c.,

(2.40) Pa(z) = i (Z) o (Z) - k:'(+lk)'
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3. Exponential and trigonometric functions: Euler’s formula

Recall from §§0 and 1 that we define the exponential function by its power series:

22 Zj > Zj

Z— — . .. — LRI R — _

(3.1) ¢ =lfzd gttt => T
=0

By the ratio test this converges for all z, to a continuous function on C. Furthermore, the
exponential function is holomorphic on C. This function satisfies

(3.2)

One derivation of this was given in §1. Alternatively, (3.2) can be established by differen-
tiating term by term the series (3.1) to get (by Proposition 2.2)

1 o0

=1 _
j_l)!z _Z
k=0

| —

z

o

d k
dz° 1*

=

1

<.
I

(3.3)

= €.

Il
WK
==

N??‘

B
I
o

The property (3.2) uniquely characterizes e®. It implies

dj z z .
(3.4) 28 = j=1,2,3,....

By (2.21), any function f(z) that is the sum of a convergent power series about z = 0 has
the form

> £0) )
(3.5) o=y s
j=0

which for a function satisfying (3.2) and (3.4) leads to (3.1). A simple extension of (3.2) is

d
(3.6) Ee‘” =ae”.

Note how this also extends (0.51).
As shown in (0.60), the exponential function satisfies the fundamental identity

(3.7) efeV = e Vz,weC.
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For an alternative proof, we can expand the left side of (3.7) into a double series:

20 X wk = 2wk
(38) =D G T 2

=0 7" k=0 k=0 7

.7 - .77_

We compare this with
(3.9) Ry cai

using the binomial formula (cf. (2.34))
- . . !
(3.10) (z+w)" = Z <n) 2w (n) S
— \j
.]_
Setting k = n — j, we have
k

> 1 n! . Jw
z4+w __ Jonk
(3:-11) © = Z Z n!j!k!z = Z gk

n=0 j+k=n;j,k>0 3,k=0

See (2.14) for the last identity. Comparing (3.8) and (3.11) again gives the identity (3.7).

We next record some properties of exp(t) = e’ for real t. The power series (3.1) clearly
gives e > 0 for t > 0. Since e”? = 1/e!, we see that ¢! > 0 for all ¢ € R. Since
de'/dt = et > 0, the function is monotone increasing in ¢, and since d?e’/dt?> = et > 0,
this function is convex. Note that

(3.12) et >1+t, for t>0.

Hence

(3.13) lim e’ = 4o0.
t—+o00

Since e7! = 1/et,

(3.14) lim e =

t— —o00

As a consequence,
(3.15) exp : R — (0, 00)

is smooth and one-to-one and onto, with positive derivative, so the inverse function theorem
of one-variable calculus applies. There is a smooth inverse

(3.16) L:(0,00) — R.
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We call this inverse the natural logarithm:
(3.17) logx = L(x).

See Figures 3.1 and 3.2 for graphs of x = e’ and t = log x.
Applying d/dt to

(3.18) L(et) =t

gives

(3.19) L'(eh)e! =1, hence L'(e') = é
ie.,

(3.20) % logx = i

Since log 1 = 0, we get

3.21 logx =
(3.21) Y

An immediate consequence of (3.7) (for z,w € R) is the identity
(3.22) logzy =logz +logy, ,y € (0,00),

which can also be deduced from (3.21).

We next show how to extend the logarithm into the complex domain, defining log z for
z € C\R™, where R~ = (—00, 0], using Proposition 1.10. In fact, the hypothesis (1.51)
holds for Q@ = C\ R™, with a + ib = 1, so each holomorphic function g on C \ R~ has a
holomorphic anti-derivative. In particular, 1/z has an anti-derivative, and this yields

1
(3.22A) log: C\R™ — C, dilogz:—, log1 = 0.
z z

By Proposition 1.8, we have

T de
¢

the integral taken along any path in C\R™ from 1 to z. Comparison with (3.21) shows that
this function restricted to (0, 00) coincides with log as defined in (3.17). In §4 we display
log in (3.22A) as the inverse of the exponential function exp(z) = e* on the domain
Q={zx+iy: xRy e (—m )}, making use of some results that will be derived next.
(See also Exercises 13-15 at the end of this section.)

(3.22B) log z =
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We move next to a study of e* for purely imaginary z, i.e., of
(3.23) v(t) =e", teR.

This traces out a curve in the complex plane, and we want to understand which curve it
is. Let us set

(3.24) et = c(t) +is(t),
with ¢(t) and s(t) real valued. First we calculate |e®|? = c(t)? + s(t)?. For z,y € R,
(3.25) z=atiy=—=Z=x—iy = 2Z =22 +9° = |2|*

It is elementary that

zwelC=zZw=zZw = 2" =2z",

(3.26) -
and z +w=72+w.
Hence
o _k
(3.27) F="2 =&
k!
k=0
In particular,
(3.28) tER = |e"]? = ee ™ = 1.

Hence t — v(t) = €' has image in the unit circle centered at the origin in C. Also
(3.29) V() =i = (1) =1,

so v(t) moves at unit speed on the unit circle. We have

(3.30) v(0)=1, +'(0)=1.

Thus, for ¢ between 0 and the circumference of the unit circle, the arc from (0) to y(t) is
an arc on the unit circle, pictured in Figure 3.3, of length

(3.31) 0t) = /O Y (s)| ds = t.

Standard definitions from trigonometry say that the line segments from 0 to 1 and from
0 to y(t) meet at angle whose measurement in radians is equal to the length of the arc of
the unit circle from 1 to ~y(t), i.e., to £(t). The cosine of this angle is defined to be the
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x-coordinate of y(t) and the sine of the angle is defined to be the y-coordinate of ~(t).
Hence the computation (3.31) gives

(3.32) c(t) =cost, s(t) =sint.
Thus (3.24) becomes
(3.33) et = cost +isint,

an identity known as Euler’s formula. The identity

d .
(3.34) %e” = je’,

applied to (3.33), yields

d
(3.35) 7 cost = —sint, 7 sint = cost.

We can use (1.3.7) to derive formulas for sin and cos of the sum of two angles. Indeed,
comparing

(3.36) et = cos(s + t) + isin(s + t)
with

(3.37) e”e = (cos s + isins)(cost + isint)
gives

cos(s +t) = (cos s)(cost) — (sin s)(sint),

(3:38) sin(s + t) = (sins)(cost) + (cos s)(sint).

Derivations of the formulas (3.35) for the derivative of cost and sint given in first
semester calculus courses typically make use of (3.38) and further limiting arguments,
which we do not need with the approach used here.

The standard definition of the number 7 is half the length of the unit circle. Hence m
is the smallest positive number such that v(27) = 1. We also have

(3.39) ~y(m) = —1, 7@) =i,

Furthermore, consideration of Fig. 3.4 shows that

(3.40)

(5)-3+50 (5 -F+5
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We now show how to compute an accurate approximation to 7.
This formula will arise by comparing two ways to compute the length of an arc of a

circle. So consider the length of v(t) over 0 < t < . By (3.29) we know it is equal to ¢.
Suppose 0 < ¢ < 7/2 and parametrize this segment of the circle by

(3.41) o(s) =(V1—-s2%s), 0<s<7=sin¢.

Then we know the length is also given by

.12 = [ oonas= [

Comparing these two length calculations, we have

sin ¢ =T,

T ds
3.43 2y,
(3.43) / ==y

when 0 < ¢ < m/2. As another way to see this, note that the substitution s = sin 6 gives,
by (3.35), ds = cos 6 df, while /1 — s? = cos 6 by (3.28), which implies

(3.44) cos?t +sin?t = 1.

Thus

(3.45) /TL—/¢d9—
: =, @,

again verifying (3.43).
In particular, using sin(7w/6) = 1/2, from (3.40), we deduce that

/2 g
(3.46) T L
6 o V1—2z2

One can produce a power series for (1 — y)~'/2 and substitute y = z2. (For more on

this, see the exercises at the end of §5.) Integrating the resulting series term by term, one

obtains
1\ 2n+1
(z)

where the numbers a,, are defined inductively by

T = an
A4 Z =
(3.47) 6 7;) 2n+1

_ 2n+1
T on 2™

(348) ag = 1, an+1
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Using a calculator, one can sum this series over 0 < n < 20 and show that
(3.49) T = 3.141592653589 - - - .

We leave the verification of (3.47)—(3.49) as an exercise, once one gets to Exercises 2-3 of

§5.

Exercises
Here’s another way to demonstrate the formula (3.35) for the derivatives of sin ¢ and cos .

1. Suppose you define cos t and sin ¢ so that y(t) = (cos t,sin t) is a unit-speed parametriza-
tion of the unit circle centered at the origin, satisfying v(0) = (1,0), 7'(0) = (0,1), (as we
did in (3.32)). Show directly (without using (3.35)) that

7' (t) = (—sin t,cos t),

and hence deduce (3.35). (Hint. Differentiate v(t) - v(t) = 1 to deduce that, for each
t, ¥'(t) L~(t). Meanwhile, [y(¢)| = [y'(t)| = 1.)
it

2. It follows from (3.33) and its companion e™* = cost — i sint that

eiz + e—iz eiz o e—iz
3.50 coSz = ———, sing=———"
(350 ) -
for z =t € R. We define cos z and sin z as holomorphic functions on C by these identities.

Show that they yield the series expansions

oo k oo k
(3.51) cosz = g (=1) 22k sinz = g =D 22k F1
(2k)! ’ (2k + 1)!
k=0 k=0

3. Extend the identities (3.35) and (3.38) to complex arguments. In particular, for z € C,
we have

559 cos(z +5) = —sinz, cos(z+m) = —cosz, cos(z+27m) = cosz,
(3:52) sin(z+ §) =cosz, sin(z+m) = —sinz, sin(z+27) =sinz.
4. We define

Y4 eV Y _ ey
(3.53) coshy = %, sinhy = %

Show that cosiy = coshy, siniy = ¢sinhy, and hence

- cos(x + 1y) = cosx coshy — i sinz sinhy,
(3:54) sin(z + iy) = sinx coshy + i cos z sinhy.
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5. Define tan z for z # (k + 1/2)m and cot z for z # kmn, k € Z, by

(3.55) tanz = sz, cot z = 2%

oS 2 sin z
Show that
(3.56) tan(z + §) = —cotz, tan(z+m) = tanz,
and
(3.57) d 1 + tan?

: —tanz = = an” z.
dz cos? z

6. For each of the following functions g(z), find a holomorphic function f(z) such that
f'(z) = g(2).

a) g(z) = 2Fe*, keZt.

b) g(z) = e** cosbz.

7. Concerning the identities in (3.40), verify algebraically that

S+

V3 \3
(i 23>:_1‘

Then use e™/6 = e™/2¢=™/3 o deduce the stated identity for v(7/6) = ™/©,

8. Let v be the unit circle centered at the origin in C, going counterclockwise. Show that

1 2T jeit
/—dz:/ — dt = 2,
z o €
¥

as stated in (1.50).

9. One sets )

cos 2’

so (3.57) yields (d/dz) tan z = sec? z. Where is sec z holomorphic? Show that

secz =

d
— secz = sec z tan z.
dz

10. Show that

1+ tan® z = sec? 2.
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11. Show that

d
d—(secz + tan z) = sec z (sec z + tan z),
z

and

e (sec z tan z) = sec z tan® 2 + sec® z
z

= 2sec 2 — sec 2.

(Hint. Use Exercise 10 for the last identity.)

12. The identities (3.53) serve to define coshy and sinhy for y € C, not merely for y € R.
Show that

— coshz = sinhz, — sinhz = cosh z,
dz dz

and
2 .12
cosh” z — sinh” z = 1.

The next exercises present log, defined on C\ R™ as in (3.22A), as the inverse function to
the exponential function exp(z) = e*, by a string of reasoning different from what we will
use in §4. In particular, here we avoid having to appeal to the inverse function theorem,
Theorem 4.2. Set

(3.58) Q={z+iy:xeR,ye (—mmn)}.

13. Using et = e%e® and the properties of exp : R — (0,00) and of v(y) = e%¥
established in (3.15) and (3.33), show that

(3.59) exp: ) — C\ R~ is one-to-one and onto.

14. Show that
(3.60) log(e*) =2z Vze.
Hint. Apply the chain rule to compute ¢'(z) for g(z) = log(e*). Note that ¢g(0) = 0.
15. Deduce from Exercises 13 and 14 that
log:C\R™ — Q

is one-to-one and onto, and is the inverse to exp in (3.59).
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4. Square roots, logs, and other inverse functions

We recall the Inverse Function Theorem for functions of real variables.

Theorem 4.1. Let Q C R" be open and let f : Q — R™ be a C' map. Take p € Q and
assume D f(p) € End(R™) is invertible. Then there exists a neighborhood O of p and a

neighborhood U of ¢ = f(p) such that f : O — U is one-to-one and onto, the inverse
g=f"1:U— O isC, and, forz € O,y = f(x),

(4.1) Dg(y) = Df(z)".

A proof of this is given in Appendix B. This result has the following consequence, which
is the Inverse Function Theorem for holomorphic functions.

Theorem 4.2. Let 2 C C be open and let f : Q@ — C be holomorphic. Take p € ()
and assume f'(p) # 0. Then there exists a neighborhood O of p and a neighborhood U of
q = f(p) such that f : O — U is one-to-one and onto, the inverse g = f~1 : U — O is
holomorphic, and, for z € O, w = f(z),

(4.2) g'(w) =

Proof. If we check that g is holomorphic, then (4.2) follows from the chain rule, Proposition
1.2, applied to

9(f(2)) = 2.

We know ¢ is C''. By Proposition 1.6, ¢ is holomorphic on U if and only if, for each w € U,
Dg(w) commutes with J, given by (1.39). Also Proposition 1.6 implies D f(z) commutes
with J. To finish, we need merely remark that if A is an invertible 2 x 2 matrix,

(4.3) AJ =JA = A"\ J=JA"" .

As a first example, consider the function Sq(z) = 2. Note that we can use polar

coordinates, (x,y) = (r cos,r sin @), or equivalently z = re', obtaining 22 = r2e2*%. This
shows that Sq maps the right half-plane

(4.4) H={z€C:Rez>0}

bijectively onto C\ R~ (where R~ = (—o00,0]). Since Sq'(z) = 22 vanishes only at z = 0,
we see that we have a holomorphic inverse

(4.5) Sqrt : C\R™ — H,
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given by

(4.6) Sqrt(re’?) = r1/2e¥/2 >0, -1 <0 <.
We also write

(4.7) 212 = Sqrt(z).

We can define other non-integral powers of z on C\ R~. Before doing so, we take a look
at log, the inverse function to the exponential function, exp(z) = e*. Consider the strip

(4.8) Y={z+iy:xeR, -t <y <7}
Since et = e®e | we see that we have a bijective map
(4.9) exp: X — C\R™.

Note that de®/dz = e* is nowhere vanishing, so (4.9) has a holomorphic inverse we denote
log:

(4.10) log: C\R™ — X.
Note that
(4.11) log 1 =0.
Applying (4.2) we have
d d 1

( ) dze c dz 08 % z
Thus, applying Proposition 1.8, we have

1
(4.13) log 2 :/ —dc¢,

1 6

where the integral is taken along any path from 1 to z in C\R™. Comparison with (3.22B)
shows that the function log produced here coincides with the function arising in (3.22A).
(This result also follows from Exercises 13-15 of §3.)

Now, given any a € C, we can define

(4.14) 2% = Pow,(z), Pow,:C\R™ —C
by

(4.15) 20 = 210872

The identity €% = e“e? then gives

(4.16) 22T = 2020 a,beC, z€ C\R™.
In particular, for n € Z,n # 0,

(4.17) (/™" = 2.

Making use of (4.12) and the chain rule (1.20), we see that
(4.18) dizza =az" "t

While Theorem 4.1 and Corollary 4.2 are local in nature, the following result can provide
global inverses, in some important cases.
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Proposition 4.3. Suppose Q0 C C is convex. Assume f is holomorphic in ) and there
exists a € C such that
Reaf >0 on Q.

Then f maps Q one-to-one onto its image f(£2).

Proof. Consider distinct points zg,21 € €. The convexity implies the line o(t) = (1 —
t)zo + tz1 is contained in 2, for 0 < ¢ < 1. By Proposition 1.8, we have

_ 1
a%:/o af’((l—t)zo+tz1)dt,

which has positive real part and hence is not zero.

(4.19)

As an example, consider the strip

(4.20) iz{x+iy:—g<m<g,y€ﬂ%}.
Take f(z) =sinz, so f/'(z) = cos z. It follows from (3.54) that
(4.21) Re cosz = cosx coshy >0, for z € f),
so f maps 3. one-to-one onto its image. Note that

(4.22) sinz = g(e®), where g(¢) = %(C — %),

and the image of & under z — e'# is the right half plane H, given by (4.4). Below we will
show that the image of H under g is

(4.23) C\ {(—o00,—1] U [1,00)}.

It then follows that sin maps ¥ one-to-one onto the set (4.23). The inverse function is

denoted sin™!:

(4.24) sin™!: C\ {(—o0, —1] U[1,00)} — 3.
We have sin’ z € C \ [1,00) for z € &, and it follows that
(4.25) cosz = (1—sin?2)Y/2, zeX.
Hence, by (4.2), g(z) = sin™ ! z satisfies
(4.26) J(z)=(1-2)""2 zeC\{(~o0,~1]U[L,00)},
and hence, by Proposition 1.8,
(4.27) sin™! 2 = /2(1 — )72 de,
0

where the integral is taken along any path from 0 to z in C\ {(—o0, —1]U[1,00)}. Compare
this identity with (3.43), which treats the special case of real z € (—1,1).
It remains to prove the asserted mapping property of g, given in (4.22). We rephrase

the result for

(1.25) Q) = 9(i6) = 5 (¢ + 2)
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Proposition 4.4. The function h given by (4.28) maps both the upper half plane U = {( :
Im ¢ > 0} and the lower half plane U* = {¢ : Im { < 0}, one-to-one onto the set (4.23).

Proof. Note that h: C\ 0 — C, and

(4.29) h(%) — h(O).

Taking w € C, we want to solve h({) = w for . This is equivalent to
(4.30) 2 —2wC+1=0,

with solutions

(4.31) (=wxvVw? -1

Thus, for each w € C, there are two solutions, except for w = +1, with single solutions
h(—=1) = =1, h(1) = 1. If we examine h(z) for x € R\ 0 (see Fig. 4.1), we see that
w € (—oo,—1] U[1,00) if and only if { € R. If w belongs to the set (4.23), h(¢) = w has
two solutions, both in C \ R, and by (4.29) they are reciprocals of each other. Now

1 ¢
4. o>
(4.32) Sl

so, given ¢ € C\ R, we have ( € U < 1/( € U*. This proves Proposition 4.4.

Exercises

1. Show that, for |z| < 1,

4, log(1+2) =S (—1)" 12,
(4.3 ou(1+2) = (1
Hint. Use (4.13) to write
=1
log(14+2)= [ ——

and plug in the power series for 1/(1 + ().
2. Using Exercise 1 (plus further arguments), show that

(4.34) i ﬂ = log 2.

n
n=1
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Hint. Using properties of alternating series, show that, for r» € (0, 1),

N (_1)7171 TN+1
(4.34A) ; =gl ) (), len(n)l < o
Then let » — 1 in (4.34A).
3. Take z € (0,00). Show that
1
lim —2° = 0.
r— 00 x
Hint. If z =¢¥, (logx)/x = ye Y.
4. Using Exercise 3, show that
lim z'/* =1.
T——+00
Note that this contains the result (2.31).
Hint. z'/* = ellog®)/z,
5. Write the Euler identity as
e =+/1—-224iz, z=sinw,
for w near 0. Deduce that
.1 1 .
(4.35) sin™' z = ~log(V1—22+1iz), [z <1
i

Does this extend to C\ {(—o0, —1] U [1,00)}7

6. Compute the following quantities:
a) i1/2,
b) il/S,

c) i'.

7. Show that tan z maps the strip ¥ given by (4.20) diffeomorphically onto

(4.36) C\ {(~o00, —1Ji U [, 00)i}.

Hint. Consult Fig. 4.2. To get the last step, it helps to show that

_l—z
142

R(z)
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has the following properties:

(a) R:C\{-1} - C\ {-1}, and R(z) = w & z = R(w),
(b) R:R\{-1} — R\ {1},

(C) R: (0700) - (_17 1)7

and in each case the map is one-to-one and onto.

8. Making use of (3.57), show that on the region (4.36) we have

_ = dC
1, _
(437) tan z = /0 m,

where tan~1! is the inverse of tan in Exercise 7, and the integral is over any path from 0
to z within the region (4.36).

9. Show that

— logsec z = tan z.
dz

On what domain in C does this hold?

10. Using Exercise 11 of §3, compute

—1 t
7 og(sec z + tan z),

and find the antiderivatives of
3

secz and sec”z.
On what domains do the resulting formulas work?

11. Consider the integral

(4.38) / V1+4t2dt,
0

on an interval [0,z] C R.
(a) Evaluate (4.38) using the change of variable ¢t = tan 6 and the results of Exercise 10.

(b) Evaluate (4.38) using the change of variable ¢t = sinhu and the results of Exercise 12
in §3.

12. As a variant of (4.20)—(4.23), show that z — sin z maps

. T T
{x+zy:—§<x<§,y>0}
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one-to-one and onto the upper half plane {z : Im z > 0}.
The next exercises construct the holomorphic inverse to sin on the set
(4.39) Q=C\{(-o0,-1]U[1,0)},
satisfying (4.27), in a manner that avoids appeal to Theorem 4.2. (Compare the con-
struction of log as an inverse to exp in Exercises 13-15 of §3.) We will use the result
that
(4.40) sin : X — Q is one-to-one and onto,
with 3 as in (4.20), established above via Proposition 4.4.
13. Show that, for © as in (4.39),
2€Q=22cC\[l,0)=1-22€C\ (—00,0],
and deduce that the function f(z) = (1 — 2%)~/2 is holomorphic on Q.
14. Show that the set €2 in (4.39) satisfies the hypotheses of Proposition 1.10, with a+ib =
0. Deduce that the function f(z) = (1 — 22)~/2 has a holomorphic anti-derivative G' on
Q:
(4.41) G:Q—C, G(z)=0-2H"Y2 GO)=o0.

Deduce from Proposition 1.8 that

(4.42) G(z) = / (1-¢)YV2de, zeq,
0

the integral taken along any path in € from 0 to z.

15. Show that

(4.43) G(sinz) =z, Vze.

Hint. Apply the chain rule to f(z) = G(sin z), making use of (4.25), to show that f’'(z) =1
for all z € X.

16. Use (4.40) and Exercise 15 to show that

(4.44) G:Q — ¥ is one-to-one and onto,

and is the holomorphic inverse to sin in (4.40).
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17. Expanding on Proposition 4.4, show that the function h, given by (4.28), has the
following properties:

(a) h: C\ 0 — C is onto,

(b) h: C\ {0,1,—1} — C\ {1,—1} is two-to-one and onto,

(¢) h: R\0— R\ (—1,1) is onto, and is two-to-one, except at x = +1.

18. Given a € C\ R, set
E,(z) =a* =¢e*8% € C.
Show that E, is holomorphic in z and compute E (z).
19. Take the following path to explicitly finding the real and imaginary parts of a solution

to
2% = a+ ib,

given a + ib ¢ R™. Namely, with x = Re z, y = Im 2, we have

r*—y  =a, 2xy=0>,

and also
2+ y?=p=a2+ 12,
hence
p+a b
Tr = y:—
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5. The Cauchy integral theorem and the Cauchy integral formula

The Cauchy integral theorem is of fundamental importance in the study of holomorphic
functions on domains in C. Our first proof will derive it from Green’s theorem, which we
now state.

Theorem 5.1._]f§ is a bounded region in R? with piecewise smooth boundary, and f and
g belong to C1(Q), then

(5.1) / ___y d dy:/(fdx+gdy).

o

This result is proven in many texts on multivariable calculus. We give a proof in
Appendix D.
We will apply Green’s theorem to the line integral

(5.2) aéfdz :8éf(da:+z’dy).

Clearly (5.1) applies to complex-valued functions, and if we set g = if, we get

(5.3) /fdz—// z‘;—i—ﬁ ) dedy

Whenever f is holomorphic, the integrand on the right side of (5.3) vanishes, so we have
the following result, known as Cauchy’s integral theorem:

Theorem 5.2. If f € C1(Q) is holomorphic, then

(5.4) /f(z) dz =
o9

Until further notice, we assume 2 is a bounded region in C, with smooth boundary.
Using (5.4), we can establish Cauchy’s integral formula:

Theorem 5.3. If f € C1(Q) is holomorphic and zo € 2, then

(5.5) flz0) = 5—
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Proof. Note that g(z) = f(2)/(z — 20) is holomorphic on 2\ {z0}. Let D, be the open disk
of radius r centered at zg. Pick r so small that D,. C Q. Then (5.4) implies

(5.6) /Mdz: / RIONN

Z — 20 Z — 20
o0 0D,

To evaluate the integral on the right, parametrize the curve 0D, by () = zo+re®®. Hence
dz = ire'® df, so the integral on the right is equal to

27 i0 27
flzo + re”) ire® df = i f(z0 +re') do.

(5.7) S O

As r — 0, this tends in the limit to 27if(zp), so (5.5) is established.

Note that, when (5.5) is applied to © = D, the disk of radius r centered at zp, the
computation (5.7) yields

1 27

(5.8) feo) = 5= [ fGotre?an = soos [ @ asto).
oD,

when f is holomorphic and C! on D,., and £(0D,) = 27 is the length of the circle dD,..
This is a mean value property. We will extend this to harmonic functions in a later section.
Let us rewrite (5.5) as

(5.9) 10 =5 [
o

for z € 2. We can differentiate the right side with respect to z, obtaining

(5.10) e =g [
Q

for z € (2, and we can continue, obtaining

(5.11) £ (z) = ”—!/Ldg.

2w ) (¢ —z)ntd
Q

In more detail, with

(5.9) gives
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Now, as h — 0, given z ¢ 09,
Ap(¢C—2)"t — (¢ —2)72, uniformly on 99,
by Exercise 8 of §1, and this gives (5.10). The formula (5.11) follows inductively, using

Az = D [ % £(¢)de,
4 271 aé h(({—z) )

and applying Exercise 10 of §1.
Here is one consequence of (5.10)—(5.11).

Corollary 5.4. Whenever f is holomorphic on an open set  C C, we have
(5.12) fec>(Q).

Suppose f € C'(Q) is holomorphic, zg € D, C €, where D, is the disk of radius r
centered at 2y, and suppose z € D,.. Then Theorem 5.3 implies

(5:13) fz) = 2%” / (€ — Zo)f(—o(z — %) .
59

We have the infinite series expansion

(5.14) (C—Zo)i(Z—ZO) ¢ : Z(*Z’_ZO)"’

— 20 “—\(¢ — 20
n=0

valid as long as |z — 29| < |¢ — 2o|. Hence, given |z — 29| < r, this series is uniformly
convergent for ¢ € 0€), and we have

(5.15) fe) = 5 3 / cf—(io (== jg)” dc.

n=0 50

This establishes the following key result.

Theorem 5.5. If f € CY(Q) is holomorphic, then for z € D,(z) C Q, f(z) has the
convergent power Series expansion

(5.16) f(2) = an(z - 20)",
n=0

with
_ 1 f(¢) _
(5.17) n = 5— €=zt d¢ =
o

f(”)(zo) |

n!

REMARK. The second identity in (5.17) follows from (5.11). Alternatively, once we have
(5.16), it also follows from (2.28) that a,, is equal to the last quantity in (5.17).

Next we use the Cauchy integral theorem to produce an integral formula for the inverse
of a holomorphic map.
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Proposition 5.6. Suppose f is holomorphic and one-to-one on a neighborhood of Q, a
closed bounded domain in C. Set g = f~1: f() — Q. Then

(5.18) g(w) = %/%d; Ve F(9).
o0

Proof. Set ¢ = g(w), so h(z) = f(z) — w has one zero in Q, at z = ¢, and h'(¢) # 0.
(Cf. Exercise 8 below.) Then the right side of (5.18) is equal to

1 h'(z) , 1 1 ' (2) B
(5.19) 5 zh(z) dz-2—m, Z<Z—C+ <,0(z)>dz_<’
o0 o0

where we set h(z) = (z — {)p(z) with ¢ holomorphic and nonvanishing on a neighborhood
of Q.

Having discussed fundamental consequences of Cauchy’s theorem, we return to the
theorem itself, and give three more proofs. We begin with the following result, closely
related though not quite identical, to Theorem 5.2. We give a proof using not Green’s
theorem but simply the chain rule, the fundamental theorem of calculus, and the equality
of mixed partial derivatives for C? functions of two real variables.

Proposition 5.7. Let f € C*(Q) be holomorphic. Let 7y, be a smooth family of smooth
(class C?) closed curves in 2. Then

(5.20) / f(z)dz = A

1s independent of s.

To set things up, say v,(t) = v(s,t) is C? for a < s < b,t € R, and periodic of period 1
in ¢. Denote the left side of (5.20) by 1 (s):

(5.21) v = [ 1(3(0) (st
Hence
(5.22) P (s) :/0 [/ (v(s,1)) Ds7y(s,) Dy (s, 1) + f(v(5,1)) DsOpy(s, 1) ] dt.

We compare this with

,
= [F(7(s,1)) Osy(s, )] dt
(5.23) /0 ot

:/0 L' (v(s,1)) Diy(s, ) Dy (s, t) + f(7(s,1)) OrDsy (s, t)]dL.
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Using the identity 0;0;v(s,t) = 0;05y(s,t) and the identity

(5.24) F(0sv 0ry = f'(7)0y 05,
we see that the right sides of (5.22) and (5.23) are equal. But the fundamental theorem of
calculus implies the left side of (5.23) is equal to

(5.25) F(v(5:1)) 0s7(5,1) = f(7(5,0)) 057(s,0) = 0.
Thus v¢'(s) = 0 for all s, and the proposition is proven.
For a variant of Proposition 5.7, see Exercise 14.

Our third proof of Cauchy’s theorem establishes a result slightly weaker than Theorem
5.1, namely the following.

Proposition 5.8. With Q as in Theorem 5.1, assume Q C O, open in C, and f is
holomorphic on O. Then (5.4) holds.

The proof will not use Green’s thorem. Instead, it is based on Propositions 1.8 and
1.10. By Proposition 1.8, if f had a holomorphic antiderivative on O, then we’d have
fv f(z)dz = 0 for each closed path v in O. Since 0f2 is a union of such closed paths,
this would give (5.4). As we have seen, f might not have an antiderivative on O, though
Proposition 1.10 does give conditions guaranteeing the existence of an antiderivative. The
next strategy is to chop some neighborhood of Q in O into sets to which Proposition 1.10
applies.

To carry this out, tile the plane C with closed squares R, of equal size, with sides
parallel to the coordinate axes, and check whether the following property holds:

(5.26) If R, intersects €, then R;, C O.

See Fig. 5.1 for an example of part of such a tiling. If (5.26) fails, produce a new tiling by
dividing each square into four equal subsquares, and check (5.26) again. Eventually, for
example when the squares have diameters less than dist(£2, 90), which is positive, (5.26)
must hold.

If RjpN Q # (0, denote this intersection by jk- We have Q= U; k€5, and furthermore

(5.27) /f )dz =) / f(z

g,k 8ng

the integrals over those parts of 92, not in 9 cancelling out. Now Proposition 1.10
implies f has a holomorphic antiderivative on each R;, C O, and then Proposition 1.8
implies

(5.28) / f(z)dz =

Ok
o (5.4) follows.

Finally, we relax the hypotheses on f, for a certain class of domains 2. To specify the
class, we say an open set O C C is star shaped if there exists p € O such that

(5.28A) 0<a<l, p+z€eO0=p+azecO.
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Theorem 5.9. Let Q be a bounded domain with piecewise smooth boundary. Assume Q can
be partitioned into a finite number of piecewise smoothly bounded domains ﬁj, 1<j <K,
such that each §1; is star shaped. Assume f € C(Q) and that f is holomorphic on Q. Then
(5.4) holds.

Proof. Since
K
(5.28B) /f(z) dz = Z f(2)dz,
it suffices to prove the result when Q itself is star shaped, so (5.28A) holds with O = Q,
p € Q. Given f € C(Q), holomorphic on 2, define

(5.28C) fo:Q—C, fiap+z)=f(p+az), 0<a<l.

Then Proposition 5.8 (or Theorem 5.2) implies

(5.28D) /fa(z) dz =0 for each a < 1.
o

On the other hand, since f is continuous on Q, f, — f uniformly on € (and in particular
on 0N) as a /1, so (5.4) follows from (5.28D) in the limit as a " 1.

Exercises

1. Using (5.10), show that if f; are holomorphic on Q C C and f; — f locally uniformly,
then f is holomorphic and V f;, — V f locally uniformly.

2. Show that, for |z| < 1, v € C,

(5.29) (1427 =3 an()",
n=0

where ag(y) =1, a1(y) =7, and, for n > 2,

1y—=1)--(y=n+1)
n! ’

Hint. Use (4.18) to compute f(™(0) when f(2) = (1+ 2)7.

(5.30) an(7) =

3. Deduce from Exercise 2 that, for |z| < 1,

oo

(5.31) (1= 227 = 3 (~1)"an(7)2>",

n=0
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with a, () as above. Take v = —1/2 and verify that (3.46) yields (3.47).

4. Suppose f is holomorphic on a disk centered at 0 and satisfies

f'(2) = af(2),

for some a € C. Prove that f(z) = Ke®* for some K € C.
Hint. Find the coefficients in the power series for f about 0. Alternative. Apply d/dz to

e~ f(2).

5. Suppose f : C — C is a function that is not identically zero. Assume that f is
complex-differentiable at the origin, with f’(0) = a. Assume that

fz+w) = f(z)f(w)

for all z,w € C. Prove that f(z) = e%*
Hint. Begin by showing that f is complex-differentiable on all of C.

N

6. Suppose f : 2 — C is holomorphic, p € Q, and f(p) = 0. Show that g(z) = f(2)/(z—p),
defined at p as g(p) = f'(p), is holomorphic. More generally, if f(p) =--- = fE=D(p) =0
and f)(p) # 0, show that f(z) = (z — p)*g(z) with g holomorphic on © and g(p) # 0.
Hint. Consider the power series of f about p.

7. For f as in Exercise 6, show that on some neighborhood of p we can write f(z) =
[(z — p)h(2)]¥, for some nonvanishing holomorphic function h.

8. Suppose f : 2 — C is holomorphic and one-to-one. Show that f’(p) # 0 for all p € Q.
Hint. Tt f'(p) = 0, then apply Exercise 7 (to f(z) — f(p)), with some k > 2. Apply
Theorem 4.2 to the function G(z) = (z — p)h(2).

Reconsider this problem when you get to §11, and again in §17.

9. Assume f : Q — C is holomorphic, D,(z9) C €, and |f(2)| < M for z € D,(zy). Show
that

I ()| M

(5.32)

n! rn’

Hint. Use (5.11), with 092 replaced by 9D, (zo).

These inequalities are known as Cauchy’s inequalities.

A connected open set €2 C C is said to be simply connected if each smooth closed curve ~
in (2 is part of a smooth family of closed curves 75, 0 < s < 1, in 2, such that v; = v and
~0(t) has a single point as image.

10. Show that if Q C C is open and simply connected, 7 is a smooth closed curve in {2,
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and f is holomorphic on (Q, then f,y f(z)dz =0.

11. Take Q = {2 € C: 0 < |z| < 2}, and let y(t) = €', 0 <t < 27. Calculate J, dz/z and
deduce that € is not simply connnected.

12. Show that if 2 C C is open and convex, then it is simply connected.

13. Show that if 2 C C is open and simply connected and f is holomorphic on €2, then f
has a holomorphic antiderivative on 2.
14. Modify the proof of Proposition 5.7 to establish the following.

Proposition 5.7A. Let Q C C be open and connected. Take p,q € Q and let vs be a
smooth family of curves vs : [0,1] — Q such that v5(0) = p and vs(1) = q. Let f be
holomorphic on 2. Then

/f(z) dz=A

¥s

1s independent of s.

For more on this, see Exercise 8 of §7.
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6. The maximum principle, Liouville’s theorem, and the fundamental theorem
of algebra

Here we will apply results of §5 and derive some useful consequences. We start with the
mean value property (5.8), i.e.,

1 27

(6.1) f(20) = 5= f(z0 +re'?) do,
2 Jo

valid whenever

(6.2) Dy(z0) ={z€C:|z—2| <r}CQ,

provided f is holomorphic on an open set 2 C C. Note that, in such a case,

(6.3) // f(z)d‘”dy:/jﬁ /Orf(zo—l-seie)sdsde

DT(Zo)
= 7T7”‘2f(20),

or

(6.4) feo) =4 [[ 1) dwdy,

Dy (20)

where A, = mr? is the area of the disk D,.(zp). This is another form of the mean value
property. We use it to prove the following result, known as the maximum principle for
holomorphic functions.

Proposition 6.1. Let Q2 C C be a connected, open set. If f is holomorphic on €2, then,
given zy € €,

(6.5) |f(20)| = 81618 |f(2)| = f is constant on €.

If, in addition, Q is bounded and f € C(Q), then

(6.6) sup [f(2)] = sup [f(2)]

2€Q z€0Q

Proof. In the latter context, |f| must assume a maximum at some point in Q (cf. Propo-
sition A.14). Hence it suffices to prove (6.5).
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Thus, assume there exists zg € € such that the hypotheses of (6.5) hold. Set

(6.7) O ={¢ef: f(¢) = fl20)}-

We have zp € O. Continuity of f on €2 implies O is a closed subset of 2. Now, if (, € O,
there is a disk of radius p, D,({o) C €2, and, parallel to (6.9),

(6.9) 1(Go) = Ai [[ rerdeay

DP(CO)

The fact that |f((o)| > |f(z)| for all z € D,({o) forces

(6.9) f(Co) = f(2), Vz€ Dy(Co)

Hence O is an open subset of €2, as well as a nonempty closed subset. As explained in
Appendix A, the hypothesis that €2 is connected then implies O = €). This completes the
proof.

One useful consequence of Proposition 6.1 is the following result, known as the Schwarz
lemma.

Proposition 6.2. Suppose f is holomorphic on the unit disk D1(0). Assume |f(z)] <1
for|z| <1, and f(0) =0. Then

(6.10) 1f(2)] <zl

Furthermore, equality holds in (6.10), for some z € D1(0)\ 0, if and only if f(z) = cz for
some constant ¢ of absolute value 1.

Proof. The hypotheses imply that g(z) = f(z)/z is holomorphic on D1 (0) (cf. §5, Exercise
6), and that |g(z)| < 1/a on the circle {z : |z| = a}, for each a € (0,1). Hence the
maximum principle implies |g(2)| < 1/a on D,(0). Letting a /' 1, we obtain |g(z)| < 1 on
D1 (a), which implies (6.10).

If | f(20)] = |20| at some point in D;(0), then |g(zo)| = 1, so Proposition 6.1 implies
g = ¢, hence f(z) = cz.

The next result is known as Liouville’s theorem.
Proposition 6.3. If f: C — C is holomorphic and bounded, then f is constant.

Proof. Given z € C, we have by (5.10), for each R € (0, 00),

(6.11) f’(z)zi, / (Cf_<2)2 d¢,

where

(6.12) 0DRr(z) ={CeC:|( -z =R}
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Parametrizing ODg(2) by ((t) = z + Re™, 0 <t < 27, we have

1 [*" f(z+Re") .,
/ _ - 1t
fi(z) = omi ), T REemt iRe" dt

(6.13) e
_ ity —it
= —27TR/0 f(z+ Re™)e " dt,

hence, if | f(2)| < M for all z € C,

IS

(6.14) 1f'(2)] <

Compare the case n =1 of (5.32). Since (6.13) holds for all R < oo, we obtain
(6.15) f'(2)=0, VzeC,

which implies f is constant.

Second proof of Proposition 6.3. With f(0) = a, set

g(z) = @ for z # 0,

1'(0) for z = 0.

Then g : C — C is holomorphic (cf. §5, Exercise 6). The hypothesis |f(z)| < M for all z
implies

M + |a|
<
o) < MF
<

so the maximum principle implies |g(z)|
gives g = 0, hence f = a.

for |z| = R,

(M + |a|])/R on Dg(0), and letting R — oo

We are now in a position to prove the following result, known as the fundamental
theorem of algebra.

Theorem 6.4. Ifp(z) = anz™ +a, 12" 1+ +a1z+ag is a polynomial of degree n > 1
(an, #0), then p(z) must vanish somewhere in C.

Proof. Consider
(6.16) fz) = —.
If p(2) does not vanish anywhere on C, then f(z) is holomorphic on all of C. On the other

hand, when z # 0,

(6.17) f2) = — !

— — Y
2" Qp F Qp_127 4 Fagz?
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S0
(6.18) |f(z)] = 0, as |z]| — oo.

Thus f is bounded on C, if p(z) has no roots. By Proposition 6.3, f(z) must be constant,
which is impossible, so p(z) must have a complex root.

Alternatively, having (6.18), we can apply the maximum principle. Applied to f(z)
on Dg(0), it gives |f(2)] < supj¢=g |[f(C)] for |z| < R, and (6.18) then forces f to be
identically 0, which is impossible.

See Appendix F for an “elementary” proof of the fundamental theorem of algebra, i.e.,
a proof that does not make use of results from integral calculus.

Exercises

1. Establish the following improvement of Liouville’s theorem.
Proposition. Assume f : C — C is holomorphic, and that there exist wg € C and a > 0
such that

|f(z2) —wo| >a, VzeC.

Then f is constant.
Hint. Consider

2. Let A C C be an open annulus, with two boundary components, 7o and ;. Assume
f € C(A) is holomorphic in .A. Show that one cannot have

(6.19) Ref <0 on 79 and Ref >0 on ~;.

Hint. Assume (6.21) holds. Then K = {z € A : Re f(z) = 0} is a nonempty compact
subset of A (disjoint from 0.A), and J = {f(z) : z € K} is a nonempty compact subset
of the imaginary axis. Pick ib € J so that b is maximal. Show that, for sufficiently small

0> 0,
1

S =N (O]

which is holomorphic on A, would have to have an interior maximum, which is not allowed.

3. Show that the following calculation leads to another proof of the mean value property
for f holomorphic on 2 C C, when Dgr(p) C 2.

1 27

(6.20) by =g | fprre?)dd
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satisfies
1 2T ] )
P(r)=— f'(p+ re®)e? do
27T 0
(6.21) e
i0
— _ do.
2mar /0 de(p +ret)

4. Let Q = {2 € C:0 < Rez < 1}. Assume f is bounded and continuous on € and
holomorphic on 2. Show that

sup | f| = sup [f].
Q oQ

Hint. For ¢ > 0, consider f.(z) = f(z)e* .
Relax the hypothesis that f is bounded.

For Exercises 5-8, suppose we have a polynomial p(z), of the form
(6.22) p(2) =2"4+an_ 12"+ a1z + ap.

5. Show that there exist rp € C, 1 < k < n, such that

(6.23) p(z)=(2—mr1) (2 —rp).
6. Show that

iz) 1 1
(6:24) p(z)  z—-nr Ttz Tn'

7. Suppose each root 7y of p(z) belongs to the right half-plane H = {z : Re z > 0}. Show
that

P(z) Pz
(6.25) Re 2 <0 = Re ) <0= o) #0.

8. Show that the set of zeros of p’(z) is contained in the convex hull of the set of zeros of

p(z).
Hint. Given a closed set S C R™, the convex hull of S is the intersection of all the
half-spaces containing S.

9. Suppose f : C — C is holomorphic and satisfies an estimate
[f() < C+[))"

for some n € Z*. Show that f(z) is a polynomial in z of degree < n — 1.
Hint. Apply (5.32) with Q = Dp(z) and let R — oo to show that f(™(z) = 0 for all 2.
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10. Show that if f : C — C is holomorphic and not constant, then its range f(C) is dense
in C.

Hint. If f(C) omits a neighborhood of p € C, consider the holomorphic function g(z) =
1/(f(z) —p).

11. Consider the functions
f(z)=¢e"—2z, fl(z)=¢" -1

Show that all the zeros of f are contained in {z : Re z > 0} while all the zeros of f’ lie on
the imaginary axis. (Contrast this with the result of Exercise 7.)
REMARK. Result of §29 imply that e* — z has infinitely many zeros.
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7. Harmonic functions on planar regions

We can write the Cauchy-Riemann equation (1.28) as (0/0x 4 i0/0y)f = 0. Applying
0/0x — i0/0y to this gives

82f 9
(7.1) @—i—a—yQ—O,

on an open set Q C C, whenever f is holomorphic on €. In general, a C? solution to
(7.1) on such 2 is called a harmonic function. More generally, if O is an open set in R™, a
function f € C%(0) is said to be harmonic on O if Af =0 on O, where

0% f 0% f
(7.2) Af = 922 a2
Here we restrict attention to the planar case, n = 2. Material on harmonic functions
in higher dimensions can be found in many books on partial differential equations, for
example [T2] (particularly in Chapters 3 and 5), and also in Advanced Calculus texts,
such as [T] (see §10).

If f = wu+ dv is holomorphic, with w = Re f, v =Im f, (7.1) implies

0%u @_ 0%v 0%

(7.3) %l + 9y° =0, ) + 0_y2

=0,

so the real and imaginary parts of a function holomorphic on a region €2 are both harmonic
on €. Our first task in this section will be to show that many (though not all) domains
Q) C C have the property that if u € C?() is real valued and harmonic, then there exists
a real valued function v € C?(Q) such that f = u + v is holomorphic on €. One says
v is a harmonic conjugate to u. Such a property is equivalent to the form (1.34) of the
Cauchy-Riemann equations:

ou  Ov ov ou
(7.4) £_8_y7 %—_6_y.

To set up a construction of harmonic conjugates, we fix some notation. Given a =
a+ib, z =x+1y (a,b,xz,y € R), let 7, denote the path from « to z consisting of the
vertical line segment from a + ib to a + iy, followed by the horizontal line segment from
a+ 1y to x + 1y. Let o,, denote the path from a to z consisting of the horizontal line
segment from a + b to x + ib, followed by the vertical line segment from x + ib to = + iy.
Also, let R, denote the rectangle bounded by these four line segments. See Fig. 7.1. Here
is a first construction of harmonic conjugates.
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Proposition 7.1. Let Q C C be open, o = a+ib € Q, and assume the following property
holds:

(7.5) If also z € Q, then R, C €.

Let u € C%(Q) be harmonic. Then u has a harmonic conjugate v € C%().
Proof. For z € €, set

(7.6) Yocs

Also set

(7.7) Tas
T ou , Y ou )
——/a 8—y(t+lb)dt+/b %(33‘1'23)&9-

Straightforward applications of the fundamental theorem of calculus yield

ov ou
(7.8) %(3) = _8_y(z)
and
0v ou
(79) 52 = 5o
Furthermore, since R, . C €2, we have
. ou ou
0(z) —v(z) = / <_6_ dzr + p dy>
8Ro¢z
(7.10) // 0u  0%u
972 —I— d:c dy
— (),

the second identity by Green’s theorem, (5.1), and the third because Au = 0 on 2. Hence
(7.8)—(7.9) give the Cauchy-Riemann equations (7.4), proving Proposition 7.1.

The next result, whose proof is similar to that of Proposition 1.10, simultaneously
extends the scope of Proposition 7.1 and avoids the use of Green’s theorem.
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Proposition 7.2. Let Q C C be open, o = a+ib € Q, and assume the following property
holds.

(7.11) If also z € ), then 4, C Q.

Let u € C%(Q2) be harmonic. Then u has a harmonic conjugate v € C%().

Proof. As in the proof of Proposition 7.1, define v on € by (7.6). We again have (7.8). It
remains to compute dv/dy. Applying 0/0y to (7.6) gives

T 92
Oy = Pty — 6—Z(t+iy)dt
oy or oy

ou _ 9% ,

71 = %(cH—zy) +/a W(t%—zy) dt

ou . ou N E
= %(a +iy) + %(t +iy) .
ou
- %(’Z%

the second identity because u is harmonic and the third by the fundamental theorem of
calculus. This again establishes the Cauchy-Riemann equations, and completes the proof
of Proposition 7.2.

Later in this section, we will establish the existence of harmonic conjugates for a larger
class of domains. However, the results given above are good enough to yield some important
information on harmonic functions, which we now look into. The following is the mean
value property for harmonic functions.

Proposition 7.3. If u € C%(Q) is harmonic, 2o € Q, and D,.(z) C ), then

1

2

(7.13) u(zo) = /0 ' u(zo + e’ df.

Proof. We can assume u is real valued. Take p > r such that D,(z) C Q. By Proposition

7.1, u has a harmonic conjugate v on D,(zp), so f = u + iv is holomorphic on D,(zp). By
(5.8),
1 27 .
(7.14) f(z0) = — f(z0 4 re') db.
2m Jo
Taking the real part gives (7.13).

As in (6.3), we also have, under the hypotheses of Proposition 7.3,

(7.15) // u(z) dr dy = /027r /Oru(Zo + se'%)s ds df

DT(ZO)

= 7Tr2u(z0),
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hence

1
(7.16) u(zp) = T /u(z) dx dy.
TDT(ZO)

With this, we can establish a maximum principle for harmonic functions.

Proposition 7.4. Let Q2 C C be a connected, open set. If u : 2 — R is harmonic on §Q,
then, given zy € 0,

(7.17) u(zp) = sup u(z) = u is constant on €.
2€Q

If, addition, Q is bounded and u € C(Q), then

(7.18) sup u(z) = sup u(z).
2€Q z€09

Proof. Essentially the same as the proof of Proposition 6.1.
Next, we establish Liouville’s theorem for harmonic functions on C.
Proposition 7.5. If u € C?(C) is bounded and harmonic on all of C, then u is constant.

Proof. Pick any two points p,q € C. We have, for all r > 0,

(7.19) u(p) — // ) dx dy — // ) dx dy

" Drp) Dr(q)
where, as before, A, = 7r2. Hence
(7.20) up) ~u@) < =5 [ lute)dody
A(p,q,r)

where

A(p,q,7) = D, (p)AD,.(q)
= (D;(p) \ Dr(q)) U (Dr(q) \ Dr(p)).

Note that if a = |p — ¢, then A(p,q,7) C Dyya(p) \ Dr—a(p), so

(7.21)

(7.22) Area(A(p,q,7)) < 7[(r +a)? — (r — a)?] = 4rar.
It follows that, if |u(z)] < M for all z € C, then

AM|p —
(7.23) u(p) — u(g) < =y <o



74

and taking r — oo gives u(p) — u(q) = 0, so u is constant.

Second proof of Proposition 7.5. Take u as in the statement of Proposition 7.5. By Propo-
sition 7.1, v has a harmonic conjugate v, so f(z) = u(z) 4 iv(2) is holomorphic on C, and,
for some M < oo,

|IRe f(2)| <M, VzeC.

In such a case, Re(f(z) + M +1) > 1 for all z, so

1

A OES TS

is holomorphic on C and |g(z)| < 1 for all z, so Proposition 6.3 implies ¢ is constant, which
implies f is constant. (Compare Exercise 1 in §6.)

We return to the question of when does a harmonic function on a domain 2 C C have a
harmonic conjugate. We start with a definition. Let {2 C C be a connected, open set. We
say () is a simply connected domain if the following property holds. Given p,q € €2 and a
pair of smooth paths

(7.24) Yo0,71 1 [0,1] — @, 7;(0) =p, 3;(1) =g,
there is a smooth family v, of paths, such that
(7.25) s :[0,1] — Q,  75(0) = p, vs(1) =¢q, Vs €[0,1].

Compare material in Exercises 10-13 of §5. The definition given there looks a little dif-
ferent, but it is equivalent to the one given here. We also write v(t) = ~(s,t), v :
[0,1] x [0,1] — Q. We will prove the following.

Proposition 7.6. Let Q C C be a simply connected domain. Then each harmonic function
u € C?(Q) has a harmonic conjugate.

The proof starts like that of Proposition 7.1, picking a € €2 and setting

(7.26) v(z) = / (—@ dx + a—z dy),

except this time, 7,, denotes an arbitrary piecewise smooth path from « to z. The crux
of the proof is to show that (7.26) is independent of the choice of path from « to z. If this
known, we can simply write

7 Ou ou
(7.27) v(z) = / <_3_y dx + e dy),

and proceed as follows. Given z € 2, take r > 0 such that D,(z) C Q. With z = z + iy,
pick £ + iy, x +in € D,(z) (z,y,&,n € R). We have

STy gy ou SRRV T ou
2 = - —_— - =
(7.28) v(2) /a ( 3y dzx + o dy) + /&iy ( a9y dr + 9 dy),
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where we go from & + iy to z = x + iy on a horizontal line segment, and a calculation
parallel to (7.8) gives

ov ou

(7.29) %(z) = _8_y(z)

We also have

= du ou Y Qu ou
(7.30) v(z) = /a (_8_y dx + E dy> + /Hm <_8_y dx + Iz dy),

where we go from x +1in to z =  + iy on a vertical line segment, and a calculation parallel
to (7.9) gives

(7.31) 2—2(2) = %(2),

thus establishing that v is a harmonic conjugate of u.
It remains to prove the asserted path independence of (7.26). This is a special case of
the following result.

Lemma 7.7. Let Q C C be a simply connected domain, and pick p,q € €. Assume
Fi, Fy € CY(Q) satisfy

OF, 0F,
32 o _ ofs
(7.:32) oy ox
Then
(733) / F1 d$+F2 dy
Ypa

is independent of the choice of path from p to q.

To see how this applies to the path independence in (7.26), which has the form (7.33)
with
ou ou
7.34 Fh=—" [,=2

note that in this case we have

2 2
(735) 8F1 _ _8 u, 8F2 _ 0 u7
Ay Oy? or  0x?

so (7.32) is equivalent to the assertion that u is harmonic on €.
In view of the definition of a simply connected domain, the following result implies
Lemma 7.7.
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Lemma 7.8. Let Q C C be open and connected, and pick p,q € Q. Let Fy, Fy € C1(Q)
satisfy (7.32). Then, if vs : [0,1] — Q, 0 < s <1, is a smooth family of paths from p to q,

(7.36) /F1 dx + Fydy
Vs
is independent of s.
To prove Lemma 7.8, it is convenient to introduce some notation. Set
(7.37) Ty =T, T2=1Y,
so (7.32) yields

OF, _ OF,

for all j,k € {1,2}. Also, represent elements of R? ~ C as vectors:

F /
J

2

Then (7.36) takes the form

(7.40) JREACROIEHOEE
We are assuming
’Vs(t) = 7(87t>7 v [07 1] X [07 1] — Q,
v(s,0)=p, 7(s,1) =g,

and the claim is that (7.40) is independent of s, provided (7.38) holds.
To see this independence, we compute the s-derivative of (7.40), i.e., of

/ Fiy(s,)

Oy
: E(S,t) dt
1 .
| ;Fms,t»%(s,t) .

(7.42)

The s-derivative of the integrand in (7.42) is obtained via the product rule and the chain
rule. Thus the s-derivative of (7.42) is

[ S g a0 g gosts. 0
(7.43) e -
[ e g g0
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We can apply the identity

) )
(7.44) 5: 5715 = 5, 5.7(s, 1)

to the second integrand in (7.43) and then integrate by parts. This involves applying 9/0t
to Fj(7y(s,t)), and hence another application of the chain rule. When this is done, the
Second integral in (7.43) becomes

(7.45) / Z amk 825%(s ) 88 vy (s,1) dt.

Note that v(s,0) = p,v(s,1) = ¢ = 057,(s,0) = 0 = 057(s, 1), so integration by parts

involves no endpoint contributions. Now, if we interchange the roles of j and k in (7.45),

we cancel the first integral in (7.43), provided (7.38) holds. This proves Lemma 7.8.
With this done, the proof of Proposition 7.6 is complete.

Exercises

1. Modify the second proof of Proposition 7.5 to establish the following.

Proposition 7.5A. Ifu € C%(C) is harmonic on C, real valued, and bounded from below,
then u is constant.

Hint. Let u =Re f, f: C — C, holomorphic. See Exercise 1 of §6.

Alternative. Modify the argument involving (7.19)—(7.23), used in the first proof of Propo-
sition 7.5, to show that u(p) — u(g) < 0, and then reverse the roles of p and g.

2. Let u : © — R be harmonic. Assume u has a harmonic conjugate v, so f(2) = u(z)+iv(2)
is holomorphic. Show that, if v : [a,b] — € is a piecewise smooth path,

(7.46) %/f’(z)dz:/<—?dx+g—dy) /(—g—dx+g—”dy>

~

Deduce that the integral on the right side of (7.46) must vanish whenever v is a closed
curve in €.

Hint. Write f'(2)dz = (uy + iv,)(dx + idy), separate the left side of (7.46) into real and
imaginary parts, and use the Cauchy-Riemann equations to obtain the right side of (7.46).

3. Let © C C be a connected, open set and u : £ — R be harmonic. Show that v has a
harmonic conjugate v € C?(Q) if and only if

(7.47) /(—? dz + g—u dy> 0,

Y
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for every smooth closed curve v in €.
Hint. For the “only if” part, use (7.46). For the converse, consider the role of (7.26) in
the proof of Proposition 7.6.

Recall from §4 the holomorphic function log : C\ (—o0, 0] — C, characterized by

z=re" r>0, —1 <0 <m=logz = logr + 0.

In particular, if we define Arg(z) to be 6, then log|z| is harmonic on C\ (—o0,0], with
harmonic conjugate Arg(z).

4. Show directly that log|z| is harmonic on C \ 0.

5. Show that log |z| does not have a harmonic conjugate on C \ 0.
One approach: Apply Exercise 3.
Hint. Show that if v(t) = re't, 0 <t < 2, and u(z) = ¥(]2|?), then

) ) ,
(7.48) /(_8_Z dx + 8—5 dy) — 4y (12).

Y

6. Let €2 C C be open and connected, u : 2 — R harmonic. If v and v are both harmonic
conjugates of u on €2, show that v — v is constant.

Hint. Use the Cauchy-Riemann equations to show that if ¢ : 2 — R is holomorphic, then
g is constant.

7. Use Exercise 6 to get another solution to Exercise 5, via the results on Arg(z).
8. Let €2 C C be simply connected. Pick p € 2. Given g holomorphic on €, set
6= [ade, zeq
Tpz

with v,. a smooth path in € from p to z. Show that this integral is independent of the
choice of such a path, so f(z) is well defined. Show that f is holomorphic on 2 and

f'(z)=g(z), VzeQ.

Hint. For the independence, see Exercise 14 of §5. For the rest, adapt the argument used
to prove Proposition 7.6, to show that

%(Z)zg(z), and =25 (2) = g(2).
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9. Let Q C C be a bounded domain with piecewise smooth boundary. Let Fy, Iy € C1(Q)
satisfy (7.32). Use Green’s theorem to show that

oN

Compare this conclusion with that of Lemma 7.7. Compare the relation between these
two results with the relation of Proposition 5.7 to Theorem 5.2.

10. Let © C C be open, and 7,, : [a,b] — Q a path from p to g. Show that if v € C(Q),
then

(7.49) v(q) —v(p) = /(a—z dx + 8—; dy).

Relate this to the use of (7.6), (7.7), and (7.26).
Hint. Compute (d/dt)v(y(t)).

11. Show that (7.49) implies Proposition 1.8.
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8. Morera’s theorem and the Schwarz reflection principle

Let © be a connected open set in C. We have seen that if f : 2 — C is holomorphic,
i.e., f € CH(Q) and f is complex-differentiable, then the Cauchy integral theorem and the
Cauchy integral formula hold for f, and hence f € C*°(Q2) and f’ is also holomorphic. Here
we will establish a converse of the Cauchy integral theorem, known as Morera’s theorem.

Theorem 8.1. Assume g : 2 — C is continuous and

(8.1) /g(z) dz=0

whenever v = OR and R C ) is a rectangle. Then g is holomorphic.

Proof. Since the property of being holomorphic is local, there is no loss of generality in
assuming €2 is a rectangle. Fix o = a +ib € Q. Given z = x + iy € (), let 7., and o4,
be the piecewise linear paths from a to z described below (7.4); cf. Fig.7.1. That is, 4.
goes vertically from a + ib to a + iy, then horizontally from a + iy to x + iy, and o, goes
horizontally from a + ib to x + ib, then vertically from x + ib to = + iy. Now set

(8.2) 1) = [ o@dc = /b " glatis)ds + / " g(t 4 iy) dt.

By (8.1), we also have

(8.2A) f(z) = /g(()d(z/zg(s—kib)ds+i/byg(a:+it)dt.

Oaz

Applying 9/0x to (8.2) gives (as in (1.53))

9
(8.3 ()= g02)
Similarly, applying 0/0y to (8.2A) gives

)
(8.4 S (:) = ig).

This shows that f : Q — Cis C' and satisfies the Cauchy-Riemann equations. Hence f is
holomorphic and f’(z) = g(z). Thus g is holomorphic, as asserted.

Morera’s theorem helps prove an important result known as the Schwarz reflection
principle, which we now discuss. Assume 2 C C is an open set that is symmetric about
the real axis, i.e.,

(8.5) z2e€Q =7z
Say L =QNR, and set OF ={z € Q:+Im z > 0}.
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Proposition 8.2. In the set-up above, assume f : QT UL — C is continuous, holomorphic
in QF, and real valued on L. Define g : Q — C by

9(2) = f(z), z€QTUL,

(8.6) 7@, sea

Then g is holomorphic on ().

Proof. It is readily verified that g is C* on Q~ and satisfies the Cauchy-Riemann equation
there, so g is holomorphic on Q\ L. Also it is clear that g is continuous on €. To see that
g is holomorphic on all of 2, we show that g satisfies (8.1) whenever v = OR and R C
is a (closed) rectangle. If R C QT or R C Q~ this is clear. If R C Q1 U L, it follows by
the continuity of ¢ and a limiting argument (see Theorem 5.9); similarly we treat the case
R C Q™ U L. Finally, if R intersects both Q% and Q~, then we set R = R™ U R~ with
R* = Q* U L, and note that

/g(z)dz: /g(z)dz—i— / g(z)dz,

OR ORt+ OR—

to finish the proof.

REMARK. For a stronger version of the Schwarz reflection principle, see Proposition 13.9.

Exercises

1. Let © C C be a connected domain. Suppose v is a smooth curve in 2, and Q \ v has
two connected pieces, say (1+. Assume g is continuous on {2, and holomorphic on €2, and
on {)_. Show that g is holomorphic on ).

Hint. Verify the hypotheses of Morera’s theorem.

2. Suppose f is holomorphic on the semidisk |z| < 1, Im 2z > 0, continuous on its closure,
and real valued on the semicircle |z] =1, Im z > 0. Show that setting
9(2) = f(2), |z] <1, Im z > 0,
f(1/%), |z >1, Im z >0,
defines a holomorphic function on the upper half-plane Im z > 0.

3. Suppose that f is holomorphic (and nowhere vanishing) on the annulus 1 < |z| < 2,
continuous on its closure, and |f| = 1 on the circle |z| = 1. Show that setting

9(z) = f(2), 1<z <2,
L ip<p<n
iz 0T
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defines a holomorphic function on the annulus 1/2 < |z| < 2.

4. The proof of Proposition 8.2 used the assertion that if f : QT — C is holomorphic and
g(z) = f(Z), then g is holomorphic on @~ = {z € C: Z € Q*}. Prove this.
Hint. Given zy € QF, write f(2) = 3,5 ax(z —20)" on a neighborhood of zo in Q. Then
produce a power series for g about Zg.
5. Given f:Q — C, we say f is antiholomorphic if f is holomorphic, where f(z) = m
Let g : O — (), with O and €2 open in C. Prove the following;:

(a) f holomorphic, g antiholomorphic = f o g antiholomorphic.

(b) f antiholomorphic, g holomorphic = f o g antiholomorphic.

(c) f antiholomorphic, g antiholomorphic = f o g holomorphic.
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9. Goursat’s theorem

If Q € Cis open and f : © — C, we have defined f to be holomorphic provided
f € CYR) and f is complex-differentiable. Here we show that the hypothesis f € C1(Q)
can be dispensed with. This observation is due to E. Goursat.

Theorem 9.1. If f : Q — C 1is complex-differentiable at each point of Q, then f is
holomorphic, so f € CY(Q), and in fact f € C>®(Q).

Proof. We will show that the hypothesis yields

(9.1) flz)dz=0
/

for every rectangle R C 2. The conclusion then follows from Morera’s theorem.

Given a rectangle R C Q, set a = || or f(2)dz. Divide R into 4 equal rectangles. The
integral of f(z)dz over their boundaries sums to a. Hence one of them (call it R;) must
have the property that

9.2) | / F(z)dz| > %
OR;
Divide R; into four equal rectangles. One of them (call it Ry) must have the property that
(9.3) | / £(z)dz| > 472al.
OR>

Continue, obtaining nested rectangles Ry, with perimeter Ry, of length 27*/(OR) = 2~ *b,
such that

(9.4) ‘/f(z)dz‘24_k]a|.
OR

The rectangles Ry shrink to a point; call it p. Since f is complex-differentiable at p, we
have

(9-5) f(z)=fp) + f'(p)(z = p) + (2),

with

(9.6) [@(2)| = o(lz = pl).
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In particular,

|2(2)]
zEORy, |Z _pl

(9.7)

=0, — 0, as k — oo.

Now it is directly verifiable, e.g., via (1.45), that

(9.8) /dz:O, /zdz:O.

8Rk aRk

Hence, with ;. as in (9.7),

(9.9) )/ f(z)dz‘:‘/fb(z)dz‘ <O, -2k 27k

ORy ORy,

since |z —p| < C'27F for z € ORy, and the length of ORy is < C'27%. Comparing (9.4) and
(9.9), we see that |a| < Cdj for all k, and hence a = 0. This establishes (9.1) and hence
proves Goursat’s theorem.

Exercise

1. Define f : R — C by
1
f(z)=a*sin—, x#0,
x
0, x = 0.

Show that f is differentiable on R, but f’ is not continuous on R. Contrast this with
Theorem 9.1.

2. Define f: C\ 0 — C by

f(z) = 22 sin%, z # 0.

Show that f is not bounded on {z € C:0 < |z| < 1}.
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10. Uniqueness and analytic continuation

It is a central fact that a function holomorphic on a connected open set 2 C C is
uniquely determined by its values on any set S with an accumulation point in €, i.e., a
point p € € with the property that for all € > 0, the disk D.(p) contains infinitely many
points in S. Phrased another way, the result is:

Proposition 10.1. Let Q C C be open and connected, and let f : 2 — C be holomorphic.
If f =0 o0n aset S CQ and S has an accumulation point p € ), then f =0 on ).

Proof. There exists R > 0 such that the disk Dr(p) C Q2 and f has a convergent power
series on Dg(p):

(10.1) f(z) = Z an(z —p)".

If all a,, = 0, then f =0 on Dg(p). Otherwise, say a; is the first nonzero coefficient, and
write

(10.2) f(z) = (z=pVg(2), 9(z) = ajin(z—p)"
n=0

Now g(p) = a; # 0, so there is a neighborhood U of p on which g is nonvanishing. Hence
f(z) #0 for z € U \ p, contradicting the hypothesis that p is an accumulation point of S.

This shows that if S is the set of accumulation points in Q of the zeros of f, then S#
is open. It is elementary that S# is closed, so if  is connected and S# # ), then S# = Q,
which implies f is identically zero.

To illustrate the use of Proposition 10.1, we consider the following Gaussian integral:

(10.3) G(z) = / et HE gt

It is easy to see that the integral is absolutely convergent for each z € C and defines a
continuous function of z. Furthermore, if  is any closed curve on C (such as v = JR for
some rectangle R C C) then we can interchange order of integrals to get

(10.4) /G(z) dz =/ /e‘t”tz dzdt =0,
vy o vy

the last identity by Cauchy’s integral theorem. Then Morera’s theorem implies that G is
holomorphic on C.
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For z = x real we can calculate (10.3) via elementary calculus. Completing the square
in the exponent gives

(10.5) Clz) = €w2/4/ o =2/2) gy _ em2/4/ gt

— 00

To evaluate the remaining integral, which we denote I, we write

) oo 2m o)
(10.6) I* = / / e 5 dsdt = / / e rdrdd =,
oo J—oo o Jo

where fooo e~ rdr is evaluated via the change of variable p = r2. Thus I = /7, so
(10.7) G(x) = ﬁem2/4, x €R.

Now we assert that

(10.8) G(z) = Jrer/t zec,

since both sides are holomorphic on C and coincide on R. In particuler, G(iy) = /me¥ /4,
for y € R, so we have

(10.9) / e~ Hity g — ﬁe_y2/4, y € R.

We next prove the following

Proposition 10.2. Let Q C C be a simply connected domain. Assume f : Q — C s
holomorphic and nowhere vanishing. Then there exists a holomorphic function g on €
such that

(10.10) 9% = f(2), VzeQ.

Proof. We may as well assume f is not constant. Take p € Q such that f(p) ¢ R~ =
(—00,0]. Let O C € be a neighborhood of p such that

(10.11) f:O—C\R".

We can define g on O by

(10.12) g(z) =log f(2), z€O,

where log : C\ R~ — C is as in §4. Applying d/dz and using the chain rule gives

f'(z)
f(z)”

(10.13) g (z) = ze€O.
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Consequently

(10.14) g(z) = log f(p / F¢

for z € O, where we integrate along a path from p to z within O. Now if f is nowhere
vanishing, then f’/f is holomorphic on 2, and if €2 is simply connected, then the integral
on the right side is well defined for all z € 2 and is independent of the choice of path from
p to z, within , and defines a holomorphic function on €. (See Exercise 14 of §5 and
Exercise 8 of §7.)

Hence (10.14) gives a well defined holomorphic function on €. From (10.12), we have

(10.15) eI = f(2), VzeO,

and then Proposition 10.1 implies (10.10).
It is standard to denote the function produced above by log f(z), so

(10.16) log f(z) = log f(p / (¢

under the hypotheses of Proposition 10.2. One says that log f(z) is extended from O to
by “analytic continuation.” In the setting of Proposition 10.2, we can set

(10.17) f(z) = eM/Def=) e

and, more generally, for a € C,

(10.18) f(2)® =erlsf®) 5 eqQ,

These functions are hence analytically continued from O (where they have a standard

definition from §4) to Q. We will see further cases of analytic continuation in Sections 18
and 19.

Exercises

1. Suppose 2 C C is a connected region that is symmetric about the real axis, i.e.,
z€Q=7ZeQ. If fis holomorphic on {2 and real valued on 2N R, show that

(10.19) f(z) = 7@
Hint. Both sides are holomorphic. How are they related on 2 NR?

1A. Set z* = —Z and note that z — z* is reflection about the imaginary axis, just as z — z
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is reflection about the real axis. Suppose {2 C C is a connected region that is symmetric
about the imaginary axis, i.e., z € Q < 2* € Q. If f is holomorphic on  and is purely
imaginary on €2 N iR, show that

(10.20) fz) = 1)
Hint. Show that f(z*)* = —f(—2) is holomorphic in z.

2. Let D be the unit disk centered at the origin. Assume f : D — C is holomorphic
and that f is real on D N R and purely imaginary on D N {R. Show that f is odd, i.e.,

f(z) = =f(=2).
Hint. Show that (10.19) and (10.20) both hold.

3. Let € be a simply connected domain in C and f a holomorphic function on €2 with the
property that f: Q — C\ {—1,1}. Assume f is not constant, and take p € € such that
f(p) ¢ C\ {(—o0,1]U[1,00)}, the set where sin ' is defined; cf. (4.23)-(4.27). Show that

sin™! f(z) can be analytically continued from a small neighborhood of p to all of , and
sin™! f(z) =sin~! f(p) + /Z —f’(f) d€
p V1= f(§)?
4. In the setting of Proposition 10.2, if g(z) is given by (10.14), show directly that

and deduce that (10.10) holds, without appealing to Proposition 10.1.

5. Consider
I(a) = /OO emat’ dt, Rea > 0.
Show that I is holomorphic in {a € CO: Rea > 0}. Show that
I(a) = \/7%@1/2.
Hint. Use a change of variable to evaluate I(a) for a € (0, 00).

6. Evaluate o
—bt? 2
/ e costdt, b>0.
0

Make the evaluation explicit at b = 1.
Hint. Evaluate I(b — ). Consult Exercise 19 of §4.

7. Show that Jr
: ) = _7T wi/4
%1{% I(b—1) 5e

What does this say about [ cost?dt and [ sint? dt?
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11. Singularities

The function 1/z is holomorphic on C\ 0 but it has a singularity at z = 0. Here we will
make a further study of singularities of holomorphic functions.

A point p € C is said to be an isolated singularity of f if there is a neighborhood U of p
such that f is holomorphic on U \ p. The singularity is said to be removable if there exists
a holomorphic function f on U such that f = f on U \ p. Clearly 0 is not a removable
singularity for 1/z, since this function is not bounded on any set D.(0)\ 0. This turns out
to be the only obstruction to removability, as shown in the following result, known as the
removable singularities theorem.

Theorem 11.1. Ifp € Q and f is holomorphic on Q\p and bounded, then p is a removable
singularity.

Proof. Consider the function g : {2 — C defined by

9(z) = (z—p)*f(z), z2€Q\p,
—0.

- 9(p)

That f is bounded implies g is continuous on (). Furthermore, g is seen to be complex-
differentiable at each point of €):

g(2) =2z =p)f(2) + (2 = p)*f'(2), 2€Q\p,

(11.2) :
' g'(p) = 0.

Thus (by Goursat’s theorem) g is holomorphic on €2, so on a neighborhood U of p it has
a convergent power series:

(11.3) 9(z) =) an(z—p)", z€U.
n=0
Since g(p) = ¢'(p) =0, ag = a3 = 0, and we can write
(11.4) 9(2) = (2 = ?h(z), h(z) = aasn(z—p)", z€U.
n=0

Comparison with (11.1) shows that h(z) = f(z) on U \ p, so setting

(11.5) f(z)=f(2), ze€Q\p, f(p)=h(p)

defines a holomorphic function on €2 and removes the singularity.
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By definition an isolated singularity p of a holomorphic function f is a poleif | f(z)| — oo
as z — p. Say f is holomorphic on 2\ p with pole at p. Then there is a disk U centered at
p such that |f(z)] > 1 on U\ p. Hence g(z) = 1/f(z) is holomorphic on U \ p and g(z) — 0
as z — p. Thus p is a removable singularity for g. Let us also denote by g the holomorphic
extension, with g(p) = 0. Thus g has a convergent power series expansion valid on U:

(11.6) 9(z) =3 an(z —p)".
n=~k

where we have picked aj as the first nonzero coefficient in the power series. Hence

(11.7) 9(2) = (2 =p)*h(2), h(p) =ay #0,
with A holomorphic on U. This establishes the following.

Proposition 11.2. If f is holomorphic on Q\ p with a pole at p, then there exists k € Z*
such that

(11.8) f(z)=(z—p)"F(2)
on Q\ p, with F' holomorphic on  and F(p) # 0.

If Proposition 11.2 works with k = 1, we say f has a simple pole at p.
An isolated singularity of a function that is not removable and not a pole is called an
essential singularity. An example is

(11.9) f(z) =e'?,

for which 0 is an essential singularity. The following result is known as the Casorati-
Weierstrass theorem.

Proposition 11.3. Suppose f : Q\ p — C has an essential singularity at p. Then, for
any neighborhood U of p in 2, the image of U \ p under f is dense in C.

Proof. Suppose that, for some neighborhood U of p, the image of U \ p under f omits a
neighborhood of wy € C. Replacing f(z) by f(z) — wp, we may as well suppose wy = 0.
Then g(z) = 1/f(z) is holomorphic and bounded on U \ p, so p is a removable singularity
for g, which hence has a holomorphic extension §. If §(p) # 0, then p is removable for f.
If g(p) = 0, then p is a pole of f.

REMARK. There is a strengthening of Proposition 11.3, due to E. Picard, which we will
treat in §28.

A function holomorphic on €2 except for a set of poles is said to be meromorphic on Q.

For example,
sin z

tanz =
CcOoS 2

is meromorphic on C, with poles at {(k + 1/2)7 : k € Z}.
Here we have discussed isolated singularities. In §4 we have seen examples of functions,
such as z'/? and log z, with singularities of a different nature, called branch singularities.
Another useful consequence of the removable singularities theorem is the following char-
acterization of polynomials.
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Proposition 11.4. If f : C — C is holomorphic and |f(z)| — oo as |z| — oo, then f(z)
18 a polynomial.

Proof. Consider g : C\ 0 — C, defined by

(11.10) g(z) = f<l>.

The hypothesis on f implies |g(z)] — 0o as z — 0, so g has a pole at 0. By Proposition
11.2, we can write

(11.11) 9(z) = 27*G(2)

on C\ 0, for some k € Z", with G holomorphic on C and G(0) # 0. Then write

(11.12) G(z) = Zgjzj + 2P h(2),

with A(z) holomorphic on C. Then

k—1
9(z) =) 927"+ h(z),
§=0
SO
k—1 1
— L k—j Z
f(z)—jz_:ogjz +h<z>’ for z #0.

It follows that
k—1
(11.13) f(z) — Zgjzk—a
=0

is holomorphic on C and, as |z| — oo, this tends to the finite limit h(0). Hence, by
Liouville’s theorem, this difference is constant, so f(z) is a polynomial.

Exercises
1. In the setting of Theorem 11.1, suppose |z —p| = r and D, (z) C Q. If |f| < M on Q\ p,
show that

(11.14) 1f'(2)] <

Y

M
r
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and hence, in (11.2),
(11.15) (= = p)*f'(2)| < M|z — p|.

Use this to show directly that the hypotheses of Theorem 11.1 imply g € C'*(f2), avoiding

the need for Goursat’s theorem in the proof.
Hint. Use (5.10) to prove (11.14). In (5.10), replace ©Q by Dg(z) with s < r, and then let

s /.
2. For yet another approach to the proof of Theorem 11.1, define h : 2 — C by

h(z) = (z—p)f(z), z€Q\p,
= 0.

(11.16)
h(p)

Show that h : Q@ — C is continuous. Show that [,,h(z)dz = 0 for each closed rectangle
R C (), and deduce that A is holomorphic on €. Use a power series argument parallel to
that of (11.3)—(11.4) to finish the proof of Theorem 11.1.

3. Suppose 2, O C C are open and f : 2 — O is holomorphic and a homeomorphism.
Show that f’(p) # 0 for all p € Q.

Hint. Apply the removable singularities theorem to f~!: O — Q.

Compare the different approach suggested in Exercise 8 of §5.

4. Let f : C — C be holomorphic and assume f is not a polynomial. (We say f is a
transcendental function.) Show that g : C\ 0 — C, defined by g(z) = f(1/z), has an
essential singularity at 0. Apply the Casorati-Weierstrass theorem to g, and interpret the
conclusion in terms of the behavior of f.

REMARK. (Parallel to that after Proposition 11.3) For an improvement of this conclusion,
see §28.
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12. Laurent series

There is a generalization of the power series expansion, which works for functions holo-
morphic in an annulus, rather than a disk. Let

(12.1) A={z€C:ry<|z— 2| <ri}.
be such an annulus. For now assume 0 < rg < r; < oo. Let 7; be the counter-clockwise

circles {|z — 29| = 7;}, so A = v — 9. If f € C1(A) is holomorphic in A, the Cauchy
integral formula gives

1 [ f(Q) 1 [ Q)
12.2 = — ¢ — — | —*d
(122) 1) =5 [ FLac— o [ L ac
71 Yo
for z € A. For such a z, we write
1 1 1 1 cc
(=2 (C—2)-(e—2) (-zl-z== >~
1 1
- ) € 9
z— 201 — C—zg g Y0
zZ—20
and use the fact that
|z — 20| <|C — 20|, for ¢ €,
> ¢ — 20|, for ¢ € o,
to write
1 1 > Z—2zZo\"
12.3 = ( ), Cem,
(12.3) 2 C—Zonz_% T CEM
and
1 1 = /C—2z\™
12.4 — ( ) . e
(12.4) c_z Z—Zomz_oz—zo ¢ €%
Plugging these expansions into (12.2) yields
(12.5) fz)= Y anlz—2)", z€A,
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with
_ 1 f(Q)
(12.6) an = 5 = 2) ¢, n >0,
Y1
and
(12.7) 4 =

2

[ =zmde n=-m-1<0
Yo

Now in (12.6) and (12.7) 7o and ~; can be replaced by any circle in A concentric with
these. Using this observation, we can prove the following.

Proposition 12.1. Given 0 < ro <11 < oo, let A be the annulus (12.1). If f : A — C is
holomorphic, then it is given by the absolutely convergent series (12.5), with

_1 f(Q)
(128) Ay = % W dC7 n e Z,
Y

where 7y is any (counter-clockwise oriented) circle centered at zo, of radius r € (ro,71).

Proof. The preceding argument gives this result on every annulus
A ={zecC:r) <|z— 2| <}

for ro < r(, < r] < r1, which suffices.
Of particular interest is the case rg = 0, dealing with an isolated singularity at zj.

Proposition 12.2. Suppose f is holomorphic on Dg(zo) \ z0, with Laurent erpansion
(12.5). Then f has a pole at zy if and only if a, = 0 for all but finitely many n < 0 (and
an # 0 for some n < 0). Hence f has an essential singularity at zo if and only if a,, # 0
for infinitely many n < 0.

Proof. If zg is a pole, the stated conclusion about the Laurent series expansion follows
from Proposition 11.2. The converse is elementary.

We work out Laurent series expansions for the function

(12.9) f(z) =
on the regions

(12.10) {z:|z| <1} and {z:]|z] > 1}.



On the first region, we have

(12.11) f(z):—liz =->» 2"

and on the second region,

(12.12) f(z) = % : L %Z(%)k =3

Similarly, for

1
12.13 -
(12.13) 9(2) = —
on the regions
(12.14) {z:|z| <2} and {z:]|z] > 2},
on the first region we have
11 1 o=/2z\F
12.15 - - — = (_) ,
(12.15) 0= —5 15 =5 23
and on the second region,
1 1 1S 2\ —
_ _ _ —k—1_k
(12.16) 9= =g = (;> = Y 2kk,
z k=0 k=—oc0
Exercises
Consider the Laurent series
(12.17) et = 3" an2m,

1. Where does (12.17) converge?

2. Show that |
ay, = —/ €2 ©ost cosnt dt.
™ Jo

95
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3. Show that, for £ > 0,

oo

1
ap = a_f = z:()—m!(m+k)!'

Hint. For Exercise 2, use (12.7); for Exercise 3 use the series for e* and e'/?,

4. Consider the function .

fz) = (- 1)(z—2)

Give its Laurent series about z = 0:
a) on {z:|z| < 1},
b) on {z:1 < |z| < 2},
c) on {z:2<|z| < o0}
Hint. Use the calculations (12.9)—(12.16).

5. Let © C C be open, zp € Q and let f be holomorphic on €\ zy and bounded. By
Proposition 12.1, we have a Laurent series

o0

f(2)= Y an(z—2)"

n=—oo

valid on {z : 0 < |z — 29| < b} for some b > 0. Use (12.8), letting v shrink, to show that
an = 0 for each n < 0, thus obtaining another proof of the removable singularities theorem
(Theorem 11.1).

6. Show that, for |z| sufficiently small,

ler+1 1 o= op1
(12.18) S, + > agz .
k=1
Rewrite the left side as
1 cosh z/2
F(z) = - ——
(2) 2 sinh z/2’
and show that .
F'(z) = Y F(z)Q.

Using (2.19)-(2.20), write out the Laurent expansion for F(z)?, in terms of that for F(z)
given above. Comparing terms in the expansions of F’(z) and 1/4 — F(z)?, show that

(1125,
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and, for k > 2,
k—1

1
R YA | ;‘W’“‘”

One often writes
k—1 By,

and By, are called the Bernoulli numbers.

7. As an alternative for Exercise 6, rewrite (12.18) as
z g 2 2t > ok
32+ X 0) = (X 7) (1 X ),
n= =1 k=1
multiply out using (2.19)—(2.20), and solve for the coefficients ay.

8. As another alternative, note that

1ef+1 1 1
562—1_62—1+§’

and deduce that (12.18) is equivalent to

Use this to solve for the coefficients ay.
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13. Fourier series and the Poisson integral

Given an integrable function f : S' — C, we desire to write

oo

(13.1) FO) = S fk) e,

k=—o0

for some coefficients f(k) € C. We identify S' with R/(27Z). If (13.1) is absolutely
convergent, we can multiply both sides by e~ and integrate. A change in order of
summation and integration is then justiﬁed and using

'Lde—O if ¢£0,

(13.2) o
1 if £=0,
we see that
A 1
13. k)= — —ik0 g9,
(13.3) fy =5 | s

The series on the right side of (13.1) is called the Fourier series of f.
If f is given by (13.3), to examine whether (13.1) holds, we first sneak up on the sum
on the right side. For 0 < r < 1, set

oo

(13.4) T f(0) = > flk)riFle*e.
k=—oc0

Note that

(13.5) fwl< o [ @

so whenever the right side of (13.5) is finite we see that the series (13.4) is absolutely
convergent for each r € [0,1). Furthermore, we can substitute (13.3) for f in (13.4) and
change order of summation and integration, to obtain

(13.6) Jrf(0) = /f(G')pr(H —0")do,
Sl
where

|kl 4iko
pT‘(Q) ,r 9 27T _Z_OOT

(13.7)

1 . .
_ %[lJr;(rkezkeJrrke—me) 7
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and summing these geometrical series yields
1 1—r?
13.8 ,0) = — .
( ) p(r,0) 2m 1 — 2r cos @ + r?

Let us examine p(r, ). It is clear that the numerator and denominator on the right side
of (13.8) are positive, so p(r,0) > 0 for each r € [0,1), # € S'. Asr / 1, the numerator
tends to 0; as r " 1, the denominator tends to a nonzero limit, except at # = 0. Since we
have

1 [7 :
13. o |k| ik6 -1
(13.9) /p(r,@)d@-—2 /_7r E r®le™ di =1,

Sl

we see that, for r close to 1, p(r, ) as a function of € is highly peaked near § = 0 and small
elsewhere, as in Fig. 13.1. Given these facts, the following is an exercise in real analysis.

Proposition 13.1. If f € C(S!), then
(13.10) Jof — f uniformly on S' as r /1.
Proof. We can rewrite (13.6) as

sy

(13'11) Jrf(e) = f(@ - el)pr(el) do’.

—T

The results (13.8)—(13.9) imply that for each § € (0, ),

(13.12) / pr(0)d0 =1 —¢e(r,9),
07]<6
with e(r,6) — 0 as r /" 1. Now, we break (13.11) into three pieces:
5
16) = 10) | po(0")at

-6

)
" / F(0— ) — F(0)]p(0') dO/

(13.13) )
v [ se-ome)a
5<10/|<m
= [+ IT+1II.
We have
I=f(0)(1-¢(r9)),
II 0—0)— f(0
(13.14) (1] < sup [£(6—067) — f(O)],

|[I11] < e(r,6) sup|f].
These estimates yield (13.10).

From (13.10) the following is an elementary consequence.
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Proposition 13.2. Assume f € C(SY). If the Fourier coefficients f(k) form a summable
series, i.e., if

(13.15) S 1)) < o,

k=—o00

then the identity (13.1) holds for each 6 € S*.
Proof. What is to be shown is that if ), |ax| < oo, then

13.15A =5 =1 Flg, = S.
( ) zk:ak rl/rrizk:r ay

To get this, let € > 0 and pick N such that

> x| <e.

|k|>N
Then
N
Sy = Z ak:>\S—SN|<£,
k=—N
and

‘ Z r|k|ak’ <e Vre(0,1).

|k|>N

Since clearly
N

N
lim r““'ak: E ag,
r,/'1

k=—N k=—N

the conclusion in (13.15A) follows.

REMARK. A stronger result, due to Abel, is that the implication (13.15A) holds without
the requirement of absolute convergence.

Note that if (13.15) holds, then the right side of (13.1) is absolutely and uniformly
convergent, and its sum is continuous on S*.

We seek conditions on f that imply (13.15). Integration by parts for f € C*(S?!) gives,
for k # 0,

fy=2 [ ro)L
(13.16) -
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hence

1 N
s | roa

If f € C%(S'), we can integrate by parts a second time, and get

(13.17) (k)] <

(13.18) f(k) = —# ’ F"(6)e=*? g,

—Tr

hence

¢ 1 " 12
R < 5 /_Wlf (6)| d6.

In concert with (13.5), we have

(13.19) F0)1 < 5y [ 10700+ @) 0.
Sl

Hence

(13.20) fec?(s")y =Y _|f(k)| <.

We will produce successive sharpenings of (13.20) below. We start with an interesting
example. Consider

(13.21) f0)y=10], -w<6<m,

continued to be periodic of period 27. This defines a Lipschitz function on S!, whose
Fourier coefficients are

(13.22) 27 J ,

Fk) = i/W 0] e dp

for k # 0, while f(0) = 7/2. It is clear this forms a summable series, so Proposition 13.2
implies that, for —7m <0 <,

_ T 2 ke
0 = ) Z WkQB
k odd
(13.23) L
s

£=0
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We note that evaluating this at # = 0 yields the identity

> 1 2
(13.24) = .
(20412 8
Writing
=1
(13.25) > =
k=1

as a sum of two series, one for £ > 1 odd and one for £ > 2 even, yields an evaluation of
(13.25). (See Exercise 1 below.)
We see from (13.23) that if f is given by (13.21), then f(k) satisfies

C
k2 +1
This is a special case of the following generalization of (13.20).

Proposition 13.3. Let f be Lipschitz continuous and piecewise C? on S*. Then (13.26)
holds.

(13.26) 1f(k)| <

Proof. Here we are assuming f is C? on S'\ {p1,...,pe}, and f" and f” have limits at each
of the endpoints of the associated intervals in S1, but f is not assumed to be differentiable
at the endpoints p,. We can write f as a sum of functions f,, each of which is Lipschitz
on S, C? on S\ p,, and f/ and f/ have limits as one approaches p, from either side. It
suffices to show that each f, (k) satisfies (13.26). Now g(0) = f, (0 + p, — =) is singular
only at 0 = 7, and §(k) = f, (k)e’* @™ so it suffices to prove Proposition 13.3 when f
has a singularity only at § = . In other words, f € C?([—m,n]), and f(—7) = f(r).

In this case, we still have (13.16), since the endpoint contributions from integration by
parts still cancel. A second integration by parts gives, in place of (13.18),

. fzke
27mk;/ 1@ k: 89 ) df

f”( e o+ f'(m) = f' (=)

(13.27)

27rk:2 [

which yields (13.26).
Given f € C(S%), let us say

(13.28) feAS") <> |f(k)| < .

Proposition 13.2 applies to elements of A(S!), and Proposition 13.3 gives a sufficient
condition for a function to belong to A(S'). A more general sufficient condition will be
given in Proposition 13.6.

We next make use of (13.2) to produce results on [q, |f(0)[* df, starting with the fol-
lowing.
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Proposition 13.4. Given f € A(S?),
YNCE i/ 9
(13.29) D_NFE)E = [ 1£(0) do.
Sl

More generally, if also g € A(S1),

(13.30) > fk)a(k 27T/f 0)g(0) do

Proof. Switching order of summation and integration and using (13.2), we have

L [ & [ oo

(13.31) s Ik

=> f(k)g(k
k

giving (13.30). Taking g = f gives (13.29).

We will extend the scope of Proposition 13.4 below. Closely tied to this is the issue of
convergence of Sy f to f as N — oo, where

(13.32) Snf0)= > flk)e™.

|k|<N

Clearly f € A(S') = Syf — f uniformly on S! as N — oo. Here, we are interested in
convergence in L?-norm, where

1
(13.33) 113 = 5 [ 170)F .
g1

Given f and |f|? integrable on S* (we say f is square integrable), this defines a “norm,”
satisfying the following result, called the triangle inequality:

(13.34) 1f +glle <[l fllze + llgll 22

See Appendix H for details on this. Behind these results is the fact that

(13.35) If1172 = (f, ez,

where, when f and g are square integrable, we set

(13.36) (f,9)r2 = %/f(e)mcw
Sl
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Thus the content of (13.29) is that

(13.37) S IFR)P = 11£117=,

and that of (13.30) is that

(13.38) > F(k)g(k) = (f,9)r.

The left side of (13.37) is the square norm of the sequence (f(k)) in £2. Generally, a
sequence (ay) (k € Z) belongs to ¢2 if and only if

(13.39) l(ar)llf = laxf* < oo.
There is an associated inner product

(13.40) ((ar), (br)) = axbs.
As in (13.34), one has (see Appendix H)

(13.41) [(ar) + (br)llez < [[(ar)llez + [ (0x) 2

As for the notion of L?-norm convergence, we say
(13.42) fo—f in L? <= ||f - fllz> — 0.

There is a similar notion of convergence in ¢2. Clearly

(13.43) 1f = fullz < sup £(0) = f.(0)].

In view of the uniform convergence Sy f — f for f € A(S!) noted above, we have
(13.44) feASY) = Syf — fin L? as N — oo.

The triangle inequality implies

(13.45) 1fllz> = 1SN fllz2

< If = Snfllze,

and clearly (by Proposition 13.4)

(13.46) ISn fII3> = Z |f(k
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SO
(13.47) If = Snflie =0 as N —o0o=|fl7= =) If (k).

We now consider more general square integrable functions f on S'. With f (k) and Sy f
defined by (13.3) and (13.32), we define Ry f by

(13.48) f=5SNf+ RN/

Note that [q, f(0)e™*df = [ Sn f(0)e "*df for |k| < N, hence

(13.49) (fsSnf)r2 = (SN[, SN f)re,
and hence

(13.50) (Sxf, R f)pz = 0.
Consequently,

1fl72 = (Snf+Rnf.Snf+Rnf)re

(13.51)
1Sn fl|Z2 + | B f1I72-

In particular,

(13.52) 1SN fllzz < [1fllze-

We are now in a position to prove the following.

Lemma 13.5. Let f, f, be square integrable on S'. Assume
(13.53) lim ||f — fullzz =0,

and, for each v,

(13.54) Jim fy = Snfullee = 0.
Then
(13.55) i [1f =Sy fllze =0

In such a case, (13.47) holds.

Proof. Writing f — Snf = (f — f,) + (fu — Snfo) + Sn(fo — f), and using the triangle
inequality, we have, for each v,

(13.56) If = Snfllee < If = fullee + 1fy = Snfollez + 1158 (Fo = F)llz>-
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Taking N — oo and using (13.52), we have

(13.57) li]{]nsup ||f — SNf||L2 < 2||f - fl/||L27

for each v. Then (13.53) yields the desired conclusion (13.55).

Given f € C(S'), we have seen that J,.f — f uniformly (hence in L?-norm) as r /' 1.
Also, J,.f € A(S?) for each r € (0,1). Thus (13.44) and Lemma 13.5 yield the following.

feC(S"y= Syf— f in L? and

13.58 .
13.59) SR = 1£1172-

Lemma 13.5 also applies to many discontinuous functions. Consider, for example

fO)=0 for —m<6<O,

(13.59) 1 for 0< 6 <.

We can set, for v € N,

fu(0)=0 for —7m<60<0,
v0 for Og&gl,
v
13.60 1 1
( ) 1 for —SHS']T__
v v
1
vim—0)for m—=—<60<m
v

Then each f, € C(S'). (In fact, f, € A(S'), by Proposition 13.3.). Also, one can check
that ||f — f,||3. < 2/v. Thus the conclusion in (13.58) holds for f given by (13.59).
More generally, any piecewise continuous function on S! is an L? limit of continuous
functions, so the conclusion of (13.58) holds for them. To go further, let us recall the class
of Riemann integrable functions. (Details can be found in Chapter 4, §2 of [T0] or in §0 of
[T].) A function f : S' — R is Riemann integrable provided f is bounded (say |f| < M)
and, for each § > 0, there exist piecewise constant functions gs and hs on S! such that

(13.61) gs < f <hs, and /(h(s(@) — g(;(ﬁ)) df < 6.
g1

Then

(13.62) / £(6) do = lim / 95(0) o = lim / hs(6) do.
S1 S1

Sl
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Note that we can assume |hs|, |gs| < M + 1, and so

—/|f — gs(6 |2d9<M“/|h5 95(0) db

M+1
<

(13.63)

o,

so gs — f in L?-norm. A function f : S — C is Riemann integrable provided its real and
imaginary parts are. In such a case, there are also piecewise constant functions f, — f in
L?-norm, so

f Riemann interable on S* = Sy f — f in L? and

D IFRIP =111z

This is not the end of the story. There are unbounded functions on S that are square
integrable, such as

(13.64)

(13.65) FO) =10 on [-ma], 0<a< %

In such a case, one can take f,(0) = min(f(#),v), v € N. Then each f, is continuous and
\f — fullzz — 0 as v — oco. Hence the conclusion of (13.64) holds for such f.
The ultimate theory of functions for which the result

(13.66) Syf— f in L?*norm

holds was produced by H. Lebesgue in what is now known as the theory of Lebesgue
measure and integration. There is the notion of measurability of a function f : S —
C. One says f € L?(S') provided f is measurable and [q, |f(0)[*df < oo, the integral
here being the Lebesgue integral. Actually, L?(S!) consists of equivalence classes of such
functions, where fi ~ fo if and only if [ |f1(0) — f2(0)|> df = 0. With ¢? as in (13.39), it
is then the case that

(13.67) F: L*(SY) — 2,

given by

(13.68) (FF)K) = (),

is one-to-one and onto, with

(13.69) DW= 1fI72, ¥ feL(sh),
and

(13.70) Syf— f in L?, VY feL*S").

For the reader who has not seen Lebesgue integration, we refer to books on the subject
(eg., [T3]) for more information.
We mention two key propositions which, together with the arguments given above,

establish these results. The fact that Ff € ¢2 for all f € L?(S') and (13.69)—(13.70) hold
follows via Lemma 13.5 from the following.
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Proposition A. Given f € L*(S'), there exist f, € C(S) such that f, — f in L>.
As for the surjectivity of F in (13.67), note that, given (ay) € 2, the sequence

satisfies, for p > v,

I fu — foll7e = Z lag|> = 0 as v — oo.
v<|k|<p

That is to say, (f,) is a Cauchy sequence in L?(S*). Surjectivity follows from the fact that
Cauchy sequences in L?(S!) always converge to a limit:

Proposition B. If (f,) is a Cauchy sequence in L?(S1), there exists f € L*(S') such
that f, — f in L?-norm.

Proofs of these results can be found in the standard texts on measure theory and inte-
gration, such as [T3].

We now establish a sufficient condition for a function f to belong to A(S'), more general
than that in Proposition 13.3.

Proposition 13.6. If f is a continuous, piecewise C* function on S*, then 3" | f(k)| < oc.

Proof. As in the proof of Proposition 13.3, we can reduce the problem to the case f &
CY([-m, 7)), f(—m) = f(r). In such a case, with g = f’ € C([—m,]), the integration by
parts argument (13.16) gives

(13.71) Fk)y = =g(k), k0.
By (13.64),

(13.72) > lak)* = lglza-

Also, by Cauchy’s inequality (cf. Appendix H),

. 1\1/2 1/2
FE< (D = 9(k)[?
- S < (Do) (S lr)
< Cllgllrz-

This completes the proof.

There is a great deal more that can be said about convergence of Fourier series. For ex-
ample, material presented in the appendix to the next section has an analogue for Fourier
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series. We also mention Chapter 5, §4 in [T0]. For further results, one can consult treat-
ments of Fourier analysis such as Chapter 3 of [T2].

Fourier series connects with the theory of harmonic functions, as follows. Taking z =
re? in the unit disk, we can write (13.4) as

(13.74) Tef(0) =" flk)z"+) " f(-k)Z".
= k=1

k=0

We write this as

(13.75) (PI f)(2) = (PLy f)(2) + (PL- f)(2),

a sum of a holomorphic function and a conjugate-holomorphic function on the unit disk
D. Thus the left side is a harmonic function, called the Poisson integral of f.

Given f € C(S1), PI £ is the unique function in C?(D) N C(D) equal to f on D = S*
(uniqueness being a consequence of Proposition 7.4). Using (13.6)—(13.8), we can write
the following Poisson integral formula:

(13.76) PI f() = ;Jj‘ /|J(_w2|2 ds(w),
Sl

the integral being with respect to arclength on S!. To see this, note that if w = ¢ and

z =re'? then ds(w) = df’ and

|,w . Z|2 _ (eiG' N rei@)(e—w’ _ Te—i&)

—1_ 7A(ei(e—e’) + e—z’(e—e’)) 472,

Since solutions to Au = 0 remain solutions upon translation and dilation of coordinates,
we have the following result.

Proposition 13.7. If D C C is an open disk and f € C(OD) is given, there erxists a
unique u € C(D) N C%(D) satisfying

(13.77) Au=0 on D, wul,,="/

We call (13.77) the Dirichlet boundary problem.
Now we make use of Proposition 13.7 to improve the version of the Schwarz reflection
principle given in Proposition 8.2. As in the discussion of the Schwarz reflection principle

in §8, we assume ) C C is a connected, open set that is symmetric with respect to the real
axis, 50 2 €N =2€ 0 Weset QO ={2€Q:4+Imz>0}and L=QNR.
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Proposition 13.8. Assume u : QT U L — C is continuous, harmonic on Q, and u = 0
on L. Define v:Q — C by

v(z) = u(z), 2€ QT UL,

(13.78) —u(z), zeQ.

Then v is harmonic on S).

Proof. Tt is readily verified that v is harmonic in Q7 U 2~ and continuous on . We
need to show that v is harmonic on a neighborhood of each point p € L. Let D = D,.(p)
be a disk centered at p such that D C Q. Let f € C(0D) be given by f = v|sp. Let
w € C?(D) N C(D) be the unique harmonic function on D equal to f on dD.

Since f is odd with respect to reflection about the real axis, so is w, so w = 0 on DNR.
Thus both v and w are harmonic on DT = D N {Im z > 0}, and continuous on ﬁJr, and
agree on D™, so the maximum principle implies w = v on D Similarly w = v on D
and this gives the desired harmonicity of v.

Using Proposition 13.8, we establish the following stronger version of Proposition 8.2,
the Schwarz reflection principle, weakening the hypothesis that f is continuous on QT U L
to the hypothesis that Im f is continuous on Q* U L (and vanishes on L). While this
improvement may seem a small thing, it can be quite useful, as we will see in §24.

Proposition 13.9. Let Q be as in Proposition 13.8, and assume f : QT — C is holomor-
phic. Assume Im f extends continuously to QT U L and vanishes on L. Define g : QT UQ~

by
9(2) = f(2), =ze€Qf,

7 -
(13.79) @), zeQ .

Then g extends to a holomorphic function on €.

Proof. 1t suffices to prove this under the additional assumption that € is a disk. We
apply Proposition 13.8 to u(z) = Im f(z) on 2T, 0 on L, obtaining a harmonic extension
v : 0 — R. By Proposition 7.1, v has a harmonic conjugate w : 2 — R, so v + iw is
holomorphic, and hence h : Q — C, given by

(13.80) h(z) = —w(z) + iv(z),

is holomorphic. Now Imh = Im f on QT, so g — h is real valued on Q7, so, being holo-
morphic, it must be constant. Thus, altering w by a real constant, we have

(13.81) h(z) =g(z), z€QT.
Also, Im h(z) = v(z) = 0 on L, so (cf. Exercise 1 in §10)

(13.82) h(z) =h(Z), Vze.
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It follows from this and (13.79) that
(13.83) h(z) =g(z), VzeQtUuQ,

so h is the desired holomorphic extension.

Exercises

1. Verify the evaluation of the integral in (13.22). Use the evaluation of (13.23) at # =0
(as done in (13.24)) to show that

> 1 2
13.84 —:—

2. Compute f(k) when
fO)=1 for 0<O<m,

0 for —m< <.

Then use (13.64) to obtain another proof of (13.84).

3. Apply (13.29) when f(#) is given by (13.21). Use this to show that
1
D=
k=1

4. Give the details for (13.76), as a consequence of (13.8).

5. Suppose f is holomorphic on an annulus € containing the unit circle S!, with Laurent

series
(e @]
E anz"

n=—oo

Show that
an:g<n>7 g:f’Sr

Compare this with (12.8), with 29 = 0 and ~ the unit circle S*.

Exercises 6-8 deal with the convolution of functions on S!, defined by

f (0 /f
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6. Show that ) R
h= g = hik) = F(R)R).
7. Show that .
fgeL*(SY), h=frg= Y |h(k)| <cc.

k=—o0

8. Let x be the characteristic function of [—m/2, /2], regarded as an element of L?(S?').
Compute x(k) and x * x(6). Relate these computations to (13.21)—(13.23).

9. Show that a formula equivalent to (13.76) is

(13.80) PIf(2) = — /7r (Re e’ + “)5(0) de.

Tom ) et — 2
(We abuse notation by confounding f(6) and f(e'®), identifying S! and R/(27Z).)

10. Give the details for the improvement of Proposition 8.2 mentioned right after the proof
of Proposition 13.8. Proposition 7.6 may come in handy.

11. Let Q be symmetric about R, as in Proposition 13.8. Suppose f is holomorphic and
nowhere vanishing on Q% and |f(z)| — 1 as z — L. Show that f extends to be holomorphic
on , with |f(2)| =1 for z € L.

Hint. Consider the harmonic function u(z) = log|f(2)| = Re log f(2).

12. Given f(0) =3, are'™, show that f is real valued on S! if and only if
ap =a_p, VkeLZ.
13. Let f € C(S') be real valued. Show that PI f and (1/i) P g are harmonic conjugates,

provided A
g(k) = f(k) for k>0,
~f

(—k) for k<O.



113

14. Fourier transforms

Take a function f that is integrable on R, so

(14.1) Il = [ (@) de < .

We define the Fourier transform of f to be

~

(14.2) 7(6) = Ff(e) = # / T f@)e e, £eR.

Similarly, we set

(14.2A) f*f(i)z\/% /_ f@)e* dv, €ER,

and ultimately plan to identify F* as the inverse Fourier transform.
Clearly

. 1 00
(143) fel<—= [ Ir@la.

We also have continuity.
Proposition 14.1. If f is integrable on R, then f 15 continuous on R.

Proof. Given € > 0, pick N < oo such that flx|>N |f(z)|dx < e. Write f = fn + gn,
where fy(z) = f(z) for |z| < N, 0 for |x| > N. Then

(14.4) F©) = fn(€) + an(9),
and
(14.5) an(©) < o= Ve
Meanwhile, for &, ¢ € R,
N
(14.6 @ = in(© = 7= [ (e = e a,
and

. . 9
|e—m£ . e—wc(:| S |§ o C| max‘_e—mn
n 10n

< [af - [€ = <]

(14.6A)
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for |z| < N, so

(14.7) 1fn(€) — fn(Q)] < L€ =<,

N
\/—2—7T||f||

where ||f||.: is defined by (14.1). Hence each fy is continuous, and, by (14.5), f is a
uniform limit of continuous functions, so it is continuous.

The Fourier inversion formula asserts that
]_ > < - €
14.8 xr) = — / e's d¢,
(143) fla) = —= [ feea
in appropriate senses, depending on the nature of f. We approach this in a spirit similar

to the Fourier inversion formula (13.1) of the previous section. First we sneak up on (14.8)
by inserting a factor of e=<¢". Set

(14.9) J.f(z) = \/% / F(©e =t einé ge.

Note that, by (14.3), whenever f € L' (R), f(f)e_5§2 is integrable for each ¢ > 0. Further-
more, we can plug in (14.2) for f(¢) and switch order of integration, getting

Tf@) = o= [ [ et <€ ayag

(14.10) o

- / F(o) He( — y) dy.
where
(14.11) H.(z) = % /_ O; e it e

A change of variable shows that H.(z) = (1/v/¢)H1(z//¢), and the computation of
Hiy(x) is accomplished in §10; we see that Hq(x) = (1/27)G(iz), with G(z) defined by
(10.3) and computed in (10.8). We obtain

1
(14.12) H.(z) = e /e,
4re

j

The computation [ e~ dx = /7 done in (10.6) implies
(14.13) / H.(z)dx=1, Ve>0.

We see that H.(z) is highly peaked near x = 0 as ¢ N\, 0. An argument similar to that
used to prove Proposition 13.1 then establishes the following.
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Proposition 14.2. Assume f is integrable on R. Then

(14.14) Jof(x) — f(x) whenever f is continuous at .

From here, parallel to Proposition 13.2, we have:

Corollary 14.3. Assume f is bounded and continuous on R, and f andf are integrable
on R. Then (14.8) holds for all x € R.

Proof. If f € L*(R), then f is bounded and continuous. If also f € LY(R), then F*fis
continuous. Furthermore, arguments similar to those used to prove Proposition 13.2 show
that the right side of (14.9) converges to the right side of (14.8) as € \, 0. That is to say,

~

(14.14A) Jof(x) — F*f(x), as €—0.

~

It follows from (14.14) that f(x) = F* f(z).

REMARK. With some more work, one can omit the hypothesis in Corollary 14.3 that f
be bounded and continuous, and use (14.14A) to deduce these properties as a conclusion.
This sort of reasoning is best carried out in a course on measure theory and integration.

At this point, we take the space to discuss integrable functions and square integrable
functions on R. Examples of integrable functions on R are bounded, piecewise continuous

functions satisfying (14.1). More generally, f could be Riemann integrable on each interval
[— N, N], and satisfy

N
(14.15) lim |[f (@) dz = |[f]|L+ < oo,

N—oo —-N

where Riemann integrability on [—N, N] has a definition similar to that given in (13.61)—
(13.62) for functions on S*. Still more general is Lebesgue’s class, consisting of measurable
functions f : R — C satisfying (14.1), where the Lebesgue integral is used. An element of
LY(R) consists of an equivalence class of such functions, where we say fi ~ fo provided
[ |fi = foldz = 0. The quantity ||f||z: is called the L* norm of f. It satisfies the
triangle inequality

(14.16) 1f+ gl < [[fllee + Mgl

as an easy consequence of the pointwise inequality |f(z)+g(z)| < |f(x)|+]|g(z)| (cf. (0.14)).
Thus L'(R) has the structure of a metric space, with d(f,g) = ||f — gllz1. We say f, — f
in L' if || f, — f|lz» — 0. Parallel to Propositions A and B of §13, we have the following.

Proposition Al. Given f € L'(R) and k € N, there exist f, € CE(R) such that f, — f
in L.

Here, C¥(R) denotes the space of functions with compact support whose derivatives of
order < k exist and are continuous. There is also the following completeness result.
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Proposition B1. If(f,) is a Cauchy sequence in L*(R), there exists f € L*(R) such that
f, — fin L.

As in §13, we will also be interested in square integrable functions. A function f : R — C
is said to be square integrable if f and |f|? are integrable on each finite interval [N, N]
and

o0

(1417) 1912 = [ 1) do < o

— 00

Taking the square root gives ||f| 2, called the L?-norm of f. Parallel to (13.34) and
(14.16), there is the triangle inequality

(14.18) If +gllze < fllzz + llgllzz-

The proof of (14.18) is not as easy as that of (14.16), but, like (13.34), it follows, via results
of Appendix H, from the fact that

(14.19) 1£172 = (f, F)r2,

where, for square integrable functions f and g,
(14.20) (oo = | falg@de

The triangle inequality (14.18) makes L?(IR) a metric space, with distance function d(f, g) =
|f — gllz2, and we say f, — f in L% if ||f, — f||z2 — 0. Parallel to Propositions A1 and
B1, we have the following.

Proposition A2. Given f € L*(R) and k € N, there ezist f, € C§(R) such that f, — f
in L2.

Proposition B2. If(f,) is a Cauchy sequence in L*(R), there exists f € L*(R) such that
f, — f in L?.

As in §13, we refer to books on measure theory, such as [T3], for further material on
L'(R) and L*(R), including proofs of results stated above.
Somewhat parallel to (13.28), we set

(14.21) A(R) = {f € L*(R) : f bounded and continuous, f € L*(R)}.

By Corollary 14.3, the Fourier inversion formula (14.8) holds for all f € A(R). It also
follows that f € A(R) = f € A(R). Note also that

(14.22) AR) C L*(R).
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In fact, if f € A(R),
191 = [ 17 ds
(14.23) < sup f(@)]- [ |f(@)]da
< Il

It is of interest to know when f € A(R). We mention one simple result here. Namely,
if f € C*(R) has compact support (we say f € C¥(R)), then integration by parts yields

LT 0 yeint gy — (ig)i :
(14.24) m/oof (2)e € do = (i€) f(€), 0<j <k
Hence

(14.25) C2(R) C A(R).

While (14.25) is crude, it will give us a start on the L?-theory of the Fourier transform.

Let us denote by F the map f — f, and by F* the map you get upon replacing e~*¢ by
e™¢. Then, with respect to the inner product (14.20), we have, for f, g € A(R),

(14.26) (Ff.9)=(f,F"9).

Now combining (14.26) with Corollary 14.3 we have

(14.27) fr9€ AR) = (Ff, Fg) = (F'Ff,g9) = (f,9)-
One readily obtains a similar result with F replaced by F*. Hence

(14.28) IF fllez = 17" fllz = 1 fllze,
for f,g € A(R).

The result (14.28) is called the Plancherel identity. Using it, we can extend F and F*
to act on L?(R), obtaining (14.28) and the Fourier inversion formula on L?(R).

Proposition 14.4. The maps F and F* have unique continuous linear extensions from
(14.28A) F,F*: AR) — AR)
to

(14.29) F,F*: L*(R) — L*(R),
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and the identities
(14.30) FFf=f FFf=f

hold for all f € L*(R), as does (14.28).

This result can be proven using Propositions A2 and B2, and the inclusion (14.25),
which together with Proposition A2 implies that

(14.31) For each f € L*(R), 3f, € A(R) such that f, — f in L.

The argument goes like this. Given f € L?(R), take f, € A(R) such that f, — f in L2.
Then ||f, — fu|lL2 — 0 as u, v — co. Now (14.28), applied to f, — f, € A(R), gives

(14.32) 1Ffu = Fhollz = fu = fullz = 0,

as p, v — oo. Hence (Ff,) is a Cauchy sequence in L?(R). By Proposition B2, there exists
a limit h € L3(R); Ff, — hin L?. One gets the same element h regardless of the choice of
(f,) such that (14.31) holds, and so we set Ff = h. The same argument applies to F* f,,
which hence converges to F* f. We have

(14.33) 1Ffo = Ffllezs IFfo = F flle — 0.

From here, the result (14.30) and the extension of (14.28) to L?(R) follow.
Given f € L*(R), we have

X-rmrf— f in L? as R— oo,

so Proposition 14.4 yields the following.

Proposition 14.5. Define Sr by

I P
(14.34) Sri(@) = = / e
Then
(14.35) feL*R) = Srf— f in L*R),
as R — oc.

Having Proposition 14.4, we can sharpen (14.25) as follows.
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Proposition 14.6. There is the inclusion
(14.36) Co(R) C A(R).
Proof. Given f € C§(R), we can use (14.24) with j = k =1 to get

(14.37) g=f = g(€&) = itf(€).

Proposition 14.4 implies

(14.38) I+l = Ilf + fllze-

Now, parallel to the proof of Proposition 13.6, we have
171z =/|<1+z’5>- \(ms \ds

=Vr|f+/f HLz,

the inequality in (14.39) by Cauchy’s inequality (cf. (H.18)) and the last identity by (14.37)—
(14.38). This proves (14.36).

REMARK. Parallel to Proposition 13.6, one can extend Proposition 14.6 to show that if
f has compact support, is continuuous, and is piecewise C' on R, then f € A(R). In
conjunction with (14.39), the following is useful for identifying other elements of A(R).

Proposition 14.7. Let f, € A(R) and f € C(R) N L' (R). Assume
f, — f in L*-norm, and ||f,,HL1 <A,

for some A < oco. Then f € A(R).

Proof. Clearly f,, — f uniformly on R. Hence, for each R < oo,

R
/_R\fu(é)—f(ﬁ)!d£—>0, as v — o,

Thus R
[ Jf@liesa vR<o

—R

and it follows that f € L'(R), completing the proof.
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The interested reader can consult §14A for a still sharper condition guaranteeing that

f € A(R).

Exercises

In Exercises 1-2, assume f : R — C is a C? function satisfying

(14.40) fO@) <C+ )% j<2
1. Show that

. '
(1441 FOI< g €<R

Deduce that f € A(R).

2. With f given as in (14.1), show that

1 = .. =
(14.42) VT—MZZOOfWMZ S fla+ 2n0).

f=—00

This is known as the Poisson summation formula.
Hint. Let g denote the right side of (14.42), pictured as an element of C?(S!). Relate the
Fourier series of g (a la §13) to the left side of (14.42).

3. Use f(x) = e~ /4t iy (14.42) to show that, for 7 > 0,

- —l?r 1 - —7'rlc2/7'

(11.43) DR ATTED SRy
{=—0c0 k=—oc0

This is a Jacobi identity.

Hint. Use (14.11)~(14.12) to get f(¢) = v2te~*€". Take t = 77, and set # = 0 in (14.42).

4. For each of the following functions f(z), compute f(£).

(2) fla) = e,

(b) f@) = 1.

(c) fz) = X[—1/2,1/2]($),

(@) Fl@) = (1~ [ x(1. (@),

Here x;(x) is the characteristic function of a set I C R. Reconsider the computation of
(b) when you get to §16.
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5. In each case, (a)—(d), of Exercise 4, record the identity that follows from the Plancherel
identity (14.28).

Exercises 6—8 deal with the convolution of functions on R, defined by

(14.44) Fro = [ " fwgla — ) dy.

6. Show that
[fx gl <[ fllzellglley,  sap |[f* gl < | fllz=llgllzz-

7. Show that

—

(f * 9)(&) = V27 f(£)4(9).

8. Compute f * f when f(x) = X[—1/2,1/2)(%), the characteristic function of the interval
[—1/2,1/2]. Compare the result of Exercise 7 with the computation of (d) in Exercise 4.

9. Prove the following result, known as the Riemann-Lebesgue lemma.

(14.45) fel'R)= lim |f(¢)]=0.

€] =00

Hint. (14.41) gives the desired conclusion for f, when f, € C2(R). Then use Proposition
A1l and apply (14.3) to f — f..

10. Sharpen the result of Exercise 1 as follows, using the reasoning in the proof of Propo-
sition 14.6. Assume f: R — C is a O function satisfying

fD @) <Ccl+]z))72, j<1.

Then show that f € A(R).

14A. More general sufficient condition for f € A(R)
Here we establish a result substantially sharper than Proposition 14.6. We mention that

an analogous result holds for Fourier series. The interested reader can investigate this.
To set things up, given f € L3(R), let

(14.46) fu(z) = f(z + h).

Our goal here is to prove the following.
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Proposition 14.8. If f € L'(R) N L?(R) and there exists C < co such that

(14.47) If — fullez < Ch®, Yhel0,1],
with

1
(14.48) a> g

then f € A(R).

Proof. A calculation gives

(14.49) fn(€) =™ f(¢),
so, by the Plancherel identity,

(14.50) I = fulla = [ = e @) ae

Now,

(14.51) g < |he| < 377 = |1 — €2 > 2,

SO

(14.52) If = fal2: > 2 / O de.
T <|ng|I<3F

If (14.47) holds, we deduce that, for h € (0, 1],
(14.53) GRS
F<lel<n
hence (setting h = 27¢*1), for £ > 1,
(14.51) GRS
26<[g| <24t

Cauchy’s inequality gives

()] de
20 < €| <26+
A 1/2 1/2
(14.55) S{ / |f(€)|2d£} ><{ / 1d§}
26<|gf <26+t 20<|g| <20+t
SC2*O¢€'2€/2

— 02—(04—1/2)6.
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Summing over ¢ € N and using (again by Cauchy’s inequality)

(14.56) [ 11de < Clfle =Cl7lse
€]<2
then gives the proof.
To see how close to sharp Proposition 14.8 is, consider
x)=xr(x)=1 if 0 <z <1,
- f(@) = xi (@) <w<
0 otherwise.
We have, for 0 < h <1,
(14.58) If = fullZ2 = 2,

so (14.47) holds, with v = 1/2. Since A(R) C C(R), this function does not belong to
A(R), so the condition (14.48) is about as sharp as it could be.

REMARK. Using

(14.59) (/]gh1dxfgsup|g|J/|h|dm,

we have the estimate

(14.60) 1f = fullze < sup|f(@) = fu(@)] - IIf = Fullzr,

so, with

(1460 Wlpy = swp A7 = Sl e = s B7TIS@) — o)

for 0 < r < 1, we have

(14.62) Lf = fullze < B fllBv I fller
which can be applied to the hypothesis (14.47) in Proposition 14.8.

14B. Fourier uniqueness

The Fourier inversion formula established in Corollary 14.3 yields

A

(14.63) feAR), f=0= f=0.
Similarly, Proposition 14.4 yields
(14.64) fel*R), f=0= f=0.

We call these Fourier uniqueness results. An extension of (14.63) is the following conse-
quence of Proposition 14.2:

(14.65) fel}R)NCMR), f=0= f=0.
Here, we advertize the following strengthening of (14.61).
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Proposition 14.9. We have the implication

(14.66) fel'R), f=0= f=0.

We indicate a proof of this result, starting with the following variant of (14.26). If
f € L*(R) and also g € L'(R), then

| soserie= o [ [ smetgie aras

(14.67) 7
— /_ f(2)3(x) da,

where the second identity uses a change in the order of integration. Thus
(14.68) fel'®), f=0= / f(x)h(x)dx =0,

for all h = g, g € L'(R). In particular, (14.64) holds for all h € A(R), and so, by (14.25),
it holds for all h € C3(R). The implication

(14.69) fel'(R), /f(x)h(m) de =0VheC3R) — f =0

is a basic result in a course in measure theory and integration.
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15. Laplace transforms

Suppose we have a function f : R™ — C that is integrable on [0, R] for all R < co and
satisfies

(15.1) / |f(t)|e” ™ dt <oo, Va>A,
0

for some A € (—o0,00). We define the Laplace transform of f by

(15.2) Lf(s)= /000 f(t)e ®tdt, Re s> A.

It is clear that this integral is absolutely convergent for each s in the half-plane Hy = {z €
C : Re z > A} and defines a continuous function Lf : H4 — C. Also, if 7 is a closed curve
(e.g., the boundary of a rectangle) in H 4, we can change order of integration to see that

(15.3) /ﬁf(s) ds = /Ooo/f(t)e_St dsdt = 0.

Hence Morera’s theorem implies £f is holomorphic on H4. We have

(15.4) L L) = Lo(s), (1) = ~11(0)

On the other hand, if f € C*([0,00)) and [, |f/(t)le"* dt < oo for all @ > A, then we
can integrate by parts and get

(15.5) Lf'(s) = sLf(s) = £(0),

and a similar hypothesis on higher derivatives of f gives

(15.6) LW (s) = s*L(s) = 571 f(0) = -+ = fE7D(0).
Thus, if f satisfies an ODE of the form

(15.7) enfU (1) + eumr fUTI )+ eof () = (1)
for t > 0, with initial data

(15.8) f(0) =ag,...,f"0) = an_1,



126

and hypotheses yielding (15.6) hold for all k£ < n, we have

(15.9) D()LF(5) = La(s) + qls).
with

(15.10) p(s) = ens™ + cp18™ L o,
q(s) = Cn(aos”—l +tap_1) + -+ crap.

If all the roots of p(s) satisfy Re s < B, we have

_ Lg(s) +a(s)
p(s)
and we are motivated to seek an inverse Laplace transform.

We can get this by relating the Laplace transform to the Fourier transform. In fact, if

(15.1) holds, and if B > A, then

(15.11) Lf(s) , s€ He, C =max{A, B},

(15.12) LF(B+i€) = vVang(e), EeR,
with
- pla) = F@)e P, >0,
0 , z=z<0.
In §14 we have seen several senses in which
1 > ’
15.14 T) = —— H(&)e'™ de,
(15.14 o) == [ e e
hence giving, for ¢t > 0,
eBt o0 )
fF&) =5 Lf(B+i€)e'" d¢
(15.15) L t
=57 Lf(s)e* ds,

v

where 7 is the vertical line v(§) = B + i€, —o0 < £ < o0.

For example, if ¢ in (15.13) belongs to L?(R), then (15.15) holds in the sense of Propo-
sition 14.5. If ¢ belongs to A(R), then (15.15) holds in the sense of Corollary 14.3.
Frequently, f is continuous on [0,00) but f(0) # 0. Then ¢ in (15.13) has a discontinuity
at © = 0, so ¢ ¢ A(R). However, sometimes one has i(z) = zp(z) in A(R), which is
obtained as in (15.13) by replacing f(t) by tf(¢). In light of (15.4), we obtain

1 d st
(15.15A) —tf(t) = 5 / Eﬁf(s) e’ ds,
v
with an absolutely convergent integral, provided ¢ € A(R).

Related to such inversion formulas is the following uniqueness result, which, via (15.12)—

(15.13), is an immediate consequence of Proposition 14.9.
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Proposition 15.1. If fi and fo are integrable on [0, R] for all R < oo and satisfy (15.1),
then

(1516) L’fl(s) = £f2(8)7 Vse Hy — f1 = fg on RT.

We can also use material of §10 to deduce that f; = fo given Lf1(s) = Lf2(s) on a set
with an accumulation point in H 4.

Exercises

1. Show that the Laplace transform of f(t) = t*~1, for Re z > 0, is given by
(15.17) Lf(s)=T(z)s 7%,

where I'(z) is the Gamma function:
(15.18) I'(z) = / e~ t* 1,
0

For more on this function, see §18.

2. Compute the Laplace transforms of the following functions (defined for ¢ > 0).

(a) e,

(b) cosh at,
(c) sinh at,
(d) sin at,
(e) 21 gat

3. Compute the inverse Laplace transforms of the following functions (defined in appro-
priate right half-spaces).
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Reconsider these problems when you read §16.

Exercises 46 deal with the convolution of functions on R*, defined by

(15.19) f*g(t):/o F(F)gt — ) dr.

4. Show that (15.19) coincides with the definition (14.44) of convolution, provided f(t)
and g(t) vanish for ¢ < 0.

5. Show that if f.(t) = t*~1 for t > 0, with Re z > 0, and if also Re ¢ > 0, then

(1520) fz *fC(t) :B(Z7C) fz-i—C(t)a
with )

B(z,() = /0 57711 — )" L ds.
6. Show that
(15.21) L(f +9)(s) = £F(s) - Lg(s).

See §18 for an identity resulting from applying (15.21) to (15.20).
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16. Residue calculus

Let f be holomorphic on an open set €2 except for isolated singularities, at points p; € (2.
Each p; is contained in a disk D; CC €2 on a neighborhood of which f has a Laurent series

oo

(16.1) F)= ) anlpy)(z—pj)"

n=—oo

The coefficient a_1(p;) of (z—p;)~" is called the residue of f at p;, and denoted Resy, (f).
We have

(16.2) Resy, (f) = =— / f(z)dz.

If in addition € is bounded, with piecewise smooth boundary, and f € C(Q\ {p;}),
assuming {p;} is a finite set, we have, by the Cauchy integral theorem,

(16.3) / f(z)dz = Z / f(z)dz = 2mi Y Resy, (f).
o0 J

J oD,

This identity provides a useful tool for computing a number of interesting integrals of
functions whose anti-derivatives we cannot write down. Examples almost always combine
the identity (16.3) with further limiting arguments. We illustrate this method of residue
calculus to compute integrals with a variety of examples.

To start with a simple case, let us compute

(16.4) / T _de

oo I+ 2%

In this case we can actually write down an anti-derivative, but never mind. The function
f(2) = (1+2%)7! has simple poles at z = +i. Whenever a meromorphic function f(z) has
a simple pole at z = p, we have

(16.5) Res,(f) = lim (2 — p) f(2).

Z—D
In particular,

(16.6) Res; (14 2%)7! = lim (2 — z)m = %
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Let vg be the path formed by the path ar from —R to R on the real line, followed by the
semicircle Bgr of radius R in the upper half-plane, running from z = R to z = —R. Then
vr encloses the pole of (1 + 22)~! at z =4, and we have

dz . _
(16.7) / 2 =2mi Res; (1+22) ' =m,
R

provided R > 1. On the other hand, considering the length of 3z and the size of (1+22)~1
on (g, it is clear that

. dz
(16.8) ngnoo 2= 0.
Br

Hence

< dx dz

16. = 1 =
(16.9) /ool+x2 Rose ) 1422
YR

This is consistent with the result one gets upon recalling that d tan™! z/dz = (1 + z2)~1.
For a more elaborate example, consider

(16.10) / T _de

oo I+t

Now (1 + 2%)~! has poles at the four 4th roots of —1:
(1611) b1 = eﬂi/47 P2 = 637Ti/47 pP3 = 6_37”:/47 P4 = e_Wi/4-

A computation using (16.5) gives

1 .
Res,, (1+2%)7! = 1673771/4,
(16.12) h
Res,, (1+ 2471 = Ze’m/‘l.

Using the family of paths vz as in (16.7), we have

*©  dx . dz - 4y—1
/ool+l'4:Rh—r>noo 1+z4:2mZReSpj(1+z)
(16.13) R J=1
W_i(e—sm/4 + e—7rz'/4) _
2

9
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where we use the identity

1+
75

The evaluation of Fourier transforms provides a rich source of examples to which to
apply residue calculus. Consider the problem of computing

oo eix{
(16.15) / da,

0o 1+ 22

(16.14) e™i/ =

for ¢ € R. Note that f(z) = e%?/(1 + 2?) has simple poles at z = +i, and

16.16 Res, C — ¢
(16.16) P T

Hence, making use of 7z as in (16.7)—(16.9), we have

00 ezw£ e
(16.17) /_ool+w2dx:m . £>0.

For £ < 0 one can make a similar argument, replacing yr by its image 7 reflected across
the real axis. Alternatively, we can see directly that (16.15) defines an even function of &,
SO

00 ew:§ 3
(16.18) /_OO T2 dr=me I8l ¢eR.

The reader can verify that this result is consistent with the computation of

oo
/ eIzl e=iz€ g
— 0o

and the Fourier inversion formula; cf. Exercise 4 in §14.
As another example of a Fourier transform, we look at

00 (43
(16.19) A= / ‘

_ oo 2cosh § v
To evaluate this, we compare it with the integral over the path y(z) = z — 2mi. See
Fig. 16.1. We have

eiz{ J oo 627r§+i:v§ J 27r§A
16.20 ——dz = — ——dr = — ,
( ) /QCoshg : /OOQCOSh% . c

Y
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since cosh(y—mi) = — cosh y. Now the integrand has a pole at z = —mi, and a computation
gives
eiz§

16.21 Res_p; ———— =ie™.

( ) s chosh% ve
We see that

ome ' eiz§
(16.22) —A—e"™A=2nmi Res_n; Zcosh 2’
and hence
o g T
16.23 ——dr = .
( ) /_Oo 2cosh 3 v cosh €

The evaluation of (16.19) involved an extra wrinkle compared to the other examples
given above, involving how the integrand on one path is related to the integrand on another
path. Here is another example of this sort. Given « € (0, 1), consider the evaluation of

xOé

16.24 B = —dzx.
(16.24) / e

Let us define 2® = r®e’? upon writing z = re?, 0 < § < 2r. Thus in contrast with our
treatment in §4, we here define 2z to be holomorphic on C\ R™". It has distinct boundary
values as z =x+1y —x >0asy \,0and as y /0. Let yg be the curve starting with r
going from 0 to R, while # = 0, then keeping » = R and taking € from 0 to 2m, and finally
keeping # = 27 and taking r from R to 0. See Fig. 16.2. We have

«

dz = B — e*™ B,

16.2 li
( 6 5) Rl—{noo 1—|—Z2

YR

On the other hand, for R > 1 we have

z¢ . z%
/1+Z2 dz = 2mi Z Resp m

(16.26) J i
— 7_”-(671'1'(04—1)/2 + 637ri(o¢—1)/2),
SO
wi(o—1)/2 3ni(a—1)/2 _
(16.27) B it +e :WCOS’/T(l a)/2

1 — e2mic sinm(1 — «)
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While all of the examples above involved integrals over infinite intervals, one can also
use residue calculus to evaluate integrals of the form

27
(16.28) / R(cosf,sinf)do,
0

when R(u,v) is a rational function of its arguments. Indeed, if we consider the curve
() = e?, 0 <0 < 27, we see that (16.28) is equal to

z 1 =z 1\ dz
16.29 R(— -z ) @
( ) / 2 + 2z 21 2iz/ 1z

~

which can be evaluated by residue calculus.

Exercises

1. Use residue calculus to evaluate the following definite integrals.

o0 $2
(a) / e
*© coszx
b ——d
(b) | i

00 1/3
(©) / e,
0

1+ 23

24 cosx

27 2
(d) / _sn'z .
0

2. Let yg go from 0 to R on RT, from R to Re?>™"/™ on {z: |z| = R}, and from Re*"*/™ to
0 on a ray. Assume n > 1. Take R — oo and evaluate

/°° dx
0 1"‘113'”

More generally, evaluate

for0<a<n-—1.
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3. If (Z) denotes the binomial coefficient, show that

n\ 1 (1+2)"
<k:) B 277@'/ Zhtl 4z,

~

where ~v is any simple closed curve about the origin.
Hint. (7}) is the coefficient of z* in (1 + 2)™.

4. Use residue calculus to compute the inverse Laplace transforms in Exercise 3 (parts
(a)—(d)) of §15.

5. Use the method involving (16.28)—(16.29) to compute

/27r do
o 1—2rcosf+r?’

given 0 < r < 1. Compare your result with (13.8)—(13.9).

6. Let f and g be holomorphic in a neighborhood of p.
(a) If g has a simple zero at p, show that

I flp)
e = o)
(b) Show that
flz)
(16.30) Res,, GopE f'(p).

7. In the setting of Exercise 6, show that, for £ > 1,

(16.31) Res, (Zf_('z;)k = (k—ll)! FE V().

Hint. Use (5.11), in concert with (16.2). See how this generalizes (16.5) and (16.30).

oo ei:r§
[
feo L+

8. Compute

for £ € R.
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17. The argument principle

Suppose 2 C C is a bounded domain with piecewise smooth boundary and f € C'(Q)
is holomorphic on 2, and nowhere zero on 9€). We desire to express the number of zeros
of f in ) in terms of the behavior of f on 92. We count zeros with multiplicity, where we
say p; € Q is a zero of multiplicity k provided £ (p;) = 0 for £ < k—1 while f*)(p;) # 0.
The following consequence of Cauchy’s integral theorem gets us started.

Proposition 17.1. Under the hypotheses stated above, the number v(f,Q) of zeros of f
in ), counted with multiplicity, is given by

1 (1)
(17.1) v(f,Q) = — dz.
2maé f(z)

Proof. Suppose the zeros of f in € occur at p;, with multiplicity m;, 1 < j < K. By
Cauchy’s integral theorem the right side of (17.1) is equal to

K /(s
(17.2) QLMZ/ ];((Z)) dz,

=1
J=oD;

for sufficiently small disks D; centered at p;. It remains to check that

(17.3) m; = QLM ];/((j))

oD,

dz.

Indeed we have, on a neighborhood of Dj,
(17.4) f(z) = (2 = p;)™ g;(2),
with g;(z) nonvanishing on D;. Hence on Dj,

f'z)  my o g;(2)
(17:5) ORI}

The second term on the right is holomorphic on Ej, so it integrates to 0 over dD;. Hence
the identity (17.3) is a consequence of the known result

m dz

17.6 =L .

(17.6) " o / Z—p,
oD,
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Having Proposition 17.1, we now want to interpret (17.1) in terms of winding numbers.
Denote the connected components of 9Q by C; (with proper orientations). Say C; is
parametrized by ¢; : S' — C. Then

(17.7) fop;: St — C\0
parametrizes the image curve v; = f(C;), and we have
1 1'(2) 1 dz
17. — dz=— [ —.
(17:8) 2mi ) f(z) “Tom ]
C; Y

Note that the right side of (17.1) is equal to the sum of the terms (17.8). As z runs over
7j, we write z in polar coordinates, z = re’. Hence

(17.9) dz = e dr + ire' de,
S0
(17.10) dz _dr ;.

z T

Noting that dr/r = d(logr) and that f,yj d(logr) = 0, we have

1 dz 1
17.11 — | — = — [ df.
( ) 2 z 2
;s ot
This theta integral is not necessarily zero, since 6 is not single valued on C\ 0. Rather we
have, for any closed curve v in C\ 0,
1

(17.12) — [ df =n(~,0),

27

N

the winding number of v about 0. Certainly the amount by which 6 changes over such a
curve is an integral multiple of 27, so n(~,0) is an integer.

We can provide a formula for df in terms of single valued functions, as follows. We start
with
dz dx+idy (x —iy)(dz + idy)

; 2 2
(17.13) : T rmty
xdm+ydy+_a:dy—ydx
= 1
x2+y2 m2_+_y2 ’

and comparison with (17.10) gives

rdy —ydx

17.14 df =
( 7 ) x2+y2

The following is an important stability property of the winding number.
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Proposition 17.2. If vy and v1 are smoothly homotopic in C\ 0, then

(17.15) n(0,0) = n(71,0).

Proof. If v is a smooth family of curves in C \ 0, for 0 < s < 1, then

(17.16) n(vs,0) = %/d&

Vs

is a continuous function of s € [0, 1], taking values in Z. Hence it is constant.
Comparing (17.8), (17.11), and (17.12), we have
Proposition 17.3. With the winding number given by (17.12),

(17.17) o [ e =500 % = F(C).

&

In concert with Proposition 17.1, this yields:

Proposition 17.4. In the setting of Proposition 17.1, with C; denoting the connected
components of 05,

(17.18) v(f,Q) = n(7;,0), ;= F(Cy).

J

That is, the total number of zeros of f in ), counting multiplicity, is equal to the sum of
the winding numbers of f(C;) about 0.

This result is called the argument principle. It is of frequent use, since the right side
of (17.18) is often more readily calculable directly than the left side. In evaluating this
sum, take care as to the orientation of each component C, as that affects the sign of the
winding number. We mention without further ado that the smoothness hypothesis on 02
can be relaxed via limiting arguments.

The following useful corollary of Proposition 17.4 is known as Rouché’s theorem or the
“dog-walking theorem.”

Proposition 17.5. Let f,g € CY(Q) be holomorphic in Q, and nowhere zero on 0.
Assume

(17.19) 1f(2) —g(2)| < [f(2)], V z€0.
Then

(17.20) v(f, Q) =rv(g,Q).
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Proof. The hypothesis (17.19) implies that f and g are smoothly homotopic as maps from
00 to C\ 0, e.g., via the homotopy

fr(2) = f(z) = 7lf(2) —g(2), 0<7<1
Hence, by Proposition 17.2, f|¢, and g|c, have the same winding numbers about 0, for
each boundary component C;.

As an example of how this applies, we can give another proof of the fundamental theorem
of algebra. Consider

(17.21) f(2)=2" g(z)=2"+an_ 12"+ +ao.
Clearly there exists R < oo such that

(17.22) |f(z) —g(2)] < R" for |z|=R.
Hence Proposition 17.5 applies, with = Dg(0). It follows that
(17.23) v(9, Dr(0)) = v(f, Dr(0)) = n,

so the polynomial g(z) has complex roots.
The next corollary of Proposition 17.4 is known as the open mapping theorem for
holomorphic functions.

Proposition 17.6. If Q C C is open and connected and f : Q0 — C is holomorphic and
non-constant, then f maps open sets to open sets.

Proof. Suppose p € Q and ¢ = f(p). We have a power series expansion
(17.24) f(2)=f(p)+ ) an(z=p)",
n==k

where we pick aj to be the first nonzero coefficient. It follows that there is a disk D,(p)
such that v = f‘ oD, (p) is bounded away from ¢, and the winding number of this curve
P

about ¢ is equal to k (which is > 1). It follows that there exists £ > 0 such that whenever
l¢ — q| < € then the winding number of v about ¢’ is equal to k, so f(z) — ¢’ has zeros
in D,(p). This shows that {¢’ € C : |¢’ — ¢| < ¢} is contained in the range of f, so the
proposition is proven.

The argument principle also holds for meromorphic functions. We have the following
result.

Proposition 17.7. Assume f is meromorphic on a bounded domain Q, and C' on a
netghborhood of 0S). Then the number of zeros of f minus the number of poles of f
(counting multiplicity) in 2 is equal to the sum of the winding numbers of f(C;) about 0,
where C are the connected components of 0€).

Proof. The identity (17.1), with v(f,2) equal to zeros minus poles, follows by the same
reasoning as used in the proof of Proposition 17.1, and the interpretation of the right side
of (17.1) in terms of winding numbers follows as before.

Another application of Proposition 17.1 yields the following result, known as Hurwitz’
theorem.
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Proposition 17.8. Assume f, are holomorphic on a connected region  and f, — f
locally uniformly on Q. Assume each f, is nowhere vanishing in ). Then f is either
nowhere vanishing or identically zero in €.

Proof. We know f is holomorphic in €2 and f;, — f’ locally uniformly on €2; see Exercise 1
of §5. Assume f is not identically zero. If it has zeros in 2, they are isolated. Say D is a
disk in  such that f has zeros in D but not in 9D. It follows that 1/f, — 1/f uniformly
on 0D. By (17.1),

1 [ fi(z)
17.2 — | = dz = :
(17.25) o | P =0 v
oD
Then passing to the limit gives
1 [ f(z)
17.2 D)= — dz=20
(17.26) WD) = 5 [ L ez =o
oD

contradicting the possibility that f has zeros in D.

Exercises

1. Let f(z) = 23 +i2% — 2iz + 2. Compute the change in the argument of f(z) as z varies
along:

a) the real axis from 0 to oo,
b) the imaginary axis from 0 to oo,
c) the quarter circle z = Re®, where R is large and 0 < 0 < /2.

Use this information to determine the number of zeros of f in the first quadrant.

2. Prove that for any € > 0 the function

+ sin z

z+1

has infinitely many zeros in the strip |Im z| < e.
Hint. Rouché’s theorem.

3. Suppose f : Q — C is holomorphic and one-to-one. Show that f’(p) # 0 for all p € Q,
using the argument principle.

Hint. Compare the proof of Proposition 17.6, the open mapping theorem.

4. Make use of Exercise 7 in §5 to produce another proof of the open mapping theorem.



140

5. Let 2 C C be open and connected and assume g, : 2 — C are holomorphic and each
is one-to one (we say univalent). Assume g, — ¢ locally uniformly on €. Show that ¢ is
either univalent or constant.

Hint. Pick arbitrary b € Q and consider f,(z) = gn(z) — gn(b).

6. Let D be a disk in C. Assume f € C'(D) is holomorphic in D. Show that f(0D)
cannot be a figure 8.

7. In the setting of Proposition 17.1, assume S C C is connected and SN f(99Q) = (). Show

that
v(f —p, Q) is independent of p € S.

Hint. Use (17.1) to show that ¢(p) = v(f — p, ) gives a continuous function ¢ : S — Z.

8. Let A > 1. Show that ze*~* =1 for exactly one z € D = {2 € C : |z| < 1}.
Hint. With f(z) = ze*~%, show that

2| =1 =[f(z)| > 1.

Compare the number of solutions to f(z) = 0. Use either Exercise 17, with S = D, or
Rouché’s theorem. with f(z) = ze*~* and g(z) = ze? ™% — 1.

In Exercises 9-12, we consider
o(z) =ze"*, ¢:D—C, vzgoaDzaDHC

9. Show that v : 0D — C is one-to-one.
Hint. yv(z) =v(w) = z/w=e"""=>2-weciR=2=w
= p(2) = p(z) = 050 — 41 if z = ¢ = ...
Given Exercise 9, it is a consequence of the Jordan curve theorem (which we assume here)
that C \ v(90D) has exactly two connected components. Say 2, is the component that
contains 0 and 2_ is the other one.
10. Show that

peQ=vp-pD)=1, pcQ_ =v(p—-pD)=0.
Hint. For the first case, take p = 0. For the second, let p — oo.

11. Deduce that ¢ : D — (), is one-to-one and onto.

12. Recalling Exercise 8, show that {z € C: |z| < 1/e} C Q4.
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18. The Gamma function

The Gamma function has been previewed in (15.17)—(15.18), arising in the computation
of a natural Laplace transform:

(18.1) ft) =t""' = Lf(s) =T(2) s 7,
for Re z > 0, with

(18.2) ['(2) :/ e '*~tdt, Re z>0.
0

Here we develop further properties of this special function, beginning with the following
crucial identity:

Mz+1)= / e 7 dt
0

(18.3) =— /OO %(e_t) t* dt
0

— 2T(2),
for Re z > 0, where we use integration by parts. The definition (18.2) clearly gives
(18.4) 1) =1,
so we deduce that for any integer k > 1,

(18.5) rk)y=k-DI'k—-1)=---= (k=1

While I'(2) is defined in (18.2) for Re z > 0, note that the left side of (18.3) is well defined
for Re z > —1, so this identity extends I'(z) to be meromorphic on {z : Re z > —1}, with
a simple pole at z = 0. Iterating this argument, we extend I'(z) to be meromorphic on C,
with simple poles at z = 0,—1,—2,.... Having such a meromorphic continuation of I'(z),
we establish the following identity.

Proposition 18.1. For z € C\ Z we have

™

(18.6) T(2)I(1 - 2) =

sin 7z

Proof. 1t suffices to establish this identity for 0 < Re z < 1. In that case we have
[(z)I(1—2) = / / e~ 72421 s dt
o Jo
(18.7) = / / e "v* 11 +v) " dudv
o Jo
:/ (1+v) " do,

0
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where we have used the change of variables u = s+ ¢, v = t/s. With v = €7, the last
integral is equal to

(18.8) / (1+e*) " te™ du,

which is holomorphic on 0 < Re z < 1. We want to show that this is equal to the right
side of (18.6) on this strip. It suffices to prove identity on the line z = 1/2 4+ i, £ € R.
Then (18.8) is equal to the Fourier integral

(18.9) /00 (2 cosh g) _leix‘g dr.

— o0

This was evaluated in §16; by (16.23) it is equal to

T
18.10 —

( ) cosh &’

and since

(18.11) U =

sinm(3 +i€)  coshng’

the demonstration of (18.6) is complete.

Corollary 18.2. The function I'(z) has no zeros, so 1/T'(z) is an entire function.
For our next result, we begin with the following estimate:

Lemma 18.3. We have

(18.12) 0<et— (1 _ %)n <Pt o<t<n

the latter inequality holding provided n > 4.

Proof. The first inequality in (18.12) is equivalent to the simple estimate e ¥ — (1—y) >0
for 0 < y < 1. To see this, denote the function by f(y) and note that f(0) = 0 while
fllyy=1—e"¥ >0 for y > 0.

As for the second inequality in (18.12), write

log(l — %)n =n log(l — E) =—t— X,

n
(18.13) X_t2<1+1t+1<t>2+ )
- n\2 3n  4\n '

We have (1 —t/n)" = e~*=% and hence, for 0 <t < n,

t\"
et — <1— —) =(1—e et < Xe ™,
n
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using the estimate x — (1 —e™*) > 0 for x > 0 (as above). It is clear from (18.13) that
X <t?/nif t <n/2. On the other hand, if t > n/2 and n > 4 we have t?/n > 1 and hence
et < (t?/n)e L.

We use (18.12) to obtain, for Re z > 0,

n

I(z) = lim (1 - f)ntz—ldt
0 n

n—oo

1
= lim nz/ (1—s)"s*1ds.
0

n—oo

Repeatedly integrating by parts gives

—_— DY 1
(18.14) () = Tim p* — =l / s7tn=14s,
n—oo  z(z4+1)---(z4+n—-1) Jy

which yields the following result of Euler:
Proposition 18.4. For Re z > 0, we have

1-2...m
18.15 I'(z) = lim n? )
( ) (2) n—oo  z(z+1)---(z+4+n)

Using the identity (18.3), analytically continuing I'(z), we have (18.15) for all z € C

other than 0,—1,—2,.... In more detail, we have
r 1 1 1-2--.
['(z) = (z+1) = lim n*™!'= n ,
z n—o0 z(z+1)(z+2)---(2+14+n)

for Rez > —1(z # 0). We can rewrite the right side as
1:2---n-n
2(z+1)---(z4+n+1)
1-2---(n+1) no\z+l
z(z+1)~-(z—|—n+1)'(n+1) ’
and (n/(n+ 1))*™ — 1 as n — oo. This extends (18.15) to {z # 0 : Rez > —1}, and

iteratively we get further extensions.
We can rewrite (18.15) as

z

= (n+1)°

(18.16) P(z) = lim n*27'(142)7" (1 + g>_1 . <1 + §>_1.

To work on this formula, we define Euler’s constant:

(18.17) vznlii%o<l+%+---+%—logn>.

Then (18.16) is equivalent to

(18.18) I(z) = lim e (1 24 1/m) —1(1 | Z)—1<1 I §>1 . (1 + %)1’

which leads to the following Euler product expansion.
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Proposition 18.5. For all z € C, we have

oo

(18.19) F(lz) =27 [ (1 + %)e—z/'n.

n=1

We can combine (18.6) and (18.19) to produce a product expansion for sin7z. In fact,
it follows from (18.19) that the entire function 1/I'(2)I'(—z) has the product expansion

(18.20) m — 2 ﬁ <1 - Z—Z)

Since I'(1 — z) = —2I'(—%), we have by (18.6) that
(18.21) sinmmz =z H (1 — —>

2
n
n=1

For another proof of this result, see §30, Exercise 2.
Here is another application of (18.6). If we take z = 1/2, we get I'(1/2)? = &. Since
(18.2) implies I'(1/2) > 0, we have

(18.22) F(%) — V7.

Another way to obtain (18.22) is the following. A change of variable gives

00 [ 1.1
(18.23) / e dz = —/ et gy = —F(—).
; 2 J, 2 \2

It follows from (10.6) that the left side of (18.23) is equal to /7/2, so we again obtain
(18.22). Note that application of (18.3) then gives, for each integer k > 1,

(18.24) F(k:+%> :W%k—%) (/«.:—%)(%)

One can calculate the area A, _; of the unit sphere S"~! C R" by relating Gaussian
integrals to the Gamma function. To see this, note that the argument giving (10.6) yields

(18.25) /e_l"”'2 dx = </ e dm)n = /2,

Rn

On the other hand, using spherical polar coordinates to compute the left side of (18.24)

gives
oo
/e |z dx:An_lf e " ldr
0

(18.26) R"



where we use t = r2. Recognizing the last integral as I'(n/2), we have

27.‘.71/2
(1827) An—l = W

More details on this argument are given at the end of Appendix C.

Exercises

1. Use the product expansion (18.19) to prove that

d T'(z = 1
(18.28) s F<(Z)) = EErE

n=0

Hint. Go from (18.19) to

1 S ZY _ %
| 1 log(1+2) - 2],
OgI‘(z) 0gz+72+n§1 0g +n o
and note that d T'(2) 22
z
il = — logI'(2).
dz T'(z) dz? o8 T(z)
Yo=14=+4- -+ = —log(n+1).
2 n
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Show that ~,, /" and that 0 < v, < 1. Deduce that v = lim,, ., v, exists, as asserted in

(18.17).
3. Using (9/02)t*~! = t*~Llogt, show that
f.(t) =t""tlogt, (Rez>0)

has Laplace transform

Lf.(s)= Fz) —I(z) logs) Re s > 0.

SZ

4. Show that (18.19) yields

o0

-1
(18.29) [(z+1)=20(z) = e [] (1 + %) /" 2] < 1.

n=1
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Use this to show that
(18.30) I'(1) = d—(zr(z)) ———7

5. Using Exercises 3-4, show that

log s + v

f(t) =logt = Lf(s) = .

and that ~
v = —/ (logt)e™ " dt.
0

6. Show that v = v, — 7, with

1 —t oo —t
l1—e e
Y =/ dt, %=/ — dt.
¢ 0 13 1t

Consider how to obtain accurate numerical evaluations of these quantities.

Hint. Split the integral for v in Exercise 5 into two pieces. Integrate each piece by parts,
using e”* = —(d/dt)(e~* — 1) for one and e~* = —(d/dt)e~" for the other. See Appendix
J for more on this.

7. Use the Laplace transform identity (18.1) for f,(t) = t*~! (on t > 0, given Re z > 0)
plus the results of Exercises 5-6 of §15 to show that

_ (=)
(18.31) B(z,() = TG10) Re z,Re( > 0,
where the beta function B(z,() is defined by
1
(18.32) B(z,¢) = / 711 —5)"1ds, Re zRe(>0.
0

The identity (18.31) is known as Euler’s formula for the beta function.

8. Show that, for any z € C, when n > 2|z|, we have

<1+ E)e_z/” =1+ w,
n

with log(1 + w,,) = log(1 + z/n) — z/n satisfying

Kl

‘log(l + U)n)} < %
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Show that this estimate implies the convergence of the product on the right side of (18.19),
locally uniformly on C.

More infinite products

9. Show that

i 1 2
18.33 (1 _ —) _Z
( ) }:[1 4n? s
Hint. Take z =1/2 in (18.21).
10. Show that, for all z € C,
18.34 T2 1 22
(18.34) cos —- = H ( —$>

Hint. Use cosmz/2 = —sin((7/2)(z — 1)) and (18.21) to obtain

(18.35) cos %Z = E(1 —2) ﬁ(l - (24_712”2)

Use (1 —u?) = (1 — u)(1 + u) to write the general factor in this infinite product as
1 z 1 z
I
( +2n 2n 2n * 2n

1 z z
= (1= 12) (-5 ) ):
( 4n? n+1 +2n—1

Deduce (18.34) from this and (18.33).

11. Show that

sin 7z Tz Tz Tz
= COS — - COS — - COS — -+ -+ .
Tz 2 4 8

(18.36)

Hint. Make use of (18.21) and (18.34).
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18A. The Legendre duplication formula

The Legendre duplication formula relates T'(2z) and T'(z)I'(z + 1/2). Note that each
of these functions is meromorphic, with poles precisely at {0,—1/2,—1,-3/2,—-2,...},
all simple, and both functions are nowhere vanishing. Hence their quotient is an entire
holomorphic function, and it is nowhere vanishing, so

(18.37) I'(2z) = eA(Z)F(z)F<Z + %),

with A(z) holomorphic on C. We seek a formula for A(z). We will be guided by (18.19),
which implies that

(o ¢]

1 2z
18.38 I PO (1 —) —2z/n.
(18.38) gy~ 2 L+ 70)e

n=1
and (via results given in §18B)

1
T(2)T(z + 1/2)

(18.39) o
— Z(z 4 l)evzewzﬂ/z){ I1 (1 I i)e—z/n (1 4 w>e—<z+1/z>/n}_
2 i n n
Setting
z+1/2  2z+2n+1 2z 1
18.40 1 - - (1 )(1 —),
( ) + n 2n + 2n+1 2n
and
(18.41) o~ (z4+1/2)/n _ e—2z/(2n+1)e—22[(1/2n)—1/(2n+1)]6—1/271,

we can write the infinite product on the right side of (18.39) as

i 2z 2z
1 _) —2z/2n<1 ) —22/(2n+1)}
{H<+2ne Tonr1)e

(18.42) n= N 5

Hence
! = ze¥7e1/2. i(l +22)e” %% x (18.42)
L'(z)I'(z+1/2) 2

= 22627Z67/2£{ﬁ <1 + %>e_2z/k}
(18.43) Tl ’

- 1 —1/2n - —2z[(1/2n)—1/(2n+1)]
X {H (1 + %)e } H e .

n=1 n=1
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Now, setting z = 1/2 in (18.19) gives

1 1 a 1
18.44 = —e/2 (1 —) ~1/2n
(18.44) r1/2)  2° }:Il Ton)e

so taking (18.38) into account yields

1 = 1 i lo_O[ e—2z[(1/2n)—1/(2n+1)]
I'z)I'(z+1/2 '(1/2)I'(2z) 2
(18.45) (2)I( /2) (1/2)r(2z) 2 -+
B 1 62042
CT(1/2)T(22) 2
where
=1 (5 i)
N n=1 2 +
(18.46) » 1+1 1+1
B 2 '3 45
= log 2.
Hence €2%* = 222 and we get
1 221 1
(18.47) P(5)res) =2 rEr(=+ ;).

This is the Legendre duplication formula. Recall that I'(1/2) = /7.
An equivalent formulation of (18.47) is

(18.48) (2m) /20 (2) = zz—1/2r<§)r<z a 1).

2

This generalizes to the following formula of Gauss,

way Gmeoen —won(2)e(2E) p(2E2 L)

valid for n = 3,4, ....

18B. Convergence of infinite products

Here we record some results regarding the convergence of infinite products, which have
arisen in this section. We look at infinite products of the form

(18.50) [T+ ax).
k=1
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. . . M
Disregarding cases where one or more factors 1+ajy, vanish, the convergence of [, _, (14ay)
as M — oo amounts to the convergence

N
(18.51) lim (1+ag) =1, uniformlyin N > M.

M —o0

In particular, we require ap — 0 as k — oo. To investigate when (18.51) happens, write

N
H 1—|—CLk 1—|—G,M)(1—|—G,M+1)(1—|—CLN)
k=M

:1—|—Z(Ij+ Z ajlaj2—|—~~—|—aM«~~aN,
J

J1<J2

(18.52)

where, e.g., M < j; < jo < N. Hence

N
‘H(1+ak)—1’§2|aj\+ > lajag,|+ -+ lan - an
k=M

J J1<J2
(18.53) N
= [T @ +lax)) -
k=M
=bun,

the last identity defining by;n. Our task is to investigate when by;ny — 0 as M — oo,
uniformly in N > M. To do this, we note that

N
log(1 4 barw) =log [] (1+ laxl)
(18.54) k=M

||M2
=

+

:

and use the facts

x>0=log(l+2x)<
(18.55)

wl&zﬂ

0<z<1=log(l+zx)>

Assuming ay — 0 and taking M so large that k > M = |ax| < 1/2, we have

—

N N
(18.56) 5 > ak| <log(l+byn) < > ax,
k=M =M
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and hence
(18.57) Jim by =0, uniformly in N > M = > lax] < oo.
> K
Consequently,
Z lak| < oo = H (1+ |ag|) converges
(18.58) k=l

— H(l + ay) converges.
k=1
Another consequence of (18.57) is the following:

(18.59) If 1+ aj, # 0 for all k, then » |ax| < oo = [[(1+ ax) #0.

We can replace the sequence (ay) of complex numbers by a sequence (f) of holomorphic
functions, and deduce from the estimates above the following.

Proposition 18.6. Let fi : Q2 — C be holomorphic. If

(18.60) Z|fk )| < oo on Q,

then we have a convergent infinite product

(18.61) ]O_O[ 1+ fi(2)) = g(2),

and g is holomorphic on Q. If zo € Q and 1 + fr(20) # 0 for all k, then g(z0) # 0.

Another consequence of estimates leading to (18.57) is that if also g5 : @ — C and
> gr(2)| < oo on €, then

(18.62) {TI+ fien } TT0+ et H L+ fr(2)(1+ gi(2)).
k=1 k=1

k=1

To make contact with the Gamma function, note that the infinite product in (18.19)
has the form (18.61) with

(18.63) 1+ fulz) = (1 + %)e‘z/k.
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To see that (18.60) applies, note that

(18.64)

Hence

(18.65)

e—’UJ

=1-w+ Rw), |w <1=|R(w)| < Clw|?.

(14 3= (1 )0+ 16)

Hence (18.63) holds with

(18.66)

SO
(18.67)

which yields (18.60).
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19. The Riemann zeta function

The Riemann zeta function is defined by

(19.1) C(s) = Zn_s, Re s > 1.
n=1
Some special cases of this arose in §13, namely

(19.2) ¢(2) =

This function is of great interest in number theory, due to the following result.

Proposition 19.1. Let {p; : j > 1} ={2,3,5,7,11,...} denote the set of prime numbers
i N. Then, for Res > 1,

(19.3) cs) = [0 -
j=1

Proof. Write the right side of (19.3) as

- —s —2s —3s

H(1+pj +p; 7 +D; +-)
(19.4) 7=1

=1+ ij—s + Z (pjlij)is + Z (pjlp]épj:a)is +oee

J J1<72 J1<7j2<7s

That this is identical to the right side of (19.1) follows from the fundamental theorem of
arithmetic, which says that each integer n > 2 has a unique factorization into a product
of primes.

From (19.1) we see that
(19.5) s\ 1= ((s) /" +o0.

Hence

(19.6) (1-p;")=0.

—;

<
Il
—_
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Applying (18.59), we deduce that

(19.7) — = 00,
j=1 i

which is a quantitative strengthening of the result that there are infinitely many primes.

Of course, comparison with Enzl n~% implies

(19.8) Z for Res > 1.
!p]

Another application of (18.59) gives

(19.9) C(s) #0, for Res> 1.

Our next goal is to establish the following.

Proposition 19.2. The function ((s) extends to a meromorphic function on C, with one
sitmple pole, at s = 1.

To start the demonstration, we relate the Riemann zeta function to the function

(19.10) gty =3 e,

Indeed, we have

[e%s} 0 e’}
/ g st dt = Zn—st—S/ et dt
0 =1 0

= ((2s)m°T'(s).

This gives rise to further useful identities, via the Jacobi identity (14.43), i.e

(1912) —ml%t \/> Z 7Tk2/t

(19.11)

é——oo
which implies
1
19.13 £) = L e ( ).
(19.13) o(t) =~ + 5172 ()
To use this, we first note from (19.11) that, for Re s > 1,
F(f —5/2 /oog ts/2 Lt
2 0

(19.14)

1 e’}
/g )s/2 1dt+/ g(t)t*/2 L dt.
0

1
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Into the integral over [0, 1] we substitute the right side of (19.13) for ¢(¢), to obtain

F(%)ﬂ_s/QC(S) = /1 (—% + %t*”)ts/?—l dt
0

1 [e%s)
+/ g(t1)ts/2=3/2 dt+/ g(t)ts/2 1 dt.
0 1

We evaluate the first integral on the right, and replace ¢ by 1/t in the second integral, to
obtain, for Re s > 1,

(19.15)

11 [
—1 +/1 [t5/2 4 t(1=9)/2] g(1)t L.

(19.16) F<§>7T_S/2C(s) -

Note that g(t) < Ce ™ for t € [1,00), so the integral on the right side of (19.16) defines
an entire function of s. Since 1/I'(s/2) is entire, with simple zeros at s =0, -2, —4,..., as
seen in §18; this implies that ((s) is continued as a meromorphic function on C, with one
simple pole, at s = 1. This finishes the proof of Proposition 19.2.

The formula (19.16) does more than establish the meromorphic continuation of the zeta
function. Note that the right side of (19.16) is invariant under replacing s by 1 —s. Thus
we have an identity known as Riemann’s functional equation:

(19.17) r(5)7 /(s = r(1 )01 - ).

The meromorphic continuation of ((s) can be used to obtain facts about the set of
primes deeper than (19.7). It is possible to strengthen (19.9) to

(19.18) ¢(s) #0 for Res>1.

This plays a role in the following result, known as the

Prime number theorem.

. by
19.19 1 =
(19:19) j=o jlogj

A proof can be found in [BN], and in [Ed]. Of course, (19.19) is much more precise than
(19.7).

There has been a great deal of work on determining where ((s) can vanish. By (19.16),
it must vanish at all the poles of I'(s/2), other than s = 0, i.e.,

(19.20) ((s)=0 on {—2,—4,—6,...}.

These are known as the “trivial zeros” of ((s). It follows from (19.18) and the functional
equation (19.16) that all the other zeros of ((s) are contained in the “critical strip”

(19.21) NQ={seC:0<Res<1}.

Concerning where in €) these zeros can be, there is the following famous conjecture.
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The Riemann hypothesis. All zeros in Q of ((s) lie on the critical line

1
(19.22) {§+ia:a€R}.

Many zeros of ((s) have been computed and shown to lie on this line, but after over a
century, a proof (or refutation) of the Riemann hypothesis eludes the mathematics com-
munity. The reader can consult [Ed| for more on the zeta function.

Exercises

1. Use the functional equation (19.17) together with (18.6) and the Legendre duplication
formula (18.47) to show that

s

gu—syzwf%f%amEQFQK@y

2. Sum the identity

[(s)n™* :/ e "5t
0

over n € Z1 to show that

00 4s—1 1 $s—1 00 4s—1
F(s)C(s)z/ dt:/ t_ldt+/ T dt = A(s) + B(s).
0 o € 1 (&

et —1

Show that B(s) continues as an entire function. Use a Laurent series

1
et —1

1
:¥+ao—|—a1t+a2t2+---

to show that

1 -1

t? 1 ao ai

/ et—ldt:s—1+_s Tt
0

provides a meromorphic continuation of A(s), with poles at {1,0,—1,...}. Use this to give
a second proof that {(s) has a meromorphic continuation with one simple pole, at s = 1.
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3. Show that, for Re s > 1, the following identities hold:

(b) Ce)cts -1 =3 70,
(s-1) _ o)
(C) C(S) _ngl ns )
1 o pn)
(@) =2
Cls) _ o Am)
© o) T

where

d(n) = # divisors of n,

sum of divisors of n,

Q

n

— ( )# prime factors

w(n , if n is square-free, 0 otherwise,

A

(n) =
(n)
©(n) = # positive integers < n, relatively prime to n,
(n)
(n) =

log p if n = p™ for some prime p, 0 otherwise.
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20. Covering maps and inverse functions

The concept of covering map comes from topology. Generally, if E and X are topological
spaces, a continuous map 7 : £ — X is said to be a covering map provided every p € X
has a neighborhood U such that 7= !(U) is a disjoint union of open sets S; C E, each
of which is mapped homeomorphically by 7 onto U. In topology one studies conditions
under which a continuous map f : Y — X [ifts to a continuous map f :Y — F, so that
f = 7o f. Here is one result, which holds when Y is simply connected. By definition, a
connected, locally path connected space Y is said to be simply connected provided that
whenever -y is a closed path in Y, there exists a continuous family s (0 < s < 1) of closed
paths in Y such that v; = v and the image of 7y consists of a single point. (Cf. §5.)

Proposition 20.1. Assume E, X, and Y are all connected and locally path-connected, and
m: E — X is a covering map. If Y is simply connected, any continuous map f:Y — X
liftsto f:Y — E.

A proof can be found in Chapter 6 of [Gr]. See also Chapter 8 of [Mun]. Here our
interest is in holomorphic covering maps 7 : Q2 — O, where €2 and O are domains in C.
The following is a simple but useful result.

Proposition 20.2. Let U, and O be connected domains in C. Assume 7w : Q — O 1is
a holomorphic covering map and f : U — O is holomorphic. Then any continuous lift

f:U—=Q of f is also holomorphic.

Proof. Take q € U, p = f(q) € O. Let V be a neighborhood of p such that 7=1(V) is
a disjoint union of open sets S; C  with 7 : S; — V a (holomorphic) homeomorphism.
As we have seen (in several previous exercises) this implies 7 : §; — V is actually a
holomorphic diffeomorphism.

Now f(q) € Sy for some k, and fﬁl(Sk) = f~Y(V) = U, is a neighborhood of ¢ in U.
We have

(20.1) fly, =7 o fly.,

which implies f is holomorphic on Uy, for each g € U. This suffices.

Proposition 20.3. The following are holomorphic covering maps:
(20.2) exp: C — C\ {0}, Sq¢:C\ {0} — C\ {0},

where exp(z) = e and Sq(z) = 22.

Proof. Exercise.
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Corollary 20.4. IfU C C is simply connected and f : U — C\ {0} is holomorphic, then
there exist holomorphic functions g and h on U such that

(20.3) f(z) = e9(2), f(2) = h(2)%

We say ¢(z) is a branch of log f(z) and h(z) is a branch of \/ f(z), over U.

Exercises

1. As in Corollary 20.4, suppose U C C is simply connected and f : U — C\ {0} is
holomorphic.

(a) Show that f’/f: U — C is holomorphic.

(b) Pick p € U and define

G
o(z) = / el

Show this is independent of the choice of path in U from p to z, and it gives a holomorphic
function ¢ : U — C.

(c) Use ¢ to give another proof of Corollary 20.4 (particularly the existence of g(z) in
(20.3)).
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21. Normal families

Here we discuss a certain class of sets of mappings, the class of normal families. In a
general context, suppose () is a locally compact metric space and S is a complete metric
space. Let C(f,S) denote the set of continuous maps f : Q@ — S. We say a subset
F C C(£,S5) is a normal family (with respect to (£2,.5)) if and only if the following
property holds:

Every sequence f, € F has a locally uniformly

21.1
( ) convergent subsequence f,, — f € C(Q,5).

If the identity of the pair (€2, S) is understood, we omit the phrase “with respect to (£2,.5).”
The main case of interest to us here is where 2 C C is an open set and S = C. However,
in later sections the case S = C U {oco} ~ S? will also be of interest.

A major technique to identify normal families is the following result, known as the
Arzela-Ascoli theorem.

Proposition 21.1. Let X andY be compact metric spaces and fix a modulus of continuity
w(0). Then

(21.2) Co ={feC(X,Y) :d(f(x), f(y) <w(d(z,y)),¥ z,y € X}

is a compact subset of C(X,Y), hence a normal family.

This result is given as Proposition A.18 in Appendix A and proven there. See also this
appendix for a discussion of C'(X,Y) as a metric space. The defining condition

(21.3) d(f(z), f(y) Sw(d(z,y)), Vx,yeX, feF,

for some modulus of continuity w is called equicontinuity of F. The following result is a
simple extension of Proposition 21.1.

Proposition 21.2. Assume there exists a countable family {K;} of compact subsets of
such that any compact K C Q is contained in some finite union of these K;. Consider
a family F C C(Q,S5). Assume that, for each j, there exist compact L; C S such that
[+ K; — Lj for all f € F, and that {f|k, : [ € F} is equicontinuous. Then F is a
normal famaily.

Proof. Let f, be a sequence in F. By Proposition 21.1 there is a uniformly convergent
subsequence f,, : K1 — L;. This has a further subsequence converging uniformly on Kj,
etc. A diagonal argument finishes the proof.

The following result is sometimes called Montel’s theorem, though there is a deeper
result, discussed in §27, which is more properly called Montel’s theorem.
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Proposition 21.3. Let Q C C be open. A family F of holomorphic functions fo : Q@ — C
is normal (with respect to (2,C)) if and only if this family is uniformly bounded on each
compact subset of 2.

Proof. We can write () = Ujﬁj for a countable family of closed disks Ej C (), and satisfy
the hypothesis on € in Proposition 21.2. Say dist(z,0Q) > ¢; > 0 for all z € D;. The
hypothesis

(21.4) |fal < A; on Dj, V f,€F,

plus Cauchy’s estimate (5.32) gives

A —
(21.5) Ifr] < 5—3 on D;, V fo€F,
J
hence
Aj _
(216) ‘fa(Z)—fa(U))‘ég—|Z—1U|, VZ,UJED]‘, faEf'

J

This equicontinuity on each ﬁj makes Proposition 21.2 applicable. This establishes one
implication in Proposition 21.3, and the reverse implication is easy.

Exercises

1. Show whether each of the following families is or is not normal (with respect to (€2, C)).

(a) {n"tcosnz:n=1,23,...}, Q={z=x+iy:x>0,y>0}

(b) The set of holomorphic maps g : D — U such that ¢g(0) = 0, with
Q=D={z:]z] <1}, U={z:-2<Rez<2}

2. Suppose that F is a normal family (with respect to (£2,C)). Show that {f’: f € F} is
also a normal family. (Compare Exercise 1 in §26.)

3. Let F be the set of entire functions f such that f’(z) has a zero of order one at z = 3
and satisfies
1#/(2)] <5]z—3|, VzeC.

Find all functions in F. Determine whether F is normal (with respect to (C,C)).

4. Let F = {2" : n € Z"}. For which regions  is F normal with respect to (Q2,C)?
(Compare Exercise 3 in §26.)
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22. Conformal maps

In this section we explore geometrical properties of holomorphic diffeomorphisms f :
) — O between various domains in C. These maps are also called biholomorphic maps,
and they are also called conformal maps. Let us explain the latter terminology.

A diffeomorphism f : @ — O between two planar domains is said to be conformal
provided it preserves angles. That is, if two curves 7; and v, in {2 meet at an angle « at p,
then o1 = f(v1) and o2 = f(72) meet at the same angle a at ¢ = f(p). The condition for
this is that, for each p € Q, Df(p) € End(R?) is a positive multiple A(p) of an orthogonal
matrix:

(22.1) Df(p) = Ap)R(p).

Now det Df(p) > 0 < det R(p) = +1 and det Df(p) < 0 < det R(p) = —1. In the
former case, R(p) has the form

(22.2) R(p) = (cose —sinH))

sinf cos@

of a rotation matrix, and we see that D f(p) commutes with J, given by (1.39). In the
latter case, R(p) has the form

(22.3) R(p) = (cose sin 6 )

sinff —cos6

and C' D f(p) commutes with J, where

(22.4) C = (é _01)

i.e., Cz =Z. We have the following result.

Proposition 22.1. Given planar regions 2, O, the class of orientation-preserving confor-
mal diffeomorphisms f : Q2 — O coincides with the class of holomorphic diffeomorphisms.
The class of orientation-reversing conformal diffeomorphisms f : Q — O coincides with
the class of conjugate-holomorphic diffeomorphisms.

There are some particular varieties of conformal maps that have striking properties.
Among them we first single out the linear fractional transformations. Given an invertible
2 x 2 complex matrix A (we say A € GI(2,C)), set

az+b a b
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If ¢ #0, Ly is holomorphic on C\ {—d/c}. We extend L4 to

(22.6) Ly:CU{oo} — CU {0}
by setting
(22.7) La(—d/c) =00, if c¢#0,
and
La(o0) = e # 0
(22.8) AT !
oo if ¢=0

If also B € GI(2,C), a calculation gives
(22.9) LAOLB:LAB-

In particular L, is bijective in (22.6), with inverse L —1. If we give C U {oo} its nat-
ural topology as the one-point compactification of C, we have L, a homeomorphism in
(22.6). Later we will give C U {oco} the structure of a Riemann surface and see that Ly4 is
biholomorphic on this surface.

Note that Ls4 = L4 for any nonzero s € C. In particular, Ly = L4, for some A;
of determinant 1; we say A; € SI(2,C). Given A; € Sl(2,C), La, = L4, if and only
if Ao = £A;. In other words, the group of linear fractional transformations (22.5) is
isomorphic to

(22.10) PSI(2,C) = SI(2,C)/(+1).

Note that if a, b, ¢, d are all real, then L4 in (22.5) preserves R U {oo}. In this case we
have A € GI(2,R). We still have Ly4 = L4 for all nonzero s, but we need s € R to get
sA € GI(2,R). We can write Ly = Ly, for A; € SI(2,R) if A € GI(2,R) and det A > 0.
We can also verify that

(22.11) A€ SI2R) = La:U—U,
where U = {z : Im z > 0} is the upper half-plane. In fact, for a,b,c,d € R, z = = + iy,

az+b  (az+0b)(cZ +d) R4 ad — bc
cz+d  (cz+d)(cz+d) p

with R € R, P = |cz +d|? > 0, which gives (22.11). Again L4 = L_ 4, so the group
(22.12) PSI(2,R) = SI(2,R)/(£])

acts on U.
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We now single out for attention the following linear fractional transformation:

z—i 1 —i
(22.13) o6 =T e =La A= (] 7).
It is clear that
(22.14) o:U—D, ¢:RU{x}— S'=0D,

where D = {z : |z| < 1} is the unit disk. Note that conjugating the SI(2,R) action on U
by ¢ yields the mappings

(22.15) Ma =Ly qq1:D—D.

In detail, if A is as in (5), with a, b, ¢, d real, and if Ay is as in (22.13),

11 f(a+d)yi-b+c (a—d)i+b+c
(22.16) AoAdy _2_i<(a—d)i—b—c (a+d)yi+b—c)/"
It follows that
(22.17) Ag SI(2,R) Ay' = {(% g) € GI2,C) : |af? ~ B = 1}.

Hence we have linear fractional transformations

(22.18) Lg:D — D, B:(g 5), LB(z)—a2+6 la* — |B]* = 1.

fa C Be+a
The group described on the right side of (22.17) is denoted SU(1,1). Note that for such
B as in (22.18), . .
LB (eie) = _Oé—e’fe t ﬁ = ei@ —a + 6_67,19 5
fel? + @ a + fet?
and in the last fraction the numerator is the complex conjugate of the denominator. This

directly implies the result Lg : D — D for such B.
We have the following important transitivity properties.

Proposition 22.2. The group SU(1,1) acts transitively on D, via (22.18). Hence SI(2,R)
acts transitively on U via (22.5).

Proof. Given p € D, we can pick a, 3 € C such that |a|? — |3|> = 1 and 3/a = p. Then
Lp(0) = p. This together with Lp, Lg; = Lp, g1 s enough to establish transitivity of
SU(1,1) on D. As for transitivity of SI(2,R) on U, one can use the conjugation (22.17),
or the following direct argument. Given p =a+ib el (a € R, b >0), L,(z) =bz +a =
(bY/22 4 b=1/2a) /b=1/2 maps i to p.

The following converse to Proposition 22.2 is useful.
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Proposition 22.3. If f : D — D is a holomorphic diffeomorphism, then f = Lg for
some B € SU(1,1). Hence if F : U — U is a holomorphic diffeomorphism, then F = L4
for some A € SI(2,R).

Proof. Say f(0) = p € D. By Proposition 22.2 there exists By € SU(1,1) such that
Lp,(p)=0,809g=Lp, of:D— D is a holomorphic diffeomorphism satisfying g(0) = 0.
Now we claim that g(z) = cz for a constant ¢ with |¢| = 1.

To see this, note that, h(z) = g(z)/z has a removable singularity at 0 and yields a
holomorphic map h : D — C. A similar argument applies to z/g(z). Furthermore, with
Yp = {2 € D : |z| = p} one has, because g : D — D is a homeomorphism,

lim sup 19(2)] lim inf l9(2)] = 1.
Hence the same can be said for h|,,, and then a maximum principle argument yields
lg(2)/z] < 1 on D and also |2/g(z)| < 1 on D; hence |g(z)/z] = 1 on D. This implies
g(z)/z = ¢, a constant, and that |c| = 1, as asserted.
c 0
0 1
obtain By € SU(1,1). We have f = LB;132, and the proof is complete.

To proceed, we have g = Lp, with By = a . and we can take a = +¢ /2, to

We single out some building blocks for the group of linear fractional transformations,
namely (with a # 0)

(22.19) da(2) =az, mp(2)=24+0b, (2)= P

We call these respectively (complex) dilations, translations, and inversion about the unit
circle {z : |z| = 1}. These have the form (22.5), with A given respectively by

(22.20) (8 ?) ((1) l1)> <(1) fl))

We can produce the inversion ¢p about the boundary of a disk D = D,.(p) as
(22.21) LD =Tp©00, 01001/, 0T _p.

The reader can work out the explicit form of this linear fractional transformation. Note
that tp leaves 0D invariant and interchanges p and co.

Recall that the linear fractional transformation ¢ in (22.13) was seen to map R U {oo}
to S!. Similarly its inverse, given by —iv(z) with

z+1
(22.22) ¥z =

maps S! to RU {oo}; equivalently v maps S* to iR U {oo}. To see this directly, write

: e +1 —i
22.23 0y = — = .
( ) v(e) e —1  tan6/2

These are special cases of an important general property of linear fractional transforma-
tions. To state it, let us say that an extended line is a set £ U {oo}, where £ is a line in

C.
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Proposition 22.4. If L is a linear fractional transformation, then L maps each circle to
a circle or an extended line, and L maps each extended line to a circle or an extended line.

To begin the proof, suppose D C C is a disk. We investigate where L maps 0D.
Claim 1. If L has a pole at p € 0D, then L maps 0D to an extended line.

Proof. Making use of the transformations (22.19), we have L(0D) = L’'(S') for some linear
fractional transformation L', so we need check only the case D = {z : |z| < 1}, with L
having a pole on S', and indeed we can take the pole to be at z = 1. Thus we look at

ae® +b
et —1
a+b 1 —b
_ _|_a ,
2 tan6/2 2

L(e") =
(22.24)

whose image is clearly an extended line.
Claim 2. If L has no pole on 0D, then L maps 0D to a circle.

Proof. One possibility is that L has no pole in C. Then ¢ = 0 in (22.5). This case is
elementary.

Next, suppose L has a pole at p € D. Composing (on the right) with various linear
fractional transformations, we can reduce to the case D = {z : |z| < 1}, and making
further compositions (via Proposition 22.2), we need only deal with the case p = 0. So we
are looking at

(22.25) L) = 0 L) — gy bei0.

Clearly the image L(S!) is a circle.
If L has a pole at p € C\ D, we can use an inversion about D to reduce the study to
that done in the previous paragraph. This finishes Claim 2.

To finish the proof of Proposition 22.4, there are two more claims to establish:

Claim 3. If ¢ C C is a line and L has a pole on £, or if L has no pole in C, then L maps
U {0} to an extended line.

Claim 4. If¢ C C is a line and L has a pole in C\ £, then L maps ¢ U {0} to a circle.

We leave Claims 3-4 as exercises for the reader.

We present a variety of examples of conformal maps in Figs. 22.1-22.3. The domains
pictured there are all simply connected domains, and one can see that they are all confor-
mally equivalent to the unit disk. The Riemann mapping theorem, which we will prove
in the next section, says that any simply connected domain 2 C C such that Q # C is
conformally equivalent to the disk. Here we make note of the following.
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Proposition 22.5. If Q) C C is simply connected and ) # C, then there is a holomorphic
diffeomorphism f : Q — O, where O C C is a bounded, simply connected domain.

Proof. Pick p € C\ Q and define a holomorphic branch on €2 of
(22.26) 9(2) = (z—p)"/%.
The simple connectivity of {2 guarantees the existence of such g, as shown in §20. Now

g is one-to-one on €2 and it maps 2 diffeomorphically onto a simply connected region {2
having the property that

(22.27) zeQl= —2¢Q.

It follows that there is a disk D C C'\ Q, and if we compose g with inversion across 0D
we obtain such a desired holomorphic diffeomorphism.

Exercises

1. Find conformal mappings of each of the following regions onto the unit disk. In each
case, you can express the map as a composition of various conformal maps.

(a) Q={z=x+iy:y>0,|z| > 1}.
(b) Q= (C\ ((—OO, _1] U [17 OO))
() Q=A{z:]z+1/2| <1}n{z:]|z2—1/2| < 1}.
2. Consider the quarter-plane
Q={z=z+iy:xz>0,y>0}
Find a conformal map ® of € onto itself such that
O(1+41i) =2+1.

3. Let f:Q — O be a conformal diffecomorphism. Show that if v : O — R is harmonic, so
isuof:Q—R.

4. Write out the details to establish Claims 3-4 in the proof of Proposition 22.4.

5. Reconsider Exercise 1b) of §21, mapping the region U defined there conformally onto
the unit disk.

6. Given ¢ € D = {z : |z] < 1}, define

£—q
22.2 = )
(22.28) ould) = T2

Show that ¢, : D — D and ¢,(q) = 0. Write ¢, in the form (22.18). Relate this to the
proof of Proposition 22.2.
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23. The Riemann mapping theorem

We make the standing convention that a domain 2 C C is nonempty, open, and con-
nected. Our aim in this section is to establish the following.

Theorem 23.1. Assume 2 C C is a simply connected domain, and €2 # C. Then there
exists a holomorphic diffeomorphism

(23.1) f:Q—D

of Q onto the unit disk D = {z € C: |z] < 1}.

The proof given here is due to P. Koebe. To begin the proof, we recall from §22 that
we know (2 is conformally equivalent to a bounded domain in C, so it suffices to treat the
bounded case. Thus from here on we assume (2 is bounded. Fix p € Q.

We define F to be the set of holomorphic maps ¢ : 2 — D that have the following three
properties:

(i) g is one-to-one (we say univalent),
(i) g(p) =0,
(i) ¢'(p) > 0.
For 2 C C bounded it is clear that b(z —p) belongs to F for small b > 0, so F is nonempty.
Note that if R = dist(p, 912), then, by (5.32),

1

SO we can set
(23.3) A=sup{g'(p):g€F},

and we have A < oo. Pick g, € F such that ¢/, (p) — A as v — co. A normal family
argument from §21 shows that there exists a subsequence g, — f locally uniformly on 2,
and

(23.4) f:Q—D

is holomorphic and satisfies f/(p) = A. We claim this function provides the holomorphic
diffeomorphism (23.1). There are two parts to showing this, treated in the next two
lemmas.

Lemma 23.2. In (23.4), f is one-to-one.

Proof. Suppose there exist distinct 21,29 € Q such that f(z1) = f(22) = w € D. Let
O C Q be a smoothly bounded region such that z;, 2z, € O and such that f(v) is disjoint
from w, where v = 00.

By the argument principle (Proposition 17.4), f() winds (at least) twice about w. But
each g, () winds only once about w. Since g, — f uniformly on =, this is a contradiction.
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Lemma 23.3. In (23.4), f is onto.
Proof. Suppose f(€2) omits g € D. Form the holomorphic function

f(z)—q
1-qf(2)

It is here that we use the hypothesis that () is simply connected, to guarantee the existence
of such a square root. We have

(23.5) F(z) =

(23.6) F:Q— D.
Since f is univalent, it readily follows that so is F'. Now set

1P| F() - F(p)
(28.7) “O=TF0) 1 FpRe)

We again have a univalent map
(23.8) G:Q— D.

Also, G(p) = 0, and a computation gives

(23.9) G (p) = [F'(p)|  _ 1+]q]

— = A > A.
L—|F(p)]* 2/

Hence G € F and G'(p) > A, a contradiction. This proves Lemma 23.3, and hence the
Riemann mapping theorem.

Exercises

1. Note that F'(z) in (23.5) is given by

(23.10) F(z) = /g (f(2)),
with ¢, as in (22.28). Furthermore, G(z) in (23.7) is given by
(23.11) G(z) = % orp (F(2)).

Use these identities and the chain rule to verify (23.9).

2. Suppose h, : D — D are holomorphic, univalent maps satisfying

(23.12) h,(0) =0, h,(0)>0, h,(D)DD,, p — 1L
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Show that, for z € D,

(23.13) pole] < ()] < I2].

Then show that

(23.14) hy(z) — z locally uniformly on D.

Hint. Use a normal families argument, and show that any limit h,, — ¢ must have the
property that g(D) = D, and conclude that g(z) = z. (The argument principle may be

useful.)

3. Suppose 2 is a bounded, simply connected domain, p € 2, and f, : 2 — D are univalent
holomorphic maps satisfying

(23.15) fu(p) =0, f,(p)>0, f,(Q)DD,, p,— 1

Show that f, — f locally uniformly on €2, where f : Q@ — D is the Riemann mapping
function given by Theorem 23.1.
Hint. Consider h, = f,o f~': D — D.

4. Let f1 : Q — D be a univalent holomorphic mapping satisfying f1(p) =0, fi{(p) = A1 >

0 (i.e., an element of F). Asuming f; is not onto, choose ¢; € D\ f1(£2) with minimal
possible absolute value. Construct fo € F as

@16 A= T en (Fi). Fil) = yfen ().

Evaluate Ay = f5(p). Take g2 € D\ f2(f2) with minimal absolute value and use this to
construct f3. Continue, obtaining f4, f5,.... Show that at least one of the following holds:

(23.17) fi(p) — A, or f,()DD,, p,—1,

with A as in (23.3). Deduce that f, — f locally uniformly on €2, where f : Q — D is the
Riemann mapping function.

Hint. If |q1| is not very close to 1, then As is somewhat larger than A;. Similarly for A,
compared with A,.
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24. Boundary behavior of conformal maps

Throughout this section we assume that 2 C C is a simply connected domain and
f:Q — D is a holomorphic diffeomorphism, where D = {z : |z| < 1} is the unit disk. We
look at some cases where we can say what happens to f(z) as z approaches the boundary
0f). The following is a simple but useful result.

Lemma 24.1. We have
(24.1) z— 00 = |f(2)] — 1.

Proof. For each £ > 0, Dy . ={z:|z|] £1-¢}is a compact subset of D, and K. =
f~Y(D1_.) is a compact subset of Q. As soon as z ¢ K., |f(2)|>1—¢.

We now obtain a local regularity result.

Proposition 24.2. Assume v : (a,b) — C is a simple real analytic curve, satisfying
~'(t) # 0 for all t. Assume v is part of O, with all points near to and on the left side of
(with its given orientation) belonging to Q). Then there is a neighborhood ¥V of v in C and
a holomorphic extension F of f to F : QUY — C. We have F(v) C 0D and F'({) # 0

for all ¢ € ~.

Proof. There exists a neighborhood O of (a,b) in C and a univalent holomorphic map
I' : O — C extending v. Say V = I'(O). See Fig. 24.1. We can assume O is symmetric
with respect to reflection across R. Say OF = {¢ € O : +Im ¢ > 0}.

We have fol': Ot — D and

(24.2) 2, €07, 2, 5 L=0NR = |f(2,)] — 1.

It follows from the form of the Schwarz reflection principle given in §13 that g = f o T'|p+
has a holomorphic extension G : O — C, and G : L — 0D. Say U = G(O), as in Fig. 24.1.
Note that ¢/ is invariant under z +— z 1.

Then we have a holomorphic map
(24.3) F=Gol''': Vv —u.

It is clear that FF = f on VN Q. It remains to show that F’'(¢) # 0 for ( € ~. Tt is
equivalent to show that G’(t) # 0 for t € L. To see this, note that G is univalent on O;
Glo+ = glo+ : OF — D. Hence G is univalent on O~; G|p- : O~ — C\ D. The argument
principle then gives G’(t) # 0 for ¢t € L. This finishes the proof.

Using Proposition 24.2 we can show that if 02 is real analytic then f extends to a
homeomorphism from Q to D. We want to look at a class of domains € with non-smooth
boundaries for which such a result holds. Clearly a necessary condition is that 02 be
homeomorphic to S, i.e., that 9Q be a Jordan curve. C. Caratheodory proved that this
condition is also sufficient. A proof can be found in [Ts|. Here we establish a simpler
result, which nevertheless will be seen to have interesting consequences.
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Proposition 24.3. In addition to the standing assumptions on §2, assume it is bounded
and that O is a simple closed curve that is a finite union of real analytic curves. Then
the Riemann mapping function f extends to a homeomorphism f : Q1 — D.

Proof. By Proposition 24.2; f extends to the real analytic part of 0€2, and the extended
f maps these curves diffeomorphically onto open intervals in 0D. Let J; and Jy be real
analytic curves in 0€), meeting at p, as illustrated in Fig. 24.2, and denote by I,, the images
in 0D. We claim that I; and I meet, i.e., the endpoints ¢; and ¢ pictured in Fig. 24.2
coincide.

Let 7, be the intersection QN {z : |z —p| = r}, and let £(r) be the length of f(~,) = 0.
Clearly |g1 — g2| < £(r) for all (small) » > 0, so we would like to show that £(r) is small
for (some) small r.

We have ((r) = [

N |f'(2)|ds, and Cauchy’s inequality implies

£(r)?

r

(24.4) <2r | |f(2)|*ds.

Tr

If £(r) > 6 for e < r < R, then integrating over r € [e, R] yields
R
(24.5) 62 log - <27 / |f'(2)|? de dy = 27 - Area f(Q(e, R)) < 272,
Q(e,R)

where Q(g,R) = QN {z:e < |z —p| < R}. Since log(1/e) — oo as € \, 0, there exists
arbitrarily small r > 0 such that ¢(r) < . Hence |q1 — g2| < J, so g1 = g2, as asserted.

It readily follows that taking f(p) = ¢1 = ¢2 extends f continuously at p. Such an
extension holds at other points of 92 where two real analytic curves meet, so we have a
continuous extension f : Q — D. This map is also seen to be one-to-one and onto. Since
Q and D are compact, this implies it is a homeomorphism, i.e., f~!: D — Q is continuous
(cf. Exercise 9 below).

Exercises

1. Suppose f: € — D is a holomorphic diffeomorphism, extending to a homeomorphism
f:Q— D. Let g € C(09) be given. Show that the Dirichlet problem

(24.6) Au=0 in Q wul,,=g
has a unique solution v € C?(Q2) N C(Q), given by u = v o f, where
(24.7) Av=0 in D, v‘aD = goffl‘aD,

the solution to (24.7) having been given in §13.
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2. Verify that for f : @ — C holomorphic, if we consider Df(z) € End(R?), then
det Df(2) = |f'(2)]?, and explain how this yields the identity (24.5).

3. Let ©Q C C satisfy the hypotheses of Proposition 24.3. Pick distinct pq,ps2,p3 € 02
such that, with its natural orientation, 9¢) runs from p; to p to p3, and back to p;. Pick
q1,q2,q3 € 0D with the analogous properties. Show that there exists a unique holomorphic

diffeomorphism f : Q — D whose continuous extension to  takes pj tog;, 1 <7< 3.
Hint. First tackle the case 0 = D.

In Exercises 4-6, pick p > 0 and let R C C be the rectangle with vertices at —1,1,1 + ip,
and —1 4 ip. Let ¢ : R — D be the Riemann mapping function such that

(24.8) p(=1) =—i, ¢0)=1, (1) =i

(24.9) B(z)=—i =2

4. Show that ¢(ip) = —1 (so ®(z) — oo as z — ip). Show that ¢ extends continuously to
R\ {ip} — C and

(24.10) d(-1)=-1, ®0)=0, &(1)=1.

5. Show that you can apply the Schwarz reflection principle repeatedly and extend ® to a
meromorphic function on C, with simple poles at ip + 4k + 2ilp, k,{ € Z. Show that

(24.11) O(z+4) = O(z + 2ip) = D(2).

Hint. To treat reflection across the top boundary of R, apply Schwarz reflection to 1/®.
Remark. We say ® is doubly periodic, with periods 4 and 2ip.

6. Say ®(1 + ip) = r. Show that r > 0, that ®(—1 + ip) = —r, and that

(24.12) @(% . z) - @ZZ).

7. Let T C C be the equilateral triangle with vertices at —1,1, and v/3i. Let ¥ : T — U
be the holomorphic diffeomorphism with boundary values

(24.13) U(-1)=-1, ¥0)=0, ¥(1)=1.

Use Schwarz reflection to produce a meromorphic extension of ¥ to C, which is doubly
periodic. Show that
U(z+2v3i) = U(z 4 34+ V3i) = U(2).
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What are the poles of U? Cf. Fig. 24.3.
8. In the context of Exercise 7, show that
T(iV3) = c.
Let ; ;
y# <ﬁ + z) = Q(E + 627”/3z>.

Show that U# : 7 — U is a holomorphic diffeomorphism satisfying

T#(—1) =1, U#(1) =00, U#(iV/3)=-1.

Conclude that
U#(2) = p o U(2),

where ¢ : Y — U is the holomorphic diffeomorphism satisfying
p(=1) =1, (1) =00, ¢(0)=—-1,
SO

_z+3
z—1

p(2) =

9. Let X and Y be compact metric spaces, and assume f : X — Y is continuous, one-to-
one, and onto. Show that f is a homeomorphism, i.e., f~! : Y — X is continuous.

Hint. You are to show that if f(x;) = y; — vy, then z; — f~!(y). Now since X is compact,
every subsequence of (z;) has a further subsequence that converges to some point in X...
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25. The disk covers C\ {0, 1}
Our main goal in this section is to prove that the unit disk D covers the complex plane
with two points removed, holomorphically. Formally:

Proposition 25.1. There exists a holomorphic covering map

(25.1) ®:D — C\{0,1}.

The proof starts with an examination of the following domain €. It is the subdomain
of the unit disk D whose boundary consists of three circular arcs, intersecting 9D at right
angles, at the points {1,e?™/3 ¢=27/31  See Fig. 25.1. If we denote by

(25.2) o:D—U={2€C:Imz >0}

the linear fractional transformation of D onto U with the property that (1) = 0, @(e>7%/3)
=1, and p(e=27/3) = 0o, the image Q = () is pictured in Fig. 25.2.
The Riemann mapping theorem guarantees that there is a holomorphic diffeomorphism

(25.3) Y :Q— D,

and by Proposition 24.3 this extends to a homeomorphism v : Q@ — D. We can take 9 to
leave the points 1 and e*¥27%/3 fixed. Conjugation with the linear fractional transformation
® gives a holomorphic diffeomorphism

(25.4) U=potpop t:Q—U,

and U extends to map €2 onto the real axis, with U(0) = 0 and ¥(1) = 1.

Now the Schwarz reflection principle can be applied to ¥, reflecting across the vertical
lines in 69 to extend ¥ to the regions (92 and (93 in Fig. 25.2. A variant extends ¥ to (91
(Cf. Exercise 1 in §8.) Note that this extension maps the closure in I of QU (91 U (’)2 U (93
onto C\ {0,1}. Now we can iterate this reflection process indefinitely, obtaining

(25.5) U — C\{0,1}.

Furthermore, this is a holomorphic covering map. Then ® = W o ¢ gives the desired
holomorphic covering map (25.1).



176

Exercises
1. Show that the map ¢ : D — U in (25.2) is given by

_ z—1 _ _2mi/3
o(z) = W w=e .

Show that

For use below, in addition to z +— Z, we consider the following anti-holomorphic involutions
of C: 2z 2%, 2+ 2°, 2+ 27, and z — 2¢, given by

. 1 <1+>° 1+z*
2t == —+z) =4+ —
z’ 2 47

(25.6) 2 .
(z+iy)" = —x + iy, <%+z> :%—FzT.
2. With ¥ : i/ — C\ {0,1} as in (25.5), show that
(25.7) Tz =U(2), U(°)=0(z), U(z+2)=1U(z).
3. Show that
(25.8) U(z¢) = ¥(z)°.

(25.9) U(2*) = U(2)*

Hint. First establish this identity for z € Q. Use Exercise 1 to show that (25.9) is equivalent
to the statement that 1 in (25.3) commutes with reflection across the line through 0 and

e?™/3while (25.8) is equivalent to the statement that 1) commutes with reflection across
the line through 0 and e~27%/3,

5. Show that z* = 1/z and (2*)" = —1/2. Deduce from (25.7) and (25.9) that

(25.10) w<—l> - !
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6. Show that (27)¢ = 241 and (2)¢ = 1 — 2. Deduce from (25.7) and (25.8) that

(25.11) U(z+1)=1-0(z).

As preparation for Exercises 7-9, the reader should peek at §26.

7. Show that Fo1, Foso : S2 — S? (S%2 = CU {0}), given by

1
(25.12) Foi(w) =1-w, Foeo(w) = —,

are holomorphic automorphisms of S? that leave C \ {0,1} invariant, Fy; fixes oo and
switches 0 and 1, while Fys fixes 1 and switches 0 and co. Show that these maps generate
a group G of order 6, of automorphisms of S? and of C\ {0, 1}, that permutes {0, 1,00}
and is isomorphic to the permutation group S3 on three objects. Show that

(25.13) RW@Q:EMOFmo%wwﬁzagj
is the element of G that fixes 0 and switches 1 and co. Show that the rest of the elements
of G consist of the identity map, w +— w, and the following two maps:

1
Fo1o0(w) = Foeo © Fo1(w) = T
(25.14) w

w
Fo10(w) = Fpy 0 Fooo(w) = 0

8. Show that the transformations in G listed in (25.12)—(25.14) have the following fixed
points.

Element Fixed points
Foso 1, -1=A,
Fo1 00, 3 = A,
Floo 0, 2= Ag
Foioo e*mi/% = B,
Foo10 et/ = By

See Figure 25.3. Show that the elements of G permute {A;, A2, A3} and also permute
{B+7B—}'

9. We claim there is a holomorphic map

(25.15) H:S5*— 52
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satisfying
(25.16) H(F(w)) = Hw), YFeg,
such that

(25.17) H(0) = H(1) = H(c0) = 0,

with poles of order 2 at each of these points,

(25.18) H(et™/3) =0,

with zeros of order 3 at each of these points, and

(25.19) H(-1)=H(3)=H(2) =1,
H(w) — 1 having zeros of order 2 at each of these points.
To obtain the properties (25.17)—(25.18), we try

B (w . em‘/S)S(w . 6—m’/3)3 B (w2 — w4+ 1)3
(25.20) H(w)=C (w0 —1)2 =C w2 w —1)2

and to achieve (25.19), we set

(25.21) C=_—

SO

(25.22) H(w)

Verify that

(25.23) H(l) — H(w), and H(l—w)= H(w),

w

and show that (25.16) follows.

REMARK. The map V¥ in (25.5) is a variant of the “elliptic modular function,” and the
composition H o ¥ is a variant of the “j-invariant.” Note from (25.10)—(25.11) that

1
z

(25.24) Ho\IJ( ):Ho\I/(z+1):Ho\If(z), Vzel.

For more on these maps, see the exercises at the end of §34. For a different approach, see
the last two sections in Chapter 7 of [Ahl].
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26. The Riemann sphere and other Riemann surfaces

Our main goal here is to describe how the unit sphere S? C R? has a role as a “conformal
compactification” of the complex plane C. To begin, we consider a map

(26.1) S: 8%\ {e3} — R?
known as stereographic projection; here e3 = (0,0,1). We define S as follows:
(26.2) S(x1, 20, 23) = (1 — 23) (21, 22).

See Fig. 26.1. A computation shows that S7!: R? — 52\ {e3} is given by

(26.3) S (z,y) (22,2y,7% — 1), r* =24y

BERE
The following is a key geometrical property.
Proposition 26.1. The map S is a conformal diffeomorphism of S?\ {e3} onto R2.

In other words, we claim that if two curves 7; and v, in S? meet at an angle o at
p # es, then their images under S meet at the same angle at ¢ = S(p). It is equivalent,
and slightly more convenient, to show that F' = S~! is conformal. We have

(26.4) DF(q) : R* — T,8* C R®.

See Appendix C for more on this. Conformality is equivalent to the statement that there
is a positive function \(p) such that, for all v, w € R?,

(26.5) DF(q)v-DF(q)w = A(q) v - w,
or in other words,
(26.6) DF@ DF@) =) (o 1 )-

To check (26.6), we compute DF' via (26.3). A calculation gives

5 1— 22492 —2xy
—2x —2y
and hence

(26.8) DF(z,y)! DF(x,y) = ﬁ (é (1))
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This gives Proposition 26.1.
Similarly we can define a conformal diffeomorphism

(26.9) S_: 5%\ {—e3} — R%

To do this we take 3 — —x3. This reverses orientation, so we also take xo — —x5. Thus
we set

(26.10) S_(z1,29,13) = (1 + 23) (21, —12).

Comparing this with (26.3), we see that S_ o S~! : R?\ {0} — R2?\ {0} is given by
_ 1

(26.11) S_ oS Nz, y) = ] (x,—y).

Identifying R? with C via z = x + iy, we have

(26.12) <$_o8—%z):’ZP

Clearly the composition of conformal transformations is conformal, so we could predict in
advance that S; o S~! would be conformal and orientation-preserving, hence holomorphic,
and (26.12) bears this out.

If we use (26.1) to identify C with S?\{e3}, then the one-point compactification CU{co}
is naturally identified with S?, with oo corresponding to the “north pole” es. The map
(26.12) can be extended from C\ {0} to C U {oc}, and it switches 0 and oo.

The concept of a normal family of maps 2 — S, introduced in §21, is of great interest
when S = 52 = CU{oo}. The following result produces a key link with results established
in §21.

Proposition 26.2. Assume 2 C C is a connected open set. A family F of holomorphic
functions Q@ — C is normal with respect to (2, CU {oo}) if and only if for each sequence
fu from F one of the following happens:

(a) A subsequence f,, converges uniformly on each compact K C €, as a sequence f, :
K —C, or

(b) A subsequence f,, tends to oo uniformly on each compact K C €.

Proof. Assume F is a normal family with respect to (2, CU {oc0}), and f, is a sequence
of elements of F. Take a subsequence f,,, uniformly convegent on each compact K, as a
sequence of maps f,, : K — S2. Say f,, — f:Q — 52 Pick p € Q. We consider two
cases.

CAsE 1. First suppose f(p) = oo. Then there exists N € Z* and a neighborhood U of p
in Q such that |f, (2)| > 1 for z € Uk > N. Set g,,(2) = 1/f, (2), for z € U,k > N.
We have |g,,| < 1on U, gy, (2) # 0, and g,,(z) — 1/f(2), locally uniformly on U (with
1/o0o = 0), and in particular g,,(p) — 0. By Hurwitz’ theorem (Proposition 17.8), this
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implies 1/f(z) = 0 on all of U, i.e., f = co on U, hence f = oo on 2. Hence Case I =
Case (b).

CasE I1. Suppose f(p) € C, i.e., f(p) € S?\{occ}. By the analysis in Case I it follows that
f(2) € C for all z € Q. It is now straightforward to verify Case (a) here.

This gives one implication in Proposition 26.2. The reverse implication is easily estab-
lished.

The surface S? is an example of a Riemann surface, which we define as follows. A
Riemann surface is a two-dimensional manifold M covered by open sets O; with coordinate
charts ¢; : Q; — O; having the property that, if O, Oy # 0, and if Qj;, = goj_l(Oj NOk),
then the diffeomorphism

(26.13) erlop; Uy — Quy

is holomorphic. See Appendix C for general background on manifolds and coordinate
charts.

Another important class of Riemann surfaces is given as follows. Let A C R? ~ C be
the image of Z? under any matrix in GI(2,R). Then the torus

(26.14) Ty = C/A

is a Riemann surface in a natural fashion.

There are many other Riemann surfaces. For example, any oriented two-dimensional
Riemannian manifold has a natural structure of a Riemann surface. A proof of this can
be found in Chapter 5 of [T2]. An important family of Riemann surfaces holomorphically
diffeomorphic to surfaces of the form (26.14) will arise in §34, with implications for the
theory of elliptic functions.

Exercises

1. Give an example of a family F of holomorphic functions {2 — C with the following two
properties:

(a) F is normal with respect to (2, 5?).
(b) {f': f € F} is not normal, with respect to (€2, C).

Compare Exercise 2 of §21. See also Exercise 11 below.
2. Given © C C open, let
F={f:2—C:Re f>0on,f holomorphic}.

Show that F is normal with respect to (€2, 52). Is F normal with respect to (2, C)?
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3. Let F = {2 : n € Z*}. For which regions  is F normal with respect to (€, S5%)?
Compare Exercise 4 in §21.

4. Show that the set of orientation-preserving conformal diffeomorphisms ¢ : S? — S? is
precisely the set of linear fractional transformations of the form (22.5), with A € GI(2,C).
Hint. Given such ¢ : S?2 — 82, take L 4 such that L 40¢ takes co to 0o, so ) = L aopls2\ {00}
is a holomorphic diffeomorphism of C onto itself. What form must ¢ have? (Cf. Proposition
11.4)

5. There is a natural notion of when a map ¢ : M; — Ms between two Riemann surfaces
is holomorphic. Write it down. Show that if ¢ and also ¥ : My — M3 are holomorphic,
then so is ¥ o ¢ : My — Ms.

6. Let p(z) and ¢(z) be polynomials on C. Assume the roots of p(z) are disjoint from the
roots of ¢(z). Form the meromorphic function

Show that R(z) has a unique continuous extension R : S? — S?, and this is holomorphic.
Exercises 7-9 deal with holomorphic maps F : §? — S2. Assume F is not constant.

7. Show that there are only finitely many p; € S? such that DF(p;) : Ty, 52 — Ty, 52 is
singular (hence zero), where ¢; = F'(p;). The points ¢; are called critical values of F'.

8. Suppose oo is not a critical value of F and that F~1(co) = {oo,p1,...,pr}. Show that
f(z2) =F(z)(z—=p1) - (2 —pr) : C—C,

and |f(z)] — oo as |z|] — oco. Deduce that f(z) is a polynomial in z. (Cf. Proposition
11.4.)

9. Show that every holomorphic map F : S2 — 52 is of the form treated in Exercise 6
(except for the constant map F' = 00).

Hint. Compose with linear fractional transformations and transform F' to a map satisfying
the conditions of Exercise 8.

10. Given a holomorphic map f: Q2 — C, set
(26.13) g=Stof:Q— 5%
For z € Q, set ¢ = f(2), p = g(z), and consider

(26.14) Dg(z) : R? — T, S
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Using (26.8) (where F' = S™1), show that

/ 2
(26.15) Dg(2)! Dg(z) = 4(%) I,
where [ is the identity matrix. The quantity
(26.16) f7(2) = %

is sometimes called the “spherical derivative” of f.

11. Using (26.15), show that a family F of holomorphic functions on 2 is normal with
respect to (€, .5?) if and only if for each compact K C €,

(26.17) {f#(2): f€ F, z€ K} is bounded.

Hint. Check Proposition 21.1.

12. Show that the meromorphic function constructed in Exercises 46 of §24 yields a
holomorphic map

(26.18) ®: Ty — S,

where A = {4k + 2ilp : k,{ € 7Z}.

Changing notation in (26.1), let us write

(26.19) S:8% — Cu{oco}, bijective,

with S(ez) = 0.

13. For 0 € R, define py : C — C by py(z) = e?z. Also set pg(00) = co. Show that

cosf) —sinf
(26.20) Ry=8toppoS= Ry= | sinf cosf

14. Let R : S? — S? be a conformal diffeomorphism with the properties
R(eg) = €3, R:E—>E,

where F = {(x1,%2,73) € S? : z3 = 0}. Show that R = Ry (as in 26.20)) for some 6 € R.
Hint. Consider p = So Ro S~ !. Show that p : C — C is bijective and p preserves
{z € C: |z| = 1}. Deduce that p = pg for some 6 € R.
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15. For 6 € R, consider the linear fractional transformation

(cosf)z —sind

26.21 = : N )
(26.21) Jo(z) (sinf)z + cos b’ Jo: CU{oc} = CU oo}
Set

(26.22) 0o =8"tofgo0S, ¢g:8%— 52

Show that ¢y is a conformal diffeomorphism.

16. In the setting of Exercise 15, show that, for all § € R,
po(e2) = ea, o : E — E»

where E = {(z1, 22, 23) € 52 : 25 = 0}. Show also that
wp(es) = (sin 26,0, cos 20).

Hint. To get started, show that

cos 6

foi) =14, fo:RU{oo} = RU{oo}, fp(oo) =

sinf’
17. In the setting of Exercises 15-16, show that
cos 26 sin 260
(26.23) Yo = 1
— sin 26 cos 20

Hint. Translate the result of Exercise 14 to this setting.

To A € G4(2,C) we associate the linear fractional transformation L4 as in (22.5),

az+b a b
As also define
(26.25) Ap=81oLp0S, Ay:S8*— 5%

18. Show that if A € G/(2,C), Ay : S? — S? is a holomorphic diffeomorphism. If also
B e GK(Q,(C), Aap=A40ApB.
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Exercise 4 says the class of holomorphic diffeomorphisms ¢ : $? — 52 is equal to the class
of maps A4 as A runs over G¢(2,C).

19. Given 3 distinct points a, b, c € C, show that there exists a linear fractional transfor-

mation
Z J—

L(z) =« such that L(a) =0, L(b) =1, L(c) = oc.

Z—C

Deduce that if {p,q,r} and {p’,q’,7’} are two sets of 3 distinct points in S?, then there
exists a holomorphic diffeomorphism ¢ : S? — S? such that

o) =7, wl@=4d, er)=r".

Show that such ¢ is unique.

20. Let v be a circle in S?. Show that

S+ is a circle in C if e3 ¢ , and
S+ is an exended line in CU {oo} if e3 € 7.

Hint. For the first part, take a rotation R such that vy = R is a circle centered at e3. Show
directly that Sy9 = o is a circle in C. Deduce that Sy = Lzla where Ly = SoRoS ! is
a linear fractional transformation. Then apply Proposition 22.4 to L;‘la.

21. Let o C C be a circle. Show that S7!(o) is a circle in S2.

Hint. Pick a € o and let p = S~ !(a) € S%. Pick a rotation R such that R(p) = e3, so
RoS87!(a) =e3. Now vy = RoS7!(0) is a curve in S%, and we want to show that it is a
circle.

Indeed, S(v) = So RoS™Y(0) = L(0), with L a linear fractional transformation. L(c)
contains S(es) = 00, so S(y) = L(o) = £ is an extended line (by Proposition 22.4). Then
v = S71(¢), which is seen to be a circle in S?. In fact, S~1(¥) is the intersection of S? and
the plane through ¢ and eg.

22. Show that if v is a circle in S? and ¢ : $? — S? is a holomorphic diffeomorphism, then
©(v) is a circle in S2.
Hint. Use Exercises 20-21 and Proposition 22.4.
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27. Montel’s theorem

Here we establish a theorem of Montel, giving a highly nontrivial and very useful suffi-
cient condition for a family of maps from a domain Q to the Riemann sphere S? to be a
normal family.

Theorem 27.1. Fiz a connected domain U C C and let F be the family of all holomorphic
maps f: U — S? = CU {oo} with range in S?\ {0,1,00}. Then F is a normal family.

Proof. There is no loss of generality in treating the case U = D, the unit disk; in particular
we can assume henceforth that U is simply connected.

Take f, € F, and let K be any compact connected subset of U. We aim to show that
some subsequence f,, converges uniformly on K. Two cases arise:

CASE A. There exist p,, € K such that f,, (p,,) is bounded away from {0,1,00} in S2.
CASE B. Such a subsequence does not exist.

We can dispose of Case B immediately. Using the connectedness of K, we must have a
subsequence f,, converging to either 0, 1, or oo uniformly on K.

It remains to deal with Case A. First, to simplify the notation, relabel v, as v. We
make use of the holomorphic covering map ® : D — C\ {0,1} given in §25, and refer to
Fig. 25.1 in that section. Pick

¢, €(QUOLUO,UO03)ND

such that ®((,) = f(p,). At this point it is crucial to observe that |(,| < 1 — ¢ for some
e > 0, independent of v. Now we take the unique lifting g, : U — D of f, such that
9y (py) = (,. That it is a lifting means f, = ® o g,,. The existence of such a lifting follows
from the hypothesized simple connectivity of U.

The uniform boundedness of {g, } implies that a subsequence (which again we relabel
g,) converges locally uniformly on U; we have g, — ¢g : U — D. Furthermore, again
passing to a subsequence, we can assume p,, — p € K and

(27.1) 9v(Pv) = — (€D ..
Hence g(p) = ¢ € D, so we actually have

(27.2) gy —g:U — D.

It follows that, for some 6 > 0,

(27.3) g (K)C Di_5, VY.

This in turn gives the desired convergence f, — ® o g, uniformly on K.

The last argument shows that in Case A the limit function f = ® o g maps U to
52\ {0, 1,00}, so we have the following. (Compare Proposition 26.2.)
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Corollary 27.2. In the setting of Theorem 27.1, if f, € F and f, — f locally uniformly,
then either

(27.4) f=0, f=1, f=o0, or f:U— 8*\{0,1,00}.

Exercises on Fatou sets and Julia sets

Let R : S? — S? be holomorphic, having the form R(z) = p(z)/q(z) with p(z) and q(z)
polynomials with no common zeros. We set d = deg R = max {degp, degq}, called the
degree of the map R.

1. Show that if p; € S? is not a critical value of R, then R~!(p;) consists of d points.
2. Define R2 = Ro R, R®>=RoR?,...,R" = Ro R"!. Show that deg R"* = d".

3. Show that if d > 2 then {R"™ : n > 1} is not a normal family of maps S? — S2.
Hint. If R™ is uniformly close to F': S? — S2, the maps must have the same degree, as
shown in basic topology courses.

We say a point ¢ € S? belongs to the Fatou set of R provided there exists a neighborhood
Q of ¢ such that {R"|, : n > 1} is a normal family, with respect to (€2, 5%). The Fatou
set of R is denoted Fg.

4. Show that Fg is open, R : Fr — Fg, and {R"
(Fr,S?).

‘ PR > 1} is normal with respect to

The complement of the Fatou set is called the Julia set, Jp = S? \ Fr. By Exercise 3,
Jr # (), whenever deg R > 2, which we assume from here on.

5. Given ¢ € Jg, and any neighborhood O of ¢ in S2, consider

(27.5) Eo = 5%\ | J R"(0).

n>0

Use Theorem 27.1 to show that E» contains at most 2 points.

6. Set

(27.6) E: = U{Eo : O neighborhood of (}.

Show that E: = Eo for some neighborhood O of (. Show that R: E, — E¢.

7. Consider the function Sq : S? — S2, given by Sq(z) = 22, Sq(co) = co. Show that
(27.7) jsq = {Z : ’Z| = 1}, EC = {0,00}, A C S jsq.
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8. Suppose E¢ consists of one point. Show that R is conjugate to a polynomial, i.e., there
exists a linear fractional transformation L such that L~!'RL is a polynomial.
Hint. Consider the case E; = {o0}.

9. Suppose F¢ consists of two points. Show that R is conjugate to P,, for some m € Z,
where P,,(z) = 2™, defined appropriately at 0 and oo.
Hint. Suppose E; = {0,00}. Then R either fixes 0 and oo or interchanges them.

ConNcLUSION. Typically, E; = 0, for ( € Jr. Furthermore, if E; # 0, then E; = E is
independent of ( € Jg, and E C Fg.

10. Show that

(27.8) R:Jr — Jr
and
(27.9) R~ (Jr) C Jk-

Hint. Use Exercise 4. For (27.8), if R(¢) € Fg, then ¢ has a neighborhood O such that
R(O) C Fg. For (27.9), use R : Fr — Fr.

11. Show that either Jr = S? or Jr has empty interior.
Hint. 1If ¢ € Jgr has a neighborhood O C Jr, then, by (27.8), R"(O) C Jr. Now use
Exercise 5.

12. Show that, if p € Jg, then
(27.10) | B*(p) is dense in Jx.

k>0
Hint. Use Exercises 5—6, the “conclusion” following Exercise 9, and Exercise 10.

13. Show that

(27.11) R(z)=1- Z% — Jr = S°.

REMARK. This could be tough. See [CG], p. 82, for a proof of (27.11), using results not
developed in these exercises.

14. Show that
(27.12) R(z) =2 -2 = Jp =[-2,2] Cc C.

Hint. Show that R : [-2,2] — [~2,2], and that if 29 € C\ [~2,2], then R*(2y) — oo as
k — oo.

The next exercise will exploit the following general result.
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Proposition 27.3. Let X be a compact metric space, F' : X — X a continuous map.
Assume that for each nonempty open U C X, there exists N(U) € N such that

U Fo)=x

0<j<N(U)
Then there exists p € X such that

U Fi(p) is dense in X.

Jj21

15. Show that Proposition 27.3 applies to R : Jr — Jg-
Hint. Use Exercise 5, and the conclusion after Exercise 9.

16. Show that, for R : S? — S? as above,

dp € Jr such that U R’ (p) is dense in Jr.

Jj=1

17. Prove Proposition 27.3.
Hint. Take a countable dense subset {g; : j > 1} of X. Try to produce a shrinking family
K; D Kjy1 D --- of nonempty, compact subsets of X, and N; € N, such that, for all
j E N7

FYi(Kj) C By-3(g5)-

Then take p € N;>1 K}, so

ENi(p) € By-i(qj), Vj>1.

18. Show that R : Jr — Jgr is surjective.
Hint. Consider Exercise 15.

19. Show that, for each k € N, Jrx = Jg.
Hint. Clearly Frr D Fr. To get the converse, use R/ = RFR™, 0 </ <k — 1.

20. Show that Jr must be infinite. (Recall that we assume deg R > 2.)

Hint. If Jr is finite, we can replace R by RF = R and find p € Jr such that ﬁ(p) = p.
Then take a small neighborhood O of p (disjoint from the rest of Jr) and apply Exercise

5 (and Exercise 15) to R, to get a contradiction.

21. Show that Jr has no isolated points.
Hint. If p € Jr is isolated, let O be a small neighborhood of p in S2, disjoint from the
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rest of Jr, and (again) apply Exercise 5 (and Exercise 15) to R, to get a contradiction,
taking into account Exercise 20.

These exercises provide a glimpse at an area known as Complex Dynamics. More material
on this area can be found in Chapter 5 of [Sch] (a brief treatment), and in [CG] and [Mil].
As opposed to (27.7) and (27.12), typically Jr has an extremely complicated, “fractal”
structure, as explained in these references.
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28. Picard’s theorems

Here we establish two theorems of E. Picard. The first, known as “Picard’s little
theorem,” is an immediate consequence of the fact that the disk holomorphically covers

C\ {0,1}.

Proposition 28.1. If p and q are distinct points in C and if f : C — C\ {p,q} is
holomorphic, then it is constant.

Proof. Without loss of generality, we can take p = 0,q = 1. Via the covering map ® : D —
C\ {0, 1} produced in §25, f lifts to a holomorphic map

(28.1) g:C— D, f=®og.

Liouville’s theorem then implies g is constant, so also f is constant.

The following sharper result is called “Picard’s big theorem.” It is proved using Montel’s
theorem.

Proposition 28.2. Ifp and q are distinct and

(28.2) f:D\{0} — C\ {p,q}

1s holomorphic, then the singularity at 0 is either a pole or a removable singularity. Equiv-
alently, if f : D\ {0} — S? is holomorphic and has range in S*\ {p,q,r} with p,q,r € S?
distinct, then f extends to f : D — S?, holomorphic.

Proof. Again there is no loss of generality in taking p = 0,¢ = 1, and r = oco. Take
2 = D\ {0} and define f, : @ — C\ {0,1} by f.(2) = f(2772). By Montel’s theorem
(Theorem 27.1), {f,} is a normal family of maps from © to S?. In particular, there exists
a subsequence f,, converging locally uniformly on 2:

(28.3) fo. —g:9Q— 8%
and ¢ is a holomorphic map. Pick » € (0,1) and set I' = {z : |2| = r} C Q. The

convergence in (28.3) is uniform on I
We consider two cases.

CASE A. oo ¢ g(Q).
Then there exists A < oo such that

(28'4) |f7/k (Z)| < A, |Z| =T,
for large k, or equivalently

(28.5) f() <A, |z =27"r
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The maximum principle then implies |f(z)| < A for all z close to 0, so 0 is a removable
singularity of f.

CASE B. 00 € g(9).

By Corollary 27.2, g = oo on 2. Consequently, 1/f,. — 0 uniformly on I', and then
analogues of (28.4)—(28.5) hold with f replaced by 1/f (recall that f is nowhere vanishing
on D\ {0}), so f has a pole at 0.

Exercises

1. Fix distinct points a,b € C, let v be the line segment joining a and b, and assume
f : C — C\ ~ is holomorphic. Show that f is constant. Show this in an elementary
fashion, not using Picard theorems.

2. Suppose f : C — C is a holomorphic function that is not a polynomial. (We say f
is transcendental.) Show that for every w € C, with at most one exception, there are
infinitely many z, € C such that f(z,) = w.

3. Suppose that f is meromorphic on C. Show that f can omit at most two complex
values. Give an example where such an omission occurs.
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29. Harmonic functions again: Harnack estimates and more Liouville theorems

Here we study further properties of harmonic functions. A key tool will be the explicit
formula for the solution to the Dirichlet problem

(29.1) Au=0 on Di(0), ulg =,

given in §13, namely

27
(20.2) u(z) = / p(2.0)(6) db,
where
(29.3) p(z,0) = L 1|2 = 6i9,

as in (13.24), or equivalently

(29.4) p(z,0) = — Re

We restrict attention to harmonic functions on domains in C = R2. However we point
out that results presented here can be extended to treat harmonic functions on domains
in R™. In such a case we replace (29.2)—(29.3) by

(29.5) u(r) = / p(z,w)f(w) dS(w),

for v € B1(0) = {x € R™ : |z| < 1}, with

11— |z

not |z —w|™’

(29.6) p(r,w) = 1

where A,,_; is the (n — 1)-dimensional area of the unit sphere S"~! C R™. A proof of
(29.5)—(29.6) can be found in Chapter 5 of [T2]. But here we will say no more about the
higher-dimensional case.

We use (29.2)—(29.3) to establish a Harnack estimate, concerning the set of harmonic
functions

(29.7) A={uecC*D)NC(D): Au=0, u>0on D, u(0) =1},

where D = D1(0) = {2z € C: |z| < 1}.
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Proposition 29.1. Forz e D,

(29.8) ue A= u(z) >

Proof. The mean value property of harmonic functions implies that f = u|sp satisfies

1 27

(29.9) f(6)do =1,

2 Jo
if u € A. Given this, (29.8) follows from (29.2)—(29.3) together with the estimate

1— 22 1]

20.1
(20.10) w=2f 2142

for |z| <1, |w|=1.

To get (29.10), note that if w = €*?, z = re?, and ¥ = ¢ — 6, then
lw— 22 = (¥ —r)(e”™ —r)
(29.11) =1-—2rcosy +r?
<1420 472 =(1+7)2
from which (29.10) follows.

By translating and scaling, we deduce that if u is > 0 and harmonic on Dg(p), then

(29.12) |z—p|l=a€[0,R) = u(z) > f—a

> R+aU(p)-

This leads to the following extension of the Liouville theorem, Proposition 7.5 (with a
different approach from that suggested in Exercise 1 of §7).

Proposition 29.2. Ifu is harmonic on all of C (and real valued) and bounded from below,
then u s constant.

Proof. Adding a constant if necessary, we can assume u > 0 on C. Pick zg, 21 € C and
set a = |z9 — 2z1|. By (29.12),

(29.13) u(z0) > g;Zu(zl), VR € (a,00),
hence, taking R — oo,
(29.14) u(zo) > u(z1),

for all zg, z1 € C. Reversing roles gives
(29.15) u(z0) = u(z1),
and proves the proposition.

The following result will lead to further extensions of Liouville’s theorem.
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Proposition 29.3. There exists a number A € (0,00) with the following property. Let u
be harmonic in Dgr(0). Assume

(29.16) u(0) =0, wu(z) <M on Dg(0).
Then
(29.17) u(z) > =AM on Dpg/5(0).

Proof. Set v(z) = M —u(z), so v >0 on Dg(0) and v(0) = M. Take

29.18 eD 0), wu(p)= inf w.
(20.19 peDpp0). u(p)= inf

From (29.12), with R replaced by R/2, a by R/4, and u by v, we get

(20.19) o(2) > 5 (M~ u(p)) on Dryalp).

Hence

(29.20) m /v(z) dx dy > 1_16 : %(M —u(p)).
Dr(0)

On the other hand, the mean value property for harmonic functions implies that the left
side of (29.20) equals v(0) = M, so we get

(29.21) M — u(p) < 48M,

which implies (29.17).

Note that Proposition 29.3 gives a second proof of Proposition 29.2. Namely, under
the hypotheses of Proposition 29.2, if we set v(z) = u(0) — u(z), we have v(0) = 0 and
v(z) < u(0) on C (if w > 0 on C), hence, by Proposition 29.3, v(z) > —Au(0) on C, so v
is bounded on C, and Proposition 7.5 implies v is constant. Note however, that the first
proof of Proposition 29.2 did not depend upon Proposition 7.5.

Here is another corollary of Proposition 29.3.

Proposition 29.4. Assume u is harmonic on C and there exist Cy, Cy; € (0,00), and
k € Z" such that

(29.22) u(z) < Co + Cy)z|*, VzeC.
Then there exist Co,Cs € (0,00) such that

(29.23) u(z) > —Cy — C3]2|%, VzeC.



196

Proof. Apply Proposition 29.3 to u(z) — u(0), M = Cy + |u(0)| + Cy RE.

Note that as long as Co > Cy and C3 > Ci, the two one-sided bounds (29.22) and
(29.23) imply

(29.24) lu(z)| < Co + Csl2|*, VzeC.

We aim to show that if u(z) is harmonic on C and satisfies the bound (29.24), then u
must be a polynomial in x and y. For this, it is useful to have estimates on derivatives
95,0Ju, which we turn to.

If u € C?(D) N C(D) is harmonic on D = D;(0), the formula (25.2) yields

27
(20.25) 5. u(z) = /0 pis(2,0)(0) do,
where
(29.26) pij(2,0) = 9,0p(z,0).

From (29.3) it is apparent that p(z,0) is smooth in z € D. We have bounds of the form
1
(29.27) pij (2, 0)] < Kij,  [2] < 5.

For example, from (29.4) we get

0 1 et?
—p(2,0) = — Re ———
axp(za ) T e (619 _ z)27
(29.28) »
0 (2,0) 1 R ie’
—p(z,0) = = Re ———.
8yp ’ T (€0 — 2)2
Hence
1 1
Ve 0)] < — —
Vaup(z,0)] < T et — 2|2
(29.29) X
<
- (=2
the last estimate by a variant of (29.11).
Applied to (29.25), the bounds (29.27) imply
(29.30) sup |8;813/u(z)| < 27w K;; sup |u(z)|,
|2]<1/2 D

whenever v € C?(D) N C(D) is harmonic on D.
We are now are ready for the following.
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Proposition 29.5. If u: C — R is harmonic and, for some k € Z*, C; € (0,0),
(29.31) u(z) < Co+ Cy)z|*, VzeC,

then u is a polynomial in x and y of degree k.

Proof. By Proposition 29.4, we have the two-sided bound
(29.32) lu(z)| < Co + Csl2|*, VzeC.

Now set vg(z) = R™*u(Rz). We have vg|p bounded, independent of R € [1,c0), where
D = D4(0). Hence, by (29.30), Giang is bounded on D;/5(0), independent of R, for each
i,j €EZT, so

(29.33) RI7F9L0Iu(Rz)| < Cyj, 12| < =, R€[1,00).

DN | —

Taking R — oo yields 8;8§u =0 on C for i + j > k, which proves the proposition.

REMARK. In case k = 0, the argument above gives another proof of Proposition 7.5.

Exercises

1. Suppose f : C — C is holomorphic and |f(z)| < AeBl*l. Show that if f has only finitely
many zeros then f has the form

for some polynomial p(z).
Hint. If p(z) has the same zeros as f(z), write f(z)/p(z) = €9*) and apply Proposition
29.5 to Re g(2).

2. Show that the function e — z (considered in Exercise 10 of §6) has infinitely many
zeros. More generally, show that, for each a € C, e* — z — a has infinitely many zeros.

3. The proof given above of Proposition 29.3 shows that (29.17) holds with A = 47. Can
you show it holds with some smaller A?
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30. Periodic and doubly periodic functions - infinite series representations

We can obtain periodic meromorphic functions by summing translates of z=*. For
example,

(30.1) he= Y o

is meromorphic on C, with poles in Z, and satisfies fi(z + 1) = f1(z). In fact, we have

o0

(30.2) > (Z_ln)gz g

sin“ 7z
n=—oo

To see this, note that both sides have the same poles, and their difference g1 (z) is seen to
be an entire function, satisfying ¢1 (2 +1) = g1(2). Also it is seen that, for z = x +iy, both
sides of (30.2) tend to 0 as |y| — oo. This forces g; = 0.

A second example is

m

1 1 1 1
S o TS
RE=tm 3 sty
(30.3) *
1 2z
_Z+nz_:lz2—n2'

This is also meromorphic on C, with poles in Z, and it is seen to satisfy fa(z +1) = fa(2).
We claim that

1 1 1
4 - ( —>: t e,
(30.4) Z—l—% z—n+n T cot mz

In this case again we see that the difference go(z2) is entire. Furthermore, applying —d/dz
to both sides of (30.4), we get the two sides of (30.2), so g2 is constant. Looking at the
last term in (30.3), we see that the left side of (30.4) is odd in z; so is the right side; hence
g2 =0.

As a third example, we consider

dm 30 CU =)

n=—m n#0
1 = 2z
30.5 S 1y
(30.5) Z+Z} V' 53
= 2(1 — 2k)

= [2 = (2k = 1)?][22 — (2k)?]
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(30.6) —+ (—1)”(
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In this case we see that their difference g3(z) is entire and satisfies g3(z +2) = g3(z). Also,

for z = x + iy, both sides of (30.6) tend to 0 as |y| — oo, so g3 = 0.

We now use a similar device to construct doubly periodic meromorphic functions, follow-
ing K. Weierstrass. These functions are also called elliptic functions. Further introductory
material on this topic can be found in [Ahl] and [Hil]. Pick wy,ws € C, linearly independent

over R, and form the lattice

(30.7) A = {jwy + kws : j, k € Z}

In partial analogy with (30.4), we form the “Weierstrass p-function,”

(30.8) p(z;A) = Ziz + ) (ﬁ - %)

Convergence on C \ A is a consequence of the estimate

1 1 ||
. — — | <O, f > 2|z|.
(30.9) CEE wQ‘ < C|w|3, or |w| > 2[z|
To verify that
(30.10) pz+w;A) =p(z;A), YweA,

it is convenient to differentiate both sides of (30.8), obtaining

(30.11) o' (zA)=-2) Ei
weA
which clearly satisfies
(30.12) O (z+w;A)=g'(2;A), YweA.
Hence
(30.13) p(z4+w;A) — p(z;A) = c(w), weEA.

Now (30.8) implies p(z; A) = p(—=z;A). Hence, taking z = —w/2 in (30.13) gives c(w) =0

for all w € A, and we have (30.10).
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Another analogy with (30.4) leads us to look at the function (not to be confused with
the Riemann zeta function)

(30.14) g(z;A):éJr > ! +l+i>.

2
zZ— W w w
0AweEA

We note that the sum here is obtained from the sum in (30.8) (up to sign) by integrating
from 0 to z along any path that avoids the poles. This is enough to establish convergence
of (30.14) in C\ A, and we have

(30.15) (' A) = —p(z; A).

In view of (30.10), we hence have

(30.16) C(z4+w;A) —C(z;A) = ap(w), YweA.

In this case ap(w) # 0, but we can take a,b € C and form

(30.17) Cap(z;A) =C(z—a;A) — (2 — b A),

obtaining a meromorphic function with poles at (a + A)U (b+ A), all simple (if a —b ¢ A).
Let us compare the doubly periodic function ® constructed in (24.8)—(24.11), which

maps the rectangle with vertices at —1,1,1 + ip, —1 + ip conformally onto the upper half

plane U, with ®(—1) = —1,®(0) = 0,P(1) = 1. (Here p is a given positive number.) As

seen there,

(30.18) D(z+w)=D(2), weA={4k+?2ilp:k e}

Furthermore, this function has simple poles at (ip + A) U (ip +2 4+ A), and the residues at
ip and at ip + 2 cancel. Thus there exist constants A and B such that

(30.19) ®(z) = Alip,ip+2(2;A) + B.

The constants A and B can be evaluated by taking z = 0, 1, though the resulting formulas
give A and B in terms of special values of ((z;A) rather than in elementary terms.

Exercises

1. Setting z = 1/2 in (30.2), show that
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Compare (13.79). Differentiate (30.2) repeatedly and obtain formulas for Y ., n~* for
even integers k. a
Hint. Denoting the right side of (30.2) by f(z), show that

o0

FOL) =D e+ > (z—n) 2.

n=—oo

Deduce that, for k > 1,

ﬂzk-z)(%) — (2k — 1)!22k+1 Z =2k

n>1,0dd

Meanwhile, use

oo o0
Z -2k — Z n—2k | o-2k Z -2k

n>1,odd

to get a formula for >°°7  n~2% in terms of f(2*=2)(1/2).

1A. Set F(z) = (mcot mz) —1/z, and use (30.4) to compute F()(0). Show that, for |z| < 1,

1 o0 o0
tmz == —2 2k)z2k—1 2k) = —2k
mootms = 2 =23 LR, (@) =3 n

k=1

1B. Recall from Exercise 6 in §12 that, for |z| sufficiently small,

with By (called the Bernoulli numbers) rational numbers for each k. Note that

627Ti2+1 1
P —cotmz.
esmz — 1 1

Deduce from this and Exercise 1A that, for k£ > 1,

2k By,
(2k)!"

2(2k) = (27)

Relate this to results of Exercise 1.

1C. For an alternative aproach to the results of Exercise 1B, show that

G(z) = meotmz = G'(2) = —1% — G(2).
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Using
1 o0
G(z) = - + zjlanz%l,
compute the Laurent series expansions of G’(z) and G(z)? and deduce that a; = —72/3,

while, for n > 2,

n—1

1
Ap = —2n+ 1 ;an_gag.

In concert with Exercise 1A, show that ((2) = 72/6, ((4) = 7*/90, and also compute ((6)
and ((8).

2. Set
F(z)=mnz 1_[1<1 - F)
Show that

Using this and (30.3)—(30.4), deduce that
F(z) =sinwz,
obtaining another proof of (18.21).
Hint. Show that if F and G are meromorphic and F’/F = G'/G, then F = ¢G for some
constant ¢. To find ¢ in this case, note that F’(0) = 7.
3. Show that if A is a lattice of the form (30.7) then a meromorphic function satisfying

(30.20) fz+w)=f(2), YweA

yields a meromorphic function on the torus Ty, defined by (26.14). Show that if such f
has no poles then it must be constant.

We say a parallelogram P C C is a period parallelogram for a lattice A (of the form (30.7))
provided it has vertices of the form p,p + wi,p + wo,p + w1 + we. Given a meromorphic
function f satisfying (30.20), pick a period parallelogram P whose boundary is disjoint
from the set of poles of f.

4. Show that

/ f(2)dz = 0.
P
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Deduce that

Z Res,, (f) = 0.

p; €P

Deduce that if f has just one pole in P then that pole cannot be simple.

5. For ( defined by (30.14), show that, if Im(ws/w1) > 0,

(30.21) /((z; A)dz = ap(w)ws — ap(wo)wy = 2.
oP

6. Show that a in (30.16) satisfies
(30.22) ap(w+w) =ar(w) +an(w’), w,w €A
Show that if w € A, w/2 ¢ A, then
ap(w) = 2¢(w/2; A).
7. Apply Green’s theorem

//(g_z - %) drdy = /(fdx+gdy)

o0
in concert with (’(z; A) = —p(z; A), written as
1,0 10
5(% T ETy)C(Z’A) = —p(z; A),

and with = P, as in Exercise 5, to establish that

(3023) @A(wl)wg - ozA(wg)wl = 2ZI(A),

with

(30.24) IZ(A) = liH(l) // o(z; A) dx dy,
P\D:(0)

assuming P is centered at 0.

8. Solve the pair of equations (30.21) and (30.23) for ap(w1) and ap(wz). Use this in
concert with (30.22) to show that

(30.25) ap(w) = —er (—I(A)w + m), we A,



204
where Z(A) is as in (30.24) and A(P) is the area of P.
9. Show that the constant A in (30.19) satisfies
A = Res;p(P).
10. Show that the constants A and B in (30.19) satisfy
[C(1—ip;A) = (=1 —ip; M)]JA+ B =1,

and
aA(4)A +2B =0,

with A given by (30.18).
Hint. Both ®(z) and ((z;A) are odd in z.

In Exercises 11-12, given p; € Ty, n; € Z*1, set ¥ =Y n;p; and define

(30.26) My(Tp) = {f meromorphic on T, : poles of f are at p; and of order < n;}.
Set |19| = an.

11. Show that || =2 = dim My (Ta) = 2, and that this space is spanned by 1 and (p, p,
if ny =ny =1, and by 1 and p(z — p1) if ny = 2.

Hint. Use Exercise 4.

12. Show that

(30.27) 9] = k > 2 = dim My(T,) = k.

Hint. Argue by induction on k, noting that you can augment |¢| by 1 either by adding
another p; or by increasing some positive n; by 1.
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31. The Weierstrass @ in elliptic function theory

It turns out that a general elliptic function with period lattice A can be expressed in
terms of p(z;A) and its first derivative. Before discussing a general result, we illustrate
this in the case of the functions (,(z; A), given by (30.17). Henceforth we simply denote
these functions by p(z) and (, (%), respectively.

We claim that, if 28 ¢ A, then

o' (B)
p(2) — p(B)

To see this, note that both sides have simple poles at z = £3. (As will be shown below, the
zeros « of p/(z) satisfy 2a € A.) The factor ' (3) makes the poles cancel, so the difference
is entire, hence constant. Both sides vanish at z = 0, so this constant is zero. We also note
that

(31.1) = (p,-p(2) +2¢(B).

(31.2) Casl2) = Gpoplz =), a= 222 p=2"2
Aslong as a — b ¢ A, (31.1) applies, giving

_ ' (B) B a+b , a-b
(313) Ca,b(z) - @(Z _ Oé) — @(ﬁ) ZC(ﬁ)v a = 9 ﬁ - 9

We now prove the result on the zeros of ©’(z) stated above. Assume A has the form
(30.7).

Proposition 31.1. The three points w1 /2, wa/2 and (w1 +w2)/2 are (mod A) all the zeros
of 9'(2).

Proof. Symmetry considerations (oddness of ¢’(z)) imply ¢’(z) = 0 at each of these three
points. Since p’(z) has a single pole of order 3 in a period parallelogram, these must be
all the zeros. (Cf. Exercise 1 below to justify this last point.)

The general result hinted at above is the following.

Proposition 31.2. Let f be an elliptic function with period lattice A. There exist rational
functions QQ and R such that

(31.4) f(z) = Q(p(2)) + R(p(2))¢' ().

Proof. First assume f is even, i.e., f(z) = f(—z). The product of f(z) with factors of
the form p(z) — p(a) lowers the degree of a pole of f at any point a ¢ A, so there exists
a polynomial P such that g(z) = P(p(2))f(z) has poles only in A. Note that g(z) is



206

also even. Then there exists a polynomial P, such that g(z) — Pa2(p(z)) has its poles
annihilated. This function must hence be constant. Hence any even elliptic f must be a
rational function of p(z).

On the other hand, if f(z) is odd, then f(2)/’(2) is even, and the previous argument
applies, so a general elliptic function must have the form (31.4).

The right side of (31.3) does not have the form (31.4), but we can come closer to this
form via the identity

1

(3L.5) oz = a) = —p(2) — pla) + 7 (

ECETION

p(2) — p(@)

This identity can be verified by showing that the difference of the two sides is pole free and
vanishes at z = 0. The right side of (31.5) has the form (31.4) except for the occurrence
of ©/(2)?, which we will dispose of shortly.

Note that @’(2)? is even, with poles (of order 6) on A. We can explicitly write this as
P(p(2)), as follows. Set

(316) €; = @(%)7 J= 1,2,3,

where we set w3 = w1 + wa. We claim that

(3L.7) p'(2)% = 4(p(2) — e1)(p(2) — e2)(p(2) — e).

In fact, both sides of (31.7) have poles of order 6, precisely at points of A. Furthermore,
by Proposition 31.1, the zeros of @(z)? occur precisely at z = w; (mod A), each zero
having multiplicity 2. We also see that the right side of (31.7) has a double zero at
z = wj, j = 1,2,3. So the quotient is entire, hence constant. The factor 4 arises by
examining the behavior as z — 0.

The identity (31.7) is a differential equation for p(z). Separation of variables yields

1 dp
2 / Vip—e1)(p—e2)(p—e3)

=z+4c.

(31.8)

The left side of (31.8) is known as an elliptic integral.

Any cubic polynomial in u is a constant multiple of (u — e1)(u — e2)(u — e3) for some
e; € C. However, it is not quite the case that every cubic polynomial fits into the current
setting. Here is one constraint; another will be produced in (31.15) below.

Proposition 31.2. Given a lattice A C C, the quantities e; in (31.6) are all distinct.

Proof. Note that p(z)—e; has a double pole at each z € A, and a double zero at z = w; /2.
Hence, in an appropriate period parallelogram, it has no other zeros (again cf. Exercise 1
below). Hence p(wy/2) —e; = e —e; # 0 for j # k.
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We can get more insight into the differential equation (31.7) by comparing Laurent
series expansions of the two sides about z = 0. First, we can deduce from (30.8) that

1
(31.9) p(2) = = +az® + b2t .
z

Of course, only even powers of z arise. Regarding the absence of the constant term and
the values of a and b, see Exercise 3 below. We have

(31.10) a=3 > % b=5 ) %

Hence
2
(31.11) 0 (2) = ——5 +202+ 4bz3 4 - - .

It follows, after some computation, that

(31.12) }lp'(zy _ ;_6 - j_g BT
while
(p(2) —e1)(p(2) — e2)(p(2) — e3)
(31.13) = p(2)° = 110(2)? + 1op(2) = 7
:Z%—%+?”Z¥+(3b—2aﬁ—rg)+---,
where

T1 = e1 + ez + e3,
(31.14) To = €162 + ez€3 + e3€eq,

T3 = ejez€3.

Comparing coefficients in (31.12)—(31.13) gives the following relation:
(31.15) €1+ ez +e3 =0.

It also gives

3116 €162 + €2€3 -+ €1€3 = —5@,
( ’ ) €1€2€3 = 7b,

where a and b are given by (31.10). Hence we can rewrite the differential equation (31.7)
as

(31.17) 0 (2)* = 4p(2)° — gop(2) — g3,
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where go and g3, known as the Weierstrass invariants of the lattice A, are given by

1 1
(31.18) g2 =60 > — 93 =140 > —
0#weA 0#weA

Exercises

1. Assume f is meromorphic (and not identically zero) on Tp = C/A. Show that the
number of poles of f is equal to the number of zeros of f, counting multiplicity.
Hint. Let ~v bound a period parallelogram, avoiding the zeros and poles of f, and examine

L)
el T

Y

Recall the argument principle, discussed in §17.

2. Show that, given a lattice A C C, and given w € C,

(31.19) w€A<:>p<g+z;A):p<g—z;A>, V2.

Relate this to the proof of Proposition 31.1.

3. Consider

(31.20) B(2) = p(2) — % > ((;2 - i)7

which is holomorphic near z = 0. Show that ®(0) = 0 and that, for k& > 1,

1

(31.21) i

oM (0) = (k+1) Y w *H2),
w€eA\0

(These quantities vanish for k£ odd.) Relate these results to (31.9)-(31.10).

4. Complete the sketch of the proof of (31.5).
Hint. Use the fact that p(z) — 272 is holomorphic near z = 0 and vanishes at z = 0.

5. Deduce from (31.17) that

(31.22) 0" (2) = 6p(2)? — =gs.



6. Say that, near z = 0,
31.23 _ ! by 22"
(31.23) 0z) = g + 3 bus,

where b,, are given by (31.21), with k£ = 2n. Deduce from Exercise 5 that for n > 3,

n—2

3
31.24 b, = E brbp—k—1.
( ) (2n+3)(n—2) &= Fon—kl

In particular, we have
1 3
b3 - gb%7 b4 - ﬁb1b27
and

1 1 2
bs = = (b3 + 2b1bs) = 1—3(b§ n gbi’).

7. Deduce from Exercise 6 that if

1
(31.25) on= Y 5
w n

w€eA\0
then for n > 3,

(3126) On :Pn(02703)7
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where P, (02,03) is a polynomial in o2 and o3 with coefficients that are positive, rational

numbers. Use (31.16) to show that

1
(3127) g9 = —5(8162 + €2€3 + 6163), o3 = % €1€2€3.

Note that b, = (2n 4+ 1)o,4+1. Note also that gi in (31.17)—(31.18) satisfy go = 6002 and

gs = 1400’3.

8. Given f as in Exercise 1, show that

(31.28) zim / ];((5)) dz € Z,

(e

whenever o is a closed curve in T, that avoids the zeros and poles of f.
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9. Again take f as in Exercise 1. Assume f has zeros at p; € Ty, of order m;, and poles
at q; € Ty, of order n;, and no other zeros or poles. Show that

(31.29) ijpj - anqj =0 (mod A).
Hint. Take v as in Exercise 1, and consider
1 [ f(z)
1. — dz.
(31.30) 2] o) zdz
Y

On the one hand, Cauchy’s integral theorem (compare (5.19)) implies (31.30) is equal
to the left side of (31.29), provided p; and g¢; are all in the period domain. On the other
hand, if 7 consists of four consecutive line segments, o1, 02, 03, 04, periodicity of f'(z)/f(z)
implies that (31.30) equals

w2

31.31 -
( ) 2 /
o1

Use Exercise 8 to deduce that the coefficients of wy and wy in (31.31) are integers.

FE) o (16,
72 T 2 / ) *

10. Deduce from (31.5) that

(31.32) utv+w=0=det | pv) ) 1| =0

11. Deduce from (31.5) that

1/70"(2)\2
(31.33) 0(22) = -( ( )) —20(2).
Hint. Set @« = —z+ h in (31.5) and let h — 0.

12. Deduce from (31.33), in concert with (31.17) and (31.22), that

©(22) = R(p(2)),

with
_ M (92/2)C% + 293¢ + (92/4)°
4¢3 — g2¢ — g3 '

13. Use (31.3) and (31.5), plus (31.7), to write {, 5(2) (as in (31.3)) in the form (31.4), i.e.,

Cap(2) = Qp(2)) + R(p(2))¢' (2).

R(C)
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32. Theta functions and p

We begin with the function

(321) 9(:137{;) — Z e—Trn2t627rin:E,

nez

defined for x € R, t > 0, which solves the “heat equation”

00 1 0%

Note that 6 is actually holomorphic on {(z,t) € C x C: Ret > 0}. It is periodic of period
lin z; 6(z + 1,t) = 6(x,t). Also one has

(32.3) O(z +it, t) = ™ 2™)(2, t).

This identity will ultimately lead us to a connection with p(z). In addition, we have

(32.4) 9(:1; + 1’ t) — Z(_l)ne—ﬂ'ngte2ﬂinm‘7

2
nez
and
(32.5) 9<$ n %t, t) = Tt/ Y /DR 2rine,
nez

which introduces series related to but slightly different from that in (32.1).
Following standard terminology, we set —t = i7, with Im7 > 0, and denote 6(z, —iT)
by

2 . 2
(32.6) 193(2,’ 7_) — Z en 71'17'62n7rzz — ZPann ,

nez neZ

where
(32.7) p=e€"%  q=e"".
This theta function has three partners, namely

(32.8) 194(2:, 7_) _ Z(_l)nenzﬂ'ire%rinz _ Z(_l)annqn27

nez nez
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and
(32.9) V1(z,7) =i Z(_1)ne(n—1/2)2m76(2n—1)mz _ iZ(_l)nPQn—lq(n—l/Q)Q’
nez nez
and finally
(3210) ’192(,2, 7') = Z e(n—l/Z)QTriTe(Zn—l)ﬂiz — ZPQn—lq(n_1/2)2.
’I’lEZ ’I’lEZ

We will explore these functions, with the goal of relating them to p(z). These results are
due to Jacobi; we follow the exposition of [MM].

To begin, we record how 9,(z + ) is related to ¥4 (z) for various values of a. Here and
(usually) below we will suppress the 7 and denote ¥;(z,7) by ¥;(2), for short. In the table
below we use
1/4

_ -1 — __—miz—miT/4 -2 -1 _ —2mwiz—miT
a=plqgtt=e o b=pigl=e :

Proofs of the tabulated relations are straightforward analogues of (32.3)—(32.5).

Table of Relations among Various Translations of ¥;

z2+1/2 z+7/2 z2z+4+1/2+7/2 z+1 z24T z24+1+4+7
191 192 z'a194 a193 —191 —b191 b191
792 —191 aﬁg —ia194 —192 6192 —b’l92
193 ’194 CL'L92 ia191 193 b193 bﬁg,
194 ?93 ia191 a192 ?94 —b794 —bﬁ4

An inspection shows that the following functions

(32.11) Fiu(z) = <3i—8>2
satisfy
(32.12) Fir(z +w) = Fjp(z), YweA,
where
(32.13) A={k+tlr:k (e}
Note also that
7(2)
(32.14) Gi(z) = e
satisfies
(32.15) Gij(z+1)=Gj(2), Gj(z+71)=Gj(2)—2mi.

To relate the functions Fjj;, to previously studied elliptic functions, we need to know the
zeros of ¥y (z). Here is the statement:
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Proposition 32.1. We have

1
m@):OﬁzeA,q%@%:m®z€A+§,
(32.16)

1
ﬁﬂ@:0®Z€A+§+%,ﬁd@:0©ZEA+;

Proof. In view of the relations tabulated above, it suffices to treat ¥;(z). We first note
that

(32.17) 91(—z) = —9,(2).

To see this, replace z by —z in (32.8) and simultaneously replace n by —m. Then replace
m by n — 1 and observe that (32.17) pops out. Hence ¥; has a zero at z = 0. We claim it
is simple and that ¥; has no others, mod A. To see this, let v be the boundary of a period
parallelogram containing 0 in its interior. Then use of (32.15) with j = 1 easily gives

1 ¥ (2)

27t ) Y1(2)

~

dz=1,

completing the proof.
Let us record the following complement to (32.17):

The proof is straightforward from the defining formulas (32.6)—(32.9).
We are now ready for the following important result. For consistency with [MM], we
slightly reorder the quantities eq, e, e3. Instead of using (31.6), we set

w w1 +w w
5219 a=o($) amo(25E). w=o(2)

where, in the current setting, with A given by (32.13), we take w; = 1 and wy = 7.

Proposition 32.2. For p(z) = p(z;A), with A of the form (32.13) and ¥;(z) = ¥;(z, 1),

1(0) J2(2)\2
pz)=et (ﬁl(z) ' 192(0)>
(32.20) —ert (31(0) : Zj(g))z

Proof. We have from (32.11)—(32.13) that each function P;(z) on the right side of (32.20)
is A-periodic. Also Proposition 32.1 implies each P; has poles of order 2, precisely on
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A. Furthermore, we have arranged that each such function has leading singularity 22
as z — 0, and each P; is even, by (32.17) and (32.18), so the difference p(2) — P;(2) is
constant for each j. Evaluating at z = 1/2, (1 + 7)/2, and 7/2, respectively, shows that

these constants are zero, and completes the proof.

Part of the interest in (32.20) is that the series (32.6)—(32.10) for the theta functions are
extremely rapidly convergent. To complete this result, we want to express the quantities
e; in terms of theta functions. The following is a key step.

Proposition 32.3. In the setting of Proposition 32.2,

_ (910)94(0)\2 5

a-e= (ﬁl(@)ﬂi(@) = 794 (0)7,

(32.21) e1 —e3 = <Z;$;gi58;>2 = 1%93(0)*,
_ (91(0)95(0)\2

2= €= <193(0)794(0)> = m92(0)"

Proof. To get the first part of the first line, evaluate the second identity in (32.20) at
z = 1/2, to obtain

o e :< 1(0) ,193(1/2)>2
P\ a/2) os00)

and then consult the table to rewrite ¥3(1/2)/91(1/2). Similar arguments give the first
identity in the second and third lines of (32.21). The proof of the rest of the identities
then follows from the next result.

Proposition 32.4. We have

(32.22) 9(0) = 702(0)03(0)04(0).

Proof. To begin, consider
p(2) = 91(22) T 101(2)92(2)05(2)Va(2).

Consultation of the table shows that ¢(z + w) = ¢(z) for each w € A. Also ¢ is free of
poles, so it is constant. The behavior as z — 0 reveals the constant, and yields the identity

(32.23) 91(22) = 2 Y

Now applying log, taking (d/dz)?, evaluating at z = 0, and using

(32.24) 97(0) = 95(0) = 95(0) = ¥4(0) = 0,
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(a consequence of (32.17)—(32.18)), yields

91(0) _ 95(0) | 95(0) | 94(0)

(32.25) 97(0)  92(0)  93(0)  94(0)°

Now, from (32.2) we have

0Y; 1 029,
2.2 27 = J
(32.26) or  4Ami 022
and computing
(32.27) % [log 92(0,7) + log 93(0,7) + log 94(0, 7) — log ¥ (0, T)

and comparing with (32.25) shows that

(32.28) 92(0,7)93(0,7)94(0,7) /9, (0,7) is independent of 7.
Thus
(32.29) 01(0) = Ad2(0)93(0)04(0),

with A independent of 7, hence independent of ¢ = e™7. As ¢ — 0, we have
(32.30) 91(0) ~ 2mgt4, 09(0) ~ 2¢Y4, 93(0) ~ 1, 04(0) ~ 1,

which implies A = 7, proving (32.22).

Now that we have Proposition 32.3, we can use (e; —e3) — (e1 — e2) = e3 — e to deduce
that

(32.31) 93(0)* = 92(0)* + 94(0)*.
Next, we can combine (32.21) with
(3232) €1 + €2 + €3 = 0

to deduce the following.
Proposition 32.5. In the setting of Proposition 32.2, we have

2
€1 =

[93(0)* +94(0)*],

(32.33) ey =

SHENSE

[02(0)* — 94(0)*],

€3 = —%2 [192(0)4 + 193(0)4}
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Thus we have an efficient method to compute (z; A) when A has the form (32.13). To
pass to the general case, we can use the identity

(32.34) o(z;al) = % p(z A).

—
a

See Appendix K for more on the rapid evaluation of p(z;A).

Exercises
1. Show that
d ¥(2)
2. — D2
(32.35) 7z 01 (o) ap(z) + b,

with p(z) = p(2z;A), A asin (32.13). Show that

0 (w1/2)01(w1/2) — 93 (w1/2)?

32.36 =-1, b=
( ) a ) e1+ 191((4)1/2)2 )

where w1 =1, wy = 7.

2. In the setting of Exercise 1, deduce that (,,(z;A), given by (30.17), satisfies

Con(ziA) = Vi(z —a) Yi(z—D)
(32.37) o Yi1(z—a) V1(z—0)
' B il Y1(z — a)
48 91(z —b)
3. Show that, if a # e;,
1
(32.38) )= = Aeale) + B,
where p(+a) = a. Show that
1
32.39 A=
(92:59 )
Identify B.

4. Give a similar treatment of 1/(p(z) —a) for a = e;. Relate these functions to p(z —@,),
with @; found from (32.19).

5. Express g2 and g3, given in (31.17)—(31.18), in terms of theta functions.
Hint. Use Exercise 7 of §31, plus Proposition 32.5
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33. Elliptic integrals

The integral (31.8) is a special case of a class of integrals known as elliptic integrals,
which we explore in this section. Let us set

(33.1) q(¢) = (¢ —e1)(¢ —e2)(¢ —e3).

We assume e; € C are distinct and that (as in (31.15))
(33.2) er+extes=0,

which could be arranged by a coordinate translation. Generally, an elliptic integral is an
integral of the form

C1
(33.3) / R(¢, v/a(0)) d.

0

where R((,n) is a rational function of its arguments. The relevance of (31.8) is reinforced
by the following result.

Proposition 33.1. Given distinct e; satisfying (33.2), there exists a lattice A, generated
by wi,ws € C, linearly independent over R, such that if p(z) = p(z; A), then

(33.4) p(Z)=e 15523,

where w3 = w1 + ws.

Given this result, we have from (31.7) that

(33.5) ' (2)? = 4q(p(2)),

and hence, as in (31.8),

1 p(2)
(33.6) —/ do =2z —29, mod A.
2 Jo

(z0) V Q(g)

The problem of proving Proposition 33.1 is known as the Abel inversion problem. The
proof requires new tools, which will be provided in §34. We point out here that there is
no difficulty in identifying what the lattice A must be. We have

L [9 d¢  wj
(33.7) 5/00 @) = 73, mod A,
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by (33.6). One can also verify directly from (33.7) that if the branches are chosen appro-
priately then w3 = w; + wy. It is not so clear that if A is constructed directly from (33.7)
then the values of p(z;A) at z = w;/2 are given by (33.4), unless one already knows that
Proposition 33.1 is true.

Given Proposition 33.1, we can rewrite the elliptic integral (33.3) as follows. The result
depends on the particular path ~9; from (y, to (; and on the particular choice of path
001 in C/A such that  maps 0g; homeomorphically onto ;. With these choices, (33.3)
becomes

(33.8) | &)
or, as we write more loosely,

(33.9) [ B(ot2) 599/ G)

20

where zy and z; are the endpoints of 0¢;, satisfying p(z;) = ¢;. It follows from Proposition
31.2 that

(33.10) R(0(2), 36/(2)) 6/ (2) = Balo(2)) + Bal(2))6/(2),

for some rational functions R;(¢). In fact, one can describe computational rules for pro-
ducing such R, by using (33.5). Write R((,n) as a quotient of polynomials in (¢,7) and
use (33.5) to obtain that the left side of (33.10) is equal to

Pi(p(2)) + Palp(=))¢(2)
(33.11) 01(0(2) + 0a(9(2))9/ (=)

for some polynomials P; ( ), Q;(¢). Then multiply the numerator and denominator of
(33.11) by Q1(p(2)) — Q2(p(2))¢’(z) and use (33.5) again on the new denominator to
obtain the right side of (33.10).

The integral of (33.3) is now transformed to the integral of the right side of (33.10).
Note that

z1 C1
(33.12) / Ray(p(2))¢ (=) dz = / Ro(Q)dC, ¢ = p(2)).

zZ0 0

This leaves us with the task of analyzing

(33.13) / " Ri(p(2)) d

when R;(() is a rational function.
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We first analyze (33.13) when R;(() is a polynomial. To begin, we have

(33.14) o)tz = o) <)

20

by (30.15), where ((z) = ((z;A) is given by (30.14). See (32.35)—(32.36) for a formula in
terms of theta functions. Next, differentiating (33.5) gives (as mentioned in Exercise 5 of

§31)

(33.15) o'(2) = 24 (p(2)) = 6p(2)? ~ .02,
(33.10 6 [ ple) dz = o/ e1) = 6o + (2 = 0)

We can integrate p(z)*+2 for k € N via the following inductive procedure. We have

d

33.17 —
(33.17) o

(9" (2)p(2)") = 0" (2)p(2)" + ke (2)*p(2)" .

Apply (33.15) to 9" (2) and (33.5) (or equivalently (31.17)) to p’(z)? to obtain

d

(33.18) (' (2)p(2)") = (6 + 4k)p(2)"1* = (3 + k)g2p(2)" — kgsp(2)" .

From here the inductive evaluation of fzzol o(2)k2dz, for k = 1,2,3,. .., is straightforward.

To analyze (33.13) for a general rational function R;(¢), we see upon making a partial
fraction decomposition that it remains to analyze

(33.19) / o) — ) dz.

for £ = 1,2,3,.... One can also obtain inductive formulas here, by replacing p(z)* by
(p(2) — a)* in (33.18) and realizing that k need not be positive. We get

(33.20) % (0" (2)(p(2) —a)f) = " (2)(p(2) — @) + ke’ (2)*(p(2) — ).

Now write

(33.21) ©'(2)? = daz(p(2) — a)® + dasz(p(2) — a)? + dai (p(2) — a) + dao,
0" (2) = 242(p(2) — a)® + 2A1(p(2) — a) + 240,

where

(33.22) o — q(j)(a)’ 4, q(j+1)(a),
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to obtain

£ ()o() ~ )
(33.23) = (245 + 4ka3) (p(2) — @)F T2 + (241 + dkas) (p(2) — a)F !
+ (240 + 4kay) (p(2) — a)® + dkag(p(2) — a)* L.

Note that
(33.24) ap = gla), 2Ag+4kay = (24 4k)¢ (a).

Thus, if a is not equal to e; for any j and if we know the integral (33.19) for integral
¢ < —k (for some negative integer k), we can compute the integral for £ = 1 — k, as long
as k # 0. If a = e; for some j, and if we know (33.19) for integral £ < —k — 1, we can
compute it for £ = —k, since then ¢'(a) # 0.

At this point, the remaining case of (33.19) to consider is the case £ =1, i.e.,

(33.25) / h #.

See Exercises 2—4 of §32 for expressions of (p(z) —a)~! in terms of logarithmic derivatives
of quotients of theta functions.

Note that the cases £ =0, —1, and 1 of (33.19) are, under the correspondence of (33.3)
with (33.8), respectively equal to

C1 d¢ C1 d¢ a d¢
(33.26) /< © / BV~ rok /< (—a V@

These are called, respectively, elliptic integrals of the first, second, and third kind. The
material given above expresses the general elliptic integral (33.3) in terms of these cases.
There is another family of elliptic integrals, namely those of the form

(33,27 1= [ R V) de.
where R((,n) is a rational function of its arguments and Q(() is a fourth degree polynomial:

(33.28) Q(¢) = (¢ —ao)(¢ —a1)(¢ — az)(¢ — asz),

with a; € C distinct. Such integrals can be transformed to integrals of the form (33.3),
via the change of variable

(33.29) T =



221

One has

1 1/1 1 1

o2 ) = (2 =) (o) (o)
(3330) T T \T T T
= _T_4(T — 61)(7’ — 62)(7’ — 63),
where
1
(33.31) A= (a1 — ao)(ag — ao)(a3 — ao), €; = .
a; — ag

Then we have

(33.32) 1= [R(+a VA ) % d,

T2

with ¢(7) as in (33.1). After a further coordinate translation, one can alter e; to arrange
(33.2).

Elliptic integrals are frequently encountered in many areas of mathematics. Here we
give two examples, one from differential equations and one from geometry.

Our first example involves the differential equation for the motion of a simple pendulum,
which takes the form

2

(33.33) gccll_tg + g sinf = 0,
where / is the length of the pendulum g the acceleration of gravity (32 ft./sec.? on the
surface of the earth), and 6 is the angle the pendulum makes with the downward-pointing
vertical axis. The total energy of the pendulum is proportional to

1/d0\2 g
(33.34) E= §<%> 9 cosd.

Applying d/dt to (33.34) and comparing with (33.33) shows that E is constant for each
solution to (33.33), so one has

1 db g
. — 2 4, /E+Z
(33.35) 3 di +£COSQ,

or

(33.36) — V2t

db
+ /=
/ VE +acosf
with a = g/¢. With ¢ = 0/2, cos2p = 1 — 2sin? ¢, we have

t
:—+Cl’

:l:/ de
Vo — Bsin? o 2

(33.37)
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with a = F + a, 8 = 2a. Then setting ( = sin ¢, d{ = cos ¢ dp, we have

t
S
Vie=8)1-¢) V2
which is an integral of the form (33.27). If instead in (33.36) we set ( = cos#@, so d( =
—sin 6 df, we obtain

(33.38)

(33.39) =2t +ec,

ac
$/ JETa0-0)

which is an integral of the form (33.3).
In our next example we produce a formula for the arc length L(#) of the portion of the
ellipse

(33.40) 2(t) = (a cost,b sint),
fromt=0tot=060. We assume a > b > 0. Note that

|2/ (t)|? = a®sin®t + b* cos? t

33.41
( ) = b2 4 ?sin?t,

with ¢ = a? — b2, so

0
(33.42) L(#) = / Vb2 + 2 sin’ t dt.
0
With ¢ =sint, u = sinf, this becomes
/b2 + c2(2
33.43 / "V vi- Cz
( . ) b2 + C2C2

dg,

\/ 1_<2 b2+02g2)

which is an integral of the form (33.27).

Exercises

1. Using (33.7) and the comments that follow it, show that, for j = 1,2,

1 [e .
(33.44) - / 4o _ 9 od A,
2 €j q(¢) 2
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Wherej’:2ifj:1, ]lzllf‘]zz

2. Setting ey; = ey — e;, show that

1 et d¢ X0 (=12 [—1/2) 1 g+l
(33.45) = > ( /)( /) —
2 e 1/(J(C’) 2«/612613 =0 €15€73 k+£+1/2

is a convergent power series provided |n| < min(|e; — ez], |e1 —e3|). Using this and variants
to integrate from e; to e; + 7 for j = 2 and 3, find convergent power series for w;/2 (mod

A).

3. Given k # +1, show that

/ _ 1 dr
V(1= ¢?) (k2 - ¢?) 2(1 - k?) q(r)’

e b 0= (D ) )

In Exercises 4-9, we assume e; are real and e; < ex < e3. We consider

(33.46)

with

_ ° dC
° /61 V(C—e)(C—ea)(( —e3)

4. Show that
e
w3 = 2/
(33.48) 0 \/ (e3 — ez)sin? 0 4 (e — e1) cos2
= 2I(Ves — e2,/e3 — 1),
where
do
(33.49) I(r,s) = / |
0 /r2sin?6 + s2cos2 0
Note that in (33.48), 0 < r < s.
Exercises 5-7 will be devoted to showing that
T
33.50 1 = —
( ) (rs) 2M (s,r)’

if 0 < r < s, where M(s,r) is the Gauss arithmetic-geometric mean, defined below.
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5. Given 0 < b < a, define inductively

ap +b
(33.51) (a0, b0) = (a,), (gt bes1) = ( ’“ k,\/akbk).
Show that
ag > ay > az > -+ > ba > by > bo.

Show that
2 2 2
kg1 — Diy1 = (a1 — ap)”

Monotonicity implies ay — ax+1 — 0. Deduce that agy1 — br+1 — 0, and hence

(33.52) lim a = lim by = M(a,b),

k—o0 k— o0

the latter identity being the definition of M(a,b). Show also that

1
ai—&—l - bi+1 = Z(Gk — bk)Q;

hence

—b.)?
(33.53) G — sy = B0
Baj 42
Deduce from (33.53) that convergence in (33.52) is quite rapid.

6. Show that the asserted identity (33.50) holds if it can be demonstrated that, for 0 <
r<s,

(33.54) I(r,s) = I(ﬁ, r ‘; 8).

Hint. Show that (33.54) = I(r,s) = I(m,m), with m = M(s,r), and evaluate I(m,m).

7. Take the following steps to prove (33.54). Show that you can make the change of
variable from 6 to ¢, with

2ssin @

33.55 inf = )
( ) S (s+7r)+(s—71) sin? ¢

b

s
0<p< =

and obtain

/2 2d
(33.56) I(r,s) = / d .
0 \/47"3 sin® p + (s + )2 cos? ¢




Show that this yields (33.54).

8. In the setting of Exercise 4, deduce that

™

(33.57) = T T

9. Similarly, show that

M:/ V(€ —er) d562)(C—63)

/2 do
(33.58) /
%

(e3 —e1)sin? @ + (e3 — 1) cos2

M(+\/e3 — 61,\/62 —e1)

10. Set z = sin6 to get

/7r/2 do _ /1 dzr
0 +/1—p32sin%6 0 (1—22)(1—p222)

Write 1 — $2sin? 6 = (1 — 3%)sin® § 4 cos? f to deduce that

(3.59) / N x2 —P22)  2M(1,\/1- )

if 8 e (—1,1).

11. Parallel to Exercise 10, show that

/Tr 2 do _ /1 dzr
o 1+ 32sin%6 0 \/(1—I2)(1+ﬁ2$2),

and deduce that

™

(3.60) /0 VI = 22)(1 + f2a2) B 2M (/1 + 2, 1)7

if § € R. A special case is

(3.61) /0 VIt aM(val)

For more on the arithmetic-geometric mean (AGM), see [BB].
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34. The Riemann surface of /q(()

Recall from §33 the cubic polynomial
(34.1) q(¢) = (¢ —e1)(C —e2)(¢ —es),

where e1,e5,e3 € C are distinct. Here we will construct a compact Riemann surface M
associated with the “double valued” function 4/¢(¢), together with a holomorphic map

(34.2) 0: M — S?,

and discuss some important properties of M and ¢. We will then use this construction
to prove Proposition 33.1. Material developed below will use some basic results on mani-
folds, particularly on surfaces, which are generally covered in beginning topology courses.
Background may be found in [Mun| and [Sp], among other places. See also Appendix C
for some background.

To begin, we set e4 = oo in the Riemann sphere C U {oo}, identified with S? in §26.
Reordering if necessary, we arrange that the geodesic 1o from e; to es is disjoint from the
geodesic v34 from e3 to eq. We slit S? along 12 and along 734, obtaining X, a manifold
with boundary, as illustrated in the top right portion of Fig. 34.1. Now

(34.3) M=X,UXy/ ~,

where X7 and X5 are two copies of X, and the equivalence relation ~ identifies the upper
boundary of X; along the slit 715 with the lower boundary of X, along this slit and vice-
versa, and similarly for vs4. This is illustrated in the middle and bottom parts of Fig. 34.1.
The manifold M is seen to be topologically equivalent to a torus.

The map ¢ : M — S? in (34.2) is tautological. It is two-to-one except for the four
points p; = ¢ !(e;). Recall the definition of a Riemann surface given in §26, in terms
of coordinate covers. The space M has a unique Riemann surface structure for which
¢ is holomorphic. A coordinate taking a neighborhood of p; in M bijectively onto a
neighborhood of the origin in C is given by ¢;(z) = (p(z) — e;)1/2, for 1 < j < 3, with
o(x) € 8? ~ CU {oo}, and a coordinate mapping a neighborhood of ps in M bijectively
onto a neighborhood of the origin in C is given by @4(z) = @(z) /2.

Now consider the double-valued form d¢/+/q(¢) on S?, having singularities at {e;}.
This pulls back to a single-valued 1-form o on M. Noting that if w? = ¢ then

L

(34.4 2 dw,
) 3
and that if w? = 1/¢ then
(34.5) & = —2dw,

VE

we see that « is a smooth, holomorphic 1-form on M, with no singularities, and also that
a has no zeros on M. Using this, we can prove the following.
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Proposition 34.1. There is a lattice Ag C C and a holomorphic diffeomorphism

(34.6) W M — C/A,.

Proof. Given M homeomorphic to S* x S*, we have closed curves ¢; and cp through p;

in M such that each closed curve v in M is homotopic to a curve starting at p;, winding

n1 times along ¢y, then ny times along co, with n; € Z. Say w; = fc, «. We claim w; and
J

wy are linearly independent over R. First we show that they are not both 0. Indeed, if
w1 = wo = 0, then

(34.7) U(z) = /p 0 a

would define a non-constant holomorphic map ¥ : M — C, which would contradict the
maximum principle. Let us say ws # 0, and set 8 = w, 'a. Then ¥, (2) = f;o B is well
defined modulo an additive term of the form j + k(wy/ws), with j, k € Z. If wy/wy were
real, then ImW¥; : M — R would be a well defined harmonic function, hence (by the
maximum principle) constant, forcing ¥ constant, and contradicting the fact that a # 0.

Thus we have that A; = {njw1 + nows : n; € Z} is a lattice, and that (34.7) yields a
well defined holomorphic map

(34.8) U M —s C/A;.

Since « is nowhere vanishing, ¥ is a local diffeomorphism. Hence it must be a covering
map. This gives (34.6), where Ag is perhaps a sublattice of A;.

We now prove Proposition 33.1, which we restate here.

Proposition 34.2. Let e, eo,e3 be distinct points in C, satisfying
(34.9) e1+ es + ez = 0.

There exists a lattice A C C, generated by wi,ws, linearly independent over R, such that

if p(z) = p(z;A), then

(34.10) p(—') —e;, 1<j<3,
where w3 = w1 + ws.

Proof. We have from (34.2) and (34.6) a holomorphic map
(34.11) ®:C/Ag — 52,

which is a branched double cover, branching over ey, e, e3, and oco. We can regard ¢ as a
meromorphic function on C, satisfying

(34.12) P(z+w)=P(2), VweE Ao.
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Furthermore, translating coordinates, we can assume ® has a double pole, precisely at
points in Ag. It follows that there are constants a and b such that

(34.13) ®(z) = apo(z) +b, acC* beC,
where pg(z) = p(z; Ag). Hence ®'(2) = apj(z), so by Proposition 31.1 we have
/ _ _ Woy
(3414) P (Z) =0<4<= 2= 7, mod Ag,
where wp1, wo2 generate Ay and wps = wp1 + wp2. Hence (perhaps after some reordering)

(34.15) e; = apo (%) +b.

Now if e = po(wo;/2), we have by (31.15) that e} + e5 +e5 = 0, so (34.9) yields
(34.16) b=0.

Finally, we set A = a~/?A¢ and use (32.34) to get

(34.17) o(z;A) = apla'’?z; Ag).

Then (34.10) is achieved.

We mention that a similar construction works to yield a compact Riemann surface
M — S? on which there is a single valued version of \/q(¢) when

(34.18) q(¢) = (¢ —e1) - (C—em),

where e; € C are distinct, and m > 2. If m = 2¢g 4 1, one has slits from ez;_1 to ey, for
j=1,...,g9, and a slit from e441 to 0o, which we denote egg42. If m = 2g + 2, one has
slits from eg;_1 to eg;, for j = 1,...,9 + 1. Then X is constructed by opening the slits,
and M is constructed as in (34.3). The picture looks like that in Fig. 34.1, but instead of
two sets of pipes getting attached, one has g+ 1 sets. One gets a Riemann surface M with
g holes, called a surface of genus g. Again the double-valued form d¢/+/q(¢) on S? pulls
back to a single-valued 1-form a on M, with no singularities, except when m = 2 (see the
exercises). If m =4 (so again g = 1), a has no zeros. If m > 5 (so g > 2), « has a zero
at ¢ 1(00). Proposition 34.1 extends to the case m = 4. If m > 5 the situation changes.
It is a classical result that M is covered by the disk D rather than by C. The pull-back
of a to D is called an automorphic form. For much more on such matters, and on more
general constructions of Riemann surfaces, we recommend [FK] and [MM].

We end this section with a brief description of a Riemann surface, conformally equivalent
to M in (34.3), appearing as a submanifold of complex projective space CP?. More details
on such a construction can be found in [Cl] and [MM].
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To begin, we define complex projective space CP™ as (C"™1\ 0)/ ~, where we say z and
2’ € C"1\ 0 satisfy z ~ 2/ provided 2’ = az for some a € C*. Then CP" has the structure
of a complex manifold. Denote by [z] the equivalence class in CP" of z € C"*1\ 0. We
note that the map

(34.19) K : CP' — CU {00}
given by

k([(21, 22)]) = 21/22, 22 # 0,

(34.20)
k([(1,0)]) = oo,
is a holomorphic diffecomorphism, so CP! ~ S2.

Now given distinct eq,ez,e3 € C, we can define M, C CP? to consist of elements
[(w, ¢, t)] such that (w,(,t) € C3\ 0 satisfies

(34.21) w’t = (¢ — ext)(¢ — eat) (¢ — est).

One can show that M, is a smooth complex submanifold of CP2, possessing then the
structure of a compact Riemann surface. An analogue of the map (34.2) is given as
follows.

Set p =[(1,0,0)] € CP2. Then there is a holomorphic map

(34.22) Y : CP?\ p — CP!,
given by
(34.23) Y([(w, ¢, 0)]) = [(¢, )]

This restricts to M, \ p — CP!. Note that p € M,. While ¢ in (34.22) is actually singular
at p, for the restriction to M, \ p this is a removable singularity, and one has a holomorphic
map

(34.24) Ye : M, — CP' ~ CU {0} ~ S2,

given by (34.22) on M., \ p and taking p to [(1,0)] € CP!, hence to co € CU{co}. This map
can be seen to be a 2-to-1 branched covering, branching over B = {e1,es,e3,00}. Given
q € C, ¢ ¢ B, and a choice r € p~1(¢) C M and r. € ¢, (q) C M., there is a unique
holomorphic diffeomorphism

(34.25) T M —s M.,

such that I'(r) = r. and ¢ = p. oI
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Exercises
1. Show that the covering map W in (34.8) is actually a diffeomorphism, and hence Ay = A;.

2. Suppose Ag and A; are two lattices in C such that T, and Tp, are conformally
equivalent, via a holomorphic diffeomorphism

(34.26) F:C/Ag —> C/A,.

Show that f lifts to a holomorphic diffeomorphism F' of C onto itself, such that F'(0) = 0,
and hence that F'(z) = az for some a € C*. Deduce that A1y = aAy.

3. Consider the upper half-plane 4 = {7 € C: Im 7 > 0}. Given 7 € U, define
(34.27) A(r)={m+nt:m,neZ}.

Show that each lattice A C C has the form A = aA(7) for some a € C*, 7 € U.
4. Define the maps o, 3 : U4 — U by

(34.25) a(r)=—2, B(r)=T+1

Show that, for each 7 € U,

(34.29) Aa(r) =7"1A(1), A(B(1)) = A(1).

5. Let G be the group of automorphisms of U generated by « and [, given in (34.28).
Show that if 7,7" e U,

(34.30) C/A(1) =~ C/A(T),

in the sense of being holomorphically diffeomorphic, if and only if

(34.31) 7" =~(7), forsome ve€Qg.

6. Show that the group G consists of linear fractional transformations of the form

at +b a b
4.32 L =—\ A=
(34:32) A7) cr+d’ (c d)’

where a,b,c,d € Z and det A =1, i.e., A € SI(2,Z). Show that

G ~ SI(2,7)/{+I}.
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In Exercises 7-8, we make use of the covering map ¥ : &/ — C\ {0, 1}, given by (25.5),
and results of Exercises 1-8 of §25, including (25.10)—(25.11), i.e.,

(34.33) U(a(r)) = U(B(r)) =1— (7).

7. Given 7,7 € U, we say T ~ 7" if and only if (34.30) holds. Show that, given

(34.34) T, 7eld, w=V(r), w =¥ (') eC\{0,1},
we have
(34.35) 7~7 & w = F(w) for some F €g,

where G is the group (of order 6) of automorphisms of C\ {0,1} arising in Exercise 6 of
§25.

8. Bringing in the map H : S? — S? arising in Exercise 8 of §25, i.e.,

4 (w?—w+1)3

(34.36) H(w) = 5 ==

satisfying (25.23), i.e.,

(34.37) H(%) = H(w), H(-w)=Hw),
show that
(34.38) w' = F(w) for some F € G <= H(w')=H(w).

Deduce that, for 7,7/ € U,

(34.39) T~7 << Ho \II(T/) = H o V(7).

Exercises 9-14 deal with the Riemann surface M of \/@ when

(34.40) q(¢) = (¢ —e1)(¢ — e2),

and ey, ey € C are distinct.

9. Show that the process analogous to that pictured in Fig. 34.1 involves the attachment

of one pair of pipes, and M is topologically equivalent to a sphere. One gets a branched
covering ¢ : M — S2%, as in (34.2).
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10. Show that the double-valued form d¢/+/q(¢) on S? pulls back to a single-valued form
a on M. Using (34.4), show that « is a smooth nonvanishing form except at {p1,p2} =

¢ !(c0). In a local coordinate system about p; of the form ¢;(z) = ¢(z)~!, use a variant
of (34.4)—(34.5) to show that « has the form

(34.41) o= (—1)jM dz,

where ¢(z) is holomorphic and g(0) # 0.

11. Let ¢ be a curve in M \ {p1,p2} with winding number 1 about p;. Set

(34.42) w:/a, L={kw:keZ}cCC.

&

Note that Exercise 10 implies w # 0. Pick ¢ € M \ {p1,p2}. Show that

(34.43) U(z) = / a
q
yields a well defined holomorphic map
(34.44) U: M\ A{p1,p2} — C/L.

12. Show that ¥ in (34.44) is a holomorphic diffeomorphism of M \ {p1,p2} onto C/L.
Hint. To show W is onto, use (34.41) to examine the behavior of ¥ near p; and ps.

13. Produce a holomorphic diffeomorphism C/L ~ C\ {0}, and then use (34.44) to obtain
a holomorphic diffeomorphism

(34.45) Uy : M\ {p1,p2} — S*\ {0, 00}
Show that this extends uniquely to a holomorphic diffeomorphism

(34.46) Uy M — S2

14. Note that with a linear change of variable we can arrange e; = (—1)7 in (34.40). Relate
the results of Exercises 9-13 to the identity

(34.47) / z(1 —(H)7V2d¢ =sin"t 2z (mod 27Z).
0
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A. Metric spaces, convergence, and compactness

A metric space is a set X, together with a distance function d : X x X — [0, 00), having
the properties that
d(z,y) =0« x =1y,
(A1) d(z,y) = d(y, »),
d(z,y) < d(z,z) +d(y, 2).

The third of these properties is called the triangle inequality. An example of a metric space
is the set of rational numbers Q, with d(z,y) = |x — y|. Another example is X = R", with

d(:li’,y) = \/(xl - y1)2 +oot (xn - yn)2'

If (z,) is a sequence in X, indexed by v = 1,2,3,..., i.e., by v € ZT, one says x, — y if
d(z,,y) — 0, as v — oo. One says (z,) is a Cauchy sequence if d(z,,z,) — 0 as p, v — oo.
One says X is a complete metric space if every Cauchy sequence converges to a limit in
X. Some metric spaces are not complete; for example, QQ is not complete. You can take a
sequence (x,) of rational numbers such that x, — /2, which is not rational. Then (x,) is
Cauchy in Q, but it has no limit in Q.

If a metric space X is not complete, one can construct its completion X as follows. Let
an element & of X consist of an equivalence class of Cauchy sequences in X, where we say
(xy) ~ (y,) provided d(z,,y,) — 0. We write the equivalence class containing (x,) as [x,].
If ¢ = [z,] and n = [y, ], we can set d(§,n) = lim,_ d(z,,y,), and verify that this is well
defined, and makes X a complete metric space.

If the completion of QQ is constructed by this process, you get R, the set of real numbers.
This construction provides a good way to develop the basic theory of the real numbers. A
detailed construction of R using this method is given in Chapter 1 of [TO0].

There are a number of useful concepts related to the notion of closeness. We define
some of them here. First, if p is a point in a metric space X and r € (0, 00), the set

(A.2) B.(p) ={zx € X :d(x,p) <r}

is called the open ball about p of radius r. Generally, a neighborhood of p € X is a set
containing such a ball, for some r > 0.

A set U C X is called open if it contains a neighborhood of each of its points. The
complement of an open set is said to be closed. The following result characterizes closed
sets.

Proposition A.1. A subset K C X of a metric space X 1is closed if and only if

(A.3) rjeK, z;—-peX =pekK.
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Proof. Assume K is closed, z; € K, x; — p. If p ¢ K, then p € X \ K, which is open, so
some B.(p) C X \ K, and d(zj,p) > ¢ for all j. This contradiction implies p € K.

Conversely, assume (A.3) holds, and let ¢ € U = X \ K. If By/,(q) is not contained in
U for any n, then there exists z,, € K N By /,(q), hence z,, — ¢, contradicting (A.3). This
completes the proof.

The following is straightforward.

Proposition A.2. If U, is a family of open sets in X, then U, U, is open. If K, is a
family of closed subsets of X, then N, K, is closed.

Given S C X, we denote by S (the closure of S) the smallest closed subset of X
containing S, i.e., the intersection of all the closed sets K, C X containing S. The
following result is straightforward.

Proposition A.3. Given S C X, p € S if and only if there exist x; € S such that x; — p.

Given S C X, p € X, we say p is an accumulation point of S if and only if, for each
e > 0, there exists ¢ € SN B:(p), q # p. It follows that p is an accumulation point of S if
and only if each B.(p), € > 0, contains infinitely many points of S. One straightforward
observation is that all points of S\ S are accumulation points of S.

The interior of a set S C X is the largest open set contained in .S, i.e., the union of all
the open sets contained in S. Note that the complement of the interior of S is equal to
the closure of X \ S.

We now turn to the notion of compactness. We say a metric space X is compact provided
the following property holds:

(A) Each sequence (xx) in X has a convergent subsequence.

We will establish various properties of compact metric spaces, and provide various equiv-
alent characterizations. For example, it is easily seen that (A) is equivalent to:

(B) Each infinite subset S C X has an accumulation point.

The following property is known as total boundedness:

Proposition A.4. If X is a compact metric space, then

(C) Given € >0, 3 finite set {x1,...,zn} such that Bc(x1),...,B:(xn) covers X.

Proof. Take ¢ > 0 and pick ;7 € X. If B.(x1) = X, we are done. If not, pick zo €
X\ Be(z1). If Bo(x1) U Be(x2) = X, we are done. If not, pick 3 € X \ [Bz(z1) U Bo(22)].
Continue, taking zx411 € X \ [Be(21) U+ U Be(zk)], if Be(z1)U---U B:(x) # X. Note
that, for 1 <i,5 <k,

1 #£ ] = d(aﬁ‘i,l'j) > e.

If one never covers X this way, consider S = {z; : j € N}. This is an infinite set with no
accumulation point, so property (B) is contradicted.
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Corollary A.5. If X is a compact metric space, it has a countable dense subset.

Proof. Given € = 27", let S,, be a finite set of points x; such that {B.(z;)} covers X.
Then C = U,,S,, is a countable dense subset of X.

Here is another useful property of compact metric spaces, which will eventually be
generalized even further, in (E) below.

Proposition A.6. Let X be a compact metric space. Assume K1 D Ko D K3 D -+ form
a decreasing sequence of closed subsets of X. If each K, # 0, then N, K, # (.

Proof. Pick z,, € K,,. If (A) holds, (x,) has a convergent subsequence, z,, — y. Since
{zp, : k >} C K,,, which is closed, we have y € N, K.

Corollary A.7. Let X be a compact metric space. Assume Uy C Uy C U3 C --- form an
increasing sequence of open subsets of X. If U,U,, = X, then Uy = X for some N.

Proof. Consider K,, = X \ U,.
The following is an important extension of Corollary A.7.

Proposition A.8. If X is a compact metric space, then it has the property:

(D) Every open cover {U,:a € A} of X has a finite subcover.

Proof. Each U, is a union of open balls, so it suffices to show that (A) implies the following:
(D) Every cover {B, :a € A} of X by open balls has a finite subcover.

Let C ={z; : j € N} C X be a countable dense subset of X, as in Corollary A.2. Each B,
is a union of balls B, (z;), with z; € C N By, r; rational. Thus it suffices to show that

(D”) Every countable cover {B;:j € N} of X by open balls has a finite subcover.

For this, we set

and apply Corollary A.7.

The following is a convenient alternative to property (D):

(E) If K, C X are closed and ﬂ K, =0, then some finite intersection is empty.

[e%

Considering U, = X \ K, we see that
(D) <= (F).

The following result completes Proposition A.8.
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Theorem A.9. For a metric space X,

(4) = (D).

Proof. By Proposition A.8, (A) = (D). To prove the converse, it will suffice to show that
(E) = (B). So let S C X and assume S has no accumulation point. We claim:

Such S must be closed.

Indeed, if z € S and z ¢ S, then z would have to be an accumulation point. Say S = {z, :
a € A}. Set K, = S\ {zo}. Then each K, has no accumulation point, hence K, C X is
closed. Also N, K, = (. Hence there exists a finite set F C A such that Nyer K, = 0, if
(E) holds. Hence S = Uyer{zs} is finite, so indeed (E) = (B).

REMARK. So far we have that for every metric space X,
(A) <= (B) <= (D) <= (E) = (CO).

We claim that (C) implies the other conditions if X is complete. Of course, compactness
implies completeness, but (C) may hold for incomplete X, e.g., X = (0,1) C R.

Proposition A.10. If X is a complete metric space with property (C), then X is compact.

Proof. 1t suffices to show that (C') = (B) if X is a complete metric space. So let S C X
be an infinite set. Cover X by balls By /5(21),..., B 2(zn). One of these balls contains

infinitely many points of S, and so does its closure, say X; = By/2(y1). Now cover X by
finitely many balls of radius 1/4; their intersection with X; provides a cover of X;. One

such set contains infinitely many points of .S, and so does its closure Xy = By /4(y2) N X;.
Continue in this fashion, obtaining

X1DXoDX3D - DXgDXpr1 Dy, XjCByi(yy),

each containing infinitely many points of S. One sees that (y;) forms a Cauchy sequence.
If X is complete, it has a limit, y; — 2z, and z is seen to be an accumulation point of S.

If X;, 1 <j<m,is a finite collection of metric spaces, with metrics d;, we can define
a Cartesian product metric space

<A4) X = HXj7 d(.’]?,y) :dl(x17y1)+"'+dm<xm7ym)'
j=1

Another choice of metric is §(z,y) = \/di(z1,y1)2 + - + dn (T, Ym)?. The metrics d and
d are equivalent, i.e., there exist constants Cp, C; € (0, 00) such that

(A.5) Cod(z,y) < d(z,y) < Cié(x,y), Vax,yeX.

A key example is R™, the Cartesian product of m copies of the real line R.
We describe some important classes of compact spaces.
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Proposition A.11. If X; are compact metric spaces, 1 < j < m, so is X = H;nzl X;.

Proof. If (x,) is an infinite sequence of points in X, say xz, = (z1,,...,Zmy), pick a
convergent subsequence of (x1,) in X7, and consider the corresponding subsequence of
(x,), which we relabel (z,). Using this, pick a convergent subsequence of (z2,) in X.
Continue. Having a subsequence such that x;, — y; in X; for each j = 1,...,m, we then
have a convergent subsequence in X.

The following result is useful for calculus on R”.
Proposition A.12. If K is a closed bounded subset of R™, then K is compact.

Proof. The discussion above reduces the problem to showing that any closed interval I =
[a,b] in R is compact. This compactness is a corollary of Proposition A.10. For pedagogical
purposes, we redo the argument here, since in this concrete case it can be streamlined.

Suppose S is a subset of I with infinitely many elements. Divide I into 2 equal subin-
tervals, I1 = [a,b1], Is = [b1,b], by = (a+b)/2. Then either I} or Iy must contain infinitely
many elements of S. Say I; does. Let z; be any element of S lying in I;. Now divide /; in
two equal pieces, I; = I;1 U Ij2. One of these intervals (say [;;) contains infinitely many
points of S. Pick xo € Ij; to be one such point (different from x;). Then subdivide I
into two equal subintervals, and continue. We get an infinite sequence of distinct points
x, €8, and |z, — x4k < 277(b— a), for k > 1. Since R is complete, (z,) converges, say
to y € I. Any neighborhood of y contains infinitely many points in S, so we are done.

If X and Y are metric spaces, a function f : X — Y is said to be continuous provided
x, — x in X implies f(x,) — f(x) in Y. An equivalent condition, which the reader is
invited to verify, is

(A.6) U openin Y = f~1(U) openin X.

Proposition A.13. If X and Y are metric spaces, f : X — Y continuous, and K C X
compact, then f(K) is a compact subset of Y.

Proof. If (y,) is an infinite sequence of points in f(K), pick x,, € K such that f(z,) = y,.
If K is compact, we have a subsequence z,, — p in X, and then y,, — f(p) in Y.

If F: X — R is continuous, we say f € C'(X). A useful corollary of Proposition A.13 is:

Proposition A.14. If X is a compact metric space and f € C(X), then f assumes a
mazimum and a minimum value on X.

Proof. We know from Proposition A.13 that f(X) is a compact subset of R. Hence f(X)
is bounded, say f(X) C I = [a,b]. Repeatedly subdividing I into equal halves, as in the
proof of Proposition A.12, at each stage throwing out intervals that do not intersect f(X),
and keeping only the leftmost and rightmost interval amongst those remaining, we obtain
points a € f(X) and 8 € f(X) such that f(X) C [a, 8]. Then a = f(z0) for some 2y € X
is the minimum and § = f(z1) for some x; € X is the maximum.
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If S C R is a nonempty, bounded set, Proposition A.12 implies S is compact. The
function n : S — R, n(x) = x is continuous, so by Proposition A.14 it assumes a maximum
and a minimum on S. We set

(A.7) sup S =max x, inf S =min z,
sesS €S

when S is bounded. More generally, if S C R is nonempty and bounded from above, say
S C (—o0, B], we can pick A < B such that S N [A, B] is nonempty, and set

(A.8) sup S =sup SN I[A, B].

Similarly, if S C R is nonempty and bounded from below, say S C [A, 00), we can pick
B > A such that SN [A, B] is nonempty, and set

(A.9) inf S =inf SN[A, B].
If X is a nonempty set and f : X — R is bounded from above, we set

(A.10) sup f () = sup f(X),

and if f : X — R is bounded from below, we set

(A.11) l}g)f( f(x) =inf f(X).
If f is not bounded from above, we set sup f = +o00, and if f is not bounded from below,
we set inf f = —o0.

Given a set X, f: X — R, and z,, — x, we set
(A.11A) limsup f(z,)= lim (sup f(xk)>,

n—00 N—=00 \k>n

and
(A.11B) hnlglo%f flzn) = nl;&(égi f(a:k))

We return to the notion of continuity. A function f € C(X) is said to be uniformly
continuous provided that, for any € > 0, there exists ¢ > 0 such that

(A.12) vy € X, dla,y) <6 = |f(2) ~ fy)| <e.

An equivalent condition is that f have a modulus of continuity, i.e., a monotonic function
w:[0,1) — [0,00) such that 6 \, 0 = w(d) \, 0, and such that

(A.13) z,y € X, dlz,y) <6<1=|f(z) — f(y)] <w(d).

Not all continuous functions are uniformly continuous. For example, if X = (0,1) C R,
then f(x) = sinl/x is continuous, but not uniformly continuous, on X. The following
result is useful, for example, in the development of the Riemann integral.
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Proposition A.15. If X is a compact metric space and f € C(X), then f is uniformly
continuous.

Proof. If not, there exist z,,y, € X and € > 0 such that d(z,,y,) < 27" but

(A.14) [f (@) = fly)| =

Taking a convergent subsequence x,;, — p, we also have y,, — p. Now continuity of f at
p implies f(x,,) — f(p) and f(y,,) — f(p), contradicting (A.14).

If X and Y are metric spaces, the space C'(X,Y) of continuous maps f: X — Y hasa
natural metric structure, under some additional hypotheses. We use

(A.15) D(f,9) = sup d(f(z),g(x)).

This sup exists provided f(X) and g(X) are bounded subsets of Y, where to say B C Y is
bounded is to say d : B x B — [0,00) has bounded image. In particular, this supremum
exists if X is compact. The following is a natural completeness result.

Proposition A.16. If X is a compact metric space and Y is a complete metric space,
then C(X,Y), with the metric (A.9), is complete.

Proof. That D(f,g) satisfies the conditions to define a metric on C(X,Y) is straightfor-
ward. We check completeness. Suppose (f,) is a Cauchy sequence in C'(X,Y), so, as
v — 00,

(A.16) sup sup d(fu4x(2), fu(z)) <&, — 0.
k>0zxzeX

Then in particular (f,(z)) is a Cauchy sequence in Y for each x € X, so it converges, say
to g(x) € Y. It remains to show that g € C(X,Y) and that f, — g in the metric (A.9).
In fact, taking £ — oo in the estimate above, we have

(A.17) sg)( d(g(x), fu(z)) < e, — 0,

i.e., f, — g uniformly. It remains only to show that g is continuous. For this, let z; — z
in X and fix € > 0. Pick N so that ey < e. Since fy is continuous, there exists J such
that j > J = d(f~n(z;), fn(x)) < e. Hence

j>J=d(g(x;),9(x)) < d(g(z;), fn(z;) +d(fn(zs), [n(@) +d(fn(z), 9(2)) < 3e.

This completes the proof.

In case Y = R, C(X,R) = C(X), introduced earlier in this appendix. The distance
function (A.15) can be written

D(f,9) = If = 9gllsups [ fllsup = sup |f(z)].
rzeX
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| flsup is @ norm on C(X).
Generally, a norm on a vector space V' is an assignment f — || f|| € [0, 00), satisfying

Ifl=0& f=0, llafll=lal £, [If +gll <171+ llgll

given f,g € V and a a scalar (in R or C). A vector space equipped with a norm is called a
normed vector space. It is then a metric space, with distance function D(f,g) = ||f — ¢||-
If the space is complete, one calls V' a Banach space.

In particular, by Proposition A.16, C'(X) is a Banach space, when X is a compact
metric space.

We next give a couple of slightly more sophisticated results on compactness. The fol-
lowing extension of Proposition A.11 is a special case of Tychonov’s Theorem.

Proposition A.17. If {X;:j € Z"} are compact metric spaces, so is X = Hji1 X;.

Here, we can make X a metric space by setting

(A.18) d(z,y) = in da‘(?a‘(@“ ’pj(y)) |

where p; : X — X is the projection onto the jth factor. It is easy to verify that, if x,, € X,
then z, — y in X, as v — oo, if and only if, for each j, p;(z,) — p;(y) in X;.

Proof. Following the argument in Proposition A.11, if (x,) is an infinite sequence of points
in X, we obtain a nested family of subsequences

(Alg) (LL‘,,) D) (1’11,) D) (g;QV) DREEEED) (l’jy) DEEE

such that py(27,) converges in X, for 1 < £ < j. The next step is a diagonal construction.
We set

(A.20) £ =1", € X.

Then, for each j, after throwing away a finite number N(j) of elements, one obtains from
(£,) a subsequence of the sequence (z7,) in (A.19), so pe(&,) converges in X, for all .
Hence (§,) is a convergent subsequence of ().

The next result is a special case of Ascoli’s Theorem.
Proposition A.18. Let X and Y be compact metric spaces, and fix a modulus of conti-
nuity w(d). Then
(A.21) Co={feC(X,Y) :d(f(z), f(2') Sw(d(z,2)) Vz,2' € X}

is a compact subset of C(X,Y).

Proof. Let (f,) be a sequence in C,. Let 3 be a countable dense subset of X, as in Corollary
A5. Foreachz € ¥, (f,(x)) is a sequence in Y, which hence has a convergent subsequence.
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Using a diagonal construction similar to that in the proof of Proposition A.17, we obtain
a subsequence (¢, ) of (f,) with the property that ¢, (z) converges in Y, for each x € 3,
say

(A.22) pu(x) — (),

for all x € X, where ¢ : ¥ — Y.

So far, we have not used (A.21). This hypothesis will now be used to show that ¢,
converges uniformly on X. Pick € > 0. Then pick § > 0 such that w(d) < /3. Since X is
compact, we can cover X by finitely many balls Bs(x;), 1 < j < N, z; € 3. Pick M so
large that ¢, (x;) is within €/3 of its limit for all v > M (when 1 < j < N). Now, for any
x € X, picking ¢ € {1,..., N} such that d(z,z,) < 6, we have, for k >0, v > M,

d((pu—kk(x)a 901/(33)) < d(gpl/-Fk(x)aSOV—l-k(xﬁ)) + d(()OV—F/{(xe)a Spu(xﬁ))
(A23) +d(90v<x€)7(101/(1'))
<e/3+¢/3+¢/3.

Thus (¢, (x)) is Cauchy in Y for all x € X, hence convergent. Call the limit ¢ (x), so we
now have (A.22) for all z € X. Letting k¥ — oo in (A.23) we have uniform convergence of
¢, to ¥. Finally, passing to the limit ¥ — oo in

(A.24) d(py(x), pu(2)) < wld(z,2"))

gives ¢ € C,,.

We want to re-state Proposition A.18, bringing in the notion of equicontinuity. Given
metric spaces X and Y, and a set of maps F C C(X,Y), we say F is equicontinuous at a
point zg € X provided

Ve >0, 36 >0 such that Vo € X, f € F,

(A.25) dx (2, 20) < 8 = dy (f(2), f(z0)) < e.

We say F is equicontinuous on X if it is equicontinuous at each point of X. We say F is
uniformly equicontinuous on X provided
Ve >0, 35 > 0such that Va,2’' € X, f € F,

(A.26) dx(z,7") <6 = dy(f(z), f(z')) < e.

Note that (A.26) is equivalent to the existence of a modulus of continuity w such that
F C Cy, given by (A.21). It is useful to record the following result.

Proposition A.19. Let X andY be metric spaces, F C C(X,Y). Assume X is compact.
then

(A.27) F equicontinuous = F is uniformly equicontinuous.
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Proof. The argument is a variant of the proof of Proposition A.15. In more detail, suppose
there exist x,,z,, € X, £ >0, and f, € F such that d(x,,z,) < 27" but

(A.28) d(fu(z0), fu(@,)) = €.

Taking a convergent subsequence z,, — p € X, we also have a:'yj — p. Now equicontinuity
of F at p implies that there esists N < oo such that

(A.29) d(g(zv,),9(p)) <5, Vi=>N,geF,

N ™

contradicting (A.28).
Putting together Propositions A.18 and A.19 then gives the following.

Proposition A.20. Let X and Y be compact metric spaces. If F C C(X,Y) is equicon-
tinuous on X, then it has compact closure in C(X,Y).

We next define the notion of a connected space. A metric space X is said to be connected
provided that it cannot be written as the union of two disjoint nonempty open subsets.
The following is a basic class of examples.

Proposition A.21. Fach interval I in R is connected.

Proof. Suppose A C I is nonempty, with nonempty complement B C I, and both sets are
open. Take a € A, b € B; we can assume a < b. Let £ = sup{z € [a,b] : * € A} This
exists, as a consequence of the basic fact that R is complete.

Now we obtain a contradiction, as follows. Since A is closed £ € A. But then, since A
is open, there must be a neighborhood (£ — €,£ + €) contained in A; this is not possible.

We say X is path-connected if, given any p, g € X, there is a continuous map v : [0, 1] —
X such that y(0) = p and (1) = ¢. It is an easy consequence of Proposition A.21 that X
is connected whenever it is path-connected.

The next result, known as the Intermediate Value Theorem, is frequently useful.

Proposition A.22. Let X be a connected metric space and f : X — R continuous.
Assume p,q € X, and f(p) = a < f(q) =b. Then, given any c € (a,b), there exists z € X
such that f(z) = c.

Proof. Under the hypotheses, A = {z € X : f(z) < ¢} is open and contains p, while
B={zxe€ X : f(x) > c} is open and contains ¢. If X is connected, then AU B cannot be
all of X; so any point in its complement has the desired property.

The next result is known as the Contraction Mapping Principle, and it has many uses
in analysis. In particular, we will use it in the proof of the Inverse Function Theorem, in
Appendix B.
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Theorem A.23. Let X be a complete metric space, and let T : X — X satisfy
(A.30) d(Tz, Ty) < rd(z,y),

for somer < 1. (We say T is a contraction.) Then T has a unique fixed point x. For any
yo € X, TFyg — = as k — oo.

Proof. Pick yo € X and let yp = T*yo. Then d(yx, yrr+1) < ¥ d(yo,y1), so

d(WYks Ykrm) < AWk, Yrv1) + -+ d(Yktm—15 Yktm)
(A.31) < (P4 MY d(yo, vr)
<r* (1 —r) " d(yo, y1)-
It follows that (yx) is a Cauchy sequence, so it converges; yr — x. Since Ty, = yr+1 and
T is continuous, it follows that Tx = x, i.e., x is a fixed point. Uniqueness of the fixed

point is clear from the estimate d(Tz.Tz") < rd(x,z’), which implies d(z,z’) = 0 if x and
2" are fixed points. This proves Theorem A.23.

Exercises
1. If X is a metric space, with distance function d, show that
|d<x7 y) - d(‘rla y/)| < d(l‘, .1,‘/) + d(ya y/)a

and hence
d: X x X —[0,00) is continuous.

2. Let ¢ : [0,00) — [0,00) be a C? function. Assume
e(0)=0, ¢ >0, ¢"<0.
Prove that if d(z,y) is symmetric and satisfies the triangle inequality, so does
0(z,y) = pld(z,y)).
Hint. Show that such ¢ satisfies p(s +t) < p(s) + ¢(t), for s,t € RT.

3. Show that the function d(x,y) defined by (A.18) satisfies (A.1).
Hint. Consider ¢(r) =r/(14r).

4. Let X be a compact metric space. Assume f;, f € C(X) and

fi(z) / f(z), VzelX.
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Prove that f; — f uniformly on X. (This result is called Dini’s theorem.)
Hint. Fore > 0,let K;(¢) = {z € X : f(x)—f;(z) > €}. Note that K;(¢) D Kj;41(¢) D - -~

5. In the setting of (A.4), let

9 5 1/2
oz, y) = {dl(xl,m) + -+ do (T Ym) }

Show that
6(z,y) < d(z,y) < vVmd(z,y).

6. Let X and Y be compact metric spaces. Show that if 7 C C'(X,Y) is compact, then F
is equicontinuous. (This is a converse to Proposition A.20.)

7. Recall that a Banach space is a complete normed linear space. Consider C'(I), where
I =10, 1], with norm

| fllcr = sup | ] + sup £l
Show that C'(I) is a Banach space.

8. Let F = {f € CYI) : ||fllcr <1}. Show that F has compact closure in C(I). Find a
function in the closure of F that is not in C1(I).
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B. Derivatives and diffeomorphisms

To start this section off, we define the derivative and discuss some of its basic properties.
Let O be an open subset of R™, and F' : O — R™ a continuous function. We say F' is
differentiable at a point x € O, with derivative L, if L : R™ — R™ is a linear transformation
such that, for y € R", small,

(B.1) F(x+y)=F(z)+ Ly + R(x,y)
with
(B.2) MHO as y — 0.

Iyl

We denote the derivative at by DF(z) = L. With respect to the standard bases of R™
and R™, DF(x) is simply the matrix of partial derivatives,

(B.3) DF(z) = (%) :

so that, if v = (vy,... ,Un)t

(B.4) DF(x)v:( % Uk, - Z@mk )
k

, (regarded as a column vector) then

It will be shown below that F' is differentiable whenever all the partial derivatives exist
and are continuous on Q. In such a case we say F'is a C'! function on O. More generally,
F is said to be C* if all its partial derivatives of order < k exist and are continuous. If F
is C* for all k, we say F is C°.

In (B.2), we can use the Euclidean norm on R™ and R™. This norm is defined by

(B.5) |zl = (22 + -+ 22)"/?

for x = (x1,...,2,) € R™. Any other norm would do equally well.

We now derive the chain rule for the derivative. Let F' : O — R™ be differentiable at
xr € O, as above, let U be a neighborhood of z = F(x) in R™, and let G : U — RF be
differentiable at z. Consider H = GG o F. We have

H(z+y)=GF(z+y))

(F(z) + DF(z)y + R(z,y))
(

(

(B.6)

z)+ DG(z (DF )y + R(x, )) + Ry (z,y)

G
G
G(z) + DG(2)DF(z)y + Ra(x,y)
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with
[ R2(z, y)||
lyll
Thus G o F' is differentiable at =, and

— 0 as y— 0.

(B.7) D(G o F)(z) = DG(F(z)) - DF(z).

Another useful remark is that, by the Fundamental Theorem of Calculus, applied to
o(t) = F(z + ty),

(B.8) F(zr+y)=F(z)+ /0 DF(x + ty)y dt,

provided F is C'. A closely related application of the Fundamental Theorem of Calculus
is that, if we assume F' : O — R™ is differentiable in each variable separately, and that
each 0F/0x; is continuous on O, then

F(z+y) = —l—z (x4 2j) — F(z + zj-1)] :F(x)—i—ZAj(m,y)yj,
(B.9) =t

Aj(z,y) :/ a—(x%—zj,l +tyjej) dt,
0o 0Tj

where 2o =0, z; = (y1,...,9;,0,...,0), and {e;} is the standard basis of R". Now (B.9)
implies F' is differentiable on O, as we stated below (B.4). Thus we have established the
following.

Proposition B.1. If O is an open subset of R and F : O — R™ is of class C*, then F
is differentiable at each point x € O.

As is shown in many calculus texts, one can use the Mean Value Theorem instead of
the Fundamental Theorem of Calculus, and obtain a slightly sharper result.

For the study of higher order derivatives of a function, the following result is fundamen-
tal.

Proposition B.2. Assume F : O — R™ is of class C?, with O open in R™. Then, for
eachx € O, 1 <5,k <n,

10 oor. 9 oF,
’ Ox; Oz~ Owp Ox;

To prove Proposition B.2, it suffices to treat real valued functions, so consider f : O — R.
For 1 <j <n, set

(B.11) Ajnf() = - (f(z + hey) — f()),

SRS
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where {eq,...,e,} is the standard basis of R™. The mean value theorem (for functions of
x; alone) implies that if 0;f = 0f/0x; exists on O, then, for x € O, h > 0 sufficiently
small,

(B.12) Aj,hf(x) = 6jf(l' + ijh@j),

for some a; € (0,1), depending on x and h. Iterating this, if 9;(0kf) exists on O, then,
for z € O and h > 0 sufficiently small,

A nAjnf(x) = Ok(Ajnf)(x + arher)
(B.13) = Ajn (O, f)(z + axher)
= 0,0k f(z + agher + ajhe;),

with a;, a; € (0,1). Here we have used the elementary result
(B.14) OB jnf = Djn(0kf)

We deduce the following.
Proposition B.3. If Orf and 0;0f exist on O and 0;0f is continuous at xo € O, then

(B.15) 0jOhf (o) = %li% Ap nAjnf(x0).
Clearly
(B.16) ApnAjnf = A5 nlknf,

so we have the following, which easily implies Proposition B.2.

Corollary B.4. In the setting of Proposition B.3, if also 0;f and 0,0, f exist on O and
OL0; f is continuous at g, then

(B.17) 0;0k f(xz0) = O0x0; f(x0)-

If U and V be open subsets of R®” and F : U — V is a C! map, we say F is a
diffeomorphism of U onto V provided F maps U one-to-one and onto V', and its inverse
G = F~lisa C! map. If F is a diffeomorphism, it follows from the chain rule that DF(x)
is invertible for each € U. We now present a partial converse of this, the Inverse Function
Theorem, which is a fundamental result in multivariable calculus.

Theorem B.5. Let F be a C* map from an open neighborhood Q0 of py € R™ to R™, with
qo = F(po). Assume k > 1. Suppose the derivative DF (pg) is invertible. Then there is a
neighborhood U of pg and a neighborhood V' of qo such that F' : U — V is one-to-one and
onto, and F~':V — U is a C* map. (So F :U — V is a diffeomorphism.)

First we show that F' is one-to-one on a neighborhood of pg, under these hypotheses.
In fact, we establish the following result, of interest in its own right.
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Proposition B.6. Assume @ C R™ is open and convex, and let f : Q@ — R"™ be C*.
Assume that the symmetric part of Df(u) is positive-definite, for each u € Q. Then f is
one-to-one on ().

Proof. Take distinct points uq, ug € €, and set ug — u; = w. Consider ¢ : [0,1] — R,
given by
pt) =w- flur +tw).

Then ¢'(t) = w - Df(us + tw)w > 0 for t € [0, 1], so ¢(0) # ¢(1). But ¢(0) = w - f(uy)
and (1) = w- f(uz), s0 f(ur) £ f(u)

To continue the proof of Theorem B.5, let us set
(B.18) F(u) = A(F(po+u) — o), A= DF(po)~",

Then f(0) =0 and Df(0) = I, the identity matrix. We show that f maps a neighborhood
of 0 one-to-one and onto some neighborhood of 0. Proposition B.4 applies, so we know f
is one-to-one on some neighborhood O of 0. We next show that the image of O under f

contains a neighborhood of 0.
Note that

(B.19) f(u) =u+ R(u), R(0)=0, DR(0)=0.

For v small, we want to solve

(B.20) flu) =wv.

This is equivalent to u + R(u) = v, so let

(B.21) Ty(u) = v — R(u).

Thus solving (B.20) is equivalent to solving

(B.22) Ty (u) = u.

We look for a fized point u = K(v) = f~!(v). Also, we want to prove that DK (0) = I, i.e.,

that K(v) = v + r(v) with r(v) = o(||v]|), i.e., r(v)/||v] — 0 as v — 0. If we succeed in
doing this, it follows easily that, for general = close to qo, G(z) = F~!(z) is defined, and

(B.23) DG(z) = (DF(G(I))>_1.

Then a simple inductive argument shows that G is C* if F is C*.
A tool we will use to solve (B.22) is the Contraction Mapping Principle, established in
Appendix A, which states that if X is a complete metric space, and if T': X — X satisfies

(B.24) dist(Tx, Ty) < r dist(x,y),
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for some r < 1 (we say T is a contraction), then T has a unique fixed point z.
In order to implement this, we consider

(B25) T,: Xy — X,
with
(B.26) Xy ={ueQ:||lu—v|| <A}

where we set

(B.27) Ay = sup [R(w)]|.

lwll<2]lv]l

We claim that (B.25) holds if ||v|| is sufficiently small. To prove this, note that T, (u) —v =
—R(u), so we need to show that, provided ||v|| is small, v € X, implies |R(u)|| < A,. But
indeed, if u € X, then ||u| < [|v|| + Ay, which is < 2||v|| if ||v]| is small, so then

[R(u)l < sup [[R(w)] = Ay.

[wl<2[j|

This establishes (B.25).

Note that T, (u1) — T, (uz2) = R(uz) — R(u;), and R is a C* map, satisfying DR(0) = 0.
It follows that, if ||v|| is small enough, the map (B.18) is a contraction map. Hence there
exists a unique fixed point u = K(v) € X,,. Also, since u € X,,

(B.28) 1K (v) — vl < Ay = o(|[v]]),
so the Inverse Function Theorem is proved.

Thus if DF' is invertible on the domain of F, F' is a local diffeomorphism. Stronger
hypotheses are needed to guarantee that F' is a global diffeomorphism onto its range.
Proposition B.6 provides one tool for doing this. Here is a slight strengthening.

Corollary B.7. Assume Q C R™ is open and convez, and that F' : Q — R™ is C1. Assume
there exist n x n matrices A and B such that the symmetric part of A DF(u) B is positive
definite for each u € Q. Then F maps Q diffeomorphically onto its image, an open set in
R™.

Proof. Exercise.
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C. Surfaces and metric tensors

A smooth m-dimensional surface M C R" is characterized by the following property.
Given p € M, there is a neighborhood U of p in M and a smooth map ¢ : O — U, from
an open set O C R™ bijectively to U, with injective derivative at each point. Such a map
@ is called a coordinate chart on M. We call U C M a coordinate patch. If all such maps
¢ are smooth of class C*, we say M is a surface of class C*.

There is an abstraction of the notion of a surface, namely the notion of a “manifold,”
which we briefly mention at the end of this appendix.

If o : O — U is a C* coordinate chart, such as described above, and ¢(z¢) = p, we set

(C.1) T, M = Range Dy(xo),

a linear subspace of R" of dimension m, and we denote by N, M its orthogonal complement.
It is useful to consider the following map. Pick a linear isomorphism A : R*™" — N, M,
and define

(C.2) O:OxR"™ —R" O(x,2) =¢(r)+ Az.

Thus ® is a C* map defined on an open subset of R". Note that
(C.3) D®(xg,0) (Z)) = Dy(xg)v + Aw,

so D®(xp,0) : R® — R™ is surjective, hence bijective, so the Inverse Function Theorem
applies; ® maps some neighborhood of (z¢,0) diffeomorphically onto a neighborhood of
p e R™

Suppose there is another C* coordinate chart, 1 : Q@ — U. Since ¢ and 1 are by
hypothesis one-to-one and onto, it follows that F = )"t o : O — Q is a well defined
map, which is one-to-one and onto. See Fig. C.1. In fact, we can say more.

Lemma C.1. Under the hypotheses above, F is a C* diffeomorphism.

Proof. Tt suffices to show that F' and F~! are C* on a neighborhood of zy and %, re-
spectively, where ¢(xg) = ¥(yo) = p. Let us define a map V¥ in a fashion similar to (5.2).

To be precise, we set T, M = Range D1 (yp), and let ]va be its orthogonal complement.
(Shortly we will show that TpM = T, M, but we are not quite ready for that.) Then pick a
linear isomorphism B : R~ — ]VPM and set ¥(y, z) = ¥(y)+ Bz, for (y,2) € QxR"~™.
Again, U is a C* diffeomorphism from a neighborhood of (yg,0) onto a neighborhood of p.

It follows that ¥=! o ® is a C* diffeomeophism from a neighborhood of (zg,0) onto a
neighborhood of (yg,0). Now note that, for z close to xg and y close to yo,

(C.4) U o ®(z,0) = (F(z),0), @ 'oW(y,0)= (F'(y),0).
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These identities imply that F' and F~! have the desired regularity.
Thus, when there are two such coordinate charts, ¢ : O — U, ¢ : 2 — U, we have a
C* diffeomorphism F : O — € such that
(C.5) o=1oF.
By the chain rule,

(C.6) Do(x) = Dy(y) DF(z), y= F(x).

In particular this implies that Range Dy(xo) = Range Dv(yo), so T, M in (C.1) is inde-
pendent of the choice of coordinate chart. It is called the tangent space to M at p.

We next define an object called the metric tensor on M. Given a coordinate chart
¢ : O — U, there is associated an m x m matrix G(z) = (g;x(x)) of functions on O,
defined in terms of the inner product of vectors tangent to M :

_ 0 Op _ N~ Op g

(.7) 93u() = Dole)es De@en = 5.0 oy = 22 Ba; 0wy,

where {e; : 1 <j < m} is the standard orthonormal basis of R™. Equivalently,

(C.8) G(z) = Do(z)" Dy(x).

We call (g,) the metric tensor of M, on U, with respect to the coordinate chart ¢ : O — U.
Note that this matrix is positive-definite. From a coordinate-independent point of view,
the metric tensor on M specifies inner products of vectors tangent to M, using the inner
product of R™.

If we take another coordinate chart ¢ : 2 — U, we want to compare (g;;) with H =
(hjk), given by

(C.9) hik(y) = D (y)ej - Dp(y)e, ie., H(y) = Dy(y)" Dy(y).

As seen above we have a diffeomorphism F' : O — € such that (5.5)—(5.6) hold. Conse-
quently,

(C.10) G(z) = DF(z)' H(y) DF (),

or equivalently,

OF; OF,
(C.11) gik(z Z@m 833: (y).
J

We now define the notion of surface integral on M. If f : M — R is a continuous
function supported on U, we set

(C.12) [tas= [ 7o) Vla) da,
M O
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where
(C.13) g(x) = det G(x).

We need to know that this is independent of the choice of coordinate chart ¢ : O — U. Thus,
if we use ¢ :  — U instead, we want to show that (C.12) is equal to [, fot(y) \/h(y) dy,
where h(y) = det H(y). Indeed, since foyoF = fo¢, we can apply the change of variable
formula for multidimensional integrals, to get

(C.14) / f o v(y) Viy) dy = / f o p(x) VA(E(®)) |det DF(x)] d.
Q O

Now, (C.10) implies that

(C.15) Vy(z) = |det DF(z)| v/h(y),

so the right side of (C.14) is seen to be equal to (C.12), and our surface integral is well
defined, at least for f supported in a coordinate patch. More generally, if f : M — R has
compact support, write it as a finite sum of terms, each supported on a coordinate patch,
and use (C.12) on each patch.

Let us pause to consider the special cases m = 1 and m = 2. For m = 1, we are
considering a curve in R", say ¢ : [a,b] — R™. Then G(z) is a 1 x 1 matrix, namely
G(x) = |¢'(z)|?. If we denote the curve in R™ by ~, rather than M, the formula (C.12)
becomes

b
(C.16) / fds = / fop(@) ¢ ()| de.

In case m = 2, let us consider a surface M C R3, with a coordinate chart ¢ : O — U C M.
For f supported in U, an alternative way to write the surface integral is

(C.17) /f ds = /f o p(x) |O1p X Oap| dxidxa,
M o

where u x v is the cross product of vectors v and v in R3. To see this, we compare this
integrand with the one in (C.12). In this case,

Oy -y O1p-0
(C18) g =det ( O Orp Ou éﬁ) = 01910201 — (D10 - O2p)*.

Recall that |u x v| = |u| |v| |sin@|, where 6 is the angle between u and v. Equivalently,
since u - v = |u| |v| cos#,

(C.19) lu x v? = [u*|v]*(1 = cos® §) = [ul*|v]* = (u-v)>.
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Thus we see that |01¢ x O2¢| = /g, in this case, and (C.17) is equivalent to (C.12).

An important class of surfaces is the class of graphs of smooth functions. Let u € C1(Q),
for an open © C R™™!, and let M be the graph of z = u(z). The map ¢(z) = (z,u(u))
provides a natural coordinate system, in which the metric tensor is given by

ou Ou

If u is C!, we see that g, is continuous. To calculate g = det(g,x), at a given point p € €,
if Vu(p) # 0, rotate coordinates so that Vu(p) is parallel to the x; axis. We see that

1/2

(C.21) V9= (1+Vul?)

In particular, the (n — 1)-dimensional volume of the surface M is given by

(C.22) Voi(M) = [dS = [ (1+|Vu(x)]?)"? da.
[==]

Particularly important examples of surfaces are the unit spheres S?~! in R",
(C.23) Sl = {z e R": |z| =1}.
Spherical polar coordinates on R™ are defined in terms of a smooth diffeomorphism
(C.24) R:(0,00) x S" 1 — R"\ 0, R(r,w)=rw.
Let (hgp,) denote the metric tensor on S™~! (induced from its inclusion in R™) with respect
to some coordinate chart ¢ : O — U C S™~!. Then, with respect to the coordinate chart

® : (0,00) x O — U C R™ given by ®(r,y) = re(y), the Euclidean metric tensor can be
written

(C.25) (ej) = (1 Tghm) .

To see that the blank terms vanish, ie., 0,® - 0,,® = 0, note that o(z) - p(z) = 1 =
Oz, 0(x) - p(x) = 0. Now (C.25) yields

(C.26) ve=r""h.

We therefore have the following result for integrating a function in spherical polar coordi-
nates.

(C.27) / f()dz = / [ /0 T frw)r L dr] dS(w).
Rm™ S

n—1
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We next compute the (n — 1)-dimensional area A,_; of the unit sphere S"~! C R",
using (C.27) together with the computation

(C.28) /e_lgC|2 dx = 72,

Rn

which can be reduced to the case n = 2 and done there in polar coordinates. First note
that, whenever f(x) = ¢(|z|), (C.27) yields

(C.29) /@(\xp de = A, /OOO o(r)rm dr.

Rn

In particular, taking ¢(r) = =" and using (C.28), we have

%) 1 0o
<C3O) 7Tn/2 = An—l/ e_r27»n—1 dr = §An—1/ e—ssn/2_1 dS,
0 0

where we used the substitution s = r2? to get the last identity. We hence have

27.(.71/2

(CS].) An—l = F(n/2>7

where I'(z) is Euler’s Gamma function, defined for z > 0 by
(C.32) I'(z) :/ e 5571 ds.
0

The gamma function is developed in §18.

Having discussed surfaces in R"™, we turn to the more general concept of a manifold,
useful for the construction in §34. A manifold is a metric space with an “atlas,” i.e., a
covering by open sets U; together with homeomorphisms ¢; : U; — V;, V; open in R".
The number n is called the dimension of M. We say that M is a smooth manifold of class
C* provided the atlas has the following property. If Ujr = Uj NUy # 0, then the map

Yik : 0;(Ujk) — or(Ujk)

given by ¢ o ¢;1, is a smooth diffeomorphism of class C* from the open set ¢, (Uj1) to
the open set ¢ (Ujx) in R™. By this, we mean that 1), is C*, with a C* inverse. The pairs
(Uj, ¢;) are called local coordinate charts.

A continuous map from M to another smooth manifold IV is said to be smooth of class
C* if it is smooth of class C* in local coordinates. Two different atlasses on M, giving a
priori two structures of M as a smooth manifold, are said to be equivalent if the identity
map on M is smooth (of class C*) from each one of these two manifolds to the other. Really
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a smooth manifold is considered to be defined by equivalence classes of such atlasses, under
this equivalence relation.

It follows from Lemma C.1 that a C* surface in R™ is a smooth manifold of class C¥.
Other examples of smooth manifolds include tori T/A, introduced in §26 and used in §34, as
well as other Riemann surfaces discussed in §34. One can find more material on manifolds
in [Sp] and in [T2].

The notion of a metric tensor generalizes readily from surfaces in R™ to smooth man-
ifolds; this leads to the notion of an integral on a manifold with a metric tensor (i.e., a
Riemannian manifold). For use in Appendix D, we give details about metric tensors, in
case M is covered by one coordinate chart,

(C.33) o1: U — M,
with U; C R™ open. In such a case, a metric tensor on M is defined by an n x n matrix
(C.34) G(z) = (gjx(x)), gsx € CH(U1),

which is taken to be symmetric and positive definite, generalizing the set-up in (C.7). If
there is another covering of M by a coordinate chart o : Us — M, a positive definite
matrix H on U, defines the same metric tensor on M provided

(C.35) G(z) = DF(x)'H(y)DF(z), for y= F(x),
as in (C.10), where F' is the diffeomorphism
(C.36) F=yp;lop :U — Us.

We also say that G defines a metric tensor on U; and H defines a metric tensor on Us,
and the diffeomorphism F': U; — U, pulls H back to G.

Let 7 : [a,b] — Uy be a C! curve. The following is a natural generalization of (C.16),
defining the integral of a function f € C(U;) over v, with respect to arc length:

]1/2

b
(C.37) / fds = / TNy ) - Gy @] "

If # = F o~ is the associated curve on Uy and if f = f o F' € C(Us), we have

[ias= [ faoy [y mGwr o]
= [ 6 [DPG@W® - BGODFmN @] dt
(C.38) o o
= [ 1wy 0 - Gay'®)] " a
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the second identity by the chain rule 4/ (t) = DF(y(t))7'(t) and the third identity by (C.35).
Another property of this integral is parametrization invariance. Say ¢ : [, §] — |a,b] is
an order preserving C! diffeomorphism and o =y o : [a, 8] — U;. Then

}1/2 gt

/&w:ﬂ?wmk%waamﬂw

B 1/2
= [ raowo)[# @ ) Goro vy @] a
(C.39) o

dr

- [ 16 o aomre)]”

~ [ 1as

v

the second identity by the chain rule o’(¢t) = ¢/(¢)7/(c(t)) and the third identity via the
change of variable 7 = v(t),dr = ¢/(t) dt.
The arc length of these curves is defined by integrating 1. We have

1/2

b
(C.40) te) = [ [y coom o]
and a parallel definition of £g(%). With 7,7, and o related as in (C.38)—(C.39), we have

(C.41) la(y) =tla(o) =Lu(7).

Another useful piece of notation associated with the metric tensor G is

(C.42) ds* = Z gjk(x) dzj dxy,.
ik

In case U; C R? ~ C, this becomes

(C.43) ds® = g11(z,y) dz? + 2g12(z, y) dz dy + gao(x,y) dy>.
In case

(C.44) gik(@) = A(x)? 1,

we have

(C.45) ds* = A(z)?(do? + - + da?).

For n = 2, this becomes

(C.46) ds* = A(z,y)?(do® + dy?) = A(2)? |dz|?,
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(C.47) ds = A(z) |dz|.

In such a case, (C.40) becomes

b
(C.48) zaw:/AmmwwMt

Under the change of variable y = F(z), the formula (C.35) for the metric tensor H =
(hjr) on Uy that pulls back to G under F': Uy — Uy is equivalent to

OF;
(C.49) ;wwmngwmmmmwfgaﬁ”
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D. Green’s theorem

Here we prove Green’s theorem, which was used in one approach to the Cauchy integral
theorem in §5.

Theorem D.1. If Q is a bounded region in R? with piecewise smooth boundary, and
f,g € CH(Q), then

(D.1) / ———y dxdy:/(fdm+gdy).

o2

The identity (D.1) combines two separate identities, namely

(D.2) 8£fda::—é/g—£dxdy,
(D.3) /gdy:é %dwdy.

o0

We will first prove (D.2) for domains Q of the form depicted in Fig. D.1 (which we will
call type I), then prove (D.3) for domains of the form depicted in Fig. D.2 (which we call
type II), and then discuss more general domains.

If Q is type I (cf. Fig. D.1), then

b b

(D.4) aé fao = [ fan@)de = [ fain@) da

Now the fundamental theorem of calculus gives

05 i) - s = [ D
Po(z) Y

so the right side of (D.4) is equal to

Y1(2) g f of
D. - S ZJ
(D.6) / /O(m) By (z,y) dy dx é/ Dy dz dy,
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and we have (D.2). Similarly, if © is type II (cf. Fig. D.2), then

/gdy—/ 9(p1(y)) dy — / 9(eo(y),y) dy

»1(y) @
(D.7) / / (2,y),dz dy
¥o(y)

= %9 qrd

// ow
)

and we have (D.3).

Figure D.3 depicts a region €2 that is type I but not type II. The argument above gives
(D.2) in this case, but we need a further argument to get (D.3). As indicated in the figure,
we divide 2 into two pieces, £2; and {25, and observe that 2; and {25 are each of type II.
Hence, given g € C1(9),

_ [[ 99
(D.8) /gdy—//a—ydxdy,

for each 5. Now

dg dg
(D.9) Z//a—ydacdy:/ a—ydxdy.
Iy Q

On the other hand, if we sum the integrals [ 50, 9dy, we get an integral over 92 plus two
J

integrals over the interface between 2 and §25. However, the latter two integrals cancel

out, since they traverse the same path except in opposite directions. Hence

(D.10) Z/gdyz/gdy,

I 80, Elo)

and (D.3) follows.

A garden variety piecewise smoothly bounded domain 2 might not be of type I or type
II, but typically can be divided into domains €2; of type I, as depicted in Fig. D.4. For
each such (2, we have

(D.11) aQ/j fdx:—!/%dxdy,

and summing over j yields (D.2). Meanwhile, one can typically divide €2 into domains of
type II, as depicted in Fig. D.5, get (D.8) on each such domain, and sum over j to get
(D.3).
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It is possible to concoct piecewise smoothly bounded domains that would require an
infinite number of divisions to yield subdomins of type I (or of type II). In such a case
a limiting argument can be used to establish (D.1). We will not dscuss the details here.
Arguments applying to general domains can be found in [T3], in Appendix G for domains
with C? boundary, and in Appendix I for domains substantially rougher than treated here.

Of use for the proof of Cauchy’s integral theorem in §5 is the special case f = —iu, g = u
of (D.1), which yields

//(%ﬂ%) dxdy:—'/u(dzz:+z'dy)
(D.12) ° o0
= —z'/udz.
o

When u € C1(Q) is holomorphic in ©, the integrand on the left side of (D.12) vanishes.
Another special case arises by taking f = tu, g = u. Then we get

//(%—z%) dwdy:i/u(daj—idy)

Q oN

:i/udz.

oN

(D.13)

In case u is holomorphic and u'(z) = v(z), the integrand on the left side of (D.13) is 2v(z).
Such an identity (together with a further limiting argument) is useful in Exercise 7 of §30.
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E. Poincaré metrics

Recall from §22 that the upper half plane
(E.1) U={z€C:Imz >0}

is invariant under the group of linear fractional transformations

az+0b a b
(5:2) Lat) = 250 A= (2 1),

of the form

(E.3) A€ Sl(2,R), ie., a,bc,deR, ad—bc=1,
while the disk

(E4) D={zeC:|z| <1}

is invariant under the group of transformations Lp with

(E.5) BeSU(L1), ie, B= (% 2) P,

These groups are related by the holomorphic diffeomorphism

1 — z—1

(E.6) Ly, =¢:U — D, A0:<1 i)’ ie., gp(z):z+i.

Here we produce metric tensors on ¢ and D that are invariant under these respective group
actions. These are called Poincaré metrics.
We start with U/, and the metric tensor

1

(E.7) gjk(z) = 7 Ojks
ie., ds? = (dz* + dy?)/y?, or equivalently

1
(E.8) dsy = ; |dz|.

This is easily seen to be invariant under horizontal translations and dilations,

(£.9) re(z)=2+E EER, 5,(z) =7z, 1€ (0,00).
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Note that
1 ¢ rt/2. 0
(E.10) 7e=Lr, o =1Lp, Te= (0 1)’ br= ( 0 Y2

The group generated by these operations is not all of SI(2,R). We proceed as follows.
We pull the metric tensor (E.7) back to the disk D, via 1 = ¢!, given by

1z+1
(E.11) Wle)=-"—7, D —U
We have
* / 2
(E.12) rdz =P/ (2) dz = € _21)2 dz,
and hence
dsy = L *
Y dsy WWJ |
27
— g
- - e
(E. - 4 dz|
S+ G-DE-D
2
nEp. e |dz|.

Thus we arrive at the metric tensor on the disk, given by

2
E.14 dsp = ——|d
( ) SD 1 _ |Z’2 | Z"
or
4
E.1l h; = ———— 0.
( 5) Jk(z) (1_ |z|2)2 jk

This metric tensor is invariant under

(E.16) L~, L

7 , Te=AgT: Ay, D, = AgD, A"

D,
In addition, the metric tensor (E.15) is clearly invariant under rotations

(E.17) po(z) =€z, R
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Here
62'9/2 0
(ElS) Po = LR97 R9 = ( 0 €—i9/2 :

The transformations Tg, l~)r and Ry can be seen to generate all of SU(1, 1), which implies
the metric tensor (E.11) on D is invariant under all the linear fractional transformations
(E.5), and hence the metric tensor (E.7) on U is invariant under all the linear fractional
transformations (E.2)—(E.3). Alternatively, one can check directly that

(E.19) $apdsp =dsp,
when
az+b 5 9
E.20 ab(2) = = . lalf=1b)* =1
(5.20) Puslz) = ol b
In fact,
dz
E.21 “odr = (2)dyr = ——,
and hence
pd o)l - Id2]
Pab@SD = — 7~ 51Pa b\ Z)| " |QZ
S B PR
B 2 |dz|
(E.22) bz +a@l|? — |az + b|2
_ 2]de|
122
:dSD.

Let us record the result formally.

Proposition E.1. The metric tensor (E.15) on D is invariant under all linear fractional
transformations of the form (E.20). Hence the metric tensor (E.7) onU is invariant under
all linear fractional transformations of the form (E.2)-(E.3).

These metric tensors are called Poincaré metrics, and & and D, equipped with these
metric tensors, are called the Poincaré upper half plane and the Poincaré disk.

Let © C C be a simply connected domain, # C. The Riemann mapping theorem
produces a holomorphic diffeomorphism

(E.23) $:Q— D.

The pull back of the Poincaré metric on D via ® is called the Poincaré metric on 2. Note
that if ® : Q — D is another holomorphic diffeomorphism, then ® o ®!':D > Disa
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holomorphic diffeomorphism, hence, as seen in §22, a linear fractional transformation of
the form (E.20), hence it preserves the Poincaré metric on D, so ® and ® pull back the
Poincaré metric to the same metric tensor on ).

More generally, a domain 2 C C inherits a Poincaré metric whenever there is a holo-
morphic covering map

(E.24) ¥:D—s Q.

In fact, for each ¢ € Q, if you choose p € ¥~!(gq), v is a holomorphic diffeomorphism from
a neighborhood O,, of p onto a neighborhood O, of ¢, and the Poincaré metric on D pulls
back via ¥~! : O, — O,. This is independent of the choice of p € ¥~1(q), since two
such inverses ¢~! and 1/?_1 : Oy — Op are related by a covering map on D, which must
be of the form (E.20). For the same reason, any other covering map D — 2 produces
the same metric on 2, so one has a well defined Poincaré metric on €2, whenever there is
a holomorphic covering map (E.24). Such a metric tensor is always a multiple of §;, in
standard (z,y)-coordinates,

(E.25) g (x,y) = Aalz,y)? 61,
or
(E.26) dsq = Aq(z) |dz|,

where Ag : © — (0,00). In fact, on a neighborhood O, of ¢ € 2 where there is a local
inverse ¢, to ¥,

(E.27) Aqa(z) = Ap(pq(2)) Iy (2)],
with Ap given by (E.14), i.e.,

2

(E.28) Ap(:) = 1=

The following is a definitive result on the class of domains to which such a construction
applies.

Theorem E.2. If Q) C C is a connected open set and C\ Q0 contains at least two points,
then there is a holomorphic covering map (E.24).

This is part of the celebrated Uniformization Theorem, of which one can read a careful
account in [For]. We will not give a proof of Theorem E.2 here. A proof using basic results
about partial differential equations is given in [MaT]. We recall that §25 establishes this
result for 2 = C\ {0,1}. To see how Theorem E.2 works for D* = D \ {0}, note that

(E.29) U:U — D* U(z)=e"”,

is a holomorphic covering map, and composing with the inverse of ¢ in (E.6) yields a
holomorphic covering map D — D*.
The following interesting result is a geometric version of the Schwarz lemma.
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Proposition E.3. Assume O and Q are domains in C with Poincaré metrics, inherited

from holomorphic coverings by D, and F : O — Q is holomorphic. Then F is distance-
decreasing.

What is meant by “distance decreasing” is the following. Let v : [a,b] — O be a smooth
path. Its length, with respect to the Poincaré metric on O, is

(E:30) foln) = [ Aol (5)]ds.

The assertion that F' is distance decreasing is that, for all such paths -,

(Egl) EQ(F o ’y) S E@(’y)

Note that £o(F 0 y) = [ Aa(F oy(s)|(F 07)'(s)|ds and (F o )(s) = F'(3(s))7'(s), so
the validity of (E.31) for all paths is equivalent to

(E.32) Ag(F()|F'(2)] < Ao(z), Vze O.

To prove Proposition E.3, note that under the hypotheses given there, F' : O — € lifts
to a holomorphic map G : D — D, and it suffices to show that any such G is distance
decreasing, for the Poincaré metric on D, i.e.,

(E.33) G : D — D holomorphic = Ap(G(20))|G'(20)] < Ap(20), V20 € D.

Now, given zy € D, we can compose G on the right with a linear fractional transformation
of the form (E.20), taking 0 to zp, and on the left by such a linear fractional transformation,
taking G(zp) to 0, obtaining

(E.34) H : D — D holomorphic, H(0) =0,
and the desired conclusion is that

(E.35) |H'(0)] <1,

which follows immediately from the inequality

(E.36) |H (2)] < [2].

This in turn is the conclusion of the Schwarz lemma, Proposition 6.2.
Using these results, we will give another proof of Picard’s big theorem, Proposition 25.2.
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Proposition E.4. If f: D* — C\{0,1} is holomorphic, then the singularity at 0 is either
a pole or a removable singularity.

To start, we assume 0 is not a pole or removable singularity, and apply the Casorati-
Weierstrass theorem, Proposition 11.3, to deduce the existence of aj,b; € D* such that

(E.37) pj = fla;) =0, q; = f(b;) — 1,

as j — oo. Necessarily a;,b; — 0. Let ; be the circle centered at 0 of radius |a;| and o}
the circle centered at 0 of radius |b;|. An examination of (E.29) reveals that

(E.38) lp«(v;) — 0, £p-(o;) — 0.
Applying Proposition E.3 we obtain for

(E.39) 5= fo, =100,
that (with C.,. = C\ {0,1})

(E.40) le.. (%) = 0, fLc,, (0;) — 0.

We now bring in the following:

Lemma E.5. Fiz zyp € C,, = C\ {0,1}. Let 7; be paths from zy to pj — 0. Then
lc,. (1) — o0o. A parallel result holds for paths from zy to q; — 1.

Proof. Let 1) : D — C,. be a holomorphic covering, Zy € ¥~ (z¢), and 7; a lift of 7; to a
path in D starting at Zp. Then

Now 7; contains points that tend to D (in the Euclidean metric) as j — oo, so the fact

that £p(7;) — oo follows easily from the formula (E.14).

Returning to the setting of (E.37)—(E.40), we deduce that

Given ¢ >0, 3N < oo such than whenever j > N

(E.42) fovi=79C{2€C:|z| <e}, and
fooj=6;C{ze€C:|z—1|<e}.

If, e.g., ¢ < 1/4, this cannot hold for a function f that is holomorphic on a neighborhood

of the annular region bounded by 7; and ;. (Cf. §6, Exercise 2.) Thus our assumption
on f contradicts the Casorati-Weierstrass theorem, and Proposition E.4 is proven.
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F. The fundamental theorem of algebra (elementary proof)

Here we provide a proof of the fundamental theorem of algebra that is quite a bit
different from that given in §6. The proof here is more “elementary,” in the sense that it
does not make use of results from integral calculus. On the other hand, it is longer than
the proof from §6. Here it is.

Theorem F.1. If p(z) is a nonconstant polynomial (with complex coefficients), then p(z)
must have a complex root.

Proof. We have, for some n > 1, a, # 0,

p(z) =anz" + -+ a1z + ag

F.1
(F.1) =a,2"(1+0(z7")), 2] — oo,
which implies

(F.2) lim |p(2)| = .

|z]—o00
Picking R € (0, 00) such that

(F.3) inf Ip(2)| > |p(0)],
we deduce that

F.4 inf — inf .
(F.4) Jnf Ip(2)] inf Ip(2)|

Since Di = {z : |z| < R} is compact and p is continuous, there exists zp € Dp such that
F.5 = inf .
(F.5) [p(20)| = inf [p(2)|

The theorem hence follows from:
Lemma F.2. If p(z) is a nonconstant polynomial and (F.5) holds, then p(zp) = 0.
Proof. Suppose to the contrary that

(F.6) p(z0) = a # 0.

We can write

(F.7) p(z0 +¢) = a+q(Q),
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where ¢(¢) is a (nonconstant) polynomial in ¢, satisfying ¢(0) = 0. Hence, for some k > 1
and b # 0, we have ¢(¢) = b¢* + -+ + b, (", ie.,

(F.8) q(¢) = b¢* +O(¢*), ¢ —0,
so, uniformly on S* = {w: |w| = 1}
(F.9) p(zo +ew) = a + bwPe® + 0P, e\, 0.

Pick w € S! such that

(F.10) —W = ——
which is possible since a # 0 and b # 0. Then

(F.11) p(z0 + ew) = a(l — ‘2’8k> + O,

which contradicts (F.5) for € > 0 small enough. Thus (F.6) is impossible. This proves
Lemma F.2, hence Theorem F.1.
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G. The Weierstrass approximation theorem

In this appendix we establish the following result of Weierstrass, on the approximation
by polynomials of an arbitrary continuous function on a closed bounded interval [a, b] C R.

Theorem G.1. If f : [a,b] — C is continuous, then there exist polynomials py(z) such
that pi(z) — f(x) uniformly on [a,b].

For the proof, first extend f to be continuous on [a—1, b+1] and vanish at the endpoints.
We leave it to the reader to do this. Then extend f to be 0 on (—o0,a—1] and on [b+1, c0).

Then we have a continuous function f : R — C with compact support. We write f € Cy(R).
As seen in §14, if we set

1 )
G.1 Ho(z) = ——— ¢—2"/42

for € > 0 and form
(G.2) fo(z) = / H.(z — y)f(y) dy.

then f.(z) — f(z) as e — 0, for each z € R. In fact it folows easily that f. — f uniformly
on R, whenever f € Cy(R). In particular, given 6 > 0, there exists ¢ > 0 such that

(G.3) |[fe(z) = f(z)| <6, VazeR
Now note that, for each € > 0, f.(x) extends from = € R to the entire holomorphic
function

(G.4) F(z) =

00 2
T | e g ay

That this integral is absolutely convergent for each z € C is elementary, and that it is
holomorphic in z can be deduced from Morera’s theorem. It follows that F.(z) has a
power series expansion,

(G.5) Fe(z) =) an(e)z",
n=0

converging locally uniformly on C. In particular, there exists N = N(g) € Z* such that

(G.6) [Fe(2) = pne(2)] <6, 2| < R =max{[al, b},
where
N
(G.7) Pyo(2) =) an(e)2".
n=0
Consequently, by (G.3) and (G.6),
(G.8) |f(x) = pne(@)] <26, V€ lab]

This proves Theorem G.1.
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H. Inner product spaces

On occasion, particularly in §§13—-14, we have looked at norms and inner products on
spaces of functions, such as C'(S1) and S(R), which are vector spaces. Generally, a complex
vector space V' is a set on which there are operations of vector addition:

(H.1) f,geV = f+geV,

and multiplication by an element of C (called scalar multiplication):

(H.2) aeC, feV=afeV,

satisfying the following properties. For vector addition, we have

(H3)  f+yg=g+f, (F+g)+h=F+(g+h), f+0=F f+(=f)=0.
For multiplication by scalars, we have

(H.4) a(bf) = (ab)f, 1-f=7F.

Furthermore, we have two distributive laws:

(H.5) a(f+g)=af +ag, (a+b)f =af+bf.

These properties are readily verified for the function spaces arising in §§13-14.
An inner product on a complex vector space V' assigns to elements f, g € V the quantity
(f,g) € C, in a fashion that obeys the following three rules:

(a1 f1 + a2 f2,9) = a1(f1,9) + a2(f2,9),

(H.6) (f:9) = (9, /),
(f,f) >0 unless f=0.

A vector space equipped with an inner product is called an inner product space. For
example,

(H.7) (f.9) = %/f@)@cﬁ
Sl

defines an inner product on C(S!). Similarly,

(H.8) )= | " @)@ da
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defines an inner product on S(R) (defined in §14). As another example, in §13 we defined
2 to consist of sequences (ay)rez such that

o0

(H.9) > Jarl? < 0.
k=—0o0
An inner product on ¢2 is given by
(H.10) ((ar), (0r)) = ) axby.
k=—0c0

Given an inner product on V, one says the object || f|| defined by

(H.11) L= v/ (f, f)

is the norm on V associated with the inner product. Generally, a norm on V' is a function
f= ||l satisfying

(H.12) lafll =lal-IlfIl, a€C, feV,
(H.13) |/l >0 wunless f=0,
(H.14) 1f +gll < 171+ 1gll-

The property (H.14) is called the triangle inequality. A vector space equipped with a norm
is called a normed vector space. We can define a distance function on such a space by

(H.15) d(f,g) =IIf — gl
Properties (H.12)—(H.14) imply that d : V x V' — [0, 00) satisfies the properties in (A.1),
making V' a metric space.

If || f|| is given by (H.11), from an inner product satisfying (H.6), it is clear that (H.12)—
(H.13) hold, but (H.14) requires a demonstration. Note that

If+9l>=(f+9,f+9)
(H.16) = IfI?+ (f.9) + (9,.f) + llg]
= |IfII* + 2Re(f, 9) + llg]*,

while

(H.17) LA+ llglD? = LA + 2011 gl + gl

Thus to establish (H.17) it suffices to prove the following, known as Cauchy’s inequality.
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Proposition H.1. For any inner product on a vector space V', with || f|| defined by (H.11),

(H.18) [l <IfI-Mlgll, VfgeV

Proof. We start with

(H.19) 0<|If —gl* = If1* = 2Re(f, 9) + llgl,

which implies
(F.20) 2Re(f,9) < [fII*+llg*, YfgeV.

Replacing f by af for arbitrary a € C of absolute velue 1 yields 2 Rea(f, g) < || fII*+llgl|?,
for all such a, hence

(H.21) 210, )l < IfI* + llgll?, VSgeV.

Replacing f by tf and g by t~1g for arbitrary ¢ € (0, c0), we have
(H.22) 2(f, ) < EIFIZ+t2gl* YFgeV, te(0,00).

If we take t2 = ||g||/||f||, we obtain the desired inequality (H.18). This assumes f and g
are both nonzero, but (H.18) is trivial if f or g is 0.

An inner product space V is called a Hilbert space if it is a complete metric space, i.e.,
if every Cauchy sequence (f,) in V has a limit in V. The space £? has this completeness
property, but C(S?1), with inner product (H.7), does not. Appendix A describes a process
of constructing the completion of a metric space. When appied to an incomplete inner
product space, it produces a Hilbert space. When this process is applied to C(S!), the
completion is the space L?(S'), briefly discussed in §13. This result is essentially the
content of Propositions A and B, stated in §13.

There is a great deal more to be said about Hilbert space theory, but further material
is not needed here. One can consult a book on functional analysis, or the appendix on
functional analysis in Vol. 1 of [T2].
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I. 72 is Irrational

The following proof that 72 is irrational follows a classic argument of D. Niven. The
idea is to consider

T 1
(I.1) I, = / on(x)sinxdr, ¢p(x) = EQS‘”(T( —x)".
0

Clearly I,, > 0 for each n € N, and [, — 0 very fast, faster than geometrically. The next
key fact is that I,, is a polynomial of degree n in w2 with integer coefficients:

(1.2) I, = chkTFQk, Cnk € 7.

k=0
Given this it follows readily that 72 is irrational. In fact, if 72 = a/b, a,b € N, then
(3) chka2kb2n—2k — b2n]'n‘

k=0

But the left side of (I1.3) is an integer for each n, while by the estimate on (I.1) mentioned
above the right side belongs to the interval (0, 1) for large n, yielding a contradiction. It
remains to establish (I1.2).

A method of computing the integral in (I.1), which works for any polynomial ¢, (z)) is
the following. One looks for an antiderivative of the form

(L.4) Gn(x)sinz — F,(x) cosz,

where F),, and G,, are polynomials. One needs

(1.5) Gu(z) = Fp(z), GL(7) + Fa(2) = pn(),
hence
(1.6) F(x) + Fp(x) = on().

One can exploit the nilpotence of 92 on the space of polynomials of degree < 2n and set

F(z) = (I+07)" ¢n(@)

7 =Y (1 ),
k=0
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Then

d

(1.8) .

<F;L(:1;) sinz — F,(x) cos £L’> = ¢p(z)sinz.

Integrating (I1.8) over x € [0, 7| gives

(1.9) /07r on(x)sinx dx = F,(0) + F, () = 2F,(0),

the last identity holding for ¢, (x) as in (I.1) because then ¢, (7 — x) = p,(z) and hence
F,(m —x) = F,(x). For the first identity in (I.9), we use the defining property that
sinm = 0 while cosm = —1.

In light of (I1.7), to prove (I1.2) it suffices to establish an analogous property for <p( k)(O)
Comparing the binomial formula and Taylor’s formula for ¢, (x):

1 « N\ v n
gon(x):EZ(—l)Z(g)ﬂ fxntt and
(k)
ZW

(1.10)

we see that

(Ill) k=n+/{= (P(k) (O) (_1)6 (n ;;E)' (Z) ﬂ_n—é,
(L.12) 2k =n + €= p0(0) = (-1 D (Z) n20),

Of course ¢ (2 k)(O) = 0 for 2k < n. Clearly the multiple of 72(*=9 in (I.12) is an integer.
In fact,

(n+0)! (n (n+0)! n!
nl (z): nl 0(n—10)!

(n+£0)! n!
nlll (n—12)!
_ (n+£)n(n_1)...(n_g+1),

n

(L.13) =

Thus (I.2) is established, and the proof that 72 is irrational is complete.
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J. Euler’s constant

Here we say more about Euler’s constant, introduced in (18.17), in the course of pro-
ducing the Euler product expansion for 1/I'(z). The definition

n

(J.1) v = lim (Z % —log(n + 1))

n—oo
k=1

of Euler’s constant involves a very slowly convergent sequence. In order to produce a
numerical approximation of +, it is convenient to use other formulas, involving the Gamma
function I'(z) = [ e~"t*~! dt. Note that

(7.2) I/(z) = / (log t)e—"~1 dt.

0
Meanwhile the Euler product formula 1/T'(z) = ze?* [, (1 + z/n)e~*/™ implies
(J.3) (1) = —.

Thus we have the integral formula

(J.4) v =— /Ooo(log t)e " dt.

To evaluate this integral numerically it is convenient to split it into two pieces:

1 0o
=— logt)e™* dt—/ logt)e * dt
. 7= [ tog) [ (tog1)
= Ya — Vb-

We can apply integration by parts to both the integrals in (5), using e =" = —(d/dt)(e *—1)
on the first and e~! = —(d/dt)e™" on the second, to obtain

1 —t oo —t
1 _
(1.6) Yo = / Cd@t, = / € at.
0 t 1t

Using the power series for e~! and integrating term by term produces a rapidly conver-
gent series for v,:

© i Nk—1
(J.7) Yo=Y %
k=1
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Before producing infinite series representations for 73, we note that the change of variable
t = s™ gives

(J.8) Yo = m/ ¢ ds,
1 S

which is very well approximated by the integral over s € [1,10) if m = 2, for example.
To produce infinite series for ~;, we can break up [1,00) into intervals [k, k + 1) and
take t = s + k, to write

o~k 1t
(J.9) %—ZT@:, ﬁk—/o 1+t/kdt

Note that 0 < 8 < 1 —1/e for all k. For k > 2 we can write

(J.lO) O = i<—%>j06j, aj = /1 tle tdt.
0

Jj=0

t

One convenient way to integrate t7e~? is the following. Write

(J.11) E;(t) = XJ: t—f
=0 "
Then
(J.12) E;(t) = E;j_1(t),
hence
(J.13) i(E-(t)e—t) = (E;j-1(t) — E;(t))e " = v et
dt V7’ =1 I gt
(J.14) /tje‘t dt = —jlE;(t)e " + C.

In particular,

£=0
(J.15) _J! 1
e “— /!
=541

:1< 1 n 1 +)
e\j+1 (G+1)(+2) '
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To evaluate [3; as an infinite series, it is convenient to write

2 6_t

6_1ﬁ1 = Tdt

1) [r? .
( : /tﬂldt
J! 1

1
00

(J.16) 2

To summarize, we have v = 7, — v, with =, given by the convenient series (J.7) and

(J.17) ZZ (——) a]+10g2+z i (27 —1),

1l
k=2 75=0 ‘7‘]

with «; given by (J.15). We can reverse the order of summation of the double series and
write

(J.18) %:i)( 1)7¢a; —|—log2—|—z - j)'j 27 —1).
j=
with
(J.19) REeg
Note that
(J.20) 0< ¢ <2 U+ ie—k < 9-(+3)
k=2

while (J.15) readily yields 0 < a; < 1/ej. So one can expect 15 digits of accuracy by
summing the first series in (J.18) over 0 < j < 50 and the second series over 0 < j < 32,
assuming the ingredients o;; and (; are evaluated sufficiently accurately. It suffices to sum
(J.19) over 2 < k <40 — 2;j/3 to evaluate (; to sufficient accuracy.

Note that the quantities a; do not have to be evaluated independently. Say you are
summing the first series in (J.18) over 0 < j < 50. First evaluate a5 using 20 terms in

(J.15), and then evaluate inductively ayg, ..., ap using the identity
1 o5

J.21 a1 =—+ -2,

(J.21) j e T

equivalent to a; = jaj_1 — 1/e, which follows by integration by parts of fol tle t dt.
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If we sum the series (J.7) for 7, over 1 < k < 20 and either sum the series (J.18) as
described above or have Mathematica numerically integrate (J.8), with m = 2, to high
precision, we obtain

(J.22) ~ =~ 0.577215664901533,

which is accurate to 15 digits.

We give another series for . This one is more slowly convergent than the series in (J.7)
and (J.18), but it makes clear why = exceeds 1/2 by a small amount, and it has other
interesting aspects. We start with

s 1 e 1 1
J.23 =N, = = — a@w_ 2 (1 —>.
(J.23) o ;7 T =~ /n = —log(l+ -

Thus -, is the area of the region

1 1
J.24 O =Ly n<r<ntl, =< g—}.
(7.24) {@yim<e<ntl, S <y<s

This region contains the triangle T, with vertices (n,1/n), (n+1,1/n), and (n+1,1/(n+1)).
The region Q,, \ T;, is a little sliver. Note that

1/1 1
2 A Tn = 577, =5\=-— )
(J.25) rea 2<n n-l—l)
and hence
(J.26) 535‘—1
. n:1 n — 2'
Thus
1
(J.27) 7—5=(71—51)+(72—52)+(73—53)+"'-
Now
3
(J.28) M~ 0= —log2,

while, for n > 2, we have power series expansions

1 1 n 1
Tn =535 7 33 4
(7.29) 2n 3n 4n
1 1 1
671 = — + — e

2n2  2n3  2n4



279

the first expansion by log(1+ z) = 2 — 22/2 + 23/3 — - - | and the second by
1 1 1
(:30) 2n(n+1) 2n214 2
and the expansion (1+2)"! =1 — 2+ 2% — ... Hence we have
1 1 1 1 1 1 1
S R RICE ) oL SEREL) L A
(J:31) Tmg=mm(5g) g
n>2 n>2
or, with
1
(J.32) Cth)=>_ —
n>1
we have
1 3 1 1 1 1
(133 v-5=(7-le2)+(3-3)k@-1-(5- 7)€@ -1+,

an alternating series from the third term on. We note that

3
+ —log2 ~ 0.0568528,

[¢€(3) — 1] =~ 0.0336762,
(J.34)
[€(4) — 1] =~ 0.0205808,

—_
O|C'°.J>|H®|»—t

[¢(5) — 1] ~ 0.0110783.

The estimate

1 —k * Lk
(J.35) Zm<2 +/2 e Fdx
n>2
implies
11 L
(J.36) 0< (5 - E) C(k) — 1] < 2%,

so the series (J.33) is geometrically convergent. If k is even, ((k) is a known rational
multiple of 7%. However, for odd k, the values of ((k) are more mysterious. Note that to
get ((3) to 16 digits by summing (J.32) one needs to sum over 1 <n < 10%. On a 1.3 GHz
personal computer, a C program does this in 4 seconds. Of course, this is vastly slower
than summing (J.7) and (J.18) over the ranges discussed above.
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K. Rapid evaluation of the Weierstrass gp-function

Given a lattice A C C, the associated Weierstrass p-function is defined by

(K.1) p(z;A) = 1 + Z (ﬁ — %)

This converges rather slowly, so another method must be used to evaluate p(z; A) rapidly.
The classical method, which we describe below, involves a representation of @ in terms of
theta functions. It is most conveniently described in case

(K.2) A generated by 1 and 7, Im7 > 0.

To pass from this to the general case, we can use the identity

1 z
K.3 sal) = — (—;A).
(K.3) plzian) = (>
The material below is basically a summary of material from §32, assembled here to clarify
the important application to the task of the rapid evaluation of (K.1).
To evaluate p(z; A), which we henceforth denote p(z), we use the following identity:

¥1(0) ¥2(2)\2
(K.4) p(z) =e1 + (19;(()) 1;(2)) :

See (32.20). Here e; = p(w1/2) = p(1/2), and the theta functions ¥;(z) (which also
depend on w) are defined as follows (cf. (32.6)—(32.10)):

o0

D) =i 3 (1,

n=—oo

9a(z) = Y pPrlgn TR

(K.5) .
'193(2) _ Z anan,
194(,2)2 Z ( 1)”]?2”(]”2.
Here

(K6) p = ewiz, q= eﬂ"i’r’
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with 7 as in (K.2).
The functions ¥; and 95 appear in (K.4). Also ¥3 and 9, arise to yield a rapid evaluation
of ey (cf. (32.33)):

3
Note that (d/dz)p?"~! = 7i(2n — 1)p?>*~! and hence

(K7) €1 [193 (0)4 + 194(0)4] .

(K.8) 9,(0) = —7 f: (—1)"(2n — 1)g"—1/2)",

n=—oo

It is convenient to rewrite the formulas for ¥ (z) and 92(z) as

Y1(z) =i z:(—l)”q(7"0*1/2)2 (p2n71 . plfzn%
(K.9) :O:l
2
792(2) = Z q(n_1/2) (p2n—1 _i_p1—2n).
n=1

also formulas for 9] (0) and 9,(0), which appear in (K.4) and (K.7), can be rewritten:

91(0) = =27 ) (=1)"(2n — 1)g" =127,
n=1

192(0) -9 Z q(n—1/2)2

(K.10) =t

93(0)=1+2) ¢",
n=1

94000 =142 (-1)"¢"
n=1

Rectangular lattices

We specialize to the case where A is a rectangular lattice, of sides 1 and L, more
precisely:

(K.11) A generated by 1 and iL, L >0.
Now the formulas established above hold, with 7 = iL, hence

(K.12) g=e "
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Since ¢ is real, we see that the quantities ¥](0) and ¥;(0) in (K.10) are real. It is also
convenient to calculate the real and imaginary parts of ¥;(z) in this case. Say

(K.13) z =u+ v,
with v and v real. Then
(K.14) pPnTl = g (@n-Dm [cos(2n — 1)mu + isin(2n — 1)mu].

We then have

Reli, () = 30 (g0 o 0 aon
(K.15) ;”1
Im “91 Z (n 1/2)2[ (2n—1)mv + 67(27171)#11] Sin(2TL _ 1)7ru
n=1
and
Re 0z EZIQ“11/”2[<2" Dy e=@n=Dm] cos(2n — 1)mu
(K.16) "
Im 192 Z q(n 1/2)2[ 2n—1)mv _ 6—(2n—1)7rv] sin(2n _ 1)7TU,
n=1

We can calculate these quantities accurately by summing over a small range. Let us
insist that

(K.17) —%§u<; —ggv<§,
and assume
(K.18) L>1.
Then
(K.19) q(n—1/2)26(2n—1)ﬂv < e—(n2—3n+5/4)7rL,
and since
1
(K.20) e "< 207

we see that the quantity in (K.19) is

<0.5x107% for n =5,

K.21
( ) <2x107% for n =6,
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with rapid decrease for n > 6. Thus, summing over 1 < n <5 will give adequate approxi-
mations.
For z = u + v very near 0, where 1; vanishes and @ has a pole, the identity

1 (192(0) 191(2))2’

(K-22) o2 — e~ \95(0) da(z)

in concert with (K.10) and (K.15)—(K.16), gives an accurate approximation to (p(z)—e1)™1,
which in this case is also very small. Note, however, that some care should be taken in
evaluating Re(—iv;1(z)), via the first part of (K.15), when |z| is very small. More precisely,
care is needed in evaluating

(K.23) ek _eThT ok =92n—1¢€{1,3,5,7,9},

when v is very small, since then (K.23) is the difference between two quantities close to 1,
so evaluating e*™ and e *™ separately and subtracting can lead to an undesirable loss of
accuracy. In case kK = 1, one can effect this cancellation at the power series level and write

j
(K.24) e =2 Y (@') .
j>1,0dd J:

If |7v| < 1072, summing over j < 7 yields substantial accuracy. (If |rv| > 1072, separate
evaluation of €*™ and e~*™ should not be a problem.) For other values of k in (K.23),
one can derive from

(K.25) (" =) =(z -1+ 1)

the identity
k—1

(K.26) ekﬂ'v N e*k‘ﬂ’v _ (67711 . 6771'11) Z 6(2£7(k‘*1))7ﬂ),
£=0

which in concert with (K.24) yields an accurate evaluation of each term in (K.23).

REMARK. If (K.11) holds with 0 < L < 1, one can use (K.3), with a =iL, to transfer to
the case of a lattice generated by 1 and i/L.
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analytic continuation, 85
argument principle, 135

arc length, 43

Arzela-Ascoli theorem, 160, 240
Arithmetic-geometric mean, 223

Bernoulli numbers, 97, 201
binomial coefficient, 37, 40, 134
branched covering, 227

Casorati-Weierstrass theorem, 90
Cauchy integral formula, 56
Cauchy integral theorem, 56
Cauchy-Riemann equation, 24
Cauchy’s inequalities, 62, 108
Cauchy sequence 10, 233

chain rule, 20, 26, 245

compact space, 233

complex differentiable, 20
conformal map, 162

connected, 242

contraction mapping theorem, 242
convolution, 111, 120, 128

cos 43

covering map, 158, 175

derivative, 13, 20, 245
Dirichlet problem, 109, 193
domain

elliptic function, 199, 205
elliptic integral, 206, 217
of first, second, third kind, 220
essential singularity, 90
Euler’s constant, 143, 275
Euler’s formula, 43
Euler product formula, 143
exponential function, 15, 21, 39
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Fatou set, 187

Fourier inversion formula, 114

Fourier series, 98

Fourier transform, 113

fundamental theorem of algebra, 66, 138, 267
fundamental theorem of calculus 13

Gamma function, 141
Gaussian integral, 85, 144
geometric series, 10
Goursat’s theorem, 83
Green’s theorem, 56, 258

harmonic conjugate, 70
harmonic function, 70
Harnack estimate, 193
holomorphic, 20
Hurwitz’ theorem, 138

infinite product, 149
inverse function, 48, 247

Jacobi identity, 120, 154
Julia set, 187

Laplace transform, 125

Laurent series, 93

Legendre duplication formula, 149
lift, 158

line integral, 26

linear fractional transformation, 162
Liouville’s theorem, 65, 193

log, 41, 49

maximum principle, 64, 73
mean value property, 57, 64, 72
meromorphic function, 90
metric space, 233

Montel’s theorem, 160, 186
Morera’s theorem, 80

normal family, 160



open mapping theorem, 138

path integral, 26

pi, 42

Picard’s theorems, 191

Poincaré disk, 263

Poincaré metric, 261

Poisson integral, 109

Poisson summation formula, 120
polynomial, 21, 66

pole, 90

power series, 10, 31

radius of convergence, 12, 31
removable singularity, 89

residue, 129

Riemann functional equation, 155
Riemann mapping theorem, 168
Riemann sphere, 179

Riemann surface, 181, 226
Riemann zeta function, 153
Rouché’s theorem, 137

Schwarz lemma, 65

Schwarz reflection principle, 80, 109
sec, 45

simply connected, 63, 74, 158, 168
sin, 43

spherical derivative, 183

star shaped 60

surface, 250

tan, 46
theta function, 211

trigonometric functions, 39
torus, 181, 201

Weierstrass approximation, 269
Weierstrass p-function, 199, 205
winding number, 136
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