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CHAPTER

1

Rudiments of complex analysis

We begin by recalling some standard definitions and notations. Throughout this book
the complex plane will be denoted by C. Every z € C has a unique representation of
the form z = x + iy in which x, y € R and i is the imaginary unit, so i* = —1. We call
x and y the real and imaginary parts of z and we write

x=Re(2) and y=1Im(z).
The complex conjugate of z is the complex number defined by
Z=x—iy.
The relations
Re(z) = %(z +2) and Im(z) = %(z —2)

are easily verified. Note that ze R if and only if z =Z.
The absolute value (or modulus) of z= x + iy is the non-negative number

|z| = /%% + y2.

Evidently |z| > 0 if and only if z 7 0, and the relation
12| =2z

holds.

If z #0, the complex number z/|z| has absolute value 1 and can be represented
by the complex exponential e = cos @ + isin @ for some 6 € R, called an argument
of z, which is unique up to addition of an integer multiple of 27. The expression

z=|z| e

is called the polar representation of z.
We will reserve the following notations for the open disk of radius r centered at p
and the unit disk centered at the origin:

D(p,r)={z€C:|z—p| <1} D=ID(0,1).
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2 1 e Rudiments of complex analysis

Unless otherwise stated, when we write z = x + iy we mean x, y are real, so x = Re(z)
and y =1m(z). Similarly, for a complex-valued function f, when we write f = u 4+ iv we
mean u, v are real-valued, so u=Re(f) and v=1Im(f).

1.1 What is a holomorphic function?

Our point of departure is the notion of complex differentiability which is fundamental
to everything that follows.

DEFINITION 1.1. Suppose f is a complex-valued function defined in an open
neighborhood of some p € C. We say f is (complex) differentiable at p if the

e f@) —f(p)
/ . z2)—Jp
=lim———~
S 25p z—p
exists. The number f'(p) is called the (complex) derivative of f at p.

As usual, differentiability implies continuity. In other words, if f'(p) exists, then f
is continuous at p:

. L f@—fe)
lim £ = f(p) =lim =~ (2= p) =f(p) - 0=0.

—

The basic rules of differentiation that we learn in calculus hold for complex
derivatives.

THEOREM 1.2.

(i) Suppose f and g are differentiable at p. Then the sum f + g and the product f g
are differentiable at p and

(f+2'®=f® +£ @
(f9'®) =1 P)gp) +fP)g (p)-
Moreover, if g(p) # 0, the quotient f /g is differentiable at p and

<[ ) () =L D8O ~F D) ®)
QP>

(ii) Suppose g is differentiable at p and f is differentiable at g(p). Then the composi-
tion f o g is differentiable at p and the “chain rule” holds:

(fog)'®=f(gp) g P
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1.1 e What is a holomorphic function?

The assumption g(p) # 0 in (i) combined with continuity of g at p implies that g
is non-zero in an open neighborhood of p, so the quotient f /g is well defined in that
neighborhood.

Proor. (i) The results for the sum and product are easy to prove. For the quotient
rule, first consider the special case where f =1 everywhere. Writing

1 1

82 ¢p)_ g —gp) 1
z—p z—p  g@gp)
letting z — p, and using continuity of g at p, we obtain (1/¢)'(p) =—g¢'(p)/ (g(p))z_

The quotient rule now follows from this and the product rule applied to f /g=1-1/g.
(ii) Define

f(W) _f(g(P)) o
I e A OB O T

0 w=g(p).

Then ¢ is continuous at g(p) and the relation

f) =f@@) =(f'@P) +ew) (w—g(p)
holds throughout an open neighborhood of g(p). Setting w = g(z), it follows that

(fo8)(2) = (fo8)(p) — (F (@) +e(g(eyy) E2—8®) 8() —g(p)
z=p zZ=p
As z— p, g(z) — g(p) by continuity, so £(g(z)) — 0. Hence the right side tends to
f &g p. O

EXAMPLE 1.3 (Polynomials). It is immediate from the definition that the identity function
f(2) =z is differentiable everywhere and f'(z) =1 for all z. By repeated application of Theo-
rem 1. 2(1) it follows that every polynomial f(z) = Zi:o a, z" is differentiable everywhere and
)= Zn | na, 2" forall z.

EXAMPLE 1.4. The smooth function f(z) = zZ = |z|? is complex differentiable only at the origin.
In fact, for z # 0,

fo+2—f®) _p+20+D—pp_ 2 5.
z z z
But z/z does not have a limit as z— 0, since z/z =1 if z is real while z/z = —1 if z is purely imag-

inary. It follows that the right side of the above equation has a limit as z— 0 if and only if p =0,
and that f/(0) =0

Under the canonical isomorphism C — R? given by z=x+ iy (x, ), every
complex-valued function f =u 4 iv can be identified with the map into the plane
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1 e Rudiments of complex analysis

R? given by f(x, y) = (u(x, ), v(x, y)). To understand the relation between the com-
plex derivative of f as defined above and the real derivative of f as a map into the
plane, let us first introduce a few useful notations. The partial differentiation opera-
tors d/dx and d/dy acting on smooth real-valued functions can be naturally extended
to complex-valued functions. Explicitly, if f = u + iv, we set

af a 0 af o 0
(1.1) of _ou o of _ou_ L ov

ox 0x 0x dy Oy dy
For complex-variable computations, it will be convenient to introduce two new
differential operators defined by

) UNLLY) E(LLY),

dz 2 \0x Oy dz 2 \odx 0y
SO
a ad 0 0 0 d
ox 0dz 0z dy 9z 0z

It is important to keep in mind that the operators d/0z and 9/0dz are not defined as
partial differentiation with respect to z and z. After all, z and z are not independent
variables!

EXAMPLE 1.5. By the definition (1.2),

Lo (Loil)arim=1  Le=:(2-il)@-i=o0
dz 2 \ox 18y Y= dz 2 \ox 18}/ Y=
9 1/8 .9 9 1/ .0

— = - | — | — y) = —(Z2)=-| — | — —1iy)=1.
T 2<8x+18y)(x+ly) 0 T 2<8x+18y)(x )

Since it is easy to verify the product rule for 3/9z and 9/9z (see problem 3), it follows that these
linear operators act on polynomials in z and z in the following way:

0 . o 0 . c
e OOEE B 3 Y D B o
2k I 2k ik

Observe that these are the answers we would have obtained if we had taken “partial derivatives”
with respect to z and z.

EXAMPLE 1.6. The operators d/9z and 9/0z act on log |z| as follows:

81 E 1/9 0 log( +2) 1 x—iy 1
—loglz|=~ | — —i— | log(x - 7 _
oz °® 4\ox 9y 8 7 2x24y2 2z
a 1/9 a 1 x+iy 1
—1 = — | — i— ) 1 2 2 == == —.
5z o8ldl=4 <ax+’ay> B HY)=S o T %
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1.1 e What is a holomorphic function?

If we write log |z| as % log(zz) and take “partial derivatives” with respect to z and z, we obtain

f 1z 1 of 1z 1

—>

0z 2zz 2z 9z 2zz 2z

which agree with the previous computations.

In both of the above examples, we could formally consider z and z as independent
variables and compute df /dz and df /0z by “partial differentiation” with respect to the
corresponding variable, pretending the other is fixed. Such formal computations are
not totally meaningless and in fact there are practical situations where their legitimacy
can be justified. We will provide such a justification at the end of this section.

We continue identifying f = u + iv with the map into the plane given by f (x, y) =
(u(x, y), v(x, y)). By definition, this map is real differentiable at p if there is a neces-
sarily unique linear map Df (p) : R? — R2, called the real derivative of f at p, such

that
lim | f(p+ (x,») —f(p) — Df(p)(x, )|l _
(x,)—(0,0) I Ce |

0.

Here ||(x, y)|| = /x? + y? is the Euclidean norm which agrees with the absolute value
of x+ iy as a complex number. Equivalently, we can express this condition as the
first-order Taylor approximation formula: For all (x, y) € R? sufficiently close to the
origin (0, 0),

(1.4) Fp+ &) =)+ Df(p)(x.y) +e(xy),

where the “error term” e(x, y) satisfies ||e(x, Y)||/[|(x, »)|| = 0 as (x,y) — (0,0). It is
easy to see that in the standard basis of R?, the linear map Df (p) is represented by the
2 x 2 matrix of partial derivatives

au() Bu()
ap a—yP

(15) Dfp)=|

®» )
0x P dy P
For convenience, let us use the subscript notation for our differential operators.

thus f f f f
0 0 0 0
fx—a; ﬁ/—@) _fz—a_z) _fz—a_2

Suppose f has a real derivative at p so (1.4) holds. Using the matrix (1.5) for Df (p),

we see that
ux(p) uy(P) X x”x(P)"‘)’uy(P)
D S = = 5
/pey) L(p) vy(p)} u [xvx(P)ervy(P)}

which by (1.1) and (1.3) can be identified with the complex number
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1 e Rudiments of complex analysis

(xux(p) + yuy(p)) + iCxvx(p) + yvy(p)) = xfi(p) + yf,(p)
1 1
= E(Z +2)(f(p) +fz(p)) + E(Z —2)(f(p) — fz(p))
=zf,(p) +zfz(p).

Hence, in our complex-variable notation the Taylor formula (1.4) reads
(1.6) fo+2)=fp)+2f(p) +2fz(p) +£(2),
where €(z)/z— 0 as z— 0. If f;(p) =0, we obtain

flp+2 —fp) &(2)
Z

Zz

=f(p) +

Letting z — 0, it follows that the complex derivative f’(p) exists and is equal to f;(p).
Conversely, suppose f'(p) exists, so

fo+2)=fp)+f (p)z+e(2),

where £(z)/z — 0 as z— 0. Then the complex multiplication z > f’(p)z, viewed as
a linear map R? — RR?, satisfies the condition (1.4). Hence the real derivative Df (p)
exists and Df (p)(x, y) can be identified with f'(p) - (x + iy). If f'(p) = « + iB, we have

') - (x+iy) = (ax— By) + i(Bx + ay),

which shows Df (p) is represented by the matrix

o

_|o B
(1.7) Df(p)—{ﬂ ]

Comparing with (1.5), we see that o =u,(p) =v,(p) and B = —u,(p) =vx(p). In
particular,

1 1
L) = E(fx(p) +ify(p) = 5((0{ +ip) +i(—B +ix)) =0.

Let us summarize our findings in the following

THEOREM 1.7. For a given complex-valued function f =u+ iv defined in an open
neighborhood of p € C, the following conditions are equivalent:

(i) The complex derivative f'(p) exists.
(ii) The real derivative Df (p) exists and

fz(p) =0.
(iii) The real derivative Df (p) exists and

ux(p) = Vy(P) uy(P) = —vx(p).
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1.1 e What is a holomorphic function?

Under any of these conditions, we have

F'®) =£p) =fp) =—if,(p).

EXAMPLE 1.8. The polynomial f(z) = z2 = (x? — y*) + i(2xy) has the complex derivative f' (z) =
2z for all z. Furthermore,

fr=2x+i2y=2z h=—2y+i2x=i2z
fz=22 f:E:O)

which are consistent with Theorem 1.7.

EXAMPLE 1.9. Consider the continuous function f : C — C defined by f(z) = z°/|z|* for z# 0
and f(0) = 0. Write f = u + iv, where for (x, y) # (0, 0)

x° —10x3y% 4 5xp* y° —10x%y° + 5xty

Hp = (2 +y%)? and - vloy) = (x2 +y2)2
and u(0,0) =v(0,0) =0. Thus
> 0 0’
00 =lim "2 1 and 0,0 = lim 282 4
x—0 X y—=0 y
and similarly
0) 5 0
uy(0,0) = lim w0y =0 and v(0,0) = lim v%0) =0,
y—>0 y x—0

so the pair of conditions in Theorem 1.7(iii) holds. However, the complex derivative f'(0) does not
exist since
f@_(zY
z |z|

does not have alimit as z— 0. For example, this quotient tends to 1 when z tends to 0 along the real
line, while it tends to —1 when z tends to 0 along the line Re(z) = Im(z). Note that this example
does not contradict Theorem 1.7 since Df (0) does not exist.

Here is another important observation: Suppose f'(p) =« 4 i8 so Df (p) has the
matrix form (1.7). If ' (p) # 0, then det(Df (p)) = a* + B2 > 0, which means Df (p) is
orientation-preserving. Moreover, the matrix (1.7) can be decomposed as

o —p
Df () = Vot + B2 0 Var+pr o+ p2
pP)= 0 Vo2 + p? p o
Vai+ 2 a4 p2

Geometrically, this is a rotation by the angle arccos(a/+/a? + B2) about the origin,
followed by a dilation by the factor /a2 + 2. Alternatively, the action of Df (p) can
be identified with the complex multiplication by f’(p), which amounts to a rotation
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8 1 e Rudiments of complex analysis

Coined by Cauchy’s
students C. A. Briot and

J. C. Bouquet,
“holomorphic” comes from
the Greek 0Ao¢ (whole) and
wopen (form). According
to R. Remmert, the
widespread adoption of the
notation & for holomorphic
appears to have been purely
accidental.

The Cauchy-Riemann
equations had been studied
earlier in the 18th century
by dAlembert and Euler.

by the argument of f’(p) followed by a dilation by the factor | f'(p)|. This geometric
description shows that Df (p) is an angle-preserving linear transformation in the sense
that the angle between any two non-zero vectors vy, v; is the same as the angle between
their images Df (p)v1, Df (p)v2. Such linear maps are often called conformal because
they preserve shapes (but not necessarily scales).

COROLLARY 1.10. Suppose f has a non-zero complex derivative at p € C. Then the
real derivative Df (p) :R?> — R? is an orientation-preserving conformal linear trans-
formation.

For several alternative characterizations of conformal linear transformations in
dimension 2, see problem 9. We will return to the issue of angle preservation in
chapters 4 and 6.

DEFINITION 1.11. Let U C C be non-empty and open. A function f: U — C is
called holomorphicin U if ' (p) exists for every p € U. The set of all holomorphic
functionsin U is denoted by &'(U). Elements of &'(C) are called entire functions.

It follows from Theorem 1.2 that sums, products, and compositions of holomor-
phic functions are holomorphic. In particular, pointwise addition and multiplication
of functions make &'(U) into a commutative ring with identity.

EXAMPLE 1.12 (Ratios). By Theorem 1.2(i), if f,g € O(U) and g #0 in U, then f/g € O(U).
An important example is provided by rational functions: If f and g are polynomials in z, g not
identically zero, and if py, ..., p, are all the roots of the polynomial equation g(z) =0, then the
rational function f /g is holomorphic in C\ {py, ..., pu}.

The following is an immediate corollary of Theorem 1.7:

THEOREM 1.13. Suppose f = u + iv is real differentiable as a map U — R%. Then f €
O(U) if and only if

(1.8) fz=0,

or equivalently,
(1.9)

Uy ="y and Uy = —Vy

throughout U. In this case,

f'=f=f=—i,.

The pair of equations (1.9) are classically known as the Cauchy-Riemann equa-
tions. The equivalent form (1.8) is called the complex Cauchy-Riemann equation.
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1.1 e What is a holomorphic function? 9

EXAMPLE 1.14. The exponential function exp : C — C defined by
exp(z) = ¢ = e e = e*(cos y + isin y)

is entire. In fact,

a ; a ; a
—exp=ec‘e” and —exp=iefe?, so —exp=0.
ox ay 0z

It follows that

exp = 5, SXP=exp.

The basic identity
exp(z + w) =exp(z) exp(w) forz,we C

can be proved as follows: Fix w and set f(z) = exp(z + w). By the chain rule, f'(z) = exp(z + w) =
f(2). Since exp # 0, the ratio g=f/ exp is entire and g’ =0 everywhere by the quotient rule. It
follows that g is a constant function (this can be seen, for example, by noting that g’ = 0 implies
that the real and imaginary parts of ¢ have vanishing partial derivatives in the plane, hence are
constant). Since g(0) = exp(w), we conclude that g(z) = exp(z + w)/ exp(z) = exp(w) for all z, as
required.

EXAMPLE 1.15. Let ¢:[0,1] — [0, 1] be a Cantor function, i.e., a continuous non-decreasing

function which satisfies ¢(0) =0, ¢(1) =1, and ¢’ =0 a.e. (the graph of such ¢ is often called  Asis customary, “a.e” is

€1 a s » i short for “almos

a “devil’s staircase”). Extend ¢ to a map R — R by setting ¢(x +n) = ¢(x) +n for 0 <x <1 and szlr;w;)}fe;mt%jt is, outside

neZ. Deﬁnef: C—>C by a set of Lebesgue measure
flx+iy) =x+i(y + (). zero.

Then f is a homeomorphism, with f; =1 and f, =i; hence f, =1 and f; =0 a.e. on C. However,
f is not holomorphic since ¢’, and hence f,, fails to exist everywhere. This does not contradict
Theorem 1.13 because f is not real differentiable.

REMARK 1.16. The implication f; =0 == f € /(U) holds under much weaker con-
ditions than real differentiability in Theorem 1.13. For example, a generalization of a
classical theorem of Looman and Menshov asserts that if f : U — C is continuous, f;
and f; exist outside a countable set in U, and f; =0 a.e. in U, then f € (U) [GM].
Another well-known result of the same flavor is “Weyl’s lemma” which is important
in the theory of quasiconformal maps (see [A3]).

We end this section with a brief justification for computing f, and f; as partial
derivatives. Suppose F(z,w) is holomorphic in each variable near a point (p,p) €
C x C. This means there is an r > 0 such that z+> F(z, w) is holomorphic in D(p, r)
for each fixed w e D(p, r) and w> F(z, w) is holomorphic in D(p, r) for each fixed
zeD(p,r). Set z=x+iy and w=s+it. Then F, viewed as a function of the four
real variables (x, y, s, t), can be shown to be real differentiable. Consider the function
f(z) =F(z,z) = F(x, y,x, —y) which is defined in some neighborhood of p. Using the
symbol D;j for partial differentiation with respect to the j-th variable, we apply the

For general queries, contact webmaster@press.princeton.edu
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1 e Rudiments of complex analysis

chain rule to obtain
fx:D1F+D3F and fy=D2F—D4F,

where the left sides of these equations are evaluated at z and the right sides are
evaluated at (z,z) = (x, y, x, —y). This gives

fo=31(fe —if,) = L(D1F — iDyF) + L (DsF + iD4F)
s = L(fu +if,) = L(D1F +iDyF) + L (DsF — iDy ).

Denote by D,F and D, F the complex derivatives of F with respect to each variable
when the other is kept fixed. Then (D F — iD,F)/2 = D,F and D3F + iD4F = 0 since
F is holomorphic in w. Similarly, (DsF — iD4F)/2 = D,,F and D,F + iD,F =0 since
F is holomorphic in z. It follows that

f.=D,F and fz=D,F.

This means f, and f; are obtained by taking the partial derivatives of F(z, w) with
respect to z and w, respectively, and then substituting w =z.

In Example 1.5, this result can be applied to the polynomial function F(z, w) =
Zj,k ajk 2wk to justify the given formulas. In Example 1.6, it can be applied to
F(z,w) =log(zw) which, as we will see in chapter 2, has well-defined holomorphic
branches in each variable in a small neighborhood of (p, p) provided that p # 0.

1.2 Complex analytic functions

For every p € C and every sequence {a,};2, of complex numbers, we can form the
power series

(1.10) > an(z—p)"
n=0

in the complex variable z. Such series provide an abundance of examples of holo-
morphic functions and play a central role in complex analysis, especially the classical
function theory according to Weierstrass. For now, the basic fact that we need to know
(or remember) is that each power series (1.10) has a disk of convergence about p char-
acterized by the property that it converges within this disk and diverges outside of it.
Moreover, we can effectively compute the radius of this disk once we know the coef-
ficients a, or merely their asymptotic behavior as n — oo. This fact is stated more
precisely in the following

THEOREM 1.17 (Cauchy, 1821). Consider the power series (1.10) and define

(1.11)

1
R=- €10, 4+o0].
limsup,,_, o /lax]
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1.2 @ Complex analytic functions

Then (1.10) converges absolutely and uniformly in the disk D(p, r) for every r < R and  This resultis also attributed

diverges at every point z with |z — p| > R.

The number R is called the radius of convergence of the power series (1.10).
Observe that the possibilities R =0 or R = +00 have not been excluded.

Prook. First consider the power series inside the disk of radius R. If R =0 there
is nothing to prove, so assume R > 0 and let 0 < r < s < R. The definition of R shows
that there is an integer N > 1 such that |a,|s" <1 forall n> N.If |z — p| <, then

oo oo (0,¢] n oo n
n n n
ay||z—pl" < ay|r' = as<—>< (—)

D lanllz=p"< Y lanl " =3 lanl s () =30 (5

n=N n=N n=N n=N
Since r/s < 1, the far right geometric series converges, which proves that the power
series converges absolutely and uniformly in D(p, r).

Now consider the power series outside the disk of radius R. If R = +00 there is

nothing to prove, so assume R < 400 and let r > s > R. The definition of R shows that
there is an increasing sequence S of positive integers such that |a,|s" > 1 foralln e S.

If |z — p| =7, then
anlle=pl"=laal " (1) > ()"

whenever n € S. Since /s > 1, it follows that the power series diverges since its general
term fails to converge to zero. O

The behavior of power series on the circle of convergence |z — p| =R is much
more subtle. In fact, no general statement similar to Theorem 1.17 can be made for
what should be happening on this circle.

EXAMPLE 1.18. The power series

00 ) o0
" z" z"
PIEED D D Dhn
n n

n=0 n=1 n=1

all have a radius of convergence of 1. The first diverges everywhere on the unit circle 9D since its
general term z" does not tend to zero when |z| = 1. The second converges uniformly on 9ID since
it is dominated by the convergent series Y 1/n2. The third converges at every point of D) other
than 1 (see problem 13).

More on the behavior of power series on the circle of convergence will be
discussed in chapter 10.

DEFINITION 1.19. Let U C C be non-empty and open. We call a function f:
U — C complex analytic if for every disk D(p, r) C U there exists a power series
Y oo an (z— p)" which converges to f(z) whenever z € D(p, r).
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1 e Rudiments of complex analysis

It is a fundamental fact that a function is complex analytic in U if and only if it is
holomorphic in U. The following theorem proves the “only if” part of this statement.
The “it” part, which is more difficult, will be proved in Theorem 1.37.

THEOREM 1.20. Let f : U — C be complex analytic. Then

(i) f € O(U) and f' is also complex analytic in U.

(ii) All higher derivatives f% for k> 1 exist and are complex analytic in U. More-
over, the power series representation of the higher derivatives are obtained by
term-by-term differentiation of that of f, that is, if D(p,r) C U and

(1.12) f(z):ian (z—p)" forzeD(p, 1),
n=0
then the representation
f<"><z>=in<n— D (n—k+1)ay (z—p)"*
n=k
holds in D(p, r).
(iii) The coefficients {a,} of the power series (1.12) are given by
(1.13) an:@ (n>0).

In particular, {a,} is uniquely determined by f, so any power series in z — p which
converges to f in some disk in U centered at p must coincide with (1.12).

PrOOF. Define g(z) = Z;“;l na, (z—p)"~1. Note that by lim,_, &/n=1 and
the formula (1.11), the power series with coefficients {na,} has the same radius of
convergence as the power series with coeflicients {a,}, so g converges in D(p, r). We
will show that for every zp € D(p, 1), f'(zo) exists and is equal to g(zp). This will prove
(i). Evidently, (ii) follows by induction from (i), and (iii) follows from (ii).

After replacing z — p by z, we may assume p =0. Fix zp € D(0,r) and take any
¢ > 0. Choose s such that |zg| < s < r. Since the power series of ¢ converges absolutely
in ID(0, ), we can find an integer N > 2 such that

o0

Z nla,| s <e.

n=N+1
For z # zy in D(0, ), write

Z—20 — Z—20
N 00
_ 2 : § : n—1 n—2 n—1 n—1
n=2 n=N+1

For general queries, contact webmaster@press.princeton.edu



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

1.3 @ Complex integration

The first (finite) sum tends to 0 as z — zy. The second sum has its absolute value
bounded above by Z;“;NH 2nla,| s"! < 2¢ if |z| < s. Hence,

lim sup f—(z) —fz)
0

z— 20 — Z

—8(z0)| < 2e.

Since ¢ was arbitrary, it follows thatlim,_, ;, ( f (z) — f(20))/(z — zp) exists and is equal
to g(zp). ]

EXAMPLE 1.21. The radius of convergence of the power series f(z) =) o ;2" is 1, hence f €
O (D). The formula for the sum of a geometric series shows that in fact f(z) =1/(1 — z). Term-by-
term differentiation of this power series, which is legitimate by Theorem 1.20, yields other useful
formulas. For example, it follows that

o0 !/
p— 1—z (1-22%

)
o0
" z
Y=l
—~ (1—2)2

Differentiating once more, we obtain

o 2 n1 z \ 14z
2 _(a—zﬂ) Ta-a

SO

o0
z(1+z
E n? " = (1+2) for |z| < 1.
n=1 (1—2)3

Continuing inductively, we can find closed expressions (as rational functions in z) for the power

series Y -, nP z" in the unit disk for every positive integer p.

EXAMPLE 1.22. Since lim;,~ 1/ Jn! is easily seen to be 0, the radius of convergence of the
power series f(z) =2 z"/n! is +00. Hence, by Theorem 1.20, f is an entire function with
f(0) =1, and term-by-term differentiation gives f" =f. The exponential function exp defined in
example 1.14 also satisfies exp(0) =1 and exp’ = exp. It follows that the ratio g = f/ exp is entire,
g(0) =1, and ¢’ =0 everywhere by the quotient rule, which shows g is the constant function 1.
Thus, we arrive at the following alternative formula for the exponential function:

o0 Zn
exp(z) = Z ) forallze C.
n=0

1.3 Complex integration
We now turn to integration of complex-valued functions along curves. Our standing
assumption in this section is that all curves are piecewise smooth. This regularity

assumption greatly simplifies the arguments but it is not essential, as one can fashion

For general queries, contact webmaster@press.princeton.edu

13



14

© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

1 e Rudiments of complex analysis

a definition to allow more general curves such as those that are merely rectifiable.
However, such generalizations are not worth the extra effort: The integration theory
we are about to develop will be applied almost exclusively to holomorphic functions
and such integrals, as we will see in chapter 2, depend only on the “homology class” of
the curve. This means the integral along an arbitrary curve (rectifiable or not) can be
defined as the integral along any piecewise smooth curve in the same homology class.
Thus, one can ultimately arrive at the most general definition using only the special
case treated here.

Let U C C be a non-empty open set. A curve in U is a continuous map y :
[a,b] — U, where [a,b] ={t € R:a <t <b}. We call y(a) the initial point and y (b)
the end point of y. For simplicity we often say that y is a curve from y (a) to y (b).
y is a closed curve if y(a) =y (b). We denote by |y| the image of y as a subset
of C, that is, |y|={y(t): t € [a, b]}. We say y is piecewise C' if there is a partition
a=ty<t) <---<t,=Db such that for each 1 <k <mn, y is continuously differen-
tiable in the open interval (fx_j,x), and the one-sided limits limt_)t;i1 y'(t) and

limt_)t; y'(t) exist.
Throughout this section we will assume that all curves are piecewise C', even if it is
not explicitly mentioned.

DEFINITION 1.23. Let y : [a,b] - Cbeacurveand f: |y| — C be a continuous
function. The integral of f along y is the complex number defined by

b
(1.14) /f(Z) dZ=/ flr@)y'@) dt.
y a

Here y’ = dy /dt is defined at all but finitely many points of [, b].

By writing f = u 4+ iv and y (t) = x(t) + iy(t), and separating the real and imagi-
nary parts, we see that the integral in (1.14) can be written in terms of a pair of classical
“line integrals” along y:

(1.15) /f(z)dz:/(udx—vdy)—l—i/(vdx—l—udy).
Y Y Y

It is easy to see that the right side of (1.14) remains unchanged if we reparametrize
y. In fact, if ¢ :[c,d] — [a,b] is a C! orientation-preserving homeomorphism and
n =1y o ¢, then by the change of variable formula in calculus,

d d
f f®)n'(t)dt = / Flr )y (p) ¢'(t) dt

b
=/ fr () y'(s)ds.
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In particular, the domain of y can always be chosen to be the unit interval [0, 1] by
precomposing it with an affine map, namely by considering the reparametrized curve
t+— y((1 —t)a+ tb) instead.

Given y :[0,1] — C, the reverse curve y~ :[0,1] — C is defined by y ~(¢) =
y (1 —t). Since

1 1
/(;f(y_(t)) ()/_)/(t)dtz—/0 fyQ—1)y' (1—t)dt

1
= fo fy @)y @ dt,

we see that

f f(z)dz=—/f(z)dz.
Y- Y

There is an obvious way of combining two curves whenever the end point of one
is the initial point of the other: If y,7:[0, 1] — U are curves such that y (1) =1(0),
we can define the product y .1 :[0,1] — U by

y(21) te0,1/2]

(y-m@®)= in(Zf— 1) te[1/2,1].

This amounts to first traveling along y and then along 7, both with twice the usual
speed so as to finish the journey in unit time. The additivity property of the integral
shows that the relation

(1.16) f f(z)dz:/f(z)dz+/f(z)dz
Yl % ]

holds for every continuous function f : |y | U [n]| — C.
Closely related to the complex integral is the notion of the line integral of
f:U— C, viewed as a scalar function, as one learns in calculus:

1
(1.17) ff(Z) IdZIZ/O fr@) 1yl dt.
Y

For example, the case f =1 gives

1
/ldz|=/ Iy’ (1) dt.
y 0

This is by definition the length of y for which we use the notation length(y). It is

evident that
/ f(z)dz
%

5/ f(2)] Idel.
Y
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1 e Rudiments of complex analysis

>
[p, 4] oT T(p,r)

Figure 1.1. Three basic curves that frequently arise in complex integration. From left to right: an
oriented segment, the oriented boundary of a triangle, and an oriented circle.

This proves the following useful inequality which we will frequently invoke when
estimating integrals:

(1.18) < sup | f(z)|-length(y).

zely|

/f(z) dz
Y

If we denote the supremum of |f| on |y| by M and the length of y by L, then
(1.18) reads | fy f(z) dz] < ML. This is why (1.18) is informally referred to as the
ML-inequality.

EXAMPLE 1.24 (Oriented segments). For p,q e C, let [p,q] denote the oriented line segment
traversed once from p to q (see Fig. 1.1 left). We take y :[0,1] — C defined by y (t) =(1 —1)
P+ tq as the standard parametrization of [p, q]. In the interest of simplifying our notations, we
often denote the image |y| by [p, q] as well. Thus, for any continuous function f : [p, g] = C,

1
f(z)dz:(q—p)/ f((1—1tp+1tq) dt.
(P4l 0

Note that f[ o] f(2)dz=— f[P, q f(2) dz since [q, p] is the reverse of [p, q].

EXAMPLE 1.25 (Oriented triangle boundaries). Let T be the closed triangle with vertices 4, b, ¢
labeled counterclockwise. We use the notation T'= Aabc, so Aabc = Abca = Acab. By definition,
the oriented boundary 9T is the product ([a, b].[b,c]) . [c, al, that is, the closed curve obtained
from the segment [a, b], followed by [b, c], followed by [c, a] (see Fig. 1.1 middle). Again, to sim-
plify notations, we denote the corresponding subset of the plane by 0T as well. By (1.16), for any
continuous function f: 0T — C,

/ f(z)dz:/ f(2) dz—l—f f(z)dz+ f(z) dz.
aT [a,b] [byc] t

c,al

EXAMPLE 1.26 (Oriented circles). For p € C and r > 0, let T(p, r) denote the oriented circle |z —
p| =rtraversed once in the counterclockwise direction (see Fig. 1.1 right). We take y : [0,27] — C
defined by y (t) = p + re as the standard parametrization of T(p, r), and often denote the image
ly|={z€C:|z—p|=r} by T(p,r) as well (the distinction is easily understood from the context).
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Evidently, for any continuous function f: T(p, r) — C,

2
f(z)dz=ir fp+ re)e' dr.
T(p,r) 0

As a special case, consider a continuous complex-valued function f defined on the unit circle
T =T(0,1). The integral of f as a scalar function can be expressed as a complex integral:

2
; d
fle") de = / f@ =,
0 T 1z
More generally, the Fourier coefficients of f, defined by
A 1 [
fn) = oo fle" e M dt (nez),
0

can be expressed as the complex integrals

The following elementary observation will be useful:

LEMMA 1.27 (Continuous dependence on vertices). Let f : U — C be continuous and
T = Aabc be a closed triangle in U. Then, for every & > 0 there exists a § > 0 such that
ifla—d|, |b—"'|, and |c — (| are all less than &, then T' = Aa’b/c C U and

/f(z)dz—/ f(z)dz
aT AT

Prook. Since the integral along the oriented boundary of a triangle is the sum of
three integrals along oriented segments, it suffices to prove continuous dependence
for oriented segments. Fix [a, b] C U and let V be any open neighborhood of [a, b]
whose closure V is a compact subset of U. Given & > 0, use uniform continuity of f
on Vtofind0 < § < e suchthat|f(z) — f(w)| <& wheneverz,w € Vand |z — w| <.
We can also arrange that [a/, b'] C V whenever |[a —a'| <8 and |b—b'| < §. Let [d/, V']
be any such segment and note that if y (t) = (1 — t)a+ tb and n(t) = (1 — t)a’ + tv/,
then

<E€.

ly® —nOI<A=Hla—d|+tlb-b| <4,
'O —=n'Ol=1b-a)— ¥ -ad)| <|b—-V|+|a—ad| <25

for all 0 <t < 1. Hence,

1
f(2)dz— ]f(Z) dz| = UO @)y @) —fm@)n'®)] dt‘

‘ [a,b] @b

1
= ‘/0 [(Fr @) = fF@))y' & +f ) (v () —n'(t))]dt'
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18 1 e Rudiments of complex analysis

A primitive is what
students of calculus call
“antidetrivative.”

1 1
S/O If oy () —f(n(@®)] IJ/(t)IdH-/O L) y'®) —n' ()] dt

1 1
slb—alfo If(y(t))—f(n(t))ldt+28/0 ()] dt

<|b—ale+26 sup | f(2)] < (Ib—al +2sup| f(2)]) &,

zeV zeV

which proves the asserted continuity. ]

DEFINITION 1.28. A function F € &' (U) is called a primitive of a continuous
function f: U — Cif F'(z) =f(z) forallze U.

Suppose F is a primitive of f and y :[0,1] — U is a piecewise C' curve. By the
chain rule, the relation (Fo y)'(t) = F'(y (t))y’(t) holds for all but finitely many ¢ €
[0, 1] (see problem 6). Since F'(y (t))y’(t) is piecewise continuous on [0, 1] with at
worst jump discontinuities, the fundamental theorem of calculus shows that

1 1
f flz)dz= /O fy@)y'dt= f F(y@®)y'(t)dt
Y

0
1
:/O (Foy)'(t)dt=F(y(1)) — F(y(0)).

THEOREM 1.29. A continuous function f : U — C has a primitive in U if and only if
/, y f(z) dz=0 for every closed curve y in U.

Prook. First suppose f has a primitive F. If y : [0, 1] — U is a closed curve, then
y(0)=y(1),s0
ff(z) dz="F(y(1)) — F(y(0)) =0.
14

Conversely, suppose f integrates to zero along every closed curve in U. To show f
has a primitive, it suffices to consider the case when U is connected (and therefore
path-connected); the general case follows by applying this case to each connected
component of U. If y, n are two curves in U with the same initial and end points, then
the product y .~ is a closed curve. Hence, by additivity (1.16) and our assumption,

/ £©)dt — / o) de = / £©)de + / fode= [ f)de=o.
Y n Y n- Yn—

Now fix a point p € U. For any z € U use path-connectivity of U to find a curve y in
U from p to z and define

F(Z)=/f(§)d§~
Y
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1.4 e Cauchy’s theory in a disk

By the above remark, the right-hand side is independent of the choice of  and yields
a well-defined function F: U — C. Let us show that F is a primitive of f. Fix zo € U
and choose r > 0 small enough so that D(zy, r) C U. Let z € D(zp, r) and let y be any
curve in U from p to zp. The product y . [zp, z] is then a curve in U from p to z. By
additivity,

o -Fay= [ fode- [ fode= [ fod,
Vl20,2] Y [20,2]
so if z # z,
F(z) — F
) O ey = - [ s

Since f is continuous at zp, for each ¢ > 0 we can find a 0 <§ < r such that | f(¢) —
f(z0)| <& whenever |¢ — zp| <§. Since |z — 29| < § implies [¢ — zp| < & for every ¢ €
[20, z], the ML-inequality (1.18) applied to the right side of (1.19) gives

F(z) = F(z)
Z—20

1
|z — 2ol

whenever 0 < |z — z9| < 8. Thus, F'(zp) exists and is equal to f(z¢). Since zyp € U was
arbitrary, we conclude that F is a primitive of f in U. O

f(Zo)‘ = - ¢ -length([z9,2]) =¢

EXAMPLE 1.30. For every integer n # —1, the power function f(z) = z" has a primitive F(z) =
2" /(n+1). Tt follows from Theorem 1.29 that fy Z"dz=0 if y is any closed curve in the
punctured plane C \ {0} and n # —1, or if y is any closed curve in C and n > 0.

The case n = —1 is completely different: For any r > 0,

1 2 1 i
/ —dz:f —.trie’tdt=2ni;é0.
T(0,r) Z o ré

Note that the result is independent of the radius r. It follows from Theorem 1.29 that the function
z+> 1/z does not have a primitive in any punctured neighborhood of 0.

1.4 Cauchy’s theory in a disk

Our primary goal in this section is to prove that every holomorphic function in a
disk has a primitive. Somewhat surprisingly, all the local properties of holomorphic
functions are consequences of this central fact of Cauchy’s theory. The special case of
a disk will be enough for our purposes here; general domains and global issues will
be dealt with in chapter 2.

According to Theorem 1.29, the existence of a primitive is equivalent to having
vanishing integrals along all closed curves. Convexity of the disk allows us to replace
the latter with something far simpler in terms of triangles.
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20 1 e Rudiments of complex analysis

Goursat’s formulation of
Theorem 1.32 was in fact
more complicated. It was
A. Pringsheim who in 1901
realized it suffices to
consider triangles.

THEOREM 1.31. Let D C C be an open disk and f:D — C be continuous. Suppose
[57.f(2) dz=0 for every closed triangle T C D. Then f has a primitive in D.

PRrOOEF. Let p be the center of D and define
F(z):f f(¢)de for ze D.
[p.z]

We show that F is a primitive of f. Take distinct points zg,z € D and apply the
condition [, f(¢) d¢ =0 to the closed triangle T with vertices p, z, zo to obtain

ro-Fa = [ fod- [ fod=[ e
[P;Z] [P»ZO] [Z(),Z]
The rest of the argument, that is, dividing by z — zp and letting z — 2z to show that
F'(z9) = f(20), is identical to the proof of Theorem 1.29. O

The problem of constructing primitives in D is thus reduced to showing that every
f € O(D) satisfies the triangle condition of Theorem 1.31. If we knew that the deriva-
tive f’ is continuous (which is true but we have not yet proved it), this would be
an easy consequence of Green’s theorem. To see this, suppose f € (D) and assume
f’ is continuous in D. Then the partial derivatives of u =Re(f) and v=1Im(f) are
continuous in D and Green’s theorem together with the Cauchy-Riemann equations
Uy = V), Uy = —Vy shows that for every closed triangle T C D,

/ (udx—vdy):/f(—vx—uy)dxdyzo
aT T

(vdx—l—udy):// (tx — vy) dxdy =0.
aT T

Hence, by (1.15), ;1. f(2) dz=0.

It was Goursat’s key observation that the triangle condition for a holomor-
phic function can be proved directly without any reference to Green’s theorem and
continuity of the derivative.

and

THEOREM 1.32 (Goursat, 1900). If f € O(U), then [,,.f(z) dz=0 for every closed
triangle T C U.

ProoF. Fix a closed triangle T C U and set I = [, f(z) dz. Connect the mid-
points of the edges of T to form four congruent triangles, each having half the
diameter of T. It is easy to see that I is the sum of the integrals of f along the ori-
ented boundaries of these four triangles (see Fig. 1.2). Hence, one of these triangles,
which we call T, satisfies

f(z)dz

1
> —|I].
9Ty 4
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1.4 e Cauchy’s theory in a disk

Figure 1.2. The integral along the oriented boundary of the large triangle is equal to the sum of
the integrals along the oriented boundaries of the four smaller ones because each internal edge is
traversed twice in opposite directions, so its net contribution to the integral is zero.

Replacing T by T} in the above construction and continuing inductively, we obtain a
nested sequence T D T1 D T, D T3 D - - - of closed triangles with the properties

f f(z)dz
aTy
Here “diam” denotes the Euclidean diameter.
The nested intersection (), T}, is a single point p € U. By the assumption, f(p)
exists, so given any ¢ > 0 there exists a § > 0 such that

diam(T,,) = 27" diam(T) and >4 "I.

| f(2) —f(p) —f (p)(z—p)| <e|z—p| whenever |z—p|<3$.
Choose n large enough that diam(T,) < 8. If z € 0Ty, then |z — p| < diam(T},), so

|f(@ = f(p) —f (p)(z — p)| < & diam(T).
Observe that by Theorem 1.29,

fa U@+ (=) de=0

since the integrand has a primitive f(p)z + (1/2)f'(p)(z — p)z. Hence, by the ML-
inequality (1.18),

4‘”|II§U f(z)dz=V (f(2) = f(p) —f (p)(z—p)) dz
T, aTy

<e& diam(T,) length(aT),)
=27 " diam(T) - 27" length(3T),

which implies
|I| <& diam(T) length(dT).

Since this is true for every ¢ > 0, we must have I =0. O

Theorems 1.31 and 1.32 put together now imply the following

THEOREM 1.33. Let D C C be an open disk and f € &' (D). Then f has a primitive in D.
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Combining Theorem 1.29 and Theorem 1.33, we arrive at

THEOREM 1.34 (Cauchy’s theorem in a disk, 1825). Let D C C be an open disk and
f € O(D). Then for every closed curve y in D,

ff(z) dz=0.
%

REMARK 1.35. Here is a minor technical point that will be exploited in the next result:
Cauchy’s Theorem 1.34 remains true under the apparently weaker assumption that f
is continuous in D and holomorphic in D \ {p} for some p € D. To see this, it suffices
to show that [;..f(2) dz=0 for every closed triangle T C D. If T C D . {p}, this fol-
lows from Theorem 1.32, so assume p € T. First consider the case where p is on the
boundary of T. By slightly moving a vertex of T, we can find a triangle T, arbitrarily
close to T, for which p ¢ T". Since [, f(z) dz= 0 and since by Lemma 1.27 the inte-
gral along the boundary of a triangle depends continuously on vertices, we conclude
that [,..f(2z) dz=0.If p belongs to the interior of T'= Aabc, write [;..f(2) dz as the
sum of the integrals along the boundaries of Aabp, Abcp, and Acap, and reduce to
the previous case.

Later we will see that such a point p is not really exceptional, so under the above
assumptions f € &(D) (compare Example 1.40 or Theorem 3.5).

THEOREM 1.36 (Cauchy’s integral formula in a disk). Let D C C be an open disk and
fe (D). If D(p,r) CD, then

f(Z)=L./ JC(—“dC forzeD(p, ).

In particular, the values of f on the circle T(p, r) uniquely determine the values of
f inside the disk D(p, r).

Proor. Fix z € D(p, r) and define g: D — C by

FO) —f(2)
g0)=1 -z E#s
7 =z

Evidently g is continuous in D and holomorphic in D \ {z}. Hence by Remark 1.35,
fT(p,r) g(¢) dg =0. This gives

1 f© 1 / 1
— 220 dr =f(z)  — dc.
2mi T(p,r) {—z 3 f(Z) 2mi T(p,r) {—z 3

To finish the proof, we need to show that the integral on the right is 27i. Take the
parametrization of T(p, r) defined by y (t) =z + p()e' for t € [0, 2], where p(f) is
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T(p,7) z+p(t) et

Figure 1.3. Parametrizing the oriented circle T(p, r) as seen from an off-center point z, used in
the proof of Theorem 1.36.

the unique positive number which satisfies |z + o (t)e’ — pl=r(seeFig. 1.3).Itis easy
to check that t — p(t) is continuously differentiable. Hence

21 / 27T / . it
/ : d§=/ RAUN dt=/ O +iph)e
T § —2 o v —z 0 p(t) et

2 ./
:[ A0 dt+2mi
o p@)

=log(p(2m)) —log(p(0)) + 2mwi=2mi,

where the last equality holds since p(27) = p(0). ]

More general versions of Theorems 1.34 and 1.36 will be proved in chapter 2. For
now, let us collect some corollaries of these basic results. The first one is the converse
of Theorem 1.20:

THEOREM 1.37 (Holomorphic implies complex analytic). Every f € &' (U) is complex
analytic in U: In every disk D(p,r) C U there is a power series representation

o0
f@=>) a,(z—p)"
n=0
where the coefficients {a,} are given by

e 1 f@©)
(20 T _2ni/qr<p,s> C-py

forany 0 <s<r.
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Giacinto Morera
(1856-1909)

ProOOEF. Fix 0 < s < rand a point z € D(p, s). For any ¢ € T(p, s),

1 1 1 i (z —p ) g

(—z =p\| t-pim\e-p

(]
P \e=p

Here the geometric series converges uniformly in ¢ since its general term has absolute

value |z — p|/s < 1 independent of ¢. Thus, we can integrate this series term-by-term

on the circle T(p, s). By Theorem 1.36, we obtain

fOE=p" % n
()——/ dg=) an(z—p)",
/ 27i Jr(p,s) % (& —prt! ; P
where the a,, are given by (1.20). This proves that f can be represented by the power
series ZZiO a (z—p)" in D(p, s). Since this holds for every s < r, Theorem 1.20(iii)
shows that the power series with the same coefficients must converge to f(z) for all
zeD(p,r). ]

It follows from Theorem 1.20 that

COROLLARY 1.38. Iff € O(U), thenf’ € O(U). Therefore, the k-th derivative f® exists
and belongs to O'(U) for every k> 1.

In particular, by Theorem 1.7, a differentiable map f: U — R? which satisfies the
Cauchy-Riemann equation f; = 0 throughout U is automatically C*°-smooth.

The following converse of Theorem 1.32 is a useful criterion for deciding when a
continuous function is holomorphic:

THEOREM 1.39 (Morera, 1886). Suppose f : U — C is continuous and [ f(z) dz=0
for every closed triangle T C U. Then f € O'(U).

ProoF. Let D C U be a disk. By Theorem 1.31, f has a primitive F in D. Since
F e 0 (D) and since the derivative of a holomorphic function is holomorphic by
Corollary 1.38, it follows that f = F' € &'(D). As this holds for every disk D C U, we
conclude that f € O'(U). ]

EXAMPLE 1.40 (Lines are removable). Let U C Cbe open and L be a straight line which intersects
U. Suppose f : U — C is a continuous function which is holomorphic in U ~\ L. We prove that f is
holomorphic in U by showing that [, ;. f(z) dz =0 for every triangle T C U. First assume that the
interior of T is disjoint from L. Then, by moving the vertices of T slightly, we can find a triangle
T" C U \ L, arbitrarily close to T. By Goursat’s Theorem 1.32, [, f(2) dz= 0. Since the integral
along the boundary of a triangle depends continuously on vertices by Lemma 1.27, we must have
[y7f(2) dz=0. If the interior of T meets L, write T as the union of at most three triangles with
pairwise disjoint interiors, each meeting L along a vertex or an edge, and reduce to the previous
case.
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This shows in particular that points are removable: If f is continuous in U and holomorphic
in U\ {p}, then f € O(U). More general removability results are discussed in Theorem 3.5 and in
chapter 10.

REMARK 1.41. Morera’s theorem holds if we replace triangles with other special fami-
lies of closed sets with nice boundaries. A typical example, which turns out to be more
convenient in some situations, is the family of closed rectangles, or even squares. See
problem 25.

THEOREM 1.42 (Cauchy’s estimates, 1835). Suppose f is continuous on D(p,r) and
holomorphic in D(p, r). Then,

|
(1.21) If(”)(p)|§% swp |f(2)]  (n=0).

lz—pl=r
The example f(z) = z" in the unit disk D shows that the bound in (1.21) is optimal
for each n.

Proor. Take 0 <s < r and represent f by a power series Y .- a, (z—p)" in
D(p, s). By (1.20),

n! f(2)
@ =t = | [ TS a,
S 2w | Jpg (2= )
which by the ML-inequality implies
n! | f(2)] n!
fP @) <= — g 2ws=— sup |f(2)].
27 |z—p|=s |Z_P|n+1 s" lz—pl|=s
Letting s — r, we obtain (1.21). O]

Cauchy’s estimates lead to various quantitative results on holomorphic functions
which have no counterpart in the smooth category. Here we prove two basic but
important statements of this type.

THEOREM 1.43. If a holomorphic function f maps the disk D(p, r) into the disk D(g, R),
then | f'(p)| <R/r.

Note that we have not assumed g = f (p). In particular, if f : D — D is holomorphic,
then | f/(0)| < 1. This is a basic version of the so-called “Schwarz lemma” which has
deep applications and will be discussed at length in chapters 4, 11, and 13.

Proor. Take 0 < s < r and apply (1.21) to the functiong=f — g:
, , 1 R
If@I=1gPl=- sup [gx)=—.
S |z—pl=s s

Letting s — r proves the result. O
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Liouville’s theorem was
known to Cauchy in 1844.

Joseph Liouville
(1809-1882)

THEOREM 1.44 (Liouville, 1847). Every bounded entire function is constant.

Proor. Let f € O(C) and | f(z)| < M for all ze C. Then f maps any disk D(p, r)
into ID(0, M), so by Theorem 1.43, | f'(p)| < M /r. Letting r — +00, we obtain f'(p) =
0. Since this holds for every p € C, f must be constant. ]

EXAMPLE 1.45 (The fundamental theorem of algebra). Let P: C — C be a polynomial of degree
d>1,s0lim,_,  P(z) = 00.If P(z) # 0 for all z, then f(z) = 1/P(2) is entire and lim,_, » f (z) = 0.
Hence there is an R > 0 such that | f(z)| < 1 whenever |z| > R. Since by continuity f is bounded
on the closed disk D(0, R), it follows that f is bounded on the plane. Liouville’s theorem then
implies that f is constant, which is a contradiction. Thus, P has at least one root z; and we can
write P(z) = (z — z1)P1(2) for some polynomial P; of degree d — 1. If d — 1 =0 so P; is constant,
stop. Otherwise repeat the argument with P; in place of P to find a root z, of P;, and so on.
This process stops after d steps and shows that P factors as P(z) =a(z — z1)(z — z3) - - - (z — zg) for
somed, 21, . . . , 24 € C. Thus, every complex polynomial of degree d > 1 has precisely d roots counting
multiplicities.

We end this section with a useful theorem which, roughly speaking, says that
the integral of a function which depends holomorphically on a parameter is a holo-
morphic function of that parameter, and differentiation under the integral sign is
legitimate. We formulate a simple version of the theorem which will be sufficient for
our purposes. One should note, however, that the result holds in much more general
settings (see problem 27).

THEOREM 1.46. Let U C C be open and ¢ : U x [a, b] — C be a continuous function

such that for each t € [a, b], z+> ¢(z, t) is holomorphic in U with derivative ¢'(z, t).
Then, the function f : U — C defined by

b
f@ =/ @(z,t) dt

is holomorphic and we can differentiate under the integral sign:
b
fl2)= / @' (z,1) dt forallze U.
a

ProOE. Fix p € U and take r > 0 such that D(p,7) C U. Let 0 < |z — p| < /2. By
Theorem 1.36,

1 1 1
D) —o(p,t) = — M| ——— ) dg,
¢(zt) —o(p,t) memp)r)w({ )<§_Z {_p> ¢

w(z,t)—w(P,t):L/ @&, 1)
z—p 27i Jrpr (& —2)(& —p)

SO

de.
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Since ¢ — z| > r/2 whenever | — p| =r, we obtain the following estimate using the
ML-inequality:
> t) — > t 2 2M
’co(z )—¢(p )' vl M
zZ—p

=2 r? r
Here M is the supremum of |¢| on the compact set ﬁ(p, r) x [a, b]. If {z,} is any
sequence in U ~\ {p} which tends to p, then
@z t) —@(p, 1)
Zn _p
is a sequence of continuous functions on [a, b] which converges pointwise to ¢’ (p, t)

and is bounded by 2M /r for all large n. Hence, by Lebesgue’s dominated convergence
theorem, the function ¢+ ¢’(p, t) is integrable on [g, b] and

i L& —f@) / gn(t)dth ¢'(p, 1) dt.

n— 00 Zn— P n—oo [,

gn(t) =

Since this holds for every sequence z, — p, we conclude that f’(p) exists and equals

1P o' (0, 1) dt. O

REMARK 1.47. Under the assumptions of the above theorem, the derivative (z, t) —
¢'(z,t) is in fact continuous on U x [a, b] (see problem 26). Thus, the result holds
when ¢(z, t) is replaced with ¢’(z, t), and a simple induction proves the formula

b
£ (2) = f oMzt dt forall ze U,
a
where ¢ (z, t) is the n-th derivative of ¢(z, t) with respect to z.
The following corollary of the above theorem will be used repeatedly:

COROLLARY 1.48. Let y :[0,1] — C be a piecewise C! curve and g:|y|— C be a
continuous function. Then, for each integer n > 1, the function

4{(9)
Yy (; _Z)n

f@)= dg

is holomorphic in C \ |y |, and

f@)= /(;g@))md; forallzeC~|yl.

Prookt. This follows from Theorem 1.46 applied to ¢: (C\ |y]) x[0,1] - C
defined by
gy @) y'®)

vED=" o
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(Technically, we need to break up [0, 1] into finitely many intervals in which y’ is
continuous and add up the corresponding integrals, but that is a trivial matter.) [

EXAMPLE 1.49 (Cauchy’s integral formula for higher derivatives). A special case of the above
corollary is Cauchy’s integral formula. If f € '(U) and D(p, r) C U, then

Lo,
21 T(p.r) {—z

defines a holomorphic function in C \ T(p, ). By Theorem 1.36, this function coincides with f
inside the disk ID(p, r). Differentiation under the integral sign then gives

_ f©)
271 Jrpy (& —2)?

f'(2) de for ze D(p, 7).

It follows by induction that for every n > 0,

= tl [ SO
(2= 271 S @ i dc forze D(p, r).

Observe that for z = p this is the formula (1.20) that we derived earlier.

1.5 Mapping properties of holomorphic functions

DEFINITION 1.50. Suppose f € 0'(U) and f is not identically zero in the disk
D(p,r) CU. Let f(2) = Z;’io a, (z— p)" be the power series representation of
fin D(p, r). The smallest integer m with the property a,, # 0 is called the order
of p and is denoted by ord( f, p). Thus, ord( f, p) > 1 if and only if f(p) = 0. We
call p a simple zero of f if ord(f,p) = 1.

Alternatively, ord( f, p) can be described as the unique integer m > 0 for which f
can be factored as

f@=@E-p)" fi2)

with f; € O(U) and f1(p) # 0. The function f; is given by (z — p) ~"f(2) in U \ {p}. It
is holomorphic in U since it is represented by the power series Y - a, (z—p)"~ ™
inD(p,r).

EXAMPLE 1.51 (Holomorphic UHopital’s rule). Suppose f and g are holomorphic in some

neighborhood of p, with ord( f,p) =ord(g,p) =m > 1. Write f(z) =(z—p)" fi(z) and g(z) =
(z—p)™ g1(z), where f and g; are non-zero and holomorphic near p. Since
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™)

m!

g™ ()
m!

hp) = and  gi(p)= ;

it follows that
i f@ _Ai® _ ")
im——= = .
—pgz)  qp) g™ @Pp)

Let us call U C C a domain if U is non-empty, open, and connected.

LEMMA 1.52. Suppose U C C is a domain and f € O(U). If the zero-set f ~1(0) = {z €
U:f(z) =0} has an accumulation point in U, then f =0 everywhere in U.

Connectivity of U is essential here: If U is the disjoint union of non-empty open
sets Uy and Uy, and if f=01in U; and f =1 in U, then f € O(U) andf_l(O) =U
has accumulation points in U, but f is not identically zero in U.

PROOF. Let E be the non-empty set of accumulation points of f ~1(0) in U. Then
Eis closed in U, and E C f~1(0) by continuity of f. Suppose p € E and there is a disk
D(p, r) C U in which f is not identically zero. Then we can write f (z) = (z — p)"f1(2),
where m=ord(f,p) > 1, 1 € O(U), and f1(p) # 0. By continuity, f; does not vanish
in some neighborhood of p. It follows that p is the only zero of f in this neighbor-
hood, contradicting the fact that p € E. Thus, if D(p, r) C U, then f is identically zero
in D(p,r) and therefore D(p, r) C E. This shows that E is an open set. Since U is
connected, we must have E = f “L0)=U. ]

Since every domain U C C is a countable union of open disks, it is clear that
every uncountable subset of U must have an accumulation point in U. It follows from
the above lemma that a non-constant holomorphic function in a domain has at most
countably many zeros, all of which are isolated. Another immediate corollary is

THEOREM 1.53 (The identity theorem). Suppose U C C is a domain, f,g € O'(U), and

the set {ze€ U:f(z) =g(z)} has an accumulation point in U. Then f =g everywhere
in U.

EXAMPLE 1.54. The complex cosine and sine are the entire functions defined by

1 o (="
cosz=—(e?+e %)= 22"
> =2 (2n)!
n=0
: 1 iz —iz . (=D" 2n+1
sinz=—(e*—e %) =) ———— 2",
2 ) ; Qn+1)!

They extend the usual cosine and sine functions defined on the real line. It follows from Theo-
rem 1.53 that any trigonometric identity between cosine and sine that holds on R must continue
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to hold in C. For example, the identities cos? z + sin? z = 1, sin(2z) = 2 sin z cos z, and cos(2z) =

cos? z — sin? z remain valid for all z € C.

EXAMPLE 1.55. Suppose f € &(C) has the power series representation f(2) =Y oo an 2" If
every coeflicient a, is real, then clearly f(R) C R. Conversely, suppose f(IR) C R and consider the
entire function

oo
g=f@=) @m7"
n=0
Since f(z) is real when z is real, we have g = f on the real line. By Theorem 1.53, g =f everywhere
in C. Uniqueness of power series then shows that every a,, is real.

Our next goal is to prove the fundamental fact that the image of a domain under a
non-constant holomorphic function is open (Theorem 1.62). This will follow from a
much stronger result on the local behavior of holomorphic functions (Theorem 1.59).

LEMMA 1.56. If f € O'(U), the function g: U x U — C defined by

f©)—f(2
gtn=1 ¢-z £#2
f'(2) {=z

is continuous.

Proor. Clearly g is continuous off the diagonal {(z,z):z € U}, so it is enough
to check continuity of g at a diagonal point (p,p). Let € >0 be given. Since f’ is
continuous at p, there is an r > 0 such that

(1.22) | f'(2)—f'(p)|<e whenever z € D(p, r).
Let¢,ze D(p,r). If ¢ =z, then [g(¢,2) —g(p, p)| = | f'(2) —f'(p)| < &.If { #z, then

f(;) f(Z) 1 / /1 /
— d — t dt,
{—z {—z [z,f]f () dw 0 f )

where y (t) = (1 — t)z + t¢. Hence,
'f(é“) —f(2)
{—z

1
188, 2) —g(p.p)l = —f/(P)‘ = VO Lf'(r @) —f'(p)1dt

1
< /0 ) —f P di <,

where the last inequality holds since by (1.22), | f'(y(¢)) —f'(p)| <& for every t €
[0,1]. (]

THEOREM 1.57 (Holomorphic inverse function theorem). Suppose f € O'(U), pe U,
and f'(p) # 0. Then, there exist open neighborhoods V.C U of pand W C C of f(p) such

(continued...)
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