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3 Holomorphic functions

Motivation. In the previous chapter, we showed that each complex-analytic function is complex
differentiable. In this chapter, which is not essential for the ultimate goals of this course, we
establish the converse.

3.1 Contour integration
Motivation. Our next goal is to establish the converse of Proposition 2.4.4.

Definition 3.1.1. Let a,b € R, let f: [a,b] — C be a continuous function, and let u = Reof
and v = Imof. We define
b

/abf(t)dt = /ab(U(t)+iv(t))dt:/bu(t)dt+i/ v(t) dt.

a a

Definition 3.1.2. Let a,b € R and let v: [a,b] — C be a function.

(1) For each k € Z>o U {oo}, we say that v is a piecewise CF-curve if there exist finitely
many points @ = ag < a1 < --- < a, = b such that ~ restricts to a C*-function on the subinterval
[ar—1,a,] C [a,b] for each 1 < r < n.

(2) We say that v is a contour if it is a continuous, piecewise C!-function.

(3) We say that a contour 7 is closed if y(a) = (b).

opposite contour

Definition 3.1.3. Let a,b € R, let 7v: [a,b] — C be a contour, let X C C be a subset containing
v([a,b]), and let f: X — C be a function. We define the contour integral fﬂ/ fdz of f along v by

n

[raz=>[" fown@a,
2 r=170r-1

where a = ag < a1 < --- < a, = b are chosen so that v is continuously differentiable along
[ar_1,a,] for 1 <7 <n.IfI' =~([a,b]) and the parametrization = is clear from the context, then
we sometimes write [. f dz rather than [ fdz.



Convention 3.1.4. With the notation and hypotheses of Definition 3.1.3, we often abusively
suppress the boundary points a1, ..., an—1 of v, simply writing [ fdz = f; F(y(E)y'(¢) dt.

Definition 3.1.5. Let a,b € R and let v: [a,b] — C be a contour. We define the arc length

L(v) of v by .
= [l

Lemma 3.1.6. Let U C C be an open subset, let a,b € R, let v: [a,b] — U be a contour, let
f: U — C be a continuous function, and let M € R. If |f(z)| < M for each z € T, then

/Wfdz

<M -L(v),

where L(7) is the arc length of ~y.

Proof. By definition of the contour integral (Definition 3.1.3) and [add reference|, we have

[ 10 = |[ seoroal < [iraoroia = [iaor ol

y [add reference], we also have

[ e o< [ Waa=ie,

as required. O

3.2 Goursat’s lemma and Cauchy’s theorem

Definition 3.2.1. Let a, € R for each r € ZN [0, 3], let v: [ag, as] — C be a contour, and let
I := v([ag, as]). We say that v is triangular if it satisfies the following conditions:

e for each 1 <r <3, T, :=~([ar—1,a,]) is a line segment with endpoints vy(a,—1), v(ar);

e the contour < is closed, so that I' forms a triangle; and

e ~ traces the triangle I' in the counterclockwise direction.

Remark 3.2.2. With the notation of Definition 3.2.1 and Convention 3.1.4, if v is a triangular
contour, then it follows immediately from the definition of a contour integral (Definition 3.1.3)

that
/deZ/ fdz+/ fdz+ | fdz.
I F1 FQ 1—‘3

Lemma 3.2.3 (Goursat). Let U C C be an open subset, let x € U, and let f: U — C be a
continuous function that is complex differentiable U — {x}. For each triangular contour ~y whose
image is contained in U, we have f7 fdz=0.

Proof. Choose a triangular contour «y as in Definition 3.2.1. Let I := ([ag, as]) and let T" denote
the closed, triangular region bounded by I'. There are four cases to consider:

(1) = & T;
(2) z € {v(ap),v(a1),v(az)}, i-e., x is a vertex of the triangle I'; and
(3) x €T —{~v(ap),v(a1),v(az)}, i.e., z lies in T, but is not a vertex of the triangle.

Consider Case (1), i.e., assume that x ¢ T. Let b, denote the midpoint of the line segment
joining y(a,—1) to y(a,) for 1 < r < 3. The line segments joining the points by, be, and b3
divide T into four triangular regions, which we will denote by Tj , for 0 < r < 3. We denote
the triangle bounding 77, by I'y, for 0 < r < 3. If I'1, contains a vertex of I', then it shares
an angle with I', and two of its sides are proportional to two sides of I', so I'y ;- is proportional



to I'. It follows that the perimeter of I'y, is half that of I' for each 0 < r < 3. It also follows
that each of the triangles I'y ., 0 <7 < 3, is proportional to I" with ration 1/2. In particular, the
parametrization «y of I' induces a parametrization of I'y , for 0 < r < 3 such that the arc length of
the parametrization of I'y ;- is half that of I'. It will be convenient, however, to parametrize each
I'1» with a counterclockwise orientation, so for the “interior” triangle, we will be working rather
with a parametrization corresponding to the contour opposite to v. With these conventions, we
let 1, denote the resulting parametrization of I'y . for 0 <r < 3.

By [add reference|, we have
3

Afdz:Z/ fdz,

r=0"71r

where we parametrize each I'1, with a counterclockwise orientation. Repeating this process, i.e.,
subdividing each I'y , into four triangles 75, for 0 < < 3, we find by induction that

[yfdz:zfgol/nwfdz

for each n € Z~.

We have 5

D

r=0

3

Z/ fdz

r=0"71r

> = =12>0.

/ fdz
Yi,r

Re-indexing if necessary, we may assume that

Afdz

/ fdz| >2721 =4711.

71,0

Repeating this process, we may assume that

(3.2.3.a) fdz| >4™"1
Yn,0

for each n € Z~¢. For each such n, the arc length of 7, ¢ is 27" L(7), where L(7) is the arc length
of I, and the perimeter P(I', o) of I'y g is 27" P(I"), where P(I") is the perimeter of I

For each n € Z~, let T}, o denote the triangular region bounded by I'j, o. The intersection
MNns0 In,0 consists of a single point w: no two points w and w’ are contained in a region bounded
by a triangle of perimeter < |w —w’|; on the other hand, this intersection is nonempty by Cantor’s
intersection theorem (Theorem 1.3.36).

By hypothesis, f is complex differentiable at w. Let ¢ € R<(. There exists € R~ such that

(3.2.3.h) ‘w — ()| <e

for each z € D*(w, ). Let N € Z- such that T is contained in D(w, d). As P(I'ny) is
2=V P(I"), we have
(3.2.3.c) Tho € D(w, 27V P(v)).

By the evident additivity of contour integrals, we have

/ fdz
IN,0

[ U=+ et [ () S - w)as

YN,0

A (- () + ) - w)dz




By Lemma 3.1.6, (3.2.3.b), and (3.2.3.c), we therefore have

fdz

YN0

[YN (f - (f(w) + f’(w)(z — w))) dz| < EP(’Y) L(’}/).

Combining this with (3.2.3.a), we find that

/7de /VN,Ode

As this is valid for each € € R+, which completes the proof in Case (1).

Consider Case (2), i.e., suppose that x is a vertex of I'. Without loss of generality, we
may assume that x = 7(ap). Choose points by € [y(ap),v(a1)] and by € [y(ap),v(az2)] and
subdivide T into triangular subregions by drawing each possible line segment with endpoints
in {bg, b1,7(a1),y(az)}. Choosing contours parametrizing the resulting triangles in 7" as in the
previous case, it follows from Case (1) and Remark 3.2.2 that the only contribution to [ fdz
comes from the contour integral associated with the triangle with vertices z, by, and by. This
triangle again satisfies the hypotheses of Case (2), but we can force the arc length of the
corresponding contour to be arbitrarily small by choosing by and by sufficiently close to x.

Consider Case (3), i.e., suppose that x € T and that x is not a vertex. Subdivide 7" into
triangular subregions by drawing the line segments connecting x to each of the vertices of I'. The
claim again follows from Case (2): x is a vertex of each of the new triangles. O]

<4V < 4Ne(2V P(D))(2 N L(y) = e P(T) L().

Proposition 3.2.4. Let U C C be an open subset, let a,b € R, let y: [a,b] — U be a closed
contour, and let f: U — C be a complezx-differentiable function. If f' is continuous on U, then

J, f'dz=0.

Proof. By the fundamental theorem of calculus and the hypothesis that v(a) = v(b), we have

b
L fldz = / F (YO () dt = F(1(5) — F(1(a)) =0,

as required. 0

Theorem 3.2.5 (Cauchy). Let U C C be a convez open set, let z € U, and let f: U — C be a
continuous function that is complex differentiable on U — {x}. The following properties hold:
(1) there exists a complex-differentiable function F: U — C such that f = F'; and
(2) for each closed contour v whose image is contained in U, [ fdz=0.

Proof. Consider Claim (1). Convexity of U means that, for each pair of distinct points z,w € U,
the line segment joining them is contained in U. Letting ¢, ,, = |z — w|, choose a contour
Yew: 10,020 — U parametrizing this line segment, and do so in such a way that:

® 7. is opposite to v, .; and
e 7. ,(t)=1foreach t € (0,1).

The hypothesis regarding v, ,, implies that 7. ., is of arc length L(7;,u) = £z w-
Fix a point a € U. We define a function F': U — C by

F(z) = fdc.
Ya,z
We claim that F' is complex differentiable on U and that its derivative is given by f.
For each pair of points z,w € U, the triangular region T" with vertices a, z, and w is contained
in the convex set U. This is true even in the degenerate cases in which two of the vertices are equal
and the triangle is only a line segment. Let I" denote the boundary of T. We may assume without



loss of generality that a, z, and w are arranged so that tracing I' in the patha — 2z - w — a
has a counterclockwise orientation. Parametrize I' by a closed contour 7 obtained from 7, -, V2w,
and Yy,q-

We must show that, for each £ € R, there exists 0 € R~q such that, for each z € D*(w, 9),

F(z) = F(w)

3.2.5.
(3.2.5.a) T w

— f(w) € D(0, ¢).

We first observe that

(3.2.5.b) F(z) - Fw) = / Fdc.
Yw,z
Indeed, we have
0= / fd¢ Lemma 3.2.3
¥
— [ race [ gace [ fac Remark 3.2.2
Ya,z Yz,w Yw,a
= / fd¢— / fd¢ — fd¢ [add reference]
Ya,z W,z Ya,w
=F(z)— fd¢ — F(w).
Yw,z
For each z # w, observe that
- w,z ew z) = Yw,z 1 b,z 1
(3.2.5.) 1= 279 Twalboe) ~70s00) / () dt = / dc.
zZ—w z—w z—w Jo 2 =W Sy, .

Combining (3.2.5.b) and (3.2.5.¢),

F(2) = F(w) oy 1 / fdg_f<w>:1L (f — F(w) d¢

Z—w Z—w Z—w

for each z # w.

Returning now to (3.2.5.a), for each € € R+, continuity of f implies that there exists 6 € R
such that f(¢) — f(w) € D(0,¢) for each ¢ € D(w, d). In particular, if z € D(w, ), then the
image of ,, . is contained in D(w, ¢) and, hence, f(yy.2(t)) — f(w) € D(0, €) for each t € [0, £y, -].
Thus, for each z € D(w, §), we have

1 1 e L(Yw,z2)
— d¢| = — d — =
o e senad= [ pa < e =
which completes the proof of Claim (1).
Claim (2) follows from Proposition 3.2.4 and (1). O

3.3 Analyticity of complex-differentiable functions

Recall from Definition 1.3.11 that a connected component of a topological space X is a connected
subspace that is maximal with respect to inclusion.
Lemma 3.3.1. IfI' C C is the image of a closed contour, then:

(1) T is a quasi-compact and, hence, closed and bounded subset of C; and
(2) C—T has exactly one unbounded connected component.



Proof. By Proposition 1.3.28, the image of a quasi-compact space under a continuous map is
quasi-compact. By the Heine-Borel theorem (Theorem 1.3.33), each quasi-compact subspace of
C is closed and bounded.

Since I' is bounded, there exists r € R~¢ such that I' C D(0, r). By Example 1.3.7, the
complement C — D(0, r) is connected, so it must be contained in a single connected component of
C—D(0, r). Each other connected component is contained in D(0, ) and is therefore bounded. [

Lemma 3.3.2. Let U C C be an open subset, let a,b € R, let v: [a,b] — U be a contour, let
I' .= v([a,b]), and let g: U — C be a continuous function. The function p: U — T — C given by

o(z) ::A I qw

w—z

s analytic and, in particular, continuous.

Proof. Let ¢ € U —TI'. By Lemma 3.3.1.(1), U — T is open in C. Choose r € R~ such that
D(¢,r) CU —T'. As we can express U —I' as the union of subsets of the form D((, r), it suffices

to show that the restriction of ¢ to D((, r) admits a power-series representation.
Fix z € D((,r) and t € [a,b]. We have

1 1 1 1

10—z GO-0-G=-0 10-¢ 1-5%
Since D(¢,r) C U — T, we have |y(t) — (| > r, whence

‘W(Zt)_—g ¢ ’

Letting u(t) = (z — ¢)/(7(t) — ¢), the geometric series Y_,, 5o u(t)" therefore converges uniformly
on [a,b], and

_ (= L Gl S R o S Gl 9
v(t)—z_’y(t)—CZ (t) _v(t)—CZ<7(t)—C) _Z(W)—C)"“'

n>0 n>0 n>0

clE=d
r

Taking notational liberties with the boundary points ay,...,a,—1 of 7, it follows that

p(z) = / I dqu— /jmwwdt: Lbz(z(ﬁ?@(t)w) »

vz v(t) -z n>0 -

By uniform convergence, we may rewrite this last term as

5 /: (- 0" O, _ 5~ ( /a" 9OOW ) dt) (== O

n>0 (v(t) — C)m_l n>0 (v(t) — C)m—l

The integrand in the nth term of this last series is independent of z; the modulus of the numerator
is bounded on each piece of v as it is continuous and the image of a quasi-compact space under
a continuous map into C ~ R? is quasi-compact Proposition 1.3.28 and therefore, by the
Heine-Borel theorem (Theorem 1.3.33) bounded; and the modulus of the denominator is > r™*1.
The coefficients of this series are therefore well-defined, and we have the desired power-series
representation of ¢ on D((, 7). O

Definition 3.3.3. Let a,b € R, let 7: [a,b] — C be a closed contour, and let ¢ € C — v([a, b]).
We define the winding number wind(~, {) of v around ¢ by

T o)z C

wind(y, ¢) = 5 [ ==
A



Example 3.3.4. Let a € C, let r € R+, and let y: [0,27] — C denote the closed contour given
by

~(t) == a + rexp(it),
which traverses the circle 9D(a, r) of radius r centered at a in the counterclockwise direction.
We have +/(t) = irexp(it), whence

ind S S db=oo ) dt=1
wind(7, a) omi Jyw—a 2w a+rexp(it)) —a 27 Jo

1 dw 1 /27r ir exp(it) 1 2
o (

Proposition 3.3.5. Let a,b € R, let v: [a,b] — C be a closed contour, and let I' = y([a, b]).
(1) The function f: z — wind(v, z): C —T' = C is analytic and, in particular, continuous.

(2) For each z € C —T', the winding number wind(y, z) is an integer.

(3) The function f is constant on each connected component of C —T'.

Proof. Choose a = ag < a1 < --- < a, = b such that v is a C!-function on [a,_1, a,] for each
1<r<n.

Claim (1) is the special case of Lemma 3.3.2 in which U = C, ¢ = f, and g denotes the
constant function with value (2ri) ",

Consider Claim (2). Let z € C —I". The function ¢ : [a,b] — C defined by

_ [ @)
¢@y_L(ﬂw_za

is continuous: the denominator of the integrand vy — z is nonvanishing; and the numerator
v is piecewise continuous. The function ¢ = expoi): [a,b] — C is therefore also continuous.

Differentiating with respect to t, we find that
Jt) A
p(t) () -z

for each t € [a,b] — {ao,...,an}. The function ¢/(y — 2) is also continuous, and, on [a,b] —
{ag,...,an}, its first derivative is

(3.3.5.a)

(r=2)¢" = ¢
(=27
which is identically zero by (3.3.5.a). It follows that ¢/(v — z) is differentiable on (a, b): the left
and right derivatives at ay, ..., a,—1 are all zero. It follows that ¢/(y — z) is constant on [a, b].
As y(a) = v(b) and ¢(a) = 1, we have

1— e(b . Y(a) — =z - p(b) = ¢(b) = exp(27iwind(y, 2)).

() =z  p(a) ¢(a)

It follows that wind(y, z) is an integer.

Consider Claim (3). By (1) and (2), we have a continuous function f: C — ' — Z, where Z
is equipped with the subspace topology. Its image is connected by continuity (Proposition 1.3.5),
and the only connected subsets of Z are the singletons. O

Example 3.3.6. With the notation and hypotheses of Example 3.3.4, that example and Propo-
sition 3.3.5.(3) together imply that wind(y, z) = 1 for each z € D(a, r).

Proposition 3.3.7 (Cauchy formula). Let U C C be a convex open subset, let v be a closed
contour whose image I" is contained in U, and let f: U — C be a complex-differentiable function.
For each z € U —T', we have

f

w—z

dw.

T 27

(3.3.7.2) F(2) wind(7, 2) = — L



Proof. Let z € U —I'. Consider the function g: U — C defined by

w—z

for w # 2, and by g(z) = f'(z). The hypothesis that f is complex differentiable implies that g is
continuous on U and complex differentiable on U — {z}. By Theorem 3.2.5, we deduce that

Oz/vgdw:/Wde:Awf_zdw—/vj(j)zdw.

Rearranging and scaling by (2771)_1, it now follows from the definition of the winding number
(Definition 3.3.3) that

;m/vw‘izdw:;,/v /) dw:‘f(z.)A L pe)wind(, 2),

i w— z 2ri w— z

as required. 0

Theorem 3.3.8. Let U C C be an open subset. A function f: U — C is complex differentiable
if and only if f is analytic.

Proof. Suppose that f is complex differentiable. Let a € U, choose r € R~ such that D(a, r) C U,
and let z € D(a,r). Let v: [0,27] — U be the closed contour given by v(t) := a + rexp(it).
By Example 3.3.6, we have wind(~, z) = 1. The subset D(a, r) is convex, so Proposition 3.3.7
implies that

dw.

&) = 1) wind(r,2) = 5 [

w—z

By Lemma 3.3.2, the right-hand side of this equation is an analytic function of z on D(a, ).
The converse was already established in Proposition 2.4.4. O
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