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Abstract The existence of a zero for a holomorphic functions on a ball or on a rectangle
under some sign conditions on the boundary generalizing Bolzano’s ones for real functions
on an interval is deduced in a very simple way from Cauchy’s theorem for holomorphic func-
tions. A more complicated proof, using Cauchy’s argument principle, provides uniqueness
of the zero, when the sign conditions on the boundary are strict. Applications are given
to corresponding Brouwer fixed point theorems for holomorphic functions. Extensions to
holomorphic mappings from C™ to C™ are obtained using Brouwer degree.
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1 Introduction

Bolzano’s theorem (see [3]) states that any continuous function f : [a,b] — R which takes
opposite signs at a and b must vanish in [a,b]. Without loss of generality, we can assume that

f(a) <0< f(b).

If we consider [a,b] as the ball in R of center ¢ = “T*'b and radius r = I’_T“, Bolzano’s
condition can be written equivalently
(x—c)f(x) >0 for|z—c|l=nr (1.1)

A possible n-dimensional generalization of Bolzano’s theorem consists in considering a contin-
uous mapping f : B(c,r) — R", with B(c,r) the open ball of center ¢ € R™ and radius r > 0,
and generalize condition (1.1) in the form

(x —e, f(x))y >0 for||z—c|=r, (1.2)

where (-, -) denotes the usual inner product in R™, and || - || denotes the corresponding Euclidian
norm. In his proof of Brouwer fixed point theorem given in 1910 in [8], Hadamard has shown,
using his extension of Kronecker’s integral to continuous mappings, that condition (1.2) implies
the existence of a zero of f in B(c,r). This can be seen as an n-dimensional extension of
Bolzano’s theorem.

Manuscript received August 12, 2015. Revised February 29, 2016.
Hnstitut de Recherche en Mathématique et Physique, Université Catholique de Louvain chemin du
cyclotron, 2 1348 Louvain-la-Neuve, Belgium. E-mail: jean.mawhin@uclouvain.be



564 J. Mawhin

Another possible extension is to consider an open parallellotope
P = (al,bl) X (ag,bg) X oo X (an,bn)

in R™, a continuous mapping f : P — R"™, with components fi, - - - , f,, and to extend Bolzano’s
conditions by requesting that, for each j = 1,---,n, one has f; <0 when z € P and z; = a;,
and f; > 0 when z € P and x; = b;. Geometrically, those sets are the couples of opposite faces
of P. That f has at least one zero in P under those conditions was already stated, proved and
used in celestial mechanics, in 1883, by Poincaré [13]. Because of its complicated history (see,
e.g., [11]), the result is generally referred as Poincaré-Miranda’s theorem, and recent proofs can
be found in [9, 12].

A version of Bolzano theorem for a complex function f holomorphic on a suitable bounded
open neighborhood © € C of 0 and continuous on Q, was proposed in 1982 by Shih, Mau-
Hsiang [17]. He showed that f has a unique zero in © when R[Zf(z)] > 0 on 09Q. His proof
was based upon Rouché’s theorem applied to the functions f and g, with g(z) = az and
a= inf R[Zf(2)]/ sup |z|%. Noticing that

z€00 2€09

RZf(2)] =Rz - Rf(2) + Sz - Sf(2),

Shih’s condition is just Hadamard’s one with ¢ = 0 and a strict inequality sign.

We first show in Section 2 that the existence of a zero of a holomorphic function when
(non-strict) Hadamard-Shih’s conditions hold on the boundary of a ball in C (see Theorem
2.1), or when (non-strict) Poincaré-Miranda’s conditions hold on the boundary of a rectangle in
C (see Theorem 2.2), follows in a very simple way from an immediate consequence of Cauchy’s
theorem for holomorphic functions (see Proposition 2.3). Direct applications are corresponding
versions of Brouwer fixed point theorem for holomorphic functions on a closed ball or a closed
rectangle (see Corollaries 2.2 and 2.5), and an intermediate value property for a holomorphic
function on a rectangle (see Corollary 2.4).

Using a more sophisticated tool of function theory, namely the argument principle (see
[1]), we show, in a simple way in Section 3, the existence of a unique zero of a holomorphic
function f, when strict Hadamard-Shih’s conditions hold on the boundary of a suitable open
bounded set, and when strict Poincaré-Miranda’s conditions hold on the boundary of an open
rectangle. As consequences, corresponding Brouwer theorems with a unique fixed point are
obtained when the holomorphic function maps the boundary of the corresponding set into its
interior (see Corollaries 3.1 and 3.2).

Dealing with holomorphic mappings from C™ into C", the approach of Section 3 can be
extended by replacing Cauchy’s integral of f’/f by the Brouwer degree of the corresponding
mapping between R?” and R?". In this way, using results on Brouwer degree of holomorphic
mappings proved in a particular simple way by Rabinowitz in [14] (see also [15]), we obtain in
Section 4 the existence of a unique zero under corresponding strict Hadamard-Shih’s inequalities
(see Theorem 4.1) (generalizing some results of Shih [16]), or corresponding strict Poincaré-
Miranda’s inequalities (see Theorem 4.3), and existence only when the inequalities are not
strict (see Theorems 4.2 and 4.5). Applications are given to some intermediate value properties
(see Theorems 4.4 and 4.6) and to some Brouwer fixed point theorems (see Corollaries 4.1-4.2).

Of course, the results of Sections 2—3 are special cases, for n = 1, of the results of Section
4, but they are deduced there either from the very fundamental, or from classical properties of
holomorphic functions.
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2 Existence of Zeros of Holomorphic Functions

2.1 A simple condition for the existence of a zero

Recall that a domain in C is an open connected set. Let 2 C C be a domain, and f : 2 — C
be a holomorphic function, in the sense that, for each a € (,

i L) = 1(@)

zma z—a
exists, and is denoted by f'(a).
Let k > 1 be an integer.

Definition 2.1 A C*-cycle in Q is a mapping v € C*([a,b],Q) such that

(@) =~(b). (2.1)

Definition 2.2 If v is a C*-cycle in Q, and f : Q — C is holomorphic on Q, the integral
of [ along ~y is defined by

b
[1@az= [ shwna

Definition 2.3 A C*-family of C*-cycles in Q is a mapping ® € C*([a,b] x [0,1],9Q) such
that

So, for each s € [0,1], ®(-,s) is a C*-cycle in €2, and condition (2.2) immediately implies
that

8,0 (b, ) = ,d(a, -). (2.3)

We first state and prove in an elementary way the needed simple versions of Cauchy theorem.
The proof is reminiscent of Cauchy’s one in 1825 (see [4]) for the independence of the path of
fZZO f(2) dz, based upon the variation of the path (see [4]), and reworked in a more rigorous way
by Falk in 1883, in a letter to Hermite [7]. The setting here is integration over cycles.

Proposition 2.1 If f : Q — C is holomorphic and ® is a C? family of C?-cycles in €, the
mapping

is constant on [0, 1].

Proof We have (with differentiation under the integral sign easily justified)

b
0s f(z)dz = 5‘5/ fl@(t, 5)]0: (¢, s)dt

®(-8)

b
:/ {f'[®(t, 5)]0sP(t, 5)0: D (t, s) + [[D(t,5)]0:0:P(t,s)} dt
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b
= / [0 {f[D(¢, 5)]}0sD(¢, 5) + f[D(t, 5)]0,0s (2, 5)] dt
b
- [ asia.spo.a( ) dr
= f[q)(bv S)]asq)(bv S) - f[q)(av 8)]85(1)(0,, 3) =0,

by using (2.2)—(2.3).

Definition 2.4 A piecewise C*-cycle in Q) is a mapping v € C([a,b],$2), such that there
exists

a=a<a<a<--<a;—1<a,=>

with the property that v € C*([aj—1,a;],Q) (j = 1,--+ ,q) (with one-sided derivatives at aj_q
and aj) (j=1,---,q), and condition (2.1) holds.

Definition 2.5 A C* family of piecewise C*-cycles in Q is a mapping ® € C(|a,b] x
[0,1],C), such that there exists

a=ap<a<ay<---<a;—1<a;=0>

with the property that ® € C*([a;-1,a;] x [0,1],9) (j =1,--- ,q) (with one-sided derivatives at
a;—1 and a;) (j=1,---,q), and condition (2.2) holds.

Proceeding exactly like for Proposition 2.1, one obtains the following extension to a C?
family of piecewise C2-cycles.

Proposition 2.2 If f : Q — C is holomorphic and ® is a C? family of piecewise C?-cycles
in Q, the mapping

5 f(z)dz
<I>(~’5)

is constant on [0, 1].

Definition 2.6 A piccewise C*-cycle reducible to a constant in Q is a mapping v : [a, b] —
Q, such that v = ®(-,0) and ®(-,1) = ¢ € Q for some C* family ® of piecewise C*-cycles in 2.

A version of Cauchy formula is a direct consequence of Proposition 2.2.

Corollary 2.1 If Q C C is a domain, f : Q — C is holomorphic and v is a piecewise
C?-cycle in Q reducible to a constant in ), then

A F(z)dz =0,

Proof Let @ : [a,b] x [0,1] — € be the C? family of piecewise C?-cycles given by Definition
2.6. By Proposition 2.1, s +— f<1>(~ 5 f(2) dz is constant, and, furthermore, 9;®(-,1) = 0, so that

Lf(z) dz = /<1>(.,0)f(2) dz = [b(.’l) f(z)dz=0.
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Proposition 2.3 Let Q C C be a domain, g : Q@ — C be holomorphic on Q, v : [a,b] — Q
be a piecewise C%-cycle reducible to a constant in Q, whose image ([a,b]) is the boundary of
an open set A with A C Q. If g is different from zero on y([a,b]), and if

dz
AR5¢Q (2.4)

then g has at least one zero in A.

Proof If g has no zero in A, then z — ﬁ is holomorphic on some open neighborhood of

A contained in Q. Consequently, by Corollary 2.1,

d
/ AL
v 9(2)
a contradiction to (2.4).

2.2 Hadamard-Shih’s conditions on a circle

Let B(c,r) C C denote the open disk of center ¢ and radius r > 0, dB(c¢,r) denote its
boundary, and B(c,r) denote its closure.

Theorem 2.1 If f : Q — C is holomorphic on some domain Q D B(c,r), and if
R[(Z—70¢)f(2)] >0 forall z€ 0B(c,r), (2.5)

then f has at least one zero in B(c,r).

Proof For each integer k > 1, define fi, : B(c,7) — C by
f(z) =k 2z —c)+ f(2).
Each fi has the same regularity properties than f and, for any z € 0B(c,r),
Z-0fu(z) =k "2 +(Z -2 f(2) >0, (2.6)
using assumption (2.5), so that fi(z) # 0 for all z € 9B(c,r). Let
Yer : 10,27 — Q, t — ¢+ rexp(it) (2.7)
be a C*°-cycle with image 0B(c,r). Ye,r is deformable into ¢ in €. Furthermore,

| 75)=ol L

c,r

I
&

|
|
|

Ny z—d{mw—@n<nl[@—an@m»w}
y EEEIAOL Py
o [ e e e + Sfre (e + ro)]

= /i Fale + et a

2% freit (e + ret)
A Fale tranp >0
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because of (2.6). By Proposition 2.3, for each integer k > 1, fi has at least one zero zj in
B(e,r), and Bolzano-Weierstrass theorem implies the existence of a subsequence (zj, )n>1 of
(2x)k>1 converging to some z* € B(c,r). Letting n — oo in

0= fe,(z1,) =k, (2, —c)+ fzr,), n=12---,
we deduce that 0 = f(2*).

The following version of Brouwer fixed point theorem on a ball, first introduced for contin-
uous mappings in R™ by Birkhoff and Kellog [2] in 1922, is a direct consequence of Theorem
2.1.

Corollary 2.2 If Q D B(c,r), any function h : Q — C is holomorphic on Q, such that
h(dB(e,r)) C B(e,r) has at least one fized point in B(c,r).

Proof Tt is essentially the one given in [8] to prove Brouwer fixed point theorem for
continuous mappings in dimension n. For each z € 9B(c¢, ), one has

R{Z -0z = h(2)]} = |z — ¢ = R[(Z - 2)(c — h(2))]
> |z —cf* = [z = ¢[|h(z) — ]
r?— |z = ¢||h(z) — |

>r2—r2=0.

The result follows from Theorem 2.1 applied to f(z) = z — h(z).
Example 2.1 For any integer m > 1, the mapping h defined by h(z) = 5(2™ + 1) has at
least one fixed point in B(0,1). Indeed, if |z| = 1,
12l m
n) < Elgem 1) <1

There is no uniqueness as h has the two fixed points 0 and 1 in B(0, 1).

2.3 Poincaré-Miranda’s conditions on a rectangle
Let a < b, ¢ < d,
P={zeC: Rz € (a,b) and Sz € (¢,d)}

be an open rectangle in C, and let

Po={a+iy:yeled}t, P={b+iy:ye€][cd}
and

PC={x+ic:z € [a,b]}, P'={x+id:z € [a,b]}
be the opposite vertical and horizontal sides of P, respectively.

Theorem 2.2 If f: Q — C is holomorphic on some domain Q2 O P and if
(i) Rf(2) <0 for all z € P,, Rf(z) >0 for all z € Py,
(ii) Sf(2) <0 for all z € P¢, Sf(2) >0 for all z € P,

then f has at least one zero in P.
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Proof Let w be the center of P defined by

[((a+Db)+i(c+ d)]. (2.8)

1
w= -
2

For each positive integer k, it is easy to check that the function fi defined by
k() =k (z—w)+ f(z), z€P

is such that Rfi(z) < 0 for z € Py, Rfx(z) > 0 for z € Py, Sfip(z) < 0 for z € P°, and
Sfe(2) <0 for 2z € P4, so that f(2) # 0 for each 2 € OP. Let p : [0,4] — Q be the piecewise
C? cycle defined by

a+tb—a)+ic, if t €[0,1],
btile+ (t—1)(d—c)], iftell,2],

PO =Y o4 (t—2)(a—b)+id, ifte 23], (2.9)
a+id+ (t—3)(c—d), ifte][3,4],

whose image p([0,4]) = OP. Then,

S 5] = 3L [180r i) - st a2}

6|72 [=Si(2) dz + Rfi(2) dy]

Il
T

- [ oS 16 -y [ o) Rdp0)a - at
/|fk filo())(a — b) dt+/ ()2 RAp(0)](c — d) dt
—/ Ifk(s+ic)|’2%fk(s+ic)+/ | fr(b+it)| 2R fr (b + it) ds
ab ‘ d
+/ Ifk(s+id)|‘2%fk(s+id)dt—/ |fr(a +1is)| >R fr(a + is) ds
b
= [ 1Rl #0123l 4 50) + s + IDPIAuls + i) ds
d
—l—/ [|fk(b+is)|_2§)?fk(b+is)—|fk(a+is)|_28?fk(a+is)]ds>O,

using the assumptions (i)—(ii). For each integer k > 1, Proposition 2.3 implies the existence of
some 2 € P such that

k(2 —w) + f(z) = 0.

Using Bolzano-Weierstrass theorem, a subsequence (2, )n>1 of the sequence (z)r>1 converges

to some z* € P. Hence

0= lim f(zx,) = nlirrgo[kgl(zk7L —w) + f(zg,)] = f(z").

n—oo

Example 2.2 Let the holomorphic function f : C — C be defined by

f(z)=2+424+1+i, z€C,
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so that
Rf(x+iy) =2> —3xy® +4x +1, Sf(x+iy) =322y —v° +4y + 1.

Taking P={z€ C: Rz € (—1,1) and Sz € (—1,1)}, one has
2€P 1= Rf(z)=—-4+3y> <0, z€P = Rf(z)=6—3y>>0,
2€P ' =3f(2) =322 -2<0, z€P'=3f(2) =322 +4>0,
and f satisfies the assumptions (i)—(ii) of Theorem 2.2. Thus f has a zero in [—1,1] x [—1,1].
Corollary 2.3 If f is holomorphic on some domain Q O P, and if
R(z—w) -Rf(z) >0 forall z€ P, UP,
Iz —w)-Sf(2) >0 for all z € P°UPY, (2.10)
then f has at least one zero in P.

Proof For all z € P,, (2 —w) < 0 and for all z € B, N(z — w) > 0, so that the first
condition in (2.10) implies the assumption (i) of Theorem 2.2. Similarly, the second condition
in (2.10) implies the assumption (ii) of Theorem 2.2.

Remark 2.1 In the case of P, Hadamard-Shih’s condition can be written
R(z—w) - Rf(z) +S(z—w) - Sf(2) >0 forall z € IP, (2.11)
which shows that the Hadamard-Shih’s and Poincaré-Miranda’s conditions are independent.

For a real function of a real variable, Bolzano’s theorem implies the intermediate value
property. A similar result holds in the complex case. If f: Q — C satisfies the assumptions of
Theorem 2.2, define

= i o G
R:= [n})%xg?f, n})lbng?f] X [H})zix\rf, n}gldn\yf] c C. (2.12)

Because of the assumptions (i)—(ii) of Theorem 2.2, 0 € R.

Corollary 2.4 If f : Q — C satisfies the assumptions of Theorem 2.2, then f(P) D R, with
R defined in (2.12).

Proof For v € R given, let g : Q@ — C be defined by g(z) = f(z) —v (z € ). Then, for
z € P,, we have

Rg(z) = Rf(z) — R < Rf(z) —n})&x?ﬁf <0.

Similarly, Rg and g satisfy the other inequalities in the assumptions (i)—(ii) of Theorem 2.2,
and the existence of at least one zero of g in P follows.

Example 2.3 Corollary 2.4 and the computations of Example 2.2 imply that, for f(z) =
2% + 42+ 141, we have, with P ={2 € C: Rz € (-1,1) and Sz € (-1,1)} and R= {2 € C :
Rz € (—1,3) and Sz € (—2,4)}, f(P) D R.

The following version of Brouwer fixed point theorem on a rectangle is a direct consequence
of Theorem 2.2.

Corollary 2.5 IfQ D P, any function h: Q — C is holomorphic on Q, such that h(OP) C
P has at least one fized point in P.
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Proof Define f:Q — C by f(2) = z — h(z) for all z € Q. The assumption h(OP) C P is
equivalent to

a <Rh(z) <b, ¢<Sh(z) <d forall z€ P,

and hence, if z € Py, Rf(z) = a —Rh(z) <0, if z € By, Rf(2) =b—Rh(z) >0, if z € P,
Sf(2) = c— Sh(z) <0, and if z € P?, 3f(2) = d — Sh(z) > 0. Thus, the assumptions (a) and
(b) of Theorem 2.2 are satisfied, f has a zero in P, and h has a fixed point in P.

3 Uniquenesss of Zeros of Holomorphic Functions

3.1 Zeros of holomorphic functions

This section will rely upon more sophisticated properties of holomorphic functions than the
ones used in Section 2. They can be found for example in [1]. Let @ C C be a domain, and
f :Q — C be holomorphic on €.

Definition 3.1 A point a € C such that

0=f(a)=f'(a)=---=f"D(a), f(a)#0
for some integer m > 1, is called a zero of multiplicity m of f.

It follows easily from Taylor’s expansion of f at a that if f is not identically zero on 2, then
its zeros are isolated.

Definition 3.2 A piecewise Ct-cycle 7 : [a,b] — Q is said to bound a domain A C Q, if
1 d
27 Jy zjc

ceg A.

18 defined and equal to one for all c € A and either undefined or equal to zero for all

The following result, which goes back to Cauchy in one of his last notes to the Comptes
rendus (see [5]), is called the argument principle.

Proposition 3.1 Let Q@ € C be a domain, f : Q@ — C be holomorphic, A be a bounded
domain such that A C Q, and v be a piecewise C* cycle which bounds A. Then if f(z) # 0 on

~v([a, b)), f has at most a finite number of zeros a1, --- ,a, in A and
! I) dz zp:m (3.1)
— - i )
2mi J, f(2) =

where m; denotes the multiplicity of a; (7 =1,---,p).

Finally, let F': Q x [0,1] — C be a continuous function, such that F(z,-) is of class C' on
[0,1] for each z € Q, F(-,\) is analytic on ) for each A\ € [0,1], and let 7 : [a,b] — Q be a
piecewise C''-cycle.

Proposition 3.2 If F(z,\) # 0 for each (z,\) € v([a,b]) x [0, 1], the mapping

0,F(z,\)
/\l—>/7dz
v F(z0)

is constant on [0, 1].
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Proof We have, for each (z,\) € v([a, b]) x [0, 1],

0. F(z,\) OO F (2, \)F(2,\) — 0, F(z, \)OxF(z, \)
(%[ F(z,\) } - F2(z,\)
_ 0:0\F(2,\)F(2,\) — O\F(2,\)0.F(z,\)
N F2(z,)\)
o 8)\F(Z, /\)
B 82{ F(z,)) }

Hence, with differentiation under the integral sign easily justified,

o [ B ac = [ o2 0~ o[ AN

[ o [BLLEON

3.2 Strict Hadamard-Shih’s condition on the boundary of a bounded domain
Let © C C be a domain, f : £ — C be holomorphic, A be a bounded domain such that
A C Q, and v be a piecewise C'-cycle which bounds A.

Lemma 3.1 If for some c € A, R[(Z—¢)f(2)] > 0 for each z € OA, then

L (1)

Proof Define F': Q x [0,1] — C by
F(z,A)=(1=X)(z—c)+ Af(2).
Then F' satisfies the regularity conditions of Proposition 3.2 and, for each (z,\) € A x [0, 1],

R((z =) F(2,A)] = R[(L = )|z — > + Az =) f(2)]
=1 =Nz —c+A\R[Z-2)f(2)] >0,
so that F(z,\) # 0. By Propositions 3.2 and 2.1,

1 f’(z)d 1 (’LF(z,l)d 1 /82F(z,0) 1s
0
.

2mi ), f(2) T om 5 F(z,1) T o

1 dz 1/ dz 1
C2m ), z—c  2mi sz—ci ’

where r > 0 is sufficiently small, so that B(c,r) C A and 7, is defined in (2.7).

Theorem 3.1 If there is some ¢ € A such that R[(Z —¢) f(z)] > 0 for each z € OA, then f
has a unique zero in A and the zero is simple.
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Proof By Proposition 3.1 and Lemma 3.1,

p
E m; = 1,
j=1

so that p =1 and m; = 1.

Like in the case of non-strict conditions, one deduces from Theorem 3.1 the following version
of Brouwer fixed point theorem.

Corollary 3.1 If h : Q — C is holomorphic and h(0A) C A, then h has a unique fized
point in A.

3.3 Strict Poincaré-Miranda’s condition on the boundary of a rectangle

Let P, P,, P,, P¢, P? be defined in the beginning of Subsection 2.3, w be the center of P
defined in (2.8), and p be the cycle defined in (2.9).

Lemma 3.2 If f is holomorphic on Q D P and if

(i) Rf(z) <0 for all z € Py, Rf(z) >0 for all z € P,

(ii) Sf(2) <0 for all z € P, Sf(2) > 0 for all z € P,
then

Proof Define F': Q x [0,1] — C by
Fz,A) =1 =XN(z—w)+ Af(2).

Then F' satisfies the regularity conditions of Proposition 3.2. Now, for all A € [0, 1], we have
RE(z,A) = (1 — )\)GT_b +AMRf(2) <0, VzeP,
RE(z,A) = (1 — )\)b—Ta +AMRf(2) >0, Vze b,
SF(z,A) = (1— )\)C%d +ASf(2) <0, Vze P
SF(z,\) = (1— /\)% +ASf(2) >0, Vze P

Hence, F(z,\) # 0 for all (z,\) € OP x [0,1], and, by Proposition 3.2,

i/f’(z)d 1 0, F(z,1) 1 /5‘2F(z,0) 1s

omi ), f(z) T 2 ), F(z1) T 2w ), F(z,0)
1 [ d
- © de. (3.2)
2mi p 2 W

Using Proposition 2.1, if 7 > [(b— a)2 + (d — ¢)2]2, we have, with 7, defined in (2.7),

1 d 1 d
— L - — San— (3.3)
2mi J,z—w 27 Jy,,  z—w

and the result follows from (3.2)—(3.3).
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Theorem 3.2 If

(i) Rf(2) <0 for all z € Py, Rf(z) >0 for all z € P,

(ii) Sf(2) <0 for all z € P, Sf(z) > 0 for all z € P,
then f has a unique zero in P, and this zero is simple.

Proof It is similar to the proof of Theorem 3.1 with Lemma 3.1 replaced by Lemma 3.2.

Example 3.1 If P={z € C: Rz € (0,1) and Sz € (—1,+1)} and h(z) = e * (z € C),
then
Rh(z) =e P cosy, Sh(z)=—e "siny,

and
z€ P = cosl <Rh(z) <

1
zeP = e lcosl <Rh(2)
z€ P! = e lcosl < Rh(z)
z€ P! = e lcos1 < Rh(z)

, —sinl < Sh(z) < sinl,

<e~ —e tsinl < Qh(z) < e lsinl,
<cosl, e lsinl <SQh(z)<sinl,
<cosl, —sinl <Jh(z)< —e lsinl.

Hence h(OP) C P and there exists a unique z € P such that z = e~ *.

Like in the case of non-strict conditions, one deduces from Theorem 3.2 a corresponding
Brouwer fixed point theorem.

Corollary 3.2 If h: Q — C is holomorphic on Q2 D P such that h(OP) C P, then h has a
unique fized point in P.

Remark 3.1 Because one has h(OP) € P in Example 3.1, the fixed point is unique in P.

4 Holomorphic Mappings in C™

4.1 Brouwer degree

Let us now consider holomorphic mappings f : 2 — C", with components fi,- - , f,, where
Q C C™ is open. By the definition in [6], they are such that, for each a € €2, one can find a
C-linear mapping L : C" — C™ such that

o 17 = H@ = L= )|

2 Iz —all

=0.

This can be shown to be equivalent for f to be differentiable on €2 such that

z = (217... ;Zn): (3;1 +1y17 7xn+1yn)7
1 .
axjfk:Yanyk(;: 8., fr), Gk=1,2,---,n.

When n > 1, it seems difficult to use the n-dimensional extensions of Cauchy theorem like
in Section 2, and hence the approach of Section 3 is extended. To this effect, we use Brouwer
degree for holomorphic mappings from C" into C" considered as mappings from R?" into R?"
(see, e.g., [10] for a definition). The following result is proved in an elegant way in [14].

Proposition 4.1 If Q C C is open, f:Q — C" is holomorphic on Q, D is open, bounded,
with D C Q, and 0 € f(0D), the Brouwer degree dg[f, D,0] is a nonnegative integer such that
dg[f,D,0] > 0 if and only if 0 € f(D).
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Those properties are consequences of the definition of Brouwer degree and the fact that
if f : Q C R*™ — R?" denotes the map associated to f, J¢(z) denotes its Jacobian at
z € Q (in terms of partial derivatives 9z, fr(2)), J3(x) denotes its Jacobian at the correspond-
ing x = (1,1, ,Zn,Yn) (in terms of partial derivatives O, R fi(z), Or, Sfr(x), Oy, Nfr(x),
0y, fr(x)), one has

J5(@) = p ()2 = 0,

and Jyi.7(z) # 0 for all sufficiently small & # 0.

Notice that, for n = 1 and if a piecewise Cl—cycle ~ bounds D,

slf.D,0] = f

and Proposition 3.1 states that f has in D a finite number of isolated zeros a;, - - , a, and

slf, D,0] = f: (4.1)

where m; denotes the multiplicity of a; (j = 1,---,p). The following extension of this result
to holomorphic mappings from C™ to C™ is given in [14].

Proposition 4.2 Under the conditions above for f : Q C C" — C™ and D, dg[f, D,0] is
greater or equal to the number of isolated zeros of f in D.

The following consequence is also proved in [14].
Proposition 4.3 Under the conditions above for f:Q C C* — C™ and D, dg[f,D,0] =1
if and only if f has a unique zero ¢ in D and J¢(¢) # 0.

4.2 Hadamard-Shih’s conditions for holomorphic mappings

The results of the previous section provide a simpler proof of an extension of Bolzano’s
theorem to holomorphic functions from C” into C" given by Shih in [16].

Theorem 4.1 Let Q@ C C be open, f : Q@ — C"™ be holomorphic on Q, D be open and
bounded with D C Q, and assume that, for some ¢ € D,

Za% % —)fi(2)] >0, VzeaD. (4.2)
Then f has a unique zero in D, and this zero is non-degenerate.

Proof Consider the homotopy H : D x [0,1] — C" defined by
H(z,A)=(1-=X)(z—c¢)+ Mf(2).
By the assumption (4.2), we have
H(z,0)=2z—c#0, H(z,1)=f(z)#0, VYze€dD.

Furthermore, ¥V (z,A) € 9D x (0, 1),

Z% Hi(z,N)] =Y {1 = NIz — ¢ + MR[(Z — ) fi(2)]} > 0,
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and hence H(z,A) # 0. The homotopy invariance property of Brouwer degree implies that
dB[faDaO] = dB[Ivao] = ]-7

and the result follows from Proposition 4.3.
We still have existence conclusion in Theorem 4.1 under weak inequalities in the assumptions.

Theorem 4.2 Let Q) C C" be open, f:Q — C™ be holomorphic, D be open, bounded, such
that D C Q, and assume that , for some c € D,

n

Y R(Z -G)fi(2)] =0, VzeaD.

j=1
Then f has at least one zero in D.

Proof For each positive integer k, the mapping fj : Q — C” defined by

fF2) =k =z =) + f(2)

satisfies the assumptions of Theorem 4.1. Thus, for each k& > 1, f* has a unique zero z* € D. By
Bolzano-Weierstrass theorem, there exists a subsequence (2, )nen converging to some z* € D.
Letting n — oo in
kn ™' (zk, =€)+ f(21,) =0, neN
gives f(z*) = 0.
In the same way as for n = 1, we can also deduce from Theorems 4.1-4.2, the corresponding

versions of Brouwer fixed point theorem.

Corollary 4.1 Let Q2 C C™ be open, h : Q — C™ be holomorphic on ), and D be open,
bounded, convex such that D C .

(1) If h(OD) C D, h has a unique fized point in D.

(2) If h(OD) C D, h has at least one fived point in D.

4.3 Poincaré-Miranda’s conditions for holomorphic mappings

We now consider the generalization of Theorem 3.2. Let a; < b;, ¢; < d; (1 <j <n), and
define the open set P C C™ by

{z € C": Nz; € (a;,b;), Sz € (¢j,d;), j=1,---,n}. (4.3)

Theorem 4.3 Let Q O P be an open subset of C* and f : Q — C™ be holomorphic on £,
and such that, for j=1,--- ' n,
Rfj(z) <0, VzeP, Rzj=aj, Rfj(z) >0, VzeP, Rz =b;,

_ _ 4.4
Sfi(z) <0, VYzeP, Sz =c¢;, Sfi(z)>0, VzeP, Sz =d;. (44)

Then f has a unique zero in P, and this zero is not degenerate.

Proof Let ]
w = 5(al +b1+i(cr +di), - an + by +i(en, +dn))
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be the center of P, and consider the homotopy H : P x [0,1] x C* — C” defined by

H(z,A) =1 -XN)(z—w)+Af(2), z€P, Ae0,1].

By the assumption (4.4) and construction of w, for each j =1,--- ,n,
RH;(2,0) <0, VzeP, Rzj =a;, RH;(2,0)>0, VzeP, Rz = by,
SH;(2,0) <0 VzeP, Sz =¢j, SH,;(2,0) >0, Yz e P, Sz = dj,
%Hj(z,1)<0 VZE?, %ijaj, %Hj(z,1)>0, VZE?, %Zj:bj,
SHj(2,1) <0, VYze€P, Szj=c;, SH;(z,1)>0, VzeP, Iz, =dj,

and, for all A € (0,1),

RH;(2,\) <0, VzeP, Rzj=a;, RH;j(z2,\) >0, VzeP, Rzj =by,
SHj(2,A) <0, VzeP, Szj=c;, SHj(z,\) >0, VzeP, Sz; =d;.
Consequently, H(z,A) # 0, V(z,t) € 9P x [0,1]. The homotopy invariance of Brouwer degree

implies that
dB[faPaO] :dB[I_wv-PvO] = ]-7

and the result follows from Proposition 4.3.

We can deduce from Theorem 4.3 an “intermediate value property” for f on P. Define, for

j = ]-7 Ty
A — Rf. B — ; RF.
J zEP{%&%?:aj f]’ J zEPI,Ié)}Elzgzbj fJ’
C: = St D — ; S
J zep%%}f:cj Sl D zep%lz?:dj ST
and let
Q={weC": Rw; € (A;,B;), Sw; € (Cj,D;), j=1,---,n}. (4.5)

Theorem 4.4 Under the assumptions of Theorem 4.3, for each w € @, equation f(z) = w
has a unique solution in P. Furthermore, f : f~1(Q) — Q is a bi-holomorphic homeomorphism.

Proof The open set @ is well defined because, by the assumption 4.4, A; <0 < Bj, C; <
0 < Dj for each j = 1,---,n. The existence of a unique solution ¢ in P of equation f(z) =
w follows easily from Theorem 4.3 applied to the holomorphic mapping ¢(z) = f(z) — w.
Furthermore, its proof implies that dglg, P,0] = 1, which implies, using [14, Theorem 3], that
the Jacobian J4(¢) # 0. Hence, the result follows from the implicit function theorem for
holomorphic mappings.

Proceeding like in the proof of Theorem 4.2 with ¢ replaced by w, we still have existence
results in Theorem 4.3 under weak inequalities in the assumptions.

Theorem 4.5 Let Q O P be an open subset of C* and f : Q — C™ be holomorphic such
that, for j=1,--- ,n,
Rfj(z) <0, VzeP, Rzj=a;, Rfj(2)

>0,
Sfi(2) <0, VzeP, Szj=c;, Sfi(z)>0,

o
=

&

1
Q@‘

&
&

I
&

Vze
Vze

Then f has at least one zero in P.
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Theorem 4.5 implies, in a similar way as for Theorem 4.4, an intermediate value property.

Theorem 4.6 Under the assumptions of Theorem 4.5, for each w € Q, with Q defined in
(4.5), equation f(z) = w has at least one solution in P.

In the same way as for n = 1, we can also deduce from Theorems 4.3 and 4.5 the corre-
sponding versions of Brouwer fixed point theorem.

Corollary 4.2 Let P be given by (4.3), Q O P be an open subset of C*, and h : Q — C"
be a holomorphic mapping.

(1) If h(OP) C P, h has a unique fized point in P.

(2) If h(OP) C P, h has at least one fived point in P.
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