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Abstract

In this note, we show that the Brouwer fixed point theorem in open strictly star-shaped sets is equivalent to
a number of results closely related to the Euclidean spaces.
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1. Introduction

Brouwer’s fixed-point theorem assures that every continuous from the closed ball into itself in Euclidean
space has a fixed point. First studied by Poincaré in 1887 [I5] and by Bohl in 1904 [2] in the context of
ordinaries differential equations [19], then by Hadamard in 1910 and Brouwer in 1911 [3, §].

The most standard an popular proofs of the Brouwer fixed point theorem, can be found it is worth mentioning
those using:

e degree topological, see [4].
e homology or homotopy functors, see [7].

e combinatorial proofs based on Knaster-Kuratowski-Mazurkiewicz(KKM) principle see. e.g. [11].
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e Constructive proofs, analytical tools and and the Weierstrass theorem see e.g., [13] 12].

The equivalent formulations and generalizations of the theorem we can be found in the paper by Park [14].
In game theory, the existence of equilibrium was uniformly obtained by the application of a fixed point
theorem. In fact, Nash [16], [I7] shows the existence of equilibria for noncooperative static games as a direct
consequence of Brouwer or Kakutani [I0] theorems.

The purpose of this note is to, give the proof of Brouwer fixed point theorem, in some class of nonconvex
sets.

This note is organized as follows. In Section [2] we introduce all the background material needed such
as strictly star convex set, and homotopy group. Section [3]is devoted to establishing the prove of Brouwer
fixed point theorem on star convex sets via homotopy group.

2. Preliminaries

Definition 2.1. An nonempty subset U of R" is said to be star-shaped with respect to some xg € U, if for
all x € U, we have
[0, z[={(1 —t)xo +tx :t €[0,1]} CU.

Definition 2.2. An open bounded neighborhood U C R"™ of the origin, is strictly star-shaped with respect
to the origin if U is star-shaped with respect 0 and for any x € 9V, we have

{Az: A>0}NoU = {z}.

Remark 2.3. If U is a bounded open neighborhood of the origin, the following strict inclusions hold (see [18),
Proposition 1]):
Convex C Strictly Star — shaped C Star — shaped.

For any strictly star-shaped open and bounded neighborhood U of the origin, we can define the Minkowski
function py : R™ — [0, 00) by
pu(x) =inf{A >0:2 € A\U}.

Proposition 2.4. [1, (3] Let U C R™ be a strictly star-shaped with respect to 0. Then, we have the following
properties:

o 1y(0), up(xz) >0 for each x € R™\{0}.

o uy(te) =tuy(x), for all z € X and t > 0.

o uy(x) >0 for any x € R™.

o U= {z:py(z) <1},U={x:py(x) <1}, and OU = {z : py(x) = 1}.
o uy: R® — R s continuous.

Remark 2.5. For strictly star set, the Minkowski function can equivalently be defined as: for x # 0, py(x)

is the unique positive number such that ﬁ eU.

Proposition 2.6. [3] Let U C R™ be an bounded open neighborhood of zero. If U is strictly star-shaped, then
the mapping ry : R® — U given by

T R™ T7
rU(JU):{ @ TERMT,

H _
z zeU,

is a continuous retract of R™ into closure of U.
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Proposition 2.7. [i] Let U C R™"! be an bounded open neighborhood of zero and S C R is a sphere.
If U is strictly star-shaped, then the mapping h : S™ — U given by

x
h(z) = , z€8",

is a homemorphism.
Let X be a topological space and xy and I = [0,1] x ... x [0,1] C R™, I =0, 1], where
oI" = {(t1,...,t,) € I" : at least one of the t; = 1,0}.
We now consider the set
QX,xo) ={f:(I",0I") = (X,x0) : f is continuous and f(0I") = z¢}.

Definition 2.8. Let f, g be two continuous functions Q(X, zg). Then f, g are called to be homotopic related
to OI" denoted by f ~ g ... if there exists a continuous map H : I" x I — X such that

H(tl,...,tn,()) :f(tl,...,tn), H(tl,...,tn,l) :g(tl,...,tn), for all (tl,...,tn) el”

and
H(ty,...,tn,8) =z, forall (t1,...,t,) € I" and s € I.

We shall use the equivariant homotopy functors m,,n = 1,2, ...
Corollary 2.9. The relative homotopy relation is an equivalence relation.

Definition 2.10. For each n € N we define the group of homotopy m, (X, x¢) by
7Tn(X, .7)(]) = {[Oé] RS Q(Xa .I‘())} = Q(Xa 33'0)/

~Y
_"relaI"

with respect to the product [a], [8] € mn (X, zo) given by
[][8] = [ev.f;

where

a(2ty,ta, ... 1) if0<t; <1, (to,....t,) € 1",

(.f)(t1, ... tn) =
B(2t1 — 1,ta, ..., tn)) if 1<t <1, (ta,....t,) e "N

Proposition 2.11. [9/ Let X,Y are two topological spaces, and f : (X,x0) — (Y,40) be a continuous map
with f(xo) = yo. Then, f induces group homomorphisms fi : 7 (X, x0) — (Y, y0) given by

fillal = leco f], [o] € ma(X, o).
Remark 2.12. Induced homomorphisms satisfy the following properties:
e« (fog).=f.og.
o (Idx)« = Idy, (X ,20)-
Proposition 2.13. [J] For all n € N, we have 7,(S"™) is a isomorphism to Z.

Definition 2.14. A set A € X is said a contractible space provided there exists a continuous H : Ax [0, 1] —
A and zg € A such that

(a) H(x,0)=x, for every x € A,
(b) H(z,1) = xg, for every x € A,
i.e. if the identity map A — A is homotopic to a constant map (A is homotopically equivalent to a point).

Remark 2.15. If A C R", is a star set, then A is contractible. Also the class of contractible sets is much
larger than the class of closed star sets.

Corollary 2.16. FEvery contractile space X, has a trivial homotpy group.
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3. Brouwer fixed point theorem on strictly star-shapes set

In this section, we deduce various Brouwer fixed point theorems on strictly star-shaped set, various non-
retract theorems, and the non-contractibility of a bored of some class start set. Those are shown to be all
equivalent to the Brouwer theorem and, consequently, we would have our second classical circular tour which
starts and ends with the Brouwer theorem.

Proposition 3.1. Let C be a open bounded and strictly star-shaped subset of R"! with 0 € C. Then 0C is
not retract of C.

Proof. Suppose there exists a retraction » : ¢ — dC and from proposition h: S*~! — 9C is a homeomor-
phism and i : dC — C' is continuous injection. Construct the following mapping
1 . n h [ r A1 n
h™oroioh:S" —-0C - C — 9C — S",
(R toroioh)(x) =Idg(x), =S

Therefore,

. —1
(hloroioh)y=hIlor 0iyohy: m(S") 225 ma(9C) 25 m(C) 25 1 (9C) s ma(S™),

is a isomorphism. Since C' is a contractible space then ,(C') = {0} and from proposition [2.13 we get
Tn(S") = m,(0C) = 7Z. Since h;', ry,ix, hy are homomorphisms and (b= o7 0o h), is a isomorphisms,
hence 7, (S™) = {0}, which is a contradiction. O

Theorem 3.2. Let C C R™"! be a open bounded and strictly star-shaped with respect 0 € C and f: C — C
is continuous function, then there is v € C such that x = f(z).

Proof. Suppose that f(x) # x for all z € C, we define the mapping g : C — S™ by

e -
A P ] R

It clear that g is a continuous and C' C 2C, then, we can extend the mapping g to the set 2C as follows

g(z), z e C,

() =
! (2 — pe(x))g (h (W)) , 1€20\C.

Since, for x € C, we have uc(x) =1 and h <Hi> =z, 80

x|

2= nena (n (45 )) = ste)

hence, it is easy to check that g is a continuous function on C. Now, we define the continuous application
g:C — R" by

For z € C, then
e If 22 € C, then g(z) 9(2) 4 30eC.
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o If 22 € 2C\C, thus

- x
1) = (1= etas (1 () ) + ne(@l € .
This implies that
g(C) cC.
Now, we will show that for all z € C,g(z) # x. Assume that there exists z € C such that g(x) = z. It follows

that, if 2z € C, we get
9(2x) = 20 = f(2x) = 2z,

which isﬁcontradiction.
If 22 € C' we have

@tz (5 ) ) =20 = @ = nealne (s (1 () ) ) = netzo)

We shall consider the following three cases:
Case 1: If pc (g (h (ﬁ))) =1, we get
po(2r) =1= 2z € C,
this is a contradiction with 2z ¢ C.

Case 2: If 0 < pe (g (h (ﬁ))) < 1, we obtain

which,is contradiction.
Case 3: If uo (g (h (ﬁ))) =0, we have
poe(2r) =0=2z=0¢€C,
this is impossible.
e We shows that §(0C) = {0}. Let x € 9C, then 2x ¢ C. By contradiction, assume 2z € C, then, we have
pe(2r) <1=1=pc(x) < %7

which is a contradiction. Hence, we obtain

§(2) = (2 2uc(2)g (h (ru)) _o.

Consequently the retraction 7 : C — C given by

r(z) = h (“/’_M> |

lz = g(@)|

Clear that R is a continuous mapping and for every x € 9C, we get
r(z)=h (Hx’> , po(z) =1= R(z) = x.
x

Thus 7 is a retraction of C onto dC, contradicting Proposition [3.1] O
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Theorem 3.3. Let C be a open bounded and strictly star-shaped subset of R™ with 0 € C. FEvery continuous
map f: C — R™ satisfied at least one of the following properties:

(i) there x € C such that f(z) = x; or
(i1) there exists x € OC such that \x = f(x) with A > 1.

Proof. Using proposition for define a map rco f : C — C by

pety f(@) ERUAC,

(roo f)(z) =

Then, by theorem there exists z € C' such that

(roo f)(z) = .
If f(z) € C, then f(z) = x.
If f(x) € R"\ C, we get

flx)
po(f@) ~
this implies .
M(z) =z, A= @) >1, z€0C.

O

Proposition 3.4. Let C be a open bounded and strictly star-shaped subset of R"! with 0 € C and f : C —
R be a continuous function such that

flz) € { z: A >0} forallr € 0C.

Then there exists xg € C such that f(xg) = 0.

Proof. Assume that, f(z) # 0, for every z € C. We define f: C — C as follows
RN A C)) =

flz)=————, ze€C(,

@)= @)

is a continuous function. From Theorem fhas at least one fixed point ?z € C. Then = &) with
: | : : ne (f(z))

pe(z) =1, hence z € 9C, contradicting the hypotheses. O]

We are often interested to prove the not contractible set of star-shaped sets.

Theorem 3.5. Let C be a open bounded and strictly star-shaped subset of R™ with 0 € C. Then, 0C is
not contractible.

Proof. Assume by contradiction that 9C is contractile, then there exists x, € 0C and homotopy H :
0C x [0,1] — 0C, such that

H(z,0) =z, H(z,1) =2, foallzedC.
Define now the following map r : C' — C by

T, 0< pe(z) < 3,
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For po(z) = 3, we have H (ﬁ, 2uc(x) — 1) = H(z,0) = x,, then r is continuous. On the other hand, for

each x € 9C we have
r(x) = H(z,1) = x.

This contradicts Proposition [3.1]

O
From Theorem we can deduce the prove of Theorem
Proof. Assume that f(z) # x for all x € C. Define a map H : 9C x [0,1] — 0C by
1—tr—qg((1 -t
H(z,1) :h< (1= bz =g((1 =) ) , zedC,
11 =t)z —g((1—t)z)]
where g, as defined in the proof of Theorem . H is continuous and for any ¢ € {0,1} we observe that
H(z,0)=2z, H(z,1)= h(ig(0)> , forall x € 0C,
1g(0)]
contradicts the not contractible theorem 3.5 O

Theorem 3.6. Let C' be a open bounded and strictly star-shaped subset of R™™ with 0 € C. Then the
following (equivalent) assertions hold

1) OC is not contractible.

2) Every continuous map f : C — R satisfies on to conditions:
a) there x € C such that f(z) = x; or
b) there exists x € OC such that x = \f(x) with X € (0,1).

3) Brouwer fized point theorem holds true on C.
4) 0C' is not retract of C.

Proof. 1) = 2). Assume that 2) is not true, then for all x € C, f(z) # x and x # Af(x) for all A € (0,1).
Now we define H : 9C x [0,1] — 0C by

(1 =Nz — f((1 = Nz)
po((L =Nz — f((1 = N)z))’

It is clear that puc(z — Af(z)) # 0, pc((1 — X))z — f((1 — N)x)) # 0 for every x € 9C and H is a continuou
function. Moreover, we have

H(z,\) = (z,\) € DC x [0, 1].

e f() O
He 0 = ey oY= oy “€%¢
£(0)

Hence the identity map Idg¢ is a homotopy to constant application m. It contradicts to the assumption

1).
2) = 3). If there exists a continuous map f : C — C such that for every x € C, we have f(r) # x, then
there exist z, € 9C and A € (0,1) such that x, = Af(x), thus pc(xs) = Auc(f(z4)). So,

1=Xe(f(zs) <A< L
which is a contradiction.

3) = 4). Assume, by contradiction that there is a continuous function r : C — AC such that

r(z) = x, = € AC. Hence the mapping ior : C = dC 5 C is a continuous. Then the continuous
map n = —ior:C — C without fixed point.

So 4) = 1) and the proof is completed. O



L. Gorniewicz, A. Ouahab, Lett. Nonlinear Anal. Appl. 1 (2023), 64-71 71

References
[1] A. Boulkhemair and A. Chakib, On a shape derivative formula with respect to convex domains. J. Conver Anal. 21, No.
1, (2014), 67-87
[2] P. Bohl, Ueber die Bewegung eines mechanischen Systems in der N#he einer Gleichgewichtslage. J. Reine Angew. Math.
127, (1904), 179-276.
[3] L. E.J. Brouwer, Uber Abbildung von Mannigfaltigkeiten. (German) Math. Ann. 71 (1911), no. 1, 97-115.
[4] G. Dinca and J. Mawhin, Brouwer Degree. The Core of Nonlinear Analysis. Progress in Nonlinear Differential Equations
and Their Applications 95. Cham: Birkhauser 2021.
[5] C. Gonzalez, A. Jiménez-Melado, and E. Llorens-Fuster, A Ménch type fixed point theorem under the interior condition,
J. Math. Anal. Appl. 352 (2009), 816-821.
[6] L. Gorniewicz, Topological Fized Point Theory of Multivalued Mappings, Springer, New York, 2006.
[7] A. Granas and J. Dugundji, Fized Point Theory, Springer-Verlag, New York, 2003.
[8] J. Hadamard, Note sur quelques applications de I'indice de Kronecker. In Jules Tannery: Introduction a la théorie des
fonctions d’une variable (Volume 2), 2nd edition, A. Hermann & Fils, (1910), 437-477.
[9] A. Hatcher, Algebraic Topology. Cambridge University Press, Cambridge 2002.
[10] S. Kakutani, A generalization of Brouwer’s fixed point theorem. Duke Math. J. 8, (1941), 457-459
[11] B. Knaster, K. Kuratowski and S. und Mazurkiewicz, Ein Beweis des Fixpunktsatzes fiiur n-Dimensionale Simplexe. Fund.
Math. 14, (1929), 132-137.
[12] R.B. Kellogg, T.Y. Li and J. Yorke, A constructive proof of the Brouwer fixed-point theorem and computational results.
SIAM J. Numer. Anal. 13, (1976), 473-483.
[13] J. Milnor, Analytic proofs of the "Hairy Ball Theorem” and the Brouwer. Fixed Point Theorem Am. Math. Monthly 85,
(1978), 525-527.
[14] S. Park, Ninety years of the Brouwer fixed point theorem, Vietnam J. Math. 27 (1999), 187-222.
[15] H. Poincaré, Sur certaines solutions particulidres du problbme des trois corps, Bull. Astronomique 1 (1884) 65-14, in
Oeuvres de H. Poincaré, t. VII, Gautier-Villars, Paris, (1928), 253-261.
[16] J. F. Nash, Equilibrium points in n-person games, Pro.the United States of America 36 (1950), 48-49.
[17] J. F. Nash, Noncooperative games, Annals of Mathematics, 54, (1951), 289-295.
[18] A. Jiménez-Melado and C. H. Morales, Fixed point theorems under the interior condition, Proc. Amer. Math. Soc. 134

[19]

(2006), 501-507.
E. Zeidler, Nonlinear Functional Analysis and Its Applications I. Springer, New York 1986.



	1 Introduction
	2 Preliminaries
	3 Brouwer fixed point theorem on strictly star-shapes set

