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Abstract. It is shown that the stochastic counterpart of the classical fixed point theorem for
continuous maps in a finite dimensional Euclidean space (“Brouwer’s theorem”) is not, in general,
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Introduction

The classical Brouwer fixed point theorem says that if V' C R™ is closed, convex, bounded
and nonempty, then any continuous operator 7' : V — V has at least one fixed point. This
result is an important contribution to e. g. nonlinear functional analysis and its applications,
where it is used to justify the fixed point theory for compact operators (Schauder’s fixed point
theorem) and their generalizations (Sadovskii’s fixed point theorem [1] etc.). Existence problems
in the theory of stochastic equations can also be formulated using the fixed point framework
[2], [3]. However, there are several reasons why this framework cannot be based on Brouwer’s
theorem or its natural generalizations: the relevant spaces are not Banach, and even not locally
convex, and the relevant operators are far from being compact. At the same time, stochastic
operators possess some other generic properties, which may be of significance for the stochastic
analysis [3].

In this paper, we describe the class of operators that typically stem from stochastic equations
and discuss the assumptions on invariant sets that can be used in a potential fixed-point theorem
for these operators. The main result of the paper gives a nontrivial counterexample of a closed,
convex, bounded and nonempty subset, for which the stochastic Brouwer fixed point theorem,
formulated for the above class of nonlinear operators, is not valid.

1. Local operators

Let S = (2, F, P) be a complete probability space, which means that a probability measure
P is defined on a o-algebra F of subsets of a set (2, and F contains all subsets of measure
0. Below, the abbreviation a.s. replaces the expression “almost surely”, i. e. almost everywhere
with respect to the measure P.

For a separable metric space X, the set P(X) consists of all equivalence classes [z] of
F -measurable functions z : 2 — X, also called random points in X. Equipped with the
topology of convergence in probability, P(X) becomes a complete topological vector space,
which is not locally convex even if X = R".

Let = C P(R™). We say that two equivalence classes [z],[y] € £ coincide on a set A C €,
e [z]|la=[y]|la, If z(w)=y(w) for almost all w € A for some representatives = € [z] and
y € [y]. Evidently, this definition is independent of the choice of the representatives = and y.

Definition 1.1. Let = C P(X). An operator h: = — P(Y), where Y is another
separable metric space, is called local if

[#]]a = [y]|a implies A[z]|a = h[y]|a
for any [z],[y] € E and A C Q.

Notice that any local operator h can be naturally (but not uniquely) extended from the
set = to the set of all representatives of the equivalence classes belonging to =. Indeed, for
[z] € 2 we can put hxz to be an arbitrary representative of the class h[z]. Clearly, such an

operator is well-defined. For this extension, the property of locality reads as follows:
r(w) =y(w) for we A as. implies hz(w) = hy(w) for w e A aus.

Conversely, if h, defined as a local operator on the set of all representatives of the equivalence
classes belonging to =, is local, then it generates a unique local operator on the set = because of
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the property x1,zs € [z] implies h(z;) = h(xs) a.s. Therefore, we will in many cases disregard
the difference between the equivalence classes [z] and their particular representatives x writing
(somewhat unprecisely) = € P(X) instead of [z] € P(X).

A natural example of a local operator is given by the superposition operator

(hyr)(w) = f(w, z(w)),

where f:Qx X =Y isan (F ® Bor(X); Bor(Y))-measurable function and Bor(X) and
Bor(Y') are the o -algebras of all Borel subsets of the spaces X and Y, respectively. Due to the
above comment, the superposition operator can be regarded as a local operator on equivalence
classes hy: P(X) — P(Y).

It is well-known (see e. g. [4], [5]) that if f:Q x X — Y is a Carathéodory function, i. e.
f(,x) € P(Y) forall z € X and f(w,-): X — Y is continuous for almost all w € Q, then
the superposition operator hy : P(X) — P(Y) is continuous in probability, i. e. with respect
to the topologies of the spaces P(X) and P(Y).

However, not any local and continuous operator can be represented as a superposition
operator generated by a Carathéodory function. The most famous example is the It6 integral [6],
[7]. Thus, the class of superposition operators generated by Carathéodory functions is too poor
for the theory of stochastic equations. On the other hand, stochastic integrals, superposition
operators, their compositions and limits possess the property of locality [8]. Therefore, it was
stated in the paper [3] that local and continuous in probability operators constitute a suitable
class for developing a fixed point theory for stochastic analysis. It was, in particular, shown
in [3] that there exists a stochastic version of Schauder’s fixed point theorem, which is valid
for certain local and continuous in probability operators. In the later publication [8] it was
demonstrated that this fixed point theorem can be successfully applied to various stochastic
differential and integral equations.

The proof of the stochastic counterpart of Schauder’s theorem was based in [3] on a fixed
point theorem for local operators in the spaces of finite dimensional random points P(R").
This “stochastic Brouwer fixed point theorem” was justified in [3] for special subsets of these
spaces, which was sufficient for many applications. However, some subsets naturally arising,
for instance, in Malliavin calculus [9] were not covered, so that the problem of describing more
general classes of invariant subsets of P(R™), for which the stochastic Brouwer theorem is
valid, was still highly relevant for applications, but remained open.

The following question is, therefore, discussed in the present paper: let = be a closed,
convex, bounded and nonempty subset of the set P(R") and h : = — Z be a local and
continuous in probability operator. For what subsets = C P(R") the equation hz = x has at
least one solution? We give some examples of subsets, for which this stochastic Brouwer fixed
point theorem holds true, but the central result of the paper states that it is, in general, false.

2. An example of a stochastic fixed point theorem

For some invariant subsets = the answer to the above question is affirmative. To describe
this class, let us consider a random subset U : w +— U(w) of R™ with the measurable graph
GrU ={(w,U(w)) € Qx R"} € F® Bor(R™). The set P(U) consists of all equivalence classes
[z] from P(R™), for which there exists a representative z’ € [x] such that 2'(w) € U(w) for all
we Q. If Ulw) C R™ is a.s. bounded, closed or convex, then P(U) is respectively bounded,
closed or convex in the space P(R™). Recall that bounded subsets B of the space P(R") can
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be described as follows: for any ¢ > 0 there is r > 0 such that P{w € Q : |z(w)| >r} <e
for all = € B.

Theorem 2.1. Suppose that U : Q — R"™ is a closed, convex, bounded and nonempty
random subset of R" such that

GrU € F ® Bor(R").

Let =2 =P(U) and h: = — Z be a continuous and local operator. Then h has at least one
fixed point in =.

Proof. By the main result of the paper [5], there exists a Carathéodory function
f : GtU — R" such that h = hy. Evidently, f(w,-) leaves the set U(w) a.s. invariant.
By the deterministic Brouwer fixed point theorem, the set Fiz(w) consisting of all fixed points
z, € U(w) of the map f(w,) : U(w) — U(w) is a.s. nonempty. On the other hand, the
function F(w,z) = f(w,z) — x is Carathéodory and hence F ® Bor(R"™)-measurable [10].
Therefore,

{(w, Fiz(w)) : we Q} =G 0) € F® Bor(R")

and by the measurable selection theorem [10] there exists a F-measurable function z(w) €
U(w), i. e. a random point = € P(U), such that z(w) € Fiz(w) a.s. By construction, hax =
hyx = x a.s., so that the equivalence class of z is a fixed point of the operator h. n

Remark 2.1. The most difficult part of the above proof is to justify the existence of a
Carathéodory function f. This result is known as the generalized Nemytskii conjecture [5]. The
conjecture itself says [11] that if a superposition operator h,: P(R")—P(R™) is continuous in
probability, then g must satisfy the Carathéodory conditions. This conjecture is, unfortunately,
not true in this formulation, but as it shown in [5], there always exists a Carathéodory function
f such that hy = hgy, and this result can be also extended to arbitrary local, continuous in
probability operators and arbitrary separable metric spaces. The proof offered in [5] was based
on projective approximations of metric spaces by topological Tj-spaces with finitely many
points. An alternative proof for the simpler case of Y = R™ and separable Banach spaces X
can be found in the later publication [12]. This proof utilized special variational techniques.

Remark 2.2. Theorem 2.1 can be extended to some more general convex, closed and
bounded subsets of the space P(R"™) that are relevant for stochastic analysis, see the paper [3]
for details. However, the theorem in the next section shows that the stochastic Brouwer fixed
point theorem for local operators is, in general, not valid for arbitrary closed, convex, bounded
and nonempty subsets consisting of random points in finite dimensional spaces.

3. The counterexample

The proof of the main result of this section is based on a technical lemma.

Lemma 3.1. Let
(Q,F,P)= (' x Q2 Fl o F2, PV g P?)

be the product of two complete probability spaces and let A € F' @ F? have the property
PO (AWh) and PV(A(w?)) is 0 or 1 for almost all w' € Q' and w? € O, respectively.
Then (PY @ P@)(A) =0 or 1.
Here A(w!) ={w? € 0?: (w',w?) € A} and A(w?) ={w! € Q' : (W' w?) € A}
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P roof Denoting P= PV @ P? we define
A ={w'eQ: POAWY) >0} eF and Ay ={w? € ?: POA(W?) > 0} € F.
Then by the assumptions,
A ={weQ: POAWY) =1} and Ay ={w? € Q?: POA(W?) =1}

and by Fubini’s theorem PA = fAl PO(AW"))dPY = PM(A), and similarly, PA =
(2)(A). On the other hand,

P(A—(A1xAg)) = P(A—((A1 X Q) U(Q1 xAy))) < P(A—(A1 %)) +P(A— (21 xAy)) =0,
so that P(A) < P(A; X Ay) = P(A1)P(Ay) = (P(A))% Hence P(A) =0 or 1. O

Theorem 3.1. There exists a closed, convex, bounded and nonempty subset = of the space
P(R?*) and a local and continuous in probability operator h : = — Z such that the equation
hx = x has no solutions.

P r o o f. The proof of the theorem consists of two parts. In the first part, we define the set
= and describe its properties, while the operator A will be constructed in the second part.

Part 1. Let C be the set of all complex numbers, D = {z € C: |z| < a}, where a = 7795,
so that the arca of the circle is 1. Define Q = [[-, D; and Q* = [[° 1 Di, where D; = D

(i>1), P, = ®l i and PR = @72, | w;, where p; is the Lebesgue measure on D;. For

brevity, we denote
=D P=P' =R
i=1 i=1

and let F be the completion of the Borel o-algebra on ) with respect to P. This gives a
complete probability space (2, F, P).

We will construct = as a subset of the space P(C), which can be identified with the space
P(R?).

Let E be the expectation, i. e. the integral with respect to the measure P. Consider the
set L2 C P(C) consisting of all square-integrable complex functions. The topology in L? is
induced by the inner product (x,y) = Exy. The set = is defined to consist of all functions
x € P(C) that a.s. take their values in the closure D of the set D and satisfy the following
property: for every k € N and every 2% € QF the function z(-,z*) is holomorphic on Q. We
shall prove three following properties of the set =

1. = is a closed, convex, bounded and nonempty subset of P(C);

2. Z is noncompact;

3. if x,y € £, then P{x =y} =0 or 1.

Proof of Property (1). The set = is by construction convex and bounded in P(C), the function
r(w) =x(21,2') = 21 (21 € Qy, 2! € Q') belongs to =, so that = # (). Let us prove that =
is closed in P(C). Pick a sequence {z,} C =, z, — « in probability. Using an appropriate
subsequence we may assume, without loss of generality, that z,(w) — z(w) on a set A of full
measure (PA =1). Let k € N be an arbitrary number. Let A(2%) = {2, € Q. : (2, 2") € A}
By Fubini’s theorem, the set Q* which consists of all z¥ € Q% such that P,A(z*) = 1, has



148 A. Ponosov

measure 1. Taking an arbitrary zF € QF, let us consider the k-dimensional torus I, =
1,7, where p = (p1,...pr), pi < a and 7,, = {z € C: |z| = p;}. Let v be the
Lebesgue measure on I',. Using again Fubini’s theorem yields a set of p € [0,a) X ... X [0, a)
of full Lebesgue measure, where vI', = v(I', N A(2")). In particular, there exists a sequence
p" — (a,...,a) such that

V(L yn) = v(Tpm N A(ZY)). (3.1)

By construction, z,(-, 2*) — z(-, 2F) v-almost everywhere on each T'ym
Consider the integral

:]w

(2m’)"“/r (€, .y, &gy 2 —1:)dE = Om (N1, - k). (3.2)

p i=1

The integral exists for any z, = (n,...,n,) where |n;| < p* (i = 1,..,k, m € N) and
P = (p", ..., pl"), as the integrand is bounded and measurable. By Hartogs’ theorem [13], the
functions ¢,,(m1,...,mk) (m € N ) are holomorphic, i. e. complex differentiable, at these points,
because they are holomorphic in each variable z;:

5771 ((pm(nla ey T + 57717 ) 77]6) - Spm(nla ey Miy veny nk))
= fp m 51, vy &y T ---777k) ((fz — N — 5771')71 - (fz - m),1> dg
= f%m (& —m— 57h) P— (& —m)™h) dg fl‘[#npm YLy ooy Es M1y ooy M)A A1 Ay A

i |97 ,
= Cﬁ?ﬁiﬁ [s—ni— 57711H8 7il = o([om),

for small |dn;| satistying |n; + on;| < b < pi". Here

k

y(éh "'751@77717 777k) = x(gla ) 7&67 Zk) H(£] - 77])
J#i
is a bounded function on I',m

On the other hand, for every 2* € OF the functions @, (-, 2%) are holomorphic, so that
applying the multivariate Cauchy formula and the Lebesgue convergence theorem yield

(Zk7 27” fp o gla 3) 7€k7 ) H@ 1(5 nZ)dg = <Pm(7717 sy nk)
27” fp 517 . 77&% )Hz 1(52 nl)dg = @m(”h XD 77k) = Spm(zk) as n — oo

for each m € N and each 2z, = (n1,....,mx) (|m] < p™ (i = 1,..., k). Therefore, x(z,2"%) =
Om(z) for almost all z, € W = {(n,...,m) : |mi] < p*,i=1,....k and all z¥ € OF, so that
x(+, 2F) is holomorphic on any open set W™ and hence on the set ), because by construction,
No_, Wi = Q. As k € N is arbitrary, we have proven that = € =, so that Z is closed in
P(C).

Proof of Property (2). Consider the functions zx(w) = z(zx, 2*) = (11, ..., Mk, 2¥) = mi (here
2zt = (n1,...,mk) ). Clearly, x;, € =. On the other hand, (xk,gsl>:E17kﬁl:ka M i, ka mdp; =0
if k # [, because

2w a
/ Medpy, = / (u+iv)dudv = / d@/ 72(cos @ + i sin 0)dr = 0.
Dy D 0 0
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On the other hand, for all £k € N

2m a
(T, 1) = Emiy = / (u® + v®)dudv = / d@/ ridr = (27) 7,
0 0

D

so that ||z — x|z = 7%, k # 1 and the sequence {z;} is not compact in the L?-topology

of the set =. But |z| < a a.s. for all x € 2. Therefore, the L?-topology and the topology of
P(C) are equivalent on =, so that = is not compact in the latter topology as well.

Proof of Property (3). It is sufficient to check that for any = € =, the measure of the set
' ={w e Q: x(w) = 0} is either 0 or 1. Assume, on the contrary, that 0 < PI" < 1. By
definition of the measure P as the product of linear Lebesgue measures, there always exist
k € N and a Borel subset B C €, such that ' € B C €, up to a 0-measure set and
P(BxQ, —T) < iPT. Let y = xlqg_p € 2. By construction, {w e Q: y(w) =0} =B C QY
up to a 0-measure set and 0 < P(B) < 1. Without loss of generality we may assume that y
is holomorphic in z;. In particular, y is holomorphic in each 7; on the set D; = D, where
2z = (1, ..., nk). Therefore the Lebesgue measure of the set {n; : z, € B} is either 0 or 1 for
ANy (11, ooy i1y Mis 1y ooy M) € H#i D;.

Now, Property (3) follows from the induction argument and Lemma 3.1.

To conclude the first part of the proof, let us notice that any map defined on = will be
local due to property (3). Hence any continuous map h: = — = without a fixed point would
satisfy all the assumptions of Theorem 3.1. This map will be constructed in

Part 2. Let us consider the polygonal chain P connecting the consecutive points z, € =,
which where defined in the course of the proof of Property (2). The set C is the union of the
line segments I, = [z, 2y ={y €2 y=az, + (1 — a)zr,11, 0 < a <1}, Assume that a
sequence {y,} C C converges to some y € Z. As it has been mentioned, this is, in fact, the L?-
convergence, i. e. Ely,—y|*> — 0 if v — oo. We claim that there exists n € N such that y, € I,
for sufficiently large v. To prove it we notice that if m > n and v = azx, + (1 — a)x,41 € I,
and v = Bz, + (1 — B)xyme1 € I, for some a, f € [0, 1], then

Elu—v=02r) ' (@ +8+1—-a)+(1-0)2%)>02r) " if m—n>2,
Elu—v*=02m) a2+ 82+ (1—a—=p8)*>a1) if m—n=1,

due to orthogonality of z, and the equality FEl|z,|* = (2r)~!. Therefore, if for some vy € N
we have Ely, —y,,|> <7 ! forall v > vy and y,, € I,,, then y, € I,, as well for all v > .

As each [, compact, it implies that y € C, so that C is a closed subset of =. On the
other hand, the map n : C — [0,00) defined on each I, by n(az, + (1 — @)z,41) = n — «
is a bijection, because I, NI, =0 if |lm —n| > 2 and I, N I,;; =z, for all n € N. Let
y, — y in C. Then there exists n such that y, = a,z, + (1 — o, )x,4;1 for sufficiently large
v and y = azr, + (1 — @)z,y1, where o« = lim «,. Therefore, n(y,) = n — a, converges to

V—00
n(y) = n — a. Conversly, if n(y,) converges to n(y) € I,, then 7n(y,) € I, for sufficiently
large v. Therefore, n(y,) = n —a, and n(y) = n — «, so that a = lim «, and hence

V—00
vy, = ar, + (1 —a)rpn = y = ar, + (1 — @)z, as v — oo. We have proven that

n: C — [0,00) is a bijective homeomorphism.

The continuous map hg : = — z + 1 on [0,00) has no fixed points. Topologically, the
set [0,00) is an absolute retract [14]. As its homeomorphic image C is closed in the metric
space Z, there exists a retraction 7: = — C, i. e. a continuous map, for which 7(z) =z for
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all z € C. Put h = n~thynt : 2 — C C Z. This map is continuous in the L*-topology and
hence in the topology of the space P(C). On the other hand, if hx =z, then x € C, so that
ho(n(x)) = n(x), where n(x) € [0,00), which cannot be the case. Therefore, the continuous
operator h: = — = has no fixed points. ]

4. Conclusion

We have constructed a closed, convex, bounded and nonempty subset = of the space P(R?)
and a local and continuous in probability operator h : = — =, which has no fixed points. This
provides a counterexample to what we called “the stochastic Brouwer fixed point theorem”. The
result means that a careful description of invariant subsets is needed in this theorem.
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