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Abstract

A 1-Lipschitz map f from a convex compact set to itself has fixed points.
This consequence of Brouwer’s or Schauder’s fixed point theorem has more
elementary proofs by approximating f by A-contractions, fy. We study the
convergence of the fixed points of those contractions as they converge to f.

Introduction

Given a compact metric space X and a continuous function ¢ : X x X — R, consider
the map T, from C°(X,R) to itself, defined by

Vue C'(X,R), Vo€ X, Tu(x)= m1)r(1 (u(y) + c(y, z)).
ye
It is easily checked that T is 1-Lipschitz for the sup norm ||-||o, therefore if A € (0, 1)
the function Ty : u — T'(A\u) is a A-contraction from C°(X,R) to itself. It follows
from the Banach fixed point theorem that there exists a unique function u, verifying
Tx(uy) = uy. The following theorem was proved in [2] (see also [3] for related results):

Theorem 0.1. There exists a constant o € R such that, as X — 1, uy + %5
uniformly converges to a function uy : X — R that verifies the following equation :

u, = Tu; + a.

The function wu, is called a weak KAM solution following Fathi and the proof
of this theorem uses heavily explicit formulas for the functions uy, Aubry-Mather
theory and Fathi’s weak KAM theory.

However, the method of approaching the 1-Lipschitz map T by contractions T’
in order to find fixed points of 7" can be applied in more general settings. Therefore
it is a natural question wether the previous theorem is a particular case of a very
general phenomenon or if it relies exclusively on the very special setting.

It turns out the answer is both yes and no.

On the positive side, we prove the following theorem:
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Theorem 0.2. Let (E, | -||) be a normed real vector space and C' C E be a convex
compact subset such that 0 € C. Let f : C' — C be a 1-Lipschitz map. For any
A € (0,1) let us set xy to be the unique fized point of the contraction fy : z — f(Ax),
that is the only point of C' such that f(Ax)) = zy.

If || - || is C* on E\ {0}, then the family (xx)re,1) converges as X — 1.

On the negative side, we provide in the appendix an explicit example of a map
in R? equipped with the norm || - ||; for which the family (z,) does not converge.

Of course, Theorem [0.1l is not a consequence of Theorem for many reasons,
but the most fundamental one is that the sup norm || - ||, on C°(X,R) is not C*.
Indeed, balls for this norm have many corners.

One may wonder if a result can be obtained for 1-Lipschitz maps that do not
have fixed points. The following theorem was established in [4] (see the reference
for more precise statements and other very interesting results).

Theorem 0.3 (Kohlberg, Neyman). Let E be a strictly convex and reflexive Banach
space and f : E — E a 1-Lipschitz map. For any X € (0,1) let us set x) to be the
unique fized point of the contraction fy\ : x — f(Ax), then the family (1 — N)xy
weakly converges as A — 1. Moreover, it strongly converges if the dual E* has
Fréchet differentiable norm.

Organization of the paper

In the first part, we start with the case of a pre-Hilbertian norm, the results being
more precise in this case and the proof making use of more classical results.

In the second part, we will prove Theorem [0.2L

In the last part, we will discuss a generalization where the compactness hypoth-
esis is dropped, in infinite dimensional Hilbert spaces.

Finally, in the appendix, we develop two examples in R?, one for which the
conclusions of Theorem [0.2] are not verified and one where the set of fixed points of
f is not convex.

Acknowledgement

The author warmly thanks Patrice Le Calvez for his help in finding the example in
Appendix[Al and Albert Fathi and Gilles Godefroy for their insight on the infinite di-
mensional aspects and Julien Grivaux for his contribution in the concluding remark.
He also thanks Sébastien Gouézel for bringing the reference [4] to his attention.

1 The pre-Hilbertian case

In this section, the norm | - || is obtained from a scalar product (-,-). We keep
the previous notations: C' C E is a convex compact subset such that 0 € C' and
f:C — Cis a 1-Lipschitz map. If A € (0,1), ) € C is the only vector verifying
the relation f(Axy) = z\. Moreover, we set y, = Ax,). It is the only vector verifying
that

A (Ya) = Y- (1)



It is clear that the convergence of the family (x))xe(,1) is equivalent to that of
(¥n)ac0,1), as A — 1, and that if they converge, they have the same limit. We start
by three lemmas that shed light on the situation:

Lemma 1.1. The set Fix(f) of fixed points of f is a compact, nonempty and convex
set.

Proof. Tt is clearly compact by continuity of f and nonempty as any accumulation
point of (zx)ac,1) @ A — 1 is a fixed point of f. The fact that it is convex
is true as soon as balls are strictly convex (which is the case for pre-Hilbertian
spaces). Indeed, let  and y be fixed points of f and ¢ € (0,1). Setting z =
tz+ (1 —1t)y, then the 1-Lipschitz property implies that f(z) must lie in both closed
balls B(z, (1 —t)||ly — z||) and B(y,t||ly — z||). As their intersection is {z} we get

f(z) ==z O

The next lemma appears in [1] and is crucial to this paper.

Lemma 1.2. The function Id — f : C' — E is monotone meaning that

\V/({L‘,y)GEXE, <(9c—f(:76))—(y—f(y)),x—y>20

Proof. The proof follows from a simple computation:

((z—f(@) = (y—fW),z—y)=
= llz —yll> = (f(2) = f(y),z—y)
> |z —yll> = |f(z) = fFW) - |z —y|| =0,

where we used the Cauchy-Schwarz inequality first and then the hypothesis that f
is 1-Lipschitz. O

This next lemma will be used in section 3l However, we state it now as we believe
it is of independent interest.

Lemma 1.3. The function A — ||yx|| is constant if 0 € Fix(f) and increasing
otherwise.

Proof. 1f 0 € Fix(f) then clearly, y, = 0 for all .

Otherwise, 0 does not verify (), except for A = 0. It follows that y, # 0 for
A # 0 and that the map A — y, is injective. Let 0 < A < X < 1. We apply the
previous lemma to y, and y,.. Using (), we obtain that

1 1 1 1 1
<(yx—y?/x) - (?/A—ny),yx—yﬂ = (1—y)||yx—yx||2+(x—y)<yx,yx-.%) = 0.
Hence, (yx, yx — yx) > 0. Similarly,

1 1 1 , 101
<(yx—yy/\')—(ZJA—XZJ/\)J/,\'—Z/Q = (1—X)ny'—ny +(X—y)<yxayx—yx> 2 0.

Hence (yx, y» — ya) > 0. Finally, by summing those two inequalities, one gets

(ux +ynux =) = lywl* = lwall* > 0.



We finally state and prove the theorem in this case.

Theorem 1.4. If z* € Fix(f) is the orthogonal projection of 0 on Fix(f), then
lim y, = z*.

A—1

Proof. Once again, we apply Lemma [[.2] to z = y, for some A € (0,1) and y €
Fix(f). We obtain that (1—1)(y, yx —y) = 0 and consequently (yx,yr—y) < 0. If

An — 118 a sequence such that (y,, )nen converges to some point z, then z € Fix(f)
and passing to the limit we find that

Yy € Fix(f), (z,z—y) <0.

It follows that z = x* and by compactness of C', the result is proved. O

2 The general compact case

2.1 For C'! norms

In this section, we assume that || - || is a norm on E that is C* on E \ {0}. It follows
(and both facts are actually equivalent) that for all x € E there exists a unique
linear form /¢, such that ||/,|| = 1 and ¢,(z) = ||z||. Note that we use the same

notation for the norm on E and the norm induced on its dual E*. The linear form
¢, is the differential of || -|| at z. Its kernel is the direction of the tangent hyperplane
to the sphere of radius ||z|| at z. It follows that the map x — ¢, is continuous. Let
us finally stress that for all z £ 0, {_, = —/,.

Let us now state and prove the main result of this section.

Theorem 2.1. Let (E,|| - ||) be a normed vector space such that || - | is C' on
E\ {0}. Let C C E be a convex compact subset such that 0 € C. Let f:C — C
be a 1-Lipschitz map. For any X € (0,1) let us set yy the unique fized point of the
contraction \f, that is the only point of C' such that Af(yx) = yx.

Then the family (yx)aco,1) converges as X — 1.

Before entering the proof, let us stress that with those hypotheses, Fix(f) is
not necessarily convex. The reader will see strong resemblance with the proof of
Theorem [[L4l The characterization we find of the limit has however a less clear
geometric interpretation.

Proof. 1f 0 € Fix(f) then y, = 0 for all A € (0,1) and the result is straightforward.
In the remaining case, y) # 0 and the map A — y, is injective. The first step is
to mimic the monotonicity of Id — f. Let x # y we compute that

lomy((x = f(2) = (y — F()))
= Ex—y(x - y) - Ex—y (f(l‘) - f(y))
2 [l =yl = lIf(x) = )l = 0,

where we have used that [|¢,_,|| = 1 and then that f is 1-Lipschitz.



We then specialize the previous inequality to x = y, for some A € (0,1) and
y € Fix(f) to obtain (1 — $)€y,—,(y») = 0 and finally

Vy € Fix(f),  Lyoy(yn) <O. (2)

Taking the limit in the previous inequality, we find that if § is a limit of a sequence
(Ya, Jneny With A, — 1 then

vy € Fix(D\ {7}, y(5) <O.

To conclude, we notice that there can be at most one point verifying the previous
property. Indeed, assume by contradiction that for some z € Fix(f),

vy € Fix(f)\ {2}, €oy(2) <O,
We discover that
ly—=(y) <0,
fogl2) = ~y2(2) <0,

and summing those two inequalities
ly—=(y —2) = =[ly — 2| <0,

This is a contradiction. O

2.2 For Gateaux-differentiable norms

The hypotheses of the previous theorem can be relaxed. First let us recall some
definitions.

Definition 2.2. A function F': E — R is said to be Gateauz-differentiable at v € E
if there exists a linear form L € E* such that

Vo € E, 15%%@(:5 +tv) — F(x)) = L(v).

We then apply this definition to the norm:

Definition 2.3. A norm || - || is said to be smooth if it is Gateauz-differentiable on

If || - || is differentiable, if x # 0, we still denote by ¢, the Gateaux-differential
of || - || at x. It can be proved that ¢, € E* is the only continuous linear form such
that [|(,|| = 1 and ,(z) = ||z|.

Lemma 2.4. Let (x,)nen be a sequence of non zero vectors such that x, — x and

by, — L. Then { =1,.

Proof. By properties of weak limits, ||¢|] < liminf||¢,, || = 1. Moreover, one com-
putes that
[znll = Lo, (20 — ) + Lo, ().

As |0, (x, — )| < ||z — x| and £, (x) — £(z), it follows that ||z| = lim ||z,| =
lim/, (z,) = {(x). Hence the result. O



Theorem 2.5. Let (E, || -||) be a normed vector space such that || - || is smooth. Let
C C E be a convex compact subset such that 0 € C. Let f : C'— C be a 1-Lipschitz
map. For any X\ € (0,1) let us set yy the unique fized point of the contraction \f,
that is the only point of C' such that Af(yx) = yx-

Then the family (yx)ae(o,1) converges as A — 1.

Proof. Let us give the elements to adapt the proof of Theorem 2.1l Up to restricting
to Vect({x € C}), we assume that E is separable. It follows from a theorem of
Banach that any bounded sequence in £* has a weakly converging subsequence.
Let A\, — 1 be such that y,, — ¢ € Fix(f). Let y € Fix(f) be such that y # 3.
Up to extracting we may assume that ¢,, _, is weakly converging. Using lemma
2.4] it follows that £,, _, — {5_,.
We now pass to the limit to obtain that

Eﬂ—y(ﬂ) = hmoo EyAn_y(yAn) < 0.

n—+

The rest of the proof is the same as in Theorem [2.1] O

3 The Hilbert case

We assume now that (H, (-,-)) is a real Hilbert space. We denote by || - || the induced
norm. In this section, C' C H is a closed, convex and bounded set such that 0 € C'
and f: C' — (C'is a 1-Lipschitz map. We will use the same notations as in section
[l We state without more detailed proofs:

Lemma 3.1. The set Fix(f) of fized points of f is a closed, nonempty and convex
set.

Indeed, the convexity is obtained as previously, the fact it is not empty is the
content of [1].

Lemma 3.2. The function Id — f : C'— H is monotone meaning that

\V/(ZL‘,y)GHXH, <(x—f(:76))—(y—f(y)),x—y>20

Lemma 3.3. The function A\ — ||yx|| is constant if 0 € Fix(f) and increasing
otherwise.

Theorem 3.4. The family (yx)xe(o,1) weakly converges as X\ — 1 to x* the orthogonal
projection of 0 on C.

Proof. By Kirszbraun’s Theorem, we may extend f to a 1-Lipschitz map from H to
itself, that we still denote by f. Note that the previous lemmas remain true for this
extension of f to H. Recall that a closed bounded set is weakly compact.

Let A\, — 1 be such that y,, — y*.

We first prove that y* is a fixed point of f following [1]. We apply lemma to
x =y* + tv for any vector v € H, t € R and y = y,, to obtain

1
(y* +tvo— fly" +tv) + (X — Dys, to+y* —uya,) = 0.

n

6



As n — 400, the left hand side of the bracket strongly converges to y* + tv —
f(y* +tv) (because the y,, are bounded) and the right hand side weakly converges
to tv. Hence we obtain, passing to the limit that

VieR, Yvoe H, ty " +tv— f(y"+tv),v) > 0.

Letting ¢t > 0 going to 0, we discover that (y* — f(y*),v) > 0 and letting ¢ < 0
going to 0, that (y* — f(y*),v) < 0. In conclusion

Vv e H, (y*—f(y*),v)zo,

which establishes that y* is a fixed point of f.
We now notice that by weak convergence,

lyaall - 171> (o ™) = Ily7I1% (3)

Hence |ly*|| < lirf lya, |- Applying now lemma B2 to x = y,, and y € Fix(f)
n—-+00

it follows that (yy,,yx, —y) < 0 for all n. Then, using ([B) and by weak convergence
we get

Wy =) =y IP = (%) < lim flyn, [P = Tim (ya,,9) <O

n—-+o0o

Hence y* is again the orthogonal projection of 0 on Fix(f).

4 A concluding remark

In all of the versions of our result, the point 0 plays a distinguished role. This is
arbitrary and can be dropped. In any of the contexts of Theorem [0.2] [[.4] 2.1,
or 3.4 let us not assume anymore that 0 € C. If z € C' and A € (0,1), the map
oz iy = Af(y)+ (1 — Nz is well defined and a contraction. If y, , is its unique
fixed point, our theorem yields that as A — 1, y, , converges to a fixed point of f
that we denote by y, € Fix(f). It is characterized by the property:

Vz € FiX(f) \ {yr}v eyzfz<y:v - $) < 0.

If (z,2") € C x C are such that y, # y,s, by two symmetric applications of the
previous property, it follows that

ﬁyz,ym, (ym - x) - gyz*ymr (ym’ - I/> = gyz*yx/ (ym - y:v’) - ﬁyz,ym, (:U - x/> < 0.
Hence
1Y — Yo | < by—y,, (v — 2) < |z — 2.

It follows that the map = — ¥, is 1-Lipschitz. As it is obviously the identity on
Fix(f) it is a continuous retraction of C' on Fix(f).

!Note that such a retraction in the cases where C' is compact can be obtained by a fixed point
argument applied to the mapping p — f o p.



A An example where (2)),c( 1) diverges

We consider here (R?, || - ||;) where the norm is defined by ||(z,y)||: = |z| + |y|. The
convex compact set we are interested in is the triangle

N | —

T:{(l’,y)ER2, - 9

1
<y<—lﬂfl+—}-

Of course, (0,0) € T. If a € (0,1), we aim at constructing a function of the form

fl@,y) = (z+e(y),aly+3) —3) where e : [ — 1, 1] — R is a function to be

determined verifying 5( — %) = 0. It will follow that the bottom side of 7 will be
made of fixed points of f.

As we want f to take values in T, we have to check that for y € [—%, %], if
v€[y—32,5—y| then -3 <a(y+1)— 1 <—|z+e(y)|+ 4. This is verified if and
only if - .
>3] Ewl<a-a)(y+3). (4)

The condition that f is 1-Lipschitz is realized if for all (z,y) and (2/,3') in T

Vye[—

1f(z,y) = fa", )=z — 2" +ely) —e@)] +aly—y| <|z—2| + ]y =y

This is true if we take € to be (1 — «)-Lipschitz. Note that if this is the case and
e(—3) =0 then (@) is verified.

We now assume ¢ is (1 — a)-Lipschitz. If A € (0,1) remember that f) is defined
by fa(z,y) = f(Ax, \y). Denoting by X, = (z,y») € T the unique fixed point of
£, an explicit computation gives

(T, yn) = <1 i Ag(Q)Ega—_al)?))’ 2(?—_6;\)) .

By setting g(1 — \) = 2)2(1‘:[&)), one checks that
_ a—1)(14+2u

a—1—-2au

Hence ¢ is an increasing bi-Lipschitz map from [0, 1] to [—1/2,0]. We now set
h: R — R defined by h(z) = xsin (In(z)) for = # 0 and h(0) = 0 that is a Lipschitz
function. It follows that for &g > 0 small enough, the function ¢ = ggh o g7! is
(1 — a)-Lipschitz on | — 1,0] and verifies £( — 1) = 0. We extend it by £(y) = £(0)
ify e [0, %]

For the function f obtained this way, we find that

(zx,y2) = (sin (In(1 = X)), %g(l - N)).

It does not converge as A — 1.



B An example where Fix(f) is not convex

The setting here is (R? || - Hoo) with ||(z,y)]lc = max(|z|,|y|). Let g : R — R be a
——Llpschltz map and [ : (z,y) — (:c, g(x ) be the vertical projection on the graph
of g. Then f is 1-Lipschitz. Indee if ((z,y),(2,y)) € (R?)?,

1f (2, y) = (2", ) lloe = max(|z — 2|, |9(z) — g(2)]) = [z —2'| < |[(2,9) = (@, 1) l|o-

Of course, the set of fixed points of f is the graph of g which is in general not convex.

Let now R = [-1,1] x [-M, M] C R? with M = max(|g(z)|, = € [-1,1]).
Then by still denoting the restriction of f to R by f, we obtain a map f: R — R.
If A € (0,1), the point X, such that Af(X,) = X, is (0,Af(0)) and obviously
X5 — (0,£(0)) as A — 1.

The norm || - ||o is not C* on R?*\ {(0,0)}. Let us consider || - || a norm ob-
tained from || - ||« by rounding off the corners of the unit ball. It then verifies
that [|X]|| > | X« for all X € R2. Let us assume || - || is close enough to || - [|o
in the sense that ||(1 y)|| = 1is y € [-1/2,1/2]. Then for all pairs (z,z') € R?
|(z, g(2)) = (¢, g(a")]| = ||(z, g(z)) — (x’,g(a:’))Hoo = |z — 2/|. Tt follows that for
all (z,2',y,y") € RY,

1f(z,y) = f@, )] =||(z,9(x)) = (¢, g("))]|
= |z —2'| < ||(z,y) — (@, ¥) |l < [[(z,9) — (&, 9)]].

Hence f is still 1-Lipschitz for || - ||.
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