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ABSTRACT. We consider the following problem: given a bounded domain 2 C R™ and a
vector field ¢: @ — R", find a solution to —Asu — (Du,¢) = 0 in , u = f on 99,
where Ao is the 1—homogeneous infinity Laplace operator that is formally given by Asou =
(DQU‘gzl, ‘gm) and f a Lipschitz boundary datum. If we assume that ( is a continuous
gradient vector field then we obtain existence and uniqueness of a viscosity solution by an
LP-approximation procedure. Also we prove the stability of the unique solution with respect
to ¢. In addition when ¢ is more regular (Lipschitz continuous) but not necessarily a gradient,
using tug-of-war games we prove that this problem has a solution.

1. INTRODUCTION

Our aim is to study the following problem: given a bounded domain 2 C R", a Lipschitz
continuous function f : 92 — R and a vector field (: Q — R", find a solution to

{ —Asu — (Du, () =0 in Q

(1.1) u=f on 0f),

where the operator

Du Du

wipe )

|Du|’ | Dul|

is known as the 1-homogeneous infinity Laplacian, see the survey [6]. The infinity Laplacian
Au, was introduced by Aronsson [5] in 1960’s and can be viewed as the “Laplacian of
L*°-variational problems” in the sense that the equation Ay u(z) = 0 is the Euler-Lagrange
equation for the variational problem of finding absolute minimizers for the prototypical L°°-
functional I(u) = || Dul|pe (o) with given boundary values, see e.g. [12], [18]. One of the main
difficulties when dealing with such operator is the lack of regularity results, see [14], [27] and
references therein. The infinity Laplacian also arises from certain random turn games [25],
[7], [22], and mass transportation problems [16], and it appears in several applications, such
as image reconstruction and enhancement, [10].

The infinity Laplacian appears as the limit as p — oo of the well known and widely studied
p—Laplacian, A,u = div(|Vu[P~2Vu), in the sense that solutions to A,u, = 0 with a Dirichlet
data u, = f on 0f2 converge as p — oo to the solution to Au = 0 with v = f on 9 in
the viscosity sense (see [6], [9] and [15]). In our case, when ( is a gradient vector field we
can obtain solutions to our problem by taking the limit as p — oo in certain p—Laplacian
type problems that we describe below. Note that infinity harmonic functions are limits of
p—harmonic functions, but this limit procedure does not work for solutions to equations with
a right hand side, like for —A, u = g that is not the limit of —Apu = g, see [9], [18], [6]. For

Asou = (D?
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our purposes let us assume that ( is a gradient vector field and let
((x)=Dn(z) and  by(z) = P21

Associated with this function b, as diffusion coefficient let us consider the following p—La-
placian type problem:

T p72 _ .
(1.2) { div (bp | Dl Du) =0 inQ

u=f on 0f2.

Existence and uniqueness for this problem of a continuous weak solution in the Sobolev space
WLP(Q) can be easily obtained from variational arguments. It turns out that this weak
solution is also a viscosity solution.

Now we state our main results for a gradient vector field. We have existence and uniqueness
of a viscosity solution and, in addition, stability with respect to (.

Theorem 1.1. Let { be a continuous gradient vector field. Then there exists a viscosity
solution to (1.1) that can be obtained as the uniform limit of solutions to the p— Laplacian
type problems (1.2). In addition, the viscosity solution is unique.

Theorem 1.2. When we consider gradient vector fields solutions to (1.1) depend continuously
on (. In fact, we have the following stability estimate: there exists a constant C' such that

C
Up — U2|| 1,00 = .
I Lo () ~In ¢ = Gl (q)

Here uy, ug are solutions to (1.1) with (1, (o respectively and the same boundary datum f.
In this way, we have proved the stability for solutions to the equation in the sense that

HC1_§2||1L00(Q)—’ l[ur = 2|l oo () = 0

Equation (1.1) arises naturally when one considers Tug-of-War games (as introduced re-
cently in [25], see also [11], [22]). In fact, let us describe a game that has as continuous value
a solution to (1.1). This is a zero sum game with two players in which the earnings of one of
them are the losses of the other. Starting with a token at a vertex xg € €2, the players flip a
biased coin with probabilities C'(¢) and 1 — C'(g). If the result is a head (probability C(¢)),
they toss a fair coin to decide who move the token. If the outcome of the second toss is heads,
then Player I moves the token to any z; € B(xg), while in case of tails, Player IT moves the
token to any x7 € B(x). In the other case, that is, if they get tails in the first coin toss
(probability 1 — C(¢)), the game state moves to the point xg + ((z¢)e. The game continues
until the first time the token arrives to x; € R™ \ © and then Player I earns F(x,), and
thus Player IT earns —F(z,) (here F' is a suitable extension of the boundary datum f). This
game has a value u, that verifies a Dynamic Programming Principle formula, see the formula
(4.1). Moreover, the value functions for this game u. converge uniformly along subsequences
as € — 0 to a limit u that is called the continuous value of the game and is a viscosity solution
to our problem (1.1). See Section 4/ for more details concerning the game.

To carry on this probabilistic approach we have to assume more regularity on ¢ and impose
Lipschitz continuity, but it is not necessary to assume that it is a gradient vector field.

Theorem 1.3. Let ¢ be a Lipschitz vector field. Then there exists a viscosity solution to (1.1)
that can be obtained as the continuous value of the game described above.
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Let us end the introduction with a brief discussion of the previous bibliography and a
description of the main techniques used in the proofs. Concerning approximations using
p—Laplacian type operators, we quote [9] and [17], from where the main idea to show the
key bounds for the LP-norm of the gradient is taken. We use ideas from [19] and [20] (some
of them being original from [I8]) to show uniqueness of solutions and the stability result.
Note however that the equation considered here is different from the one in [19] and [20]
that appears as a limit of p(z)—Laplacian problems. Here we have a diffusion coefficient but
no x-dependence in the exponent. This change affects some of the arguments that has to
be carefully adapted to the present situation. Concerning games we mention [25] (see also
[26]) from where we mimic the technical details to obtain uniform convergence of the values
of the game. Let us point out that in reference [23] a related problem is studied (here the
probability of winning the coin toss depends on €). The resulting equation is similar to ours
(they consider ¢ depending on u as ( = Du) and the main results there are obtained via a
clever comparison result with exponential cones. We don’t use any comparison with cones
argument here but rely on the more probabilistic ideas from [25]. We also quote the recent
references [1], [2], [3] and [4] related with the interplay between tug-of-war games and the
infinity Laplacian.

The paper is organized as follows: In Section 2 we prove the existence part of Theorem [1.1
showing that there is a sequence of solutions to (1.2) that converges uniformly (this fact comes
from uniform in p estimates of the gradients of such solutions); in Section 3l we deal with the
uniqueness part of Theorem [1.1 and with the stability with respect to (; finally, in Section 4
we perform the game theoretical approach.

2. A p—LAPLACIAN APPROXIMATION

In this section our aim is to obtain solutions to our problem (1.1)) as limits of solutions to
(1.2). Let us recall that we assume that ¢ is a gradient vector field, ((z) = Dn(z) and that
we consider b,(z) = eP=27(*) as the diffusion coefficient in the following problem:

T p—? _ .
(2.1) div (bp | Dul Du) =0 inQ
u=f on 0.

Adding a constant if necessary we can assume that 7 > 0 and hence b, > 1.
First, we show existence and uniqueness of a continuous weak solution to (2.1). The proof
is standard but we include the details for the sake of completeness.

Lemma 2.1. Let p > n, then there it exists a unique continuous solution to the variational

problem
D p
min/bp| ul
s Ja p

where S = {u € W' (Q) : u [po= f}. This minimum is a weak solution of the problem (2.1),
that is, it verifies, [o, by \Du|p_2 DuD¢ =0, for every ¢ € C§° () and u = f on 0.

Proof. As by(x) is a bounded in Q, we obtain that for every u € WHP () there holds

| Duf’ IDU\” IDU\”
— <
Q P
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p
o) = [ b, 2L
Q

p
is well defined in the set S which is convex, weakly closed and non empty.

On the other hand, © is coercive, bounded below and lower semicontinuous in S, for this
reason there is a minimizing sequence u,, € S C WP (Q), such that u,, — u € S, and

. T S .
néf@ %T.;l_g O(up) > O(u)

and hence the functional

Hence the minimum of © in S is attained. From the strict convexity of © we obtain that u,
is the unique minimum of © in S. Finally, u,, the unique minimizer, is a weak solution of
(2.1). The fact that u, is continuous follows from the fact that WHP(Q) — C(Q) for p > n,
see [13]. O

Notice that since p > n and f is Lipschitz, the conditions u € W1?(Q) N C(Q) and u = f
on 0f) are equivalent to the statement that u — F' € VVO1 P(Q)) being F a Lipschitz extension
of f to the whole Q.

Now we have to introduce the definition of a viscosity solution, see [15]. For later use we
state the definition with full generality using the upper and lower semicontinuous envelopes
of a function G(X, ¢, u,x) (that we call G* and G, respectively) defined for X € M, «,, the
set of symmetric matrices in R™*" £ € R", v € R and x € Q.

Definition 2.1. Let us consider a general second order elliptic equation
—G(D*u, Du,u,z) = 0.

We say that a lower semicontinuos proper function v : Q — (—o0, 00| is a viscosity superso-
lution in Q if, whenever xg € Q and ¢ € C%(Q) are such that ¢(zo) = v(xo) and ¢(z) < v(x)
when x # g, we have,

—G.(D*¢(x0), Dé(x0), p(x0), z0) > 0.
The viscosity subsolutions have a similar definition: they are upper semicontinuos, the test
functions touch from above and the differential inequality is reversed using G* instead of G.

Finally, a viscosity solution is a function that is both a viscosity supersolution and viscosity
subsolution.

Observe that since we assume that p is large, the equation div(b,|Du[P"2Du) = 0 is not
singular at the points where the gradient vanishes, and thus z +— div(b,|Du[P~2Du)(z) is well
defined and continuous for any ¢ € C?(Q). Hence, when we consider viscosity solutions to
equation (2.1), we take

Gp(X, €, u,z) = [E[P72(Dby(2),€) + (p — 2)bp()[€]~H(XE, €) + by(2) €[ *trace(X).
Now we show that for this equation of p—Laplacian type a continuous weak solution is also
a viscosity solution.

Lemma 2.2. Let u, be a continuos weak solution of (2.1) then u, is a viscosity solution.

Proof. Let ¢(x) € C? be a test function such that ¢(x¢) = u(wg) and (u — ¢) (z) has a strict
minimum at zg € 2. Assume that D¢(xo) # 0 (otherwise the conclusion is immediate). We
want to show that

— [ D(z0) "2 Dby (o) Db (o) — (p — 2by(0) | Do) P2 <D2¢<xo>£j,<xo>, £g<xo>>

~by(w0) [D(20) [P~ Ad(x0) > 0.
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Assume that this is not the case, then there exists a radius r > 0 such that

~ D62 Dby(£)Do(a) — (b — Dby (x) D) P (D6 (2) D2 ()

|Dg|
—bp(z) | D (2)[P~* A (x) < 0.

for every x € B;(z0). Set m = inf|,_, = (u — ¢)(z) and let ¥(z) = ¢(x) + . This function
verifies ¥ (x0) > u(wo) and —div (b, |DyP~2| Dip) < 0. Take (1) — u)4 and we extend it by
zero outside B, (xg), then (¢ —u)4 € Wol’p(Q). Taking (1) — u)+ as test function in the weak
form of the equation we get,

/w B ID 2 DD = w),) = .

D¢
,W(fc»

So, we obtain

C(N,p) /@u by DY — DulP < /

P>u

- /@u by <|D¢|P—2 Dy Dip — Du> :

by <|D¢|P*2 D — |DulP~% Du; Dy — Du>

But, by the divergence theorem,

/ by (|DYIP™ Dy DY — Du) = / ~div(b, |DY["™* Dy)(e) — u) <0,
P>u

P>u

a contradiction. This proves that u is a viscosity supersolution. The proof that is a viscosity
subsolution is analogous and we omit the details. O

Our next step is to prove that from a sequence of solutions to (2.1) with p — oo we can
extract a subsequence that converges uniformly.

Lemma 2.3. Let {u,} be a sequence of solutions to (2.1) with p — oo, then there exists a
subsequence pj — o0 such that up, — w uniformly in Q.

Proof. We already proved in Lemma 2.1 that u, is a minimizer of © in S. Let v a fixed
Lipschitz function such that |Dv| < L and v = f on 9€2, then we have that v € S and hence

Du,|P Duvl? LP P
L2 < [P0 [, 2 < 2 g

Let k = max,.q7n(z) then 1 < |by(z)| < eP~2* and we obtain,
P
[ 1Dup < 0 gy e,
Q p

Therefore we have,

1
P 1 L 1 k(=2
(/ |Dupp> <Cro|Qre 7 <O,
Q pr
being the constant C independent of p. Now we take m such that n < m < p and obtain the
following bound

1 m p—m
m P P p—m
IDup|l 1) = </Qypup|m-1> < [(/Qwupp) (/Q 1> ] <O |Q) < O,

3
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the constant C being independent of p. We have proved that u, is a bounded sequence in
Whm(Q), and we know that u, = f in 99, so we can obtain a subsequence u,, — u € WH™(Q)
with p; — +oo. Since W'?(Q) — C**(Q) and u,, = u € W'P(Q), we obtain u,, — u in
C%*(Q), and in particular u,, — u uniformly in Q. As u,, € C(Q), so u € C(Q). O

Remark 2.1. The function u € W™ (Q), given by Lemma (2.3, is Lipschitz. In fact, we

proved that,
(/ | Du,|™ > < hmlnf (/ | Duy, |™ ) <4 |Q\ < Cy.

Now, we take p — oo and then m — oo to obtain HDuHLoo(Q) < C5. So, we have proved
u € WH(Q), that is, u is a Lipschitz function.

Now we are ready to prove existence of a viscosity solution to our main problem, (1.1).
Observe that, in order to define the 1—homogeneous infinity Laplacian, we have to give sense
to the following function,

Gool X, Eu) = (X 5, S

€]’ 1¢]

when & = 0. Since this function is discontinuous at £ = 0 we have to take into account the
upper and lower envelopes. To this end, associated with a symmetric matrix let us denote by
M(X) and m(X) the largest and the smallest eigenvalues of X € M, «,, respectively, i.e.

M(X) = |m|ix<X77, n), and m(X)—\r;\n_n(Xn, ).

Then the upper and lower envelopes of G, are given by

£ &

=& C@), EEeR", X € Mpxp,

M(X) £=0,
and
xS Sy e cwy  e40
(Goo)s (X, & u, ) = &l 1€l ’
m(X) §=0.

With these semicontinuous envelopes we refer to Definition 2.1/ for the concept of a contin-
uous function u being a viscosity solution of (1.1).

Theorem 2.1. Let u, be a sequence of viscosity solutions of (2.1), such that

lim w,=u
p—+o0

uniformly in 0, then u is a viscosity solution of

—Agu — (Du, () =0 in Q
u=f on 0f2.

Proof. Since u, = f for every p, the limit u verifies the boundary condition v = f on 2. Let
¢ € C%(Q) be a test function such that ¢(zg) = u(rg) and (u — ¢) (z) has a strict minimum
at xop € Q. We want to show that, —As¢(z) — (DP(x0),((z0)) > 0. Since limy, 400 up = u
uniformly in Q, we have that ¢ — u, has a strict minimum at z, € Q, with z, — z¢. Assume
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|D¢| (x0) # 0, so we obtain | D¢| (z,) # 0, by the continuity of |[D¢| and the fact that x, — xo.
As u,, is a viscosity solution of (2.1)), we have,

Dbyp(zp) A¢ ) D¢ i Do )

22) <D¢(ﬂ$p), bp(p)(p —

Now, we want to compute the limits of the different terms that appear in (2.2)). Taking into

account that x, — xg, by our choice of b, as b, = e(P=2)1_ it holds that

((x) = lim Dby ()

— P _ uniformly in Q.
p—+o0 by(z)(p — 2)

Hence, we have

(2.3 i (Do), 200 ) 2 () = (Dotea). o)

p—too @) -2/ p—2
and, on the other hand, it holds that

i {57600 22 (a0, 22 o)) = D200y 22 (2, 22 (s
el (D%l o) ) = (D) oo )

Moreover, as A¢ is bounded for a fixed C?-function we obtain,

. Aéb(l‘p) i
(2:5) Sy =0

If we collect these results, we obtain,

Ascd(z0) + (Dd(20), ((20)) < 0.

as we wanted to prove.
Now, assume that D¢(xg) = 0. As before we get that (2.3) and (2.5) hold. Concerning
(2.4) we get

- D¢ D¢
lim inf ( D? —(xp), > m(D? :
mnint ( D20(e,) D% (o), Do () ) = m( D6 an)
Putting all together we obtain that w is a viscosity supersolution.
An analogous argument considering 1) € C? test function such that v(zg) = u(zo) and
(u — ) (z) has a strict maximum at zp €  shows that u is a viscosity subsolution to the
equation. We omit the details. O

Remark 2.2. Consider the modified p— Laplacian equation
~Apu— (p=2)|Duf’~*(Du, () = 0.

It can be checked that if there exists a sequence of solutions u, with u, = f on O that con-
verges uniformly then the limit is a solution to (1.1). However, this equation is not variational
and hence the required estimates cannot be obtained as before.
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3. UNIQUENESS AND STABILITY

The goal of this section is to study uniqueness and stability with respect to the vector field
¢ of solutions to the equation (1.1). Along this section we assume that ¢ is a gradient vector
field. Following [19], [20], we consider two auxiliary problems with a positive parameter ¢,

(3.1) min {onotﬁ' — <C, Du+> ;—e+ e ’Duﬂ} =0 upper equation
—Aqu — (¢, Du) =0 equation
(3.2) max {—Aoou_ — <C, Du_> e —ell ‘DU_H =0 lower equation.
Let uz‘f and u, be the unique weak solutions of the problems
—div(b, |Du| Du) = e~ in Q —div(b, |Du| Du) = =P~ in Q
(3.3) { u=7f on 012, and u=7f on 01,

respectively. Existence and uniqueness for these problems can be obtained as in Lemma 2.1.
For example ul‘f is the unique solution to the following minimization problem,

D p
min (/ bp| ul —5p1/u>.
ueWbP(Q)ulaa=f \JQ p Q

The weak solutions are viscosity solutions of their respective equations, for example, u; is
a solution to Gp(u) +eP~! = 0. This fact can be proved as in Lemma [2.2. In addition, there
are subsequences such that u, — u™, up — u, and u; — uT uniformly in . We also obtain

that there exists a constant K such that

(3.4) max{|| Du || oo (), [[Du” || ooy} < K.

By a comparison argument we have u, < u, < u; , hence u= <u < ut.
Let us see that the limits u*, u™ are viscosity solutions to (3.1) and (3.2) respectively. We
provide the proof for u™ and leave the details for u~ to the reader.

Lemma 3.1. FEvery uniform limit of u;{ as p — oo is a viscosity solution to (3.1).

Proof. Let ¢ € C?(Q) be a test function such that ¢(zg) = u*(2¢) and (u™ — ¢) has a
strict minimum at z¢ € 2. By the uniform convergence, there exists x, — xg, such that
¢(xp) = uf(xp) and (u — ¢) has a minimum at 2,. Thus, using that wf is a viscosity
solution to (3.3)),

— z,)|P 2 x zp) — (p — x xp722x%xD—¢x
Do)l Dhyle)Doley) — (= 2by(a) Do) P2 D260 D5 o), D (a1
—bp(xp) [DIP? (2p) Ag(zp) > P,
Hence D¢(zp) # 0 and we obtain,
Dby Délay) [pa D6 Do\ Adr,) -
5 Y (Dot o e (o)) = byp) (0= 2) Do) 2

We have to compute the limits of the different terms. As we did before, in (2.3), (2.4),
(2.5), we can compute the limits in the left hand side. Now we write the left hand side as

gpfl [ 52% ]P—2
bp(p)(p — 2) D) P2 | enen) (p — 2)72 | Do ()|
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and we observe that
p—1

. Ep—2 €
lim =

=400 n(ep) (p — 2)57 [ Dg(ay)| €77 [Dd(zo)|

Hence, as the limit of the left hand side is finite we get
£
e(@0) | Dep()| =1
and
—Asp(x0) — (Dé(x0,((70))) = 0.
Moreover, if —¢ + e7@) | Dg(xq)| > 0, then —Asd(20) — (Dé(x0), (20)) = 0. Then, we have
obtained min {—Ax¢ — (¢, D¢) ; —c + €" |D¢|} (xg) > 0, as we wanted to prove.

An analogous argument considering ¢ € C?(Q) a test function such that 1 (z¢) = uy (o)

and (u; — w) has a strict maximum at xy € 2 shows a reverse inequality. O
Using the weak form of the equations with u;j —u, as test function we have,
+|P—2 ), + + -\ -1 (,+ -
/pr‘Dup‘ DupD(up—up)_/Qgp (up_up)

and

| bl 77 DD (=) == [ 7 (w5 = )

and if we substract, we obtain

/ by (| D [~ D — | Dy |72 Duys D (i — ;) ) =2 / e (uy =)
Q Q

With the aid of the elementary inequality: (|b|7~2b— |a|92a,b— a) > 2279|b— a|? valid for
vectors a,b € R and g > 2, we get

Dut —Duz P 1
4/bp‘pp’§/€p|u;_u;}
Q 2 € Ja

Extracting the pth root, and taking p — oo we conclude that ||[Du™ — Du™ || oo () < Ce and
then [|u™ — w7 || (q) < Ce. Hence we have proved,
(3.5) ut <u 4+ Ce and hence w<u<ut<u 4Ce c.t.p. v €.

Now, using these functions u™, u~ we prove a comparison result valid for any viscosity
solution to (1.1).
Lemma 3.2. Let u € C(Q) be a viscosity solution to (1.1), then

u<u<uT.

Proof. We prove that u < u™. The proof of u~ < u is analogous and we omit the details.

By adding a constant if necessary we can assume that u™ > 0. Arguing by contradiction

we assume that
max(u —ut) > 0= max(u —u").
o o9
Now we introduce a function g which is an approximation of the identity,

1
g(t) = aln(l + A(eat - 1)), where A > 1,a > 0.
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Let w = g(u™). Analogously as in [19], see also [20], we have that there exists pu > 0 such
that w verifies —Asw — (Dw, () > p in the viscosity sense. Since g is an approximation of
the identity we have
max(u — w) > max(u — w).
Q 0

Now, we double the variables and consider

sup {u(e) = u(y) - 3o o2}
z,y€es)

For large j the supremum is attained at interior points z;, y; such that z; — 7, y; — 7,
where T is an interior point (that Z cannot be on the boundary can be obtained as in [19]).

Now, we have to prove that there exists a constant C' such that jlz; — y;| < C. To show
this fact we just observe that u(z;) — w(y;) — %\a:] —y;|? > u(z;) — w(x;). Hence, by (3.4)
and the explicit form of g we get (here we are using that u™ is obtained taking the limit as
p — oo of a sequence of solutions to variational p—Laplacian type problems),

%!%‘ —yil? S w(ay) —wly) < g’ (W) Du(|eoolz; — yi| < AKlz; —y;
from where the claim follows.

Now, the theorem of sums implies that there are symmetric matrices X, Y;, with X; <Y,
such that (jlaz; —y;|,X;) € J>F(u)(x;) and (jlz; —y;], Y;) € J>~(w)(y;), where J>F (u)(z;)
and J2~(w)(y;) are the closures of the super and subjets of v and w respectively. Using the
equations, assuming that x; # y;, we have

.($J'_yj) ($j—yj)> o | -
<Y]|xj—yj|’]:vj—yj] + 5wy — 5, C(y5)) < —p

and

(zj —y5) (x5 — yj)> .
< Mag =yl s — vyl e
Substracting these equations we obtain

0< <(Yj Cxp W) @) e ) — )

5 —y5l " |y — sl
< —ptgleg — yillc(z;) — Cly)l < —p+ ClC(;) — Cly;)
This gives a contradiction taking the limit j — oo using the continuity of (.
When z; = y; we obtain M(Y;) < —p and m(X;) > 0, that also gives a contradiction since
0<Y; -Xj.
Hence we have obtained that v < u™*, as we wanted to prove. O

Now we can prove uniqueness of viscosity solutions to (1.1).
Theorem 3.1. There is a unique viscosity solution to (1.1).

Proof. From Lemma 3.2 we get that any two solutions uy, us to (1.1) satisfy v~ < uy,us < u™.
This fact, together with (3.5) gives |u; — ug| < Ce. The result follows letting ¢ — 0. O

Our next task is to prove the stability of solutions to our equation with respect to (. First,
let us prove an estimate when (7 is small. Let u; be a viscosity solution of,
—Asu — (Du; (1) =0  in Q
u=f on 01},
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and wug be a viscosity solution of

—Asu =0 in Q
u=f on 0f2.

Take u3 which is viscosity solution of (3.1) and verifies uj > ug > 0. Let wy = g(uz ). As
in [20] one can show that

—Aswz > p,
where p is given by,
(A—1)et
(3.6) = Aelltll
e [|uz HLOO(Q)

Using the properties of g and [20], we obtain the following estimate,
(3.7) uy —ug = (ug —wa) + (w2 —ud) + (ug —u2) < (u1 — g(uy)) — % + ediam(Q).
Lemma 3.3. We have the following bound,
= wy < O |uf || e gy I e -

Proof. Let 0 = maxg(u; — ws). If we suppose o < 0, the conclusion is immediate, so we
assume o > 0. Let us consider

M; = sup {ul(x) —wa(y) — % |z — y‘Q} .
z,yef)

We know M; > o, and the supremum is attained at some points z;, y;. Now |z; —y;| — 0
as j — +o0o, and z; — T, y; — 7 at least for a subsequence. As before, we have that 7 is
an interior point of 2. We have the following bounds: € < j|z; — y;| < C. The upper bound
follows as before, while the lower bound can be obtained as in [19].

According to the Theorem on Sums there exist matrices X; and Y; such that X; < Y;
and, assuming that z; # y; (if ; = y; we can proceed as in the previous proof, we omit the

details),
<Y(f'«“j —y;) (% — yj)> <4
Maj =yl ey —yil /)~

and

<Xj (zj —v5) (x5 —y5)

(2 — yj,C(x5)) > 0.
T ) e ) 2

If we substract them

og<my—&ﬁgjzﬁﬁzj§?>g—u+@@u—wx«@»s—u+cmhﬂm

so, we have
1< Cll¢l ooy

and from the expression of p in (3.6), the above estimate can be written as follows:

(A—1)et

AV ey
Ael[u gy = 1l
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Now, we fix A > 1 such that 4=1 = 5. So we obtain, o < Ce~*A4e Hu+H2 <l
) a . ) = 2 Loo(Q) LOO(Q)
A < 2, Ae can be absorbed into the constant C, and since u; — w9 < o, we obtain
4
up —wy < Ce™ HUQ HLOO(Q) HCHLOO(Q
as we wanted to prove. O

Theorem 3.2. It holds the following stability estimate,
ur = uz| < C|(]|poo () + C HCHLoo(Q
Proof. If we return to (3.7), using the last result we have
. 2 .
uy — up < 2Ce™4 HUELHLOO(Q) 1€1| oo () + € diam($2)

It remains to choose € nearly optimal. To simplify, we use (3.5), uj < 11l oo (9) + € diam(£2)
to obtain

C
wr =y <25 (Il + cdiom())” [l e + & diam(®).
That is, renaming constants,
C
up —ug < ?51 HCHLoo(Q) e+ Cqe.

We consider two cases. If Cy < 2C) HCHLoo(Q), we take € = 1 and obtain a bound of the form
CI€ll oo )+ then, ur — uz < Cf|C] poo (- I C2 > 2C1 [|€] oo (), We choose ¢ as:

Cr ¢l oo )
Co

1/5

1
and we obtain u; — ug < C HCHZX,(Q). We conclude that

1
up —ug <C ”C”Loo(Q) +C HCHEW(Q)

and considering u, instead of u; we get,

ur — ua| < C|[¢ll ooy +C HCHLoo(Q
as we wanted to prove. ]

Now we obtain a general stability estimate. Let ui,us > 0 be viscosity solutions of

Aot + (Du; (1) =0 in Q J Aot + (Du;(2) =0 in Q
u=f on 0f) an u=f on 0f),

respectively. As before we let wy = g(ug ) that verifies
Asw + <Dw7 C2> < —p

with

o= M *aHuz oo (@) =2ln2llLoe (@) 22

and we obtain

u1_U2:(Ul_w2)+(w2—02)+(02—UQ)S(ul—g(uz))—T_+C€.
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Lemma 3.4. It holds that
Uy — wo < CAe%HU»zHLOO(Q) ¢ — C?HLOO(Q) )
Proof. The proof follows the same steps as the previous one until we arrive to
620521471%efallugHLOO(Q)*QHWHLOO(Q) < Cll¢ = Gl e -
Then we choose a ~ % and we get
o < CAem 21 oo @ =2l [l — G| ooy

as we wanted to prove. ]

Theorem 3.3. It holds the general stability estimate,
C

_ o <
Hul U2HL Q) = _ln”CI _

Call o (o
Proof. We have

1 A-1
up —ug < CAe ;HUQHL(X)(Q) ”Cl - €2||Loo(Q) + T + Ce

so that, by a symmetric argument and using that a ~ é,

Ll o
[ur — g oo () < CAe ezl ¢, - C2llpo(o) + Ce

Now we choose ¢ as
1

T =[G = Gl Lo

and we conclude the desired estimate. O

3

4. A GAME THEORETICAL APPROACH

In this section our aim is to show that for a Lipschitz continuous vector field ¢ solutions to
our problem (I.1) can be obtained as the continuous value of a modification of the tug-of-war
game introduced in [25]. Next, we briefly describe the tug-of-war game of [25] and refer to
that reference for details.

4.1. The tug-of-war game. A tug-of-war game is a two person zero-sum game, that is,
two players play knowing that the earnings of the first one are the losses of the second one.
Player I chooses a strategy in order to maximize the expected outcome, and Player II chooses
another in order to minimize the outcome.

Take a bounded smooth domain Q2 C R™. Let f : ) — R be a Lipschitz continuos function
and extend it to a small strip of width € around 0Q in R"\Q, I'. = {z € R"\Q : d(z,09) < €}.
This extension, that we call F, gives the final payoff of the game (that is, the earnings of
Player I and the looses of Player II). At the beginning, a token is placed at a point xg € .
Then, a fair coin is tossed and the player who wins moves the token to any x1 € B.(zg), being
g€ > 0 a parameter of the game. At the next turn, the coin is tossed again and the winner
chooses to move the token to any zo € B.(r1). When the token arrives to any x, € R™\ €,
Player I earns F(x;), and thus Player II earns —F'(x;).
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Denote S; and Sp; the profile of strategies of Player I and Player II respectively, see [21]
and [25], we define the expected payoff for Player I as

ES o [F(z;)], if the game terminate a.s.
VIO,I(Sfa SII) = { _SOIC;SII T otherwise'

Analogously, we define the expected payoff for Player II as

E?},SH [F(x;)], if the game terminate a.s.
+00 otherwise.

Vo, 11(S1,S11) = {

Now, we define the € — value of the game for Player I as

u7(xo) = supinf Vy, 11(St, Sr1)
Sy Sir

and the ¢ — value of the game for Player II as

u7r(zo) = inf sup Vi, 1(St, St1)-
Srr S;
We have that ] = uj; := ue, that is, the game has a value. Now comes a key fact, by the
Dynamic Programming Principle, see [21], [24] and[25], the value of the game verifies

1 .
us(w) = 5 sup we(y) +5 inf uc(y).
yEB:(x) yEBe(x)
In [25] it is proved that u. converges uniformly when & — 0. This uniform limit is called
the continous value of the game that we denote by u and it can be proved (see also [25]) that
u is a viscosity solution to the problem

—Asu=0 inQ
u=f on 0f).

4.2. A modification of the game. We consider as before a smooth domain 2 C R™ and
F' the final payoff function defined in a narrow strip around the boundary. The principal
difference in this modified tug-of-war game is that we play a game with two stages. First we
toss an unfair coin, which has head probability 0 < C'(¢) < 1, and tail probability 1 — C(e).
If we have obtained a head, we play to the game described before, i.e., we toss a new (fair)
coin and the winner moves the token to any new position z; € B.(zg). But if in the first
(unfair) coin toss we obtained a tail, the token is moved to g + ((x¢)e, where ((z) : Q@ — R"
is the vector field that appears in (1.1) (that is assumed to be Lipschitz). Note that there is
no strategies of the players involved if we get a tail in the first coin toss. The game continues
until the first time the token arrives to z, € R™ \  and then Player I earns F'(z;), and thus
Player II earns —F(x).
We choose the probability C'(¢) according to

Cle)=1—c¢.
This choice is motivated by the different scaling properties of the different terms that appear
in (L.1).
Again we have that this game has a value (defined in an analogous way as before), and,
using the Dynamic Programmming Principle, we obtain that the value function for this game
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verifies

1 1.
(4.1) us(z) = (1—¢) 5 sup ue(y) + = inf  wu(y) p +eus(x + ((x)e).
yEDBe(x) yEB: ()
Our next goal is to show that we can pass to the limit as ¢ — 0 and that this limit, the
continuous value of the game, is a viscosity solution to (1.1)).

4.3. Uniform Convergence of the e-value of the game as ¢ — 0. Our first result shows
uniform convergence using an Arzela-Ascoli type lemma from [22].

Lemma 4.1. Let {u. : Q = R, ¢ > 0} be a set of functions such that

(1) there exists C > 0 so that |us(x)| < C for every e > 0 and every z € €,
(2) givenn > 0 there are constants rq and £ such that for every e < g and any o,y € Q
with |zg — yo| < 1o it holds |us(x) — us(y)| < 7.
Then, there exists a uniformly continuous function u : 8 — R and a subsequence still denoted
by {ue} such that ue — u uniformly in Q, as € — 0.

Now, we proceed with the proof of the uniform convergence.
Lemma 4.2. There exists a subsequence €; — 0 such that u.; — u uniformly in Q.

Proof. First, let us point out that since F' is bounded then wu. is uniformly bounded. In fact,
it holds,

in F(y) < < max F(y).
min F(y) < ue(z) < max F(y)

Now, we want to prove that condition (2) in Lemma 4.1 holds. If zy € Tz and yy € T.
then, due to the fact that F' is Lipschitz we have,

|ue (o) — ue (o)l = [F(x0) = F(yo)| < Llzo = yol,

and this shows (2) in this case. If 29 € Q and yg € T';, then, using the same arguments as
in [25], taking the strategy of pointing to y starting at = one can show that there exists a

constant K such that |us(zg) — ue(yo)| < Kd:(x0,y0), where d. is the discrete distance given
by d.(z,y) = ['505;”] + 1 and we also get (2) in this case. Finally, if g € Q and yy € Q2 we can
mimic the strategies of the players starting at x with those starting at y. That is, when we
fix S;(z) € B:(x), we choose Si(y) = S;(x) — x +y € B:(y) and analogously for S;;. In this
way, each time that the tug-of-war game is played, we have |z — yx| = |zx—1 — yx—1|. In case

the movement is given by the vector field ¢ we have (here we use that ¢ is Lipschitz)

2k — Y| = [wp—1 — Y1 + e(C(zr—1) — Cyr—1))| < (1 + Le)|zp—1 — Y.
Now, we observe that E[f plays with ¢] = E[f total number of plays|e, and the expected num-
ber of total plays can be bounded by K /&2, see [25], [22], hence we get E[f plays with (] < K/¢.
Therefore, if we let 7 be the first time such that x, € I'. or y, € I'., we have
Ellz, —yr|] < (1+ L)z — yo| < Clao — wol-
And by the same arguments that we used for the case x € (2 and y € I'. we conclude that

lue(z0) — us(yo)| < Cde(z0,y0),

and also in this case we get (2).
Therefore we are under the hypotheses of Lemma 4.1/ and we get the desired uniform
convergence, extracting a subsequence if it is necessary. (]



16 R. LOPEZ-SORIANO, J. C. NAVARRO-CLIMENT AND J. D. ROSSI

Now our aim is to show that the uniform limit as ¢ — 0 of u., called the continous value
of the game, that we denote by w is a viscosity solution to the problem (1.1).

Theorem 4.1. Any uniform limit of u. as € — 0 is a viscosity solution to (1.1)).

Proof. First, let us observe that from the fact that u. = F' in I'c and the uniform convergence
to u, we obtain that the boundary condition u|gg = f is satisfied.

Now, let us check the equation in (1.1). To this end, let us first consider a smooth test
function ¢ that touches u from above, that is, ¢(y) — ¢(zo) > u(y) —u(xo), for every y # xo €

Q. As u. converge uniformly to u as € — 0 there are points x. converging to xg such that

P(y) — ¢(xe) = ue(y) — uelze) — e,
Using that u. verifies the Dynamic Programming Principle, (4.1), at the point z., we obtain
that

osu—s){l p Gy) +5 in ¢<y>—¢<x5>}+e{¢<$g+<<xs>e>—¢<xs>}+o<e3>.

2 yEB:(zc) 2 y€Be (we)

Now we divide by €2 and pass to the limit as ¢ — 0. The first term

1—-¢)]1 1 .

A o) = U5 L sp o)+ inf () - ol
€ yEB:(xs) YyEBe(c)

can be handled as in [22], see also [11], and gives as limit when ¢ — 0 the infinity Laplacian

of ¢ at xg,

lim A(2,6) = Aoc (o).
While the second term )
B(e,d) = - {8(ze +((z2)e) - 8(z2))
gives as limit
lim B(z, 6) = {Do(x0), (o).
Therefore we get
0 < Aceg(z0) + (Do(20), ((70))

and we have obtained that u is a viscosity supersolution according to Definition [2.1.
The fact that u is a viscosity subsolution is analogous and we omit the details. ([l

Remark 4.1. To prove that the a uniform limit of the values of the game is a viscosity
solution to (L.1) we only used that C is continuous (but we don’t need Lipschitz continuity
here).
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