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Games for the two membranes problem

Alfredo Miranda and Julio D. Rossi

We find viscosity solutions to the two membranes problem (that is, a system with two obstacle-type
equations) with two different p-Laplacian operators taking limits of value functions of a sequence of
games. We analyze two-player zero-sum games that are played in two boards with different rules in each
board. At each turn both players (one inside each board) have the choice of playing without changing
board or changing to the other board (and then playing one round of the other game). We show that the
value functions corresponding to this kind of game converge uniformly to a viscosity solution of the two
membranes problem. If in addition the possibility of having the choice to change boards depends on a
coin toss we show that we also have convergence of the value functions to the two membranes problem
that is supplemented with an extra condition inside the coincidence set.

1. Introduction

The deep connection between partial differential equations and probability is a well-known and widely
studied subject. For linear operators, such as the Laplacian, this relation turns out to rely on the validity
of mean value formulas for the solutions in the PDE side and martingale identities in the probability side.
In fact, there is a standard connection between the Laplacian and the Brownian motion or with the limit of
random walks as the step size goes to zero; see, for example, [Doob 1954; 1971; 1984; Hunt 1957; 1958;
Kac 1947; Kakutani 1944; Knapp 1965; Williams 1991]. Recently, starting with [Peres et al. 2009], some
of these connections were extended to cover nonlinear equations. For a probabilistic approximation of the
infinity Laplacian there is a game (called tug-of-war in the literature), introduced in [Peres et al. 2009],
whose value functions approximate solutions to the PDE as a parameter that controls the size of the steps
in the game goes to zero. In [Peres and Sheffield 2008] — see also [Manfredi et al. 2012a; 2012b] — the
authors introduce a modification of the game (called tug-of-war with noise) that is related to the normalized
p-Laplacian. Approximation of solutions to linear and nonlinear PDEs using game theory is now a classical
subject. The previously mentioned results were extended to cover very different equations (such as Pucci
operators, the Monge—Ampere equation, the obstacle problem, etc); see the books [Blanc and Rossi 2019]
and [Lewicka 2020]. However, much less is known concerning the relation between systems of PDEs
and games. As a recent reference for a cooperative system we quote [Mitake and Tran 2017]. One of the
systems that attracted the attention of the PDE community is the two membrane problem. This problem
models the behavior of two elastic membranes that are clamped at the boundary of a prescribed domain
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(they are assumed to be ordered, one membrane above the other) and they are subject to different external
forces (the membrane that is on top is pushed down and the one that is below is pushed up). The main
assumption here is that the two membranes do not penetrate each other (they are assumed to be ordered in
the whole domain). This situation can be modeled by a two obstacle problem; the lower membrane acts
as an obstacle from below for the free elastic equation that describes the location of the upper membrane,
while, conversely, the upper membrane is an obstacle from above for the equation for the lower membrane.
When the equations that obey the two membranes have a variational structure this problem can be tackled
using calculus of variations (one aims to minimize the sum of the two energies subject to the constraint
that the functions that describe the position of the membranes are always ordered inside the domain; one
is bigger than or equal to the other); see [Vergara Caffarelli 1971]. However, when the involved equations
are not variational the analysis relies on monotonicity arguments (using the maximum principle). Once
existence of a solution (in an appropriate sense) is obtained a lot of interesting questions arise, such as
uniqueness, regularity of the involved functions, a description of the contact set, the regularity of the
contact set, etc. See [Caffarelli et al. 2017; 2018; Silvestre 2005] and the dissertation [Vivas 2018].

Our main goal in this paper is to analyze games whose value functions approximate solutions to the two
membranes problem with two different normalized p-Laplacians (these are fully nonlinear nonvariational
equations; see below).

1.1. The normalized p-Laplacian and game theory. To begin, we introduce the normalized p-Laplacian
and give the relation between this operator and the game called tug-of-war with noise in the literature; we
refer to [Manfredi et al. 2012b] and the recent books [Blanc and Rossi 2019] and [Lewicka 2020] for
details. This kind of game has been extensively studied.

Consider the classical p-Laplacian operator A ,u =div(|Vul|? ~2Vu) with 2 < p < oo. Expanding the di-
vergence we can (formally) write this operator as a combination of the Laplacian operator Au = fo:l Uy, x,

. : : 1 _ 2. Vu Vu \ _ -2 .
and the 1-homogeneous infinity Laplacian A ju = (D U > IW\) = |Vu| lei’jsN UngUnx U,

Apu=|VulP72((p —2) AL u+ Au). (1-1)

Now we want to recall the mean value formula associated to this operator obtained in [Manfredi et al.
2010] (see also [Arroyo and Llorente 2016] and [Lewicka and Manfredi 2017]). Given 0 < « < 1, let
us consider u : 2 — R such that

() = (3 5D, g,y 1) + 3 infye o)) + (1~ @) ][B EO)dyto (1)

as ¢ — 0. It turns out that u satisfies this asymptotic mean value formula if and only if u is a viscosity
solution to A,u = 0; see [Manfredi et al. 2010]. For general references on mean value formulas for
solutions to nonlinear PDEs, we refer to [Arroyo and Llorente 2016; Blanc et al. 2021; Ishiwata et al.
2017; Kawohl et al. 2012; Lewicka and Manfredi 2017]. In fact, if we assume that u is smooth, using
a simple Taylor expansion we have

g2

_ 2 _
]ég(x)u(y)dy—u(x) = 2(N+2)Au(x)+0(8 ), (1-3)
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and if |Vu(x)| # 0, again using a simple Taylor expansion, we obtain

1 1.
<§ SUpP e, (0 U(¥) + 3 lnfyeBg(x)u(y)> —u(x)

N(%<x+55ﬁ20+%”6_8;ﬁ30):%gA&””+“§) (-4

Then, if we come back to (1-2), divide by g2, and take ¢ — 0, we get

0= %A w4+ 4= Ao
= 5 Aoout(x SN D) u(x).

Thus, from (1-1), we get that the function u is a solution to the equation

—Apu(x)=0

for p > 2 such that
@« p—2
l—a N+2°

These computations can be made rigorous using viscosity theory; we refer to [Manfredi et al. 2010].
Now, let us introduce the normalized p-Laplacian (also called the game p-Laplacian).

Definition 1. Given p > 2, let the normalized p-Laplacian be defined as

1 AN -«
APM(X) = EAOOM(X) + mAM(X),
with
@« p—2

l—a N+2°

Note that this is a nonlinear elliptic 1-homogeneous operator that is a linear combination between the

classical Laplacian and the oco-Laplacian.

There is a game theoretical approximation to these operators. The connection between the Laplacian
and the Brownian motion or with the limit of random walks as the step size goes to zero is well known;
see [Kac 1947; Kakutani 1944; Knapp 1965]. For a probabilistic approximation of the infinity Laplacian
there is a game (called tug-of-war in the literature) that was introduced in [Peres et al. 2009]. In
[Peres and Sheffield 2008] — see also [Manfredi et al. 2012a; 2012b] — the authors introduce a two-
player zero-sum game called tug-of-war with noise that is related to the normalized p-Laplacian. This is
a two-player zero-sum game (two players, Player I and Player II, play one against the other and the total
earnings of one player are exactly the total losses of the other). The rules of the game are as follows: In a
bounded smooth domain €2 (what we need here is that 9€2 satisfies an exterior sphere condition) given an
initial position x € 2, with probability «, Player I and Player II play tug-of-war (the players toss a fair
coin and the winner chooses the next position of the token in B (x)), and with probability (1 — «), they
move at random (the next position of the token is chosen at random in B, (x)). They continue playing with
these rules until the game position leaves the domain 2. At this stopping time, Player II pays Player I
the amount determined by a payoff function defined outside 2. The value of the game (defined as the



62 ALFREDO MIRANDA AND JULIO D. ROSSI

best value that both players may expect to obtain) satisfies a mean value formula, called the dynamic
programming principle (DPP), which in this case is given by

1 1.
ut(x) = O[(E SUPyeB, (x) u®(y) + 2 lnfyeBg(x) Ms()’)) +( -0 ut(y)dy.
B (x)

This is exactly the same formula as (1-2) but without the error term 0(?). Notice that the value function
of this game depends on ¢, the parameter that controls the size of the possible movements. Note that this
equation can be written as

1 1.
0= a(z SUpycp. ()i () + 3 infyep, (oyu(y) — ua(x)> + (- o )(ua(y) —u®(x))dy.
e (x
Using as a main tool the asymptotic formulas (1-3) and (1-4), in [Blanc et al. 2017] and [Manfredi et al.
2012b] the authors show that there is a uniform limit as ¢ — 0,

u® =u,
and that this limit « is the unique solution (in a viscosity sense) to the Dirichlet problem

{—A},u(x) =0, xeQ,
ulx)=F(x), xe€0f.

When one wants to deal with a nonhomogeneous equation like —A},u(x) = h(x) one can add a running
payoff to the game, that is, at every play Player I pays to Player II the amount 2/ (x).

1.2. The two membranes problem. As we already mentioned, the two membranes problem describes
the equilibrium position of two elastic membranes in contact with each other that are not allowed to
cross. Hence, one of the membranes acts as an obstacle (from above or below) for the other. Given two
differential operators F(x, u, Vu, Dzu) and G(x, v, Vv, Dzv) the mathematical formulation of the two
membranes problem is the following:

min{ F (x, u(x), Vu(x), D*u(x)), @ —v)(x)} =0, xeg,
max{G (x, v(x), Vu(x), D*v(x)), v —u)(x)} =0, xeQ,
u(x) = f(x), x €09,
v(x) = g(x), x €99.

In general there is no uniqueness for the two membranes problem. For example, take u the solution to
the first operator F' (1) = 0 with u|3q = f and v the solution to the obstacle problem from above for G (v)
and boundary datum g. This pair (u, v) is a solution to the two membranes problem (v is a solution to
the obstacle problem with u as upper obstacle and u is a solution to the obstacle problem with v as lower
obstacle; in fact u is a solution in the whole domain and is above v). Analogously, one can consider ¥ as
the solution to G(v) = 0 with v|3p = g and u the solution to the obstacle problem from above for F (i1)
and boundary datum f, to obtain a pair (i, v) that is a solution to the two membranes problem. In general,
it holds that (u, v) # (i, v).
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The two membranes problem for the Laplacian with a right-hand side, that is, for F (D?u) = —Au+h;
and F(D*v) = —Av — h», was first considered in [Vergara Caffarelli 1971] using variational arguments.
Later, in [Caffarelli et al. 2017] the authors solve the two membranes problem for two different fractional
Laplacians of different order (two linear nonlocal operators defined by two different kernels). Notice that
in this case the problem is still variational. In these cases an extra condition appears, namely, the sum of
the two operators vanishes,

Gw)+ F(v) =0, (1-5)

inside . Moreover, this extra condition together with the variational structure is used to prove a C1¥
regularity result for the solution.

The two membranes problem for a nonlinear operator was studied in [Caffarelli et al. 2017; 2018;
Silvestre 2005]. In particular, in [Caffarelli et al. 2018] the authors consider a version of the two membranes
problem for two different fully nonlinear operators, F(D?u) and G(D?u). Assuming that F is convex
and that

G(X)=—-F(-X), (1-6)

they prove that solutions are C!*! smooth.

We also mention that a more general version of the two membranes problem involving more than two
membranes was considered by several authors (see, for example, [Azevedo et al. 2005; Carillo et al. 2005;
Chipot and Vergara-Caffarelli 1985]).

1.3. Description of the main results. In this paper we use the previously described tug-of-war with noise
game to obtain games whose value functions approximate solutions (in a viscosity sense) to a system
with two obstacle-type equations (a two membrane problem).

1.3.1. First game. Let us describe the first game that we are going to study in more detail. Again, it is
a two-player zero-sum game. The game is played in two boards, which we call board 1 and board 2,
that are two copies of a fixed smooth bounded domain & C RY. We fix two final payoff functions
f, g : RN\ Q — R that are uniformly Lipschitz functions with f > g, and two running payoff functions
hi, hy : Q — R (we also assume that they are uniformly Lipschitz functions), corresponding to the first
and second board respectively. Take a positive parameter . Let us use two games with different rules for
the first and second board respectively associated to two different p-Laplacian operators. To this end, let
us fix two numbers 0 < «; < 1 for i = 1, 2. Playing in the first board the rules are the following: with o
probability we play with tug-of-war rules, which means a fair coin is tossed and the player who wins the
coin toss chooses the next position inside the ball B, (x), and with (1 — &) probability we play with a
random walk rule, meaning that the next position is chosen at random in B, (x) with uniform probability.
Playing in the first board we add a running payoff of amount —&?h; (xo) (Player I gets —e2h; (xo) and
Player II e2h(xp)). We call this game the J; game. Analogously, in the second board we use oy to
encode the probability that we play tug-of-war and (1 — «») for the probability to move at random, this
time with a running payoff of amount £%4, (xo). We call this game J,.
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To the rules that we described in the two boards J; and J, we add the following ways of changing
boards: in the first board, Player I decides to play with J; rules (and the game position remains at the
first board) or to change boards and the new position of the token is chosen playing the J, game rule in
the second board. In the second board the rule is just the opposite: in this case, Player II decides to play
with J, game rules (and remains at the second board) or to change boards and play in the first board with
the J; game rules.

The game starts with a token at an initial position xg € Q2 in one of the two boards. After the first
play the game continues with the same rules (each player decides to change or continue in one board
plus the rules for the two different tug-of-war with noise game at each board) until the tokes leaves the
domain €2 (at this time the game ends). This gives a random sequence of points (positions of the token)
and a stopping time 7 (the first time that the position of the token is outside €2 in any of the two boards).
The sequence of positions will be denoted by

{(X(), jO)v (xlv jl)’ ceey (X-[, j‘[)}a

where x; € Q2 (and x; ¢ 2) and the second variable, j; € {1, 2}, is just an index that indicates in which
board we are playing, with j; = 1 if the position of the token is in the first board and j; =2 if we are in
the second board. As we mentioned, the game ends when the token leaves 2 at some point (x;, j;). In
this case the final payoff (the amount that Player I gets and Player II pays) is given by f(x;) if j, =1
(the token leaves the domain in the first board) and g(x;) if j; = 2 (the token leaves in the second
board). Hence, taking into account the running payoff and the final payoff, the total payoff of a particular
occurrence of the game is given by

T—1
total payoff := £ (x;)x1)(jr) + g(x) X2y (jr) — &2 Z(hl () X1y Gika1) — ha () x =23 Gik1)) -
k=0
Notice that the total payoff is the sum of the final payoff (given by f(x;) or by g(x;) according to the
board at which the position leaves the domain) and the running payoff that is given by —&2h;(x;) and
€2h,(xy) corresponding to the board in which we play at step k + 1.

Now, the players fix two strategies, Sy for Player I and Sy for Player II. That is, both players decide
to play or to change boards in the respective board, and in each board they select the point to go
provided the coin toss of the tug-of-war game is favorable. Notice that the decision on the board
where the game takes place is made by the players at each turn (according to the board at which the
position is, one of the players makes the choice). Therefore, when the strategies of both players are
fixed, the board in which the game occurs at each turn is given (and it is not random). Then, once
we fix the strategies Sy and Sjyj, everything depends only on the underlying probability: the coin toss
that decides when to play tug-of-war and when to move at random (note that this probability is given
by a; or op and it is different in the two boards) and the coin toss (with probability %—%) that decides who
chooses the next position of the game if the tug-of-war game is played. With respect to this underlying
probability, with fixed strategies Sy and Sy, we can compute the expected final payoff starting at (x, j)
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(recall that j =1, 2 indicates the board at which is the position of the game),

[Eggl)l [total payoff].

The game is said to have a value if

w’(x, j) = supyg, infg, [nggl [total payoff] = infg; supg, [E(S):gl)[ [total payoff]. (1-7)

Notice that this value w? is the best possible expected outcome that Player I and Player II may expect to
obtain playing their best. Here we will prove that this game has a value. The value of the game, w?, is
composed in fact of two functions, the first one defined in the first board,

ut(x) :=w(x, 1),

which is the expected outcome of the game if the initial position is at the first board (and the players play
their best) and

Ve (x) = w(x, 2),
which is the expected outcome of the game when the initial position is in the second board. It turns out
that these two functions u®, v® satisfy a system of equations that is called the dynamic programming
principle (DPP) in the literature. In our case, the corresponding DPP for the game is given by

uf (x) = max{J; (u®)(x), L))}, xeQ,
v¥(x) = min{J, u¥)(x), L))}, xeQ,

1-8)
u () = £, ¥ eRV\ @, (
v (x) = g(x), x e RV\ Q,
where
1 1. 2
Hw) ) = (5 0Py, o WO + 5 infyep o W) + (L =an) f w(y)dy - e (x)
B (x)
and
1 1. 2
D(w)(x) = a2<§ SUPyep, vy W) + 5 infyep, x) w(y)> +(—a) w(y)dy +&"ha(x).
B, (x)

Remark 2. From the DPP and the condition f > g it is clear that the value functions of the game are
ordered. We have

ut(y) = v (y)
for all y e RV.

Remark 3. Observe that the DPP reflects the rules for the game described above. That is, the J; rule
says that with o« probability we play with tug-of-war game and with (1 — «;) probability we play the
random walk game with a running payoff that involves 1. Analogously, in the J> game the probability
is given by «, and the running payoff involves /;. Also notice that the max and min that are arise in
the DPP correspond to the choices of the players to change board (or not). In the first board the first
player (who aims to maximize the expected outcome) is the one who decides while in the second board
the second player (who wants to minimize) decides.
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Our first result says that the value functions of the game converge uniformly as ¢ — 0 to a pair of
continuous functions (u, v) that is a viscosity solution to a system of partial differential equations in
which two equations of obstacle type appear.

Theorem 4. There exists a sequence &; — 0 such that (u®/, v®/) converges to a pair of continuous
functions (u, v), that is,

u‘n"./ j u, 'Ug./ :; v
uniformly in Q. The limit pair is a viscosity solution to the two membrane system with two different

p-Laplacians, that is,

u(x) > vx), x e,

—Au(x) +hi(x) 20, —Ajv(x)—hy(x) <0, x€,

—Aju(x) +hi(x) =0, —Ajv(x)—hy(x) =0, xe{u>v}NQ, (1-9)
ulx) = f(x), x €082,

v(x) = g(x), x € 092.

Here p and q are given by
o p—2 o q—2

=—— and = —.
l—a; N+2 l—apy N+2

(1-10)

Remark 5. Using that u®* = u, v* = v and that #® > v®* we immediately obtain
u(y) > v(y) forall yeRY.

Remark 6. We can write the system (1-9) as

min{—ALu(x)+hi(x), @ —v)(x)} =0, xeQ,
max{—AJv(x) = ha(x), v —u)(x)} =0, xeQ,
u(x) = f(x), x €0,
v(x) = g(x), x €0Q.

Here the first equation says that u is a solution to the obstacle problem for the p-Laplacian with v as a
obstacle and boundary datum f, and the second equation says that v is a solution to the obstacle problem
for the g-Laplacian with u as a obstacle from above and boundary datum g.

This formulation corresponds to a two membrane problem in which the membranes are clamped on
the boundary of the domain and each membrane acts as an obstacle for the other.

Remark 7. Since in general there is no uniqueness for the two membranes problem we can only show
convergence taking a sequence ¢; — 0 using a compactness argument.

Let us briefly comment on the main difficulties that appear in the proof of this result. To show that the
DPP has a solution we argue using monotonicity arguments in the spirit of Perron’s method (a solution is
obtained as the supremum of subsolutions). Once we proved existence of a solution to the DPP we use
this solution to construct quasioptimal strategies for the players and show that the game has a value that
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coincides with a solution to the DPP (this fact implies uniqueness for solutions to the DPP). At this point
we want to mention the cruciality of the rule that forces one round of play of the game when one of the
players decides to change boards. If one changes boards without playing a round in the other board the
game may never end (and even if we penalize games that never end it is not clear that the game has a
value). See [Peres et al. 2009] for an example of a tug-of-war game that does not have a value. After
proving existence and uniqueness for the DPP and the existence of a value for the game we study its
behavior as ¢ — 0. Uniform convergence will follow from a variant of the Arzela—Ascoli lemma; see
Lemma 20 (this idea was used before to obtain convergence of value functions of games; see several
examples in [Blanc and Rossi 2019]). To this end we need that when the game starts close to the boundary
in any of the two boards any of the two players has a strategy that forces the game to end close to the
starting point in a controlled number of plays with large probability. For example, starting in the first
board the first player may choose the strategy to never change boards and to point to a boundary point
when the tug-of-war game is played. One can show that this strategy gives the desired one-sided estimate.
However, starting in the first board, to find a strategy for Player Il that achieves similar bounds is trickier
since the player who may decide to change boards is Player I. To obtain such bounds for the terminal
position and the expected number of plays in this case is one of the main difficulties that we deal with.
Once we proved uniform convergence of the value functions we use the DPP to obtain, using the usual
viscosity approach, that the limit pair is a solution to the two membranes problem.

1.3.2. Second game. Let us consider a variant of the previous game in which the possibility of the players
to change boards also depends on a coin toss.

This new game has the following rules: If the position of the game is at (x¢, 1) the players toss a fair
coin (probability %—%) and if Player I wins, he decides to play the J; game in the first board or to play
the J> game in the second board. On the other hand, if the winner is Player II the only option is to play J;
in the first board. If the position is in the second board, say at (xg, 2), the situation is analogous but with
the roles of the players reversed: the players toss a fair coin again, and if Player II wins, she decides
between playing J> in the second board or jumping to the first board and playing J;, while if Player I wins
the only option is to play J> in the second board. Here the rules of J; and J; are exactly as before, the only
thing that we changed is that the decision to change boards or not is also dependent on a fair coin toss.

This game has associated to it the following DPP:

u® (x) = 3 max{J1 ) (x), L)@} + 31 (x), x e,
v (x) = 3 min{J; (u®)(x), L))} + 3 L0 (x), xeQ,
ut(x) = f(x), xeRV\ Q,
v (x) = g(x), x e RV\ Q.
This DPP also reflects the rules of the game. For instance, the first equation says that with probability %

the first player decides to play J; or to change boards and play J; (thus the term max{J; (u®)(x), Jo(v®)(x)}
appears) and with probability % the position stays in the first board (they just play Jp).
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Remark 8. Also in this case, from the DPP and the condition f > g it is immediate that
ut(y) = v°(y)

holds for all y € RV.

In this case the pair (#°, v*) also converges uniformly along a subsequence ¢; — 0 to a continuous
pair (u, v), and this limit pair is also a viscosity solution to the two membrane problem with an extra
condition in the contact set.

Theorem 9. There exists a sequence &; — 0 such that (u®/, v®/) converges to a pair of continuous
functions (u, v), that is,

ut =y, VY =3v

uniformly in Q. The limit pair is a viscosity solution to the two membrane system with the two different
p-Laplacians (1-9), with p and q given by (1-10). Moreover, the extra condition

(= A u(x) +h (X)) + (—AJu(x) —ha(x) =0, x€Q, (1-11)
holds.

Remark 10. Let us observe that the extra condition (1-11) trivially holds in {# > v} (since u and v solve
—A},u(x) +hi1(x) =0 and —A}]v(x) — hy(x) = 0 respectively). Then this extra condition gives us new
information in the contact set {# = v}. Notice that this extra condition (the sum of the two equations is
equal to zero) is similar to the one that appears in [Caffarelli et al. 2017] — compare (1-5) —but it is not
the same as the one assumed in [Caffarelli et al. 2018] to obtain regularity of the solutions —see (1-6) —
since for the normalized p-Laplacian it is not true that —A},u(x) = A(]I (—u)(x) unless p =gq.

The paper is organized as follows: In Section 2 we analyze the first game; in Section 2.1 we prove that
the game has a value and that this value is the unique solution to the DPP. The proof of Theorem 4 is
divided across Sections 2.2 and 2.3. In the first one we prove uniform convergence along a subsequence
and in the second we show that the uniform limit is a viscosity solution to the PDE system (1-9).

In Section 3 we include a brief description of the analysis for the second game (the arguments used to
show uniform convergence are quite similar). Here we focus on the details needed to show that we obtain
an extra condition in the contact set.

Finally, in Section 4 we include some remarks and comment on possible extensions of our results.

2. Analysis for the first game

2.1. Existence and uniqueness for the DPP. In this section we first prove that there is a solution to the
DPP (1-8), next we show that the existence of a solution to the DPP implies that the game has a value
(it allows us to find quasioptimal strategies for the players), and at the end we obtain the uniqueness of
solutions to the DPP.



GAMES FOR THE TWO MEMBRANES PROBLEM 69

To show existence of a solution to the DPP we use a variant of Perron’s method (that is, a solution can
be obtained as supremum of subsolutions).
Let us consider the set of functions

o = {(u®, v°) : u® and v®are bounded functions such that (2-1) holds}
with
ut(x) < max{]l (u®)(x), Jz(vg)(x)}, x €8,
v¥(x) < min{J1 (u)(x), L))}, x€Q,
u®(x) < f(x), xeRV\ Q,
v (x) < g(x), x e RV \ Q.

2-1

Notice that (2-1) is just the DPP with inequalities that say that (u®, v®) is a subsolution to the DPP (1-8).
For the precise definition of sub- and supersolutions to DPP systems we refer to [Miranda and Rossi
2020; 2023].

Let us begin proving that <7 is nonempty. To this end we introduce an auxiliary function. As & C RV
is bounded there exists R > 0 such that Q € B (0) \ {0} (without loss of generality we may assume
that 0 ¢ €2). Consider the function

2K(x|>—R)—M if x € Bg(0),
zo(x) = . N
-M if x e R™ \ Bg(0).
This function has the following properties: the function zg is C 2(Q), and for x € Bg(0) \ {0},

N—-1

Azo(x) = (20)rr + (zo),_4K+—4Kr_4K+4K(N—1) and Al z0(x) = (z0),r (x) =4K.

Notice that when we compute the infinity Laplace operator of zop we have to pay special care at the origin
(where the gradient of zp vanishes), since the operator is not well defined there. In doing this we use
that zg is a radial function and compute the infinity Laplacian in the classical sense at points in Bg(0) \ {0}
(where the gradient does not vanish).

Then we get
1 (1—a)
Ajzo(x) = SO (4K) + o SN 1D (4K +4K (N — 1)) > 4K,
1 (I —a)
Ag2o(x) = Sea(4K) + m(u( +4K (N —1)) > 4K.

We are ready to prove the first lemma.
Lemma 11. For ¢ small enough, o # &.

Proof. We consider zg with the constants

K = max{[|21]loo, h2lloc} +1 and M = max{]| fllec, lIglloc} + 1,

and claim that
(20, 20) € .
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Let us prove this claim. First, we observe that the inequality (2-1) holds for x € RV \ Q. Then we are
left to prove that for x € Q,

zo(x) < min{J1(z0)(x), J2(z0) (x)}.

That is, we aim to show that
0 < min{J; (z0)(x) — 20(x), J2(z0) (x) — 20(x)}. (2-2)

Using Taylor expansions we obtain

T1(20) () — 20() = 1 (3 50, e, (03) — 20(0)) + 5 infie, (20 (3) — 20(1)))

+ _“1)][B< )(zO(y) — 20(x)) dy — &*hy (x)

(I —ay)

(1 A1
_( (X]AOOZO(X)+2(N+2)

3 Azo(x))es2 —szhl(x) +0(82).

Analogously,

(I-m)

J2(20) (x) = z0(x) = (laQAéOZO(x) * 2(N+2)

5 Azo(x)>82 + &%hy(x) + o(e?).

If we come back to (2-2) and we divide by > we obtain
0 < min{A}zo(x) —h1(x), Ajzo(x) +ha(x)}. (2-3)
Using the properties of zgp we have
ALzo(x) —hi(x) = 3K and  A}zo(x)+ ha(x) > 3K.
Thus, the inequality (2-3) holds for ¢ small enough. This ends the proof. U

Remark 12. We can define a different auxiliary function z® as the solution to the following problem:
z°(x)= min {oc,(l sup z’“?(y)+l inf zg(y))—{—(l—a,-) 25(y) dy}—szK, xeq,
ie{l1,2} 2 yeB,(x) 2 yeB.(x) (2-4)

Fx)=—M, X €.

B¢ (x)

The existence of this function is given in [Blanc et al. 2017, Theorem 1.5]. In fact, (2-4) is the DPP that
corresponds to a game in which one player (the one that wants to minimize the expected payoff) chooses
the coin that decides the game to play between tug-of-war and a random walk.

If we argue as before we can prove that (z°, z°) € «.

Now our goal is to show that the functions (1°, v®) € & are uniformly bounded. To prove this fact
we will need some lemmas. Let us consider the function wy = —z¢. This function has the following
properties:

Awo(x) = —Azo=—4K —4K(N —1) and Al wo(x) =—-Al wo(x) =—4K.
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Then we have

Al wo(x) = loq(—41r<) + (d=a) (—4K —4K(N — 1)) < —4K
P 2 2(N +2) - ’

Alwo(x) = lo¢2(—41<) + (-a) (—4K —4K (N — 1)) < —4K.
4 2 2(N +2) -

Let us prove a technical lemma.

Lemma 13. Given K = max{||h1]lco, |11 lloc} + 1 and M = max{|| f ||co, € llcc} + 1, there exists g9 > 0

such that the function wy satisfies

wo(x) = max{J;(wo)(x), h(wo)(x)} + Ke?, xeQ,

(2-5)
wo(x) > M, xeRV\ Q,
for every e < g.

Proof. First, let us observe that the inequality w®(x) > M holds for x € RV \ Q when M is large enough.
Then we are left to prove that for x € €2,

wo(x) > max{J; (wo) (x), Jo(wo) (x)} + K &>,
That is,
0 > max{J; (wo) (x) — wo(x), J2(wo) (x) — wo(x)} + K& (2-6)

Using Taylor expansions we obtain

T} () — wo () = a1 (3 50D, ) (W0 (¥) = Wo()) + 3 nfye o (wo () — wox)

T f  (w00) —wo()dy +&%hy(x)
B (x)
1—
= (% Al wo(x) + ﬁAwo(x))sz —&%hy(x) + o(e?).
Analogously,
(I -a)

ay
J2(wo) (x) — wp(x) = <7Aoowo(x) +

2 2 2
—2(N+2)Awo(x))8 e°hy(x) + o(e%).

If we come back to (2-6) and we divide by &% we get
0 = max{ A wo(x) — =1 (x), Ajwo(x) +ha(x)} + K. 2-7)
Using the properties of wy we arrive at
Abwo(x) —hi(x) < —4K and  Ajwo(x)+hy(x) < —3K.

Thus, the inequality (2-7) holds for ¢ small enough. This ends the proof. U
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Our next result says that the subsolutions to the DPP (pairs (u, v) € &) are indeed bounded by wy.
This shows that functions in .7 are uniformly bounded. From the proof of the following result one can
obtain a comparison principle for the DPP.

Lemma 14. Let (u?, v®) € « (bounded subsolutions to the DPP (1-8)), and let w® be a function that
satisfies (2-5), that is,

wé(x) > max{J;(w®)(x), L(w)(x)}+Ke?, xeQ,
w(x) > M, x eRV\ Q.

Then it holds that

u' () <w'(x) and V() =w'), xeRV.
Proof. We argue by contradiction. Assume that
max{sup(u® — w®), sup(v° —w®)} =6 > 0.

It is clear that

uf(x) <M <w(x) and v°(x) <M <w’(x)

for x ¢ Q. Thus, we have to concentrate on what happens inside 2. We divide the proof into two cases.

Case 1: Assume that

sup(v® — w®) =6.
Given n € N let x,, € Q be such that
0L < — ).
n
We use the inequalities satisfied by the involved functions to obtain
o1 < )
n
< L") (xn) — J2(w*) (xn)
1 e 1. e 1 e 1. P
= az(§ SUPyep, (x,) ¥ (V) + 5 infyep, (x,) v () — 5 SUPyeB, () W ) — 3 infyep, (x,)w (y)>

+(1—a2) @° —w)(y) dy + e?ha(x,) — K
Be(x,)

1 1 1
= 052<§ SupyeBg(x,,)ys ) — ) SUPyeB, (x,) w(y) + ) SUPyeBE(xn)(QS - ws)(y)>
+(1—a) @ —w) () dy +&*ha(x,) — *K.

B (x,)
Now we use that

SUD, e oy (0 —w)(y) <6 and ][ (w—w)(y)dy <6
Bs(xn)
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to arrive at

2 &2
0 = s = SUPyeB. (o) L () = SUPyep, (o W (V) + (2ha(xn) —2K) .

Take y, € B.(x;) such that
1
SUPyep, (x,y U (V) — P v (Vn).

9 _l ()ﬂ) Sup € ())(th('cll)_zlig ) <_ _1' ()ﬂ)—i___ ()”)__‘

Here we use that h,(x) — K < —1. Hence

2—0[2 82

6 — +— < (@ —w®)(y) <06,
o

noy

which leads to a contradiction if n € N is large enough that

2— (6%) 82
— +—>0,
nayp o
since in this case we obtain
2— (0%) 82
0 <6— +— < @ —w)(y,) <6.
noy o)

This ends the proof in the first case.
Case 2: Assume that

sup(u® — w) =0.
In this case we take again a sequence x, € €2 such that

6— 1 < W —wt) ().
n

Let us assume first that
max{J; u®)(xn), J2(0°) (xn) } = J2(0°) (xn),
and then we obtain

(u® —w®)(x,) < L") (xn) — Jo(w) (xp).

We are again in the first case and we arrive at a contradiction arguing as before.
Finally, let us assume that

max {J; u®)(xn), J2(0°) (xn) } = J1 (") (xp),
and then we obtain
u® —w)(x,) < 1) (x,) — J1(w*)(x,).

If we argue as in the first case we arrive at a contradiction. This ends the proof.
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Now, using that wq is continuous RN and hence bounded in the ball Bg, we can deduce that there
exists a constant A > 0 that depends on the data f, g, # and the domain €2 such that wy(x) < A. Then,
using the previous lemmas, we obtain a uniform bound for functions in <.

Theorem 15. There exists a constant A > 0 that depends on f, g, h and Q2 such that for every (u®, v®) € o
it holds that
u*(x) <A and v'(x) <A,
for every x € RN and every e < g (here &g is given by Lemma 13).
Proof. 1t follows from Lemmas 13 and 14 and the boundedness of wy. U

With this result at hand we can define for x € RV,

U (X) = SUP (e yoyey U (X)  and V7 (X) = SUP(e yoyey 1 (X).

The previous result, Theorem 15, gives that these two functions u® and v® are well defined and bounded.
It turns out that they are a solution to the DPP.

Theorem 16. The pair of functions (uf, v®) is a solution to the DPP (1-8).

Proof. First, let us show that (1, v®) € «7. Given (u°, v°) € & and x € 2 we have that
u® (x) < max{J; (®)(x), L") (x)}.

Taking the supremum over (#°, v°) € &/ we obtain
u® (x) < max{J; () (x), L) (1)},

and hence (taking the supremum in the left-hand side) we conclude that
u® (x) < max{Ji(u®)(x), L) (x)}.

An analogous computation for the second equation shows that v* satisfies

v®(x) < min{J; (u®)(x), JL(v°)(x)}

for x € Q. Finally, as u®(x) < f(x) and v®(x) < g(x) for x € R \ Q, taking the supremum we obtain
u®(x) < f(x) and v¥(x) < g(x) for x € RV \ @, and we conclude that (u¢, v*) € 7.

We have a set of inequalities for the pair (u°, v*) € <7. To show that the pair is indeed a solution to
the DPP we have to show that they are in fact equalities. To prove this fact we argue by contradiction.
Assume that we have a strict inequality for some xo € RY. If xo € RY \ Q and we have u®(x) < f(xo)
we will reach a contradiction considering
ut(x) if x # xq,
uf(xo)+48 if x = xo,

ug(x) = {

with § > 0 small enough such that u®(xo) + 8 < f(xo). Indeed, one can check that the pair (ug, v*)
belongs to &7 but at xo we have ug(xo) = u®(xo) + 8 > u®(xo) = sup,, u®(xp), a contradiction. A similar
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argument can be used when xy € RV \ ©, and we have v (xg) < g(xo). We conclude that u®(x) = f(x)
and v® (x) = g(x) for every x € RV \ Q.

Now, let us assume that the point at which we have a strict inequality is inside €2, xg € 2. First, assume
that we have

u® (x0) < max{Jy (u®)(xo), J2(v)(x0)}.
Let us consider
max{J; (u)(xo), J2(v°)(x0) } — u’ (x0) =8 > 0,

and, as before, the function
u®(x) if x # xo,
U (xo) + 18 if x = xq.

uE () = {
Then we have
u(x0) = u® (xo) + 38 < max{Ji (u®)(x0), Jo(v°)(x0)}.

At other points x € 2 we also have
ug(x) < max{J;(u®)(x), L") (x)} < max{Ji(uf)(x), L(v*)(x)}.
Finally, concerning v® we get (at any point x € ),
v®(x) < min{J; (uf)(x), L") (x)}.

Hence, we have that the pair (u, v®) belongs to .7, getting a contradiction as before, since u(xo) > u®(xo).
Analogously, one can deal with the case in which xo € €2 and

v (x0) < min{J; (u®)(x0), J2(v*)(x0)}. U
Corollary 17. There exists a constant A > 0 such that
uf(x)| <A and [|V°(x)| <A
forall x e RV,
Proof. Every solution to the DPP belongs to .A. Hence the result follows from Theorem 15. ]

Now, for completeness, we include the precise statement of the optional stopping theorem (a key tool
from probability theory that we will use in what follows).

Optional stopping theorem. We briefly recall (see [Williams 1991]) that a sequence of random variables
{My}r>1 is a supermartingale (respectively, submartingale) if

E[Mis1 | Mo, My, ..., My] < My (respectively, >).
Suppose that 7 is a stopping time such that one of the following conditions holds:

(a) The stopping time 7 is bounded almost surely.
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(b) E[r] < oo and there exists a constant ¢ > 0 such that
E[My+1 — My | Mo, ..., My] <c.
(c) There exists a constant ¢ > 0 such that | Myinir k)| < ¢ almost surely for every k.

For such a 7, the optional stopping theorem (OST) states that
E[M.] < E[My] (respectively, >)

if {My}r>0 is a supermartingale (respectively, submartingale). For the proof of this classical result, see
[Doob 1971; Williams 1991].
Let us finish this section proving the following theorem.

Theorem 18. The functions u® and v® that satisfy the DPP (1-8) are the functions that give the value of
the game in (1-7). This means that the function

w®(x, j) = infg; supg, [E(Sjlcél)I [total payoff] = supg, infg, [Eféféfl [total payoff]
satisfies
wi(x, D) =uf(x) and w(x,2)=1v°(x)

for any pair (u®, v®) that solves the DPP, that is, for any pair that satisfies

uf (x) = max{J; (u®)(x), L))}, xegQ,
uf (x) = min{J; (u®)(x), L))}, xeQ,
u®(x) = f(x), xeRV\ Q,
v (x) = g(x), x e RV\ Q.

Proof. Fix § > 0. Assume that we start at a point in the first board, (xo, 1). Then we choose a strategy S}
for Player I using the solution to the DPP (1-8) as follows: Whenever j; = 1, Player I decides to stay in
the first board if

max{J; () (xx), o) () } = J1 () (xp),

and in this case Player I chooses a point

. . 1)
X1 = S7 (%0, jo), - (ks ji)) - such that  sup e, ) 4" (Y) = 5y < 5 ().

On the other hand, Player I decides to jump to the second board if

max{J; (u®) (xx), (") (x) } = L) (),

and in this case Player I chooses a point

. . é
X1 = S7 (%0, Jo), - (ks ji)) - such that  supycp, o) v° () = g7 < 0 (p)-
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Given this strategy for Player I and any strategy for Player II, we consider the sequence of random
variables
k—1

. . )
(1 D) x =1y Gir41) — ha () x(j=2y G+ 1)) — o
0

My = wf (i, ji) — &
=

where w® (xg, 1) = u®(xg), w®(xg, 2) = v°(x;) and

1 if j=i,

0 if j#£i.

Let us see that (My)x>0 is a submartingale. To this end, we need to estimate

xj=i1(J) = {

1
[Efg?o,slf[MkH | Mo, ..., My].

Let us consider several cases.

Case 1: Suppose that jz =1 and ji+; = 1 (that is, we stay in the first board). Then

ESO (Mg | Mo, - .., My]

St 81
k
. ; 1)
=[E§:°Sllf [Ms(xk+1)—<92 lg(hl(xl)X{j:I}(]H-l)_h2(xl)X{j:2}(Jl+l))_W Mo, ..., Mk]
k=1
. . 1)
= [Efgfoslli [Mg(karl)_Szhl(xk) —g Z;)(hl(xl)X{j=1}(]l+1)_hZ(xl)X{j=2}(]l+l)) 26T | Mo, ..., Mk]
L oeo1 l e e 2
= (G0 (ehy) g Gl D )+ —a) £t (0) dy—ehi(x0)

Be (xx)

k—1
. . 8
=% 3 (@) =0 Gie) =ha () xtj=2 G D) =
1=0
In the second equality, we used that ji,; = 1. We obtain

ESOS (Mg | Mo, ..., My]

S¢S

1 e s 1. € ¢ ?
> o (_ SUPyeB, (x) U ) — Tty infyep, (x) u (y)) + (=) u (y)dy —e“hy(xk)

2 e Qk+ 2 Be (xi)

L k=l ) . J
— &2 3 (m @) xj=0 Ui 1) = ha (D) xj=2 Gir+1)) — Qk+1
1=0
Lkl . , s
> @) o) — &= 3 (O xj=nyGie) = ha G xj=2 (1)) — 5z
1=0

k—1
= max{J; ) (x), L") (x) | — &2 120 (h ) x =1y i) — ha () xqj=2 G 1)) — o
k-1

. . )
=u(xp) — &> Y. (h1 D) x =1y 1) — ha () x(j=2y Gir+1)) — %= M.
=0



78 ALFREDO MIRANDA AND JULIO D. ROSSI
Case 2: Suppose that jz = 1 and ji4+; = 2 (that is, we jump to the second board). Then

,1
E§s [Mice1 | Mo, ... My

k
. . J
=B [ () =82 32 (1= i) = haG) =2 Giren)) = g7 | Mo, My ]
k—1
: : )
=BG [ ) + %) 2 Z (aCxij=n Giren) =ha (e xij= () = gy [ Mo, ... M)

In the second equality, we used that j;,; = 2. We then obtain

1
[Efg?sli[MkJrl | Mo, ..., M]

1 1) 1. 2
> Olz(z SUP e 5, () V5 (V) — e infyep, () Us(y)> +(1—w) - Ve (y) dy + e ha(xy)
zkfl . . )
— &> 3 (hi ) x=1yGir1) — ha ) x =2y Gir1)) — T
=0
zk_l . . )
= L)) — &> X () xgj=1y Gier) — ha () x =23 Gie1)) — "
=0
k-1
. . )
= max{J; () (xi), L) ) ) — &2 3 (A1 () =1y G 1) — o (e) x =2y G 1)) — %
=0
zk_l . . 1)
=u’ () — " 3 (h ) xj=13 i) — ha () xgj=2 Gir1)) — 5% = M.
=0

Case 3: Suppose that jr =2 and ji+; = 2 (that is, we stay in the second board). Then

,1
ES" ) [Mit1 | Mo, ..., My]

k
. . 1)
= [E(Sfoslli I:Ug(xk+l) —e? l;)(hl ) xj=1y Gie1) — ha () xj=2y Gire1)) — pran) | Mo, ..., Mk]
k-1
. . 8
=BG [ () + a0 — &2 X (o) xgjmn) Gine ) = ha G =2y Gire ) — vt | Mo .. Al
1=0

In the second equality, we used that ji; = 2. Therefore, we have

(x0,1)
ES{‘.SH [(Mis1 | Mo, ..., My]

1 ) 1.
> 25 SUPy e V) = gy + 5 iMbremn VY 0)) + (L —a) v (0 dy +eha(xe)
Be (x1)
2 k=1 . . 6
- l;)(hl(xl))({j=l}(]l+l) — ha(x) xj=2yGir+1)) — T

k—1

> L) () — &2 Y (R ) x =1y Gire1) — ha () xj=2y G 1)) — %
1=0
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1

k
> min{J; (u*) (x)), () (x) } — &2 3

— . . )
(hy D) xgj=1y Girn) — ha ) x =2y Gir)) — o
1=0

k—1
. . )
= v (xp) — &7 l;)(hl(xl)X{j:I}(JHl) — ho(x) xj=2yGir+1)) — %= M.

Case 4: Suppose that j, =2 and ji+; = 1 (that is, we jump to the first board). Then
ES ) (M1 | Mo, ..., My]

k

. . 1)
=[E§T°52 [ug(xk-i-l) — &2 3 (MG xj=1y Gie1) — ha () =2y G 1)) — T | Mo, ..., Mk]
1=0

k—1

79

. . )
= [E(S):O;Ii [ug(xk+l) —&*h () —e? Y (h D) x =1y G 1) — ha () xqj=23 G+ 1)) — T | Mo, ..., Mk]~

1=0
In the second equality, we used that ji,; = 1. Hence,

,1
ES ) [Mie1 | Mo, ... My]

1 8 1.
> o (5 SUPyep, (xp U (V) — T T3 infyep, (x) ug(y)) + (1 —ap) u® (y)dy — £°h1 (x;)
Be (xx)
k—1

— &2 3 (hi ) xgj=1y Gien) — ha () xqj=2 Gire1)) —

=0
k—1
= B0 =& 3 (@)= Giet) = G0 K= Gie) — 2
=0

k-1
> min{J; (u®) (x), L) (x0) } — e 3 (1 ) xgj=1y Gie1) — ha () xj=2y Gir1)) — 0
=0

2k
s 2k_1 h . h . 1) —M
=v°(xp) — € 1;)( 1) x =1 Ui1) — 2(XZ)X{j:2}(J1+1))—2—k— k-

Thus, gathering the four cases, we conclude that M} is a submartingale.
Using the OST we obtain
ES ) [Ment] = Mo,
Taking the limit as k — oo we get

0. Drar M,
[ESI*’ Sir [ t] = My.
If we take infg, and then supg we arrive at

. 1
supg, infg; [ng;f’sn)[Mf] > M.

This inequality says that

supg, infg, [E(S’ICS’SIII) [total payoff] > u(xg) — §.

8
2k+1
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To prove an inequality in the opposite direction we fix a strategy for Player II as follows: Whenever
Jr = 1 Player II decides to stay in the second board if

min{J; (u®) (x), Jo(v*) (x) } = J2(v%) (%),
and Player II decides to jump to the first board when

min{J; (u®) (xx), Jo(0%) (x) } = 1 (v) (%)

If we play tug-of-war (in both boards) Player II chooses

: : . 3 .
X1 = Si((xo0, o). - (% i) such that infyep, gy w (v, Jiert) + Zer = w01 ier)-

Given this strategy for Player II and any strategy for Player I, using computations similar to the ones
we made before, we can prove that the sequence of random variables

k—1

. . . )

Ni = w’ (xx, ji) — & Z(hl(xl))({jzl}(]Hl) — ha () x(j=2) 1)) + o
1=0

is a supermartingale. Finally, using the OST we arrive at
infg, supg, [E(’C0 )[total payoff] < u®(xo) + 6.
Then we have obtained

u®(xo) — 8 < supg, infg, Ey (XO 1)[total payoff] < infg; supg E (XO 1)[total payoff] < u®(xg) + 6

for any positive 4.
Analogously, we can prove that

v¥(x0) — & < supy, infg, [E( 0, )[total payoff] < infg, supg, [E(Sff”slzl) [total payoff] < v®(xp) + 8.

Since § is arbitrary, this proves that the game has a value,

go.D

. . 1
supyg, infg, Se.Su [total payoff] = infg; supg, [E(x0 )[

total payoft] = w(xgp, 1),
supyg, infg, [E(SI?’S") [total payoff] = infg, supg, [E(SI?’SH) [total payoff] = w(xg, 2),
and that these functions coincide with the solution to the DPP,
w(xo, 1) =u’(xo) and w(xo,2) = v (xo),

as we wanted to show. |

Since solutions to the DPP coincide with the value of the game and this is unique, we obtain uniqueness
of solutions to the DPP.

Corollary 19. There exists a unique solution to the DPP (1-8).
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Proof. Existence follows from Theorem 16 and uniqueness from the fact that in Theorem 18 we proved
that any solution to the DPP coincides with the value function of the game, that is, it satisfies

u®(x) = infg; supg, [E(x )[total payoff] = supg infg, [E(x )[total payoff],

v¥(x) = infg, supg, E SI Sn ) [total payoff] = supg, meH SI Sn ) [total payoff]. |

2.2. Uniform convergence as ¢ — (. To obtain a convergent subsequence of the values of the game
u® and v® we will use the following Arzela—Ascoli type lemma. For its proof, see [Manfredi et al. 2012b,
Lemma 4.2].

Lemma 20. Let
(u® Q- R}e=o

be a set of functions such that

(1) there exists C > 0 such that |u®(x)| < C for every ¢ > 0 and every x € Q,

(2) given 8 > 0 there are constants ro and g such that for every & < gy and any x, y € Q with |x —y| < rg,
lu®(x) —u®(y)| <3.

Then there exists a uniformly continuous function u : @ — R and a subsequence still denoted by {u®} such
that

u® — u uniformly in Q as ¢ — 0.

So our task now is to show that u® and v® both satisfy the hypotheses of the previous lemma. First, we
observe that we already proved that they are uniformly bounded (see Corollary 17).

To obtain the second hypothesis of Lemma 20 we will need to prove some technical lemmas. This part
of the paper is delicate and involves the choice of particular strategies for the players.

First of all, we need to find an upper bound for the expectation of the total number of plays,

E[r].

To this end we define an auxiliary game as follows: In the next lemma we play a tug-of-war or random
walk game in an annulus and one of the players uses the strategy of pointing to the center of the annulus
when they play tug-of-war. Then, no matter if we play tug-of-war or random walk at each turn and no
matter the strategy used by the other player, we can obtain a precise bound (in terms of the configuration
of the annulus and the distance of the initial position to the inner boundary) for the expected number of
plays until one reaches the ball inside the annulus.

The key point here is that if one of the players pulls towards 0 each time that they play tug-of-war then
the expected number of plays is bounded above by a precise expression that scales as £ > independently
of the game that is played at every round (tug-of-war or random walk). This upper bound translates to
our game (starting at any of the two boards) since the result implies that if one of the players chooses to
pulls towards O then, independently of the choice of the other player and independently of the board at
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which we play — that is, independently of the coin toss that selects the game that is played (tug-of-war or
random walk) — the game ends in an expected number of times that satisfies the obtained upper bound.
See Remark 22 below.

Lemma 21. Given 0 < § < R, let us consider the annular domain Bg(0) \ Bs(0). In this domain we
consider the following game: given x € Br(0) \ Bs(0) the next position of the token can be chosen using
the game tug-of-war or a random walk. When tug-of-war is played, one of the players pulls towards 0. In
all cases the next position is assumed to be in B, (x) N\ Bg(0). The game ends when the token reaches Bs(0).

Then, if T* is the exit time, we have the estimate
e’ E°[r*] < C1(R/8) dist(d B (0), x0) + o(1),
where o(1) — 0 if e — 0.

Proof. Without loss of generality we can suppose that S} is to pull towards 0. Let us call
Ec(x) =Eg g,[77].

Notice that E is radial and increasing in » = |x|. Since our aim is to obtain a bound that is independent of
the game (tug-of-war or random walk) that is played at each round, if we try to maximize the expectation
for the exit time, we have that the function E satisfies

1 1.
E¢(x) < max <§ SUPy e B, (x)NBg(0) E.(y)+ 5 lnfyeBg(x)ﬂBR(O) Ec(y), E.(y) dy) + L.

B (x)NBr(0)

Hence, let us consider the DPP

~ 1 ~ 1. ~
E¢(x) = max (5 SUPyeB, (x)NBR(0) Ec(y)+ ) infyep, (x)nBg ) Ee (),

Eq(y) dy) +1.
B:(x)NBg(0)

Writing F(x) = 8258 (x), we then obtain

1 1.
F.(x) = max{ <§ SUPy e, (1)nBg(0) Fe (V) + 3 infyep, (0)nBx©0) Fe (), Fe(y) dy) } + &2

B (x)NBr(0)

This induces us to look for a function F such that
1 1.
F(x) z][ F(y)dy+¢* and F(x)> 3 SUDyep, 0 F () + 5 infyep, o0 F () +¢%. (2-8)
B (x)
We arrived at a sort of discrete version of the inequalities

{AF(X) < —2(N+2), x€Bgi(0)\Bs(0), 2.9)

ALF(x) <=2, x € Bry£(0) \ Bs—¢(0).

If we assume that F is radial and increasing if r = |x| we get

N_larF:AF.

A;oF:arrFSarrF'i‘T
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Hence, to find a solution of (2-9), we can consider the problem

AF(x)=—=2(N+2), x € Bg(0)\B;(0),
F(x) =0, x € 0B;(0), (2-10)
8 (x) =0, for x € 0Bg4¢(0),

where d F'/dv refers to the outward normal derivative. The solution to this problem takes the form

F(r)= —ar’ —br* N 4¢ for N>2 and F(r)= —ar? — blog(r)+c for N =2,

with a, b, c € R that depends of §, R, ¢, N. For example, for N > 2, we obtain that a, b and c are given
by the solution to the following equations:

AF = —2aN = —2(N +2),
9 F(R+¢)=—2a(R+¢)—bQ2—N)(R+e)' N =0,
F(8) =—ad*>—b8> N +¢=0.

Observe that the resulting function F(r) is increasing.

In this way we find F that satisfies the inequalities (2-9). The classical calculation using Taylor
expansions shows that F satisfies (2-8) for each B.(x) C BR+8\1§5_£(0). Moreover, since F is increasing
in r, it holds that for each x € Bg(0) \ Bs(0),

][ Ff][ F < F(x)—¢°
B (x)NBR(0) B (x)
and
3 SUPye B, (x)nBr(0) I+ 3 infye.conBe© F < 3 SUPyep, ) F + 3infyes, o F < F(x) — .
Consider the sequence of random variables (My)x>1 given by
My = F(xi) + ke?.

Let us prove that (Mj)r>o is a supermartingale. Indeed, we have
E[Mit1 | Mo, ..., Mi] = E[F (x¢41) + (K + 1)e? | Mo, ..., M]

1 1.
< max{ 5 SUPyep, (nBr©) F () + 3 infyep, (x)nBr©) F (), F(y) dY}

2
< F(xg) + ke?

B:(x)NBR(0)

if x; € Bg(0) \ Bs(0). Thus, My, is a supermartingale. Using the OST we obtain

E[Myspi] < M.
This means
FOLF (xpen) + (TF Ak)e?] < F(xp).
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Using that x;« € Bs(0) \ Bs—.(0) we get

0 < —E"[F(x+)] < o(1).
Furthermore, the estimate
0 < F(xo) < C(R/6) dist(d Bs, xo)

holds for the solution of (2-10). Then, taking the limit as k — co, we obtain
e*E[T*] < F(xo) — E[F (x+)] < C(R/8) dist(d Bs(0), xo) + o(1).
This completes the proof. U

Remark 22. Suppose that we are playing the previous game in two boards with €2 inside the annulus.
Let us recall that 2 satisfies an exterior sphere condition: there exists § > 0 such that given y € 92
there exists z, € RN such that B; (zy) C RN\ © and m N = {y}. Note that if we have some &
that satisfies the exterior sphere property for ball of that radius, then the exterior sphere property is also
satisfied for balls with radius § for every § < &p. Then we can consider simultaneously the game defined
in Lemma 21 in the annular domain Bg(0) \ Bs(0) with Q C Bg(0) \ B;s(0), and with the same strategies
for Player I and Player II, so that no mater which game, J; or J;, is played in any of the two boards we
obtain the bound for the expected number of plays given in Lemma 21. That is, if in the two boards game
we start for example in (xp, 1) and Player I decides to stay in the first board and play Jj, in the one board
game with the annular domain the third player decides to play tug-of-war with «; probability, or random
walk with 1 — «; probability, but if the player decides to jump to the second board and play J;, then in
the one board game the third player decides to play tug-of-war with «; probability and random walk
with 1 — a probability. Thus, using that Q C Bg(0) \ Bs(0) we deduce that in the two boards game the
exit time t is smaller than or equal to the exit time t* corresponding to the one board game considered in
the previous lemma. This means that we have

E[r] < E[t*].

Next we derive an estimate for the asymptotic uniform continuity of the so-called nonhomogeneous
p-Laplacian functions.

Lemma 23. Let be Q as above, h : Q@ — Rand F : RN \ Q — R two Lipschitz functions. For 0 < < 1
let u® : RN — R be a function that satisfies the following DPP:

1 1.
e (x) =/3(§ SUPyep, (v 4 () + 5 infyep, v ug(y))+(1—/3) ( ),U«e()’) dy+e’h(x), xeQ,
B (x

p(x) = F(x), xeRM\ Q.
Then, given n > 0, there exists ro > 0 and &9 > 0 such that
| (x) = (W) <n

if |lx —y| <rgand e < &.
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Proof. We have several cases:

Case 1: If x, y € RV \ Q we have

I () =W =IF(x) = F()I < L(F)lx =yl <7
if ro <n/L(F).
Case 2: Suppose x € Q and y € 92. Without loss of generality we can suppose that 2 C Bg(0) \ Bs(0)
and y € dB;5(0). Let us call xo = x the first position in the game. In the first case suppose that Player I
uses the strategy of pulling towards 0, denoted by S;°. Let us consider the sequence of random variables
My = |xx| — Ce2k.
If C > 0 is large enough, M is a supermartingale. Indeed

1 1
B [l 130, ] < B(3 0l +0) + 30l =) + (A=) £ laldz <l +Ce2
B (x¢)

The first inequality follows from the choice of the strategy, and the second from the estimate

][ lz|dz < |x|+ Cée?.
B (x)

Using the OST we obtain
Eg? 5Ll < xol + Ce’Esp s, [7].

Now, Lemma 21 and Remark 22 give us the estimate
e’Eg g, [7] < €°Eg ¢ [7] < C1(R/8) dist(d B5(0), xo) +o(1).
Then
E’;‘Ii,sn[lxrl] < |xo =yl +38+ C2(R/b)|xo — y[ +o(1).
Here C>(R/6) = C1(R/$). If we rewrite this inequality we obtain
Eg g, [ l] < 84 C3(R/8) xo =yl +0(1)
with C3(R/8) = C2(R/S) + 1.
Using that F' is a Lipschitz function we have
|F(x:) — F(O)] = L(F)|xc].
Hence, we get
By 5, [F ()] = FO) = LIF)EY g [l ]
> F(y) — L(F)d — L(F)C3(R/d)|xo — y| +o(1)

> F(y) — L(F)d — L(F)C3(R/8)ro — o(1).
Then

T—1

E 5, [F(xo +6 Zh(x,o} > F(y) = L(F)8 — L(F)C3ro — |h]l<Cro — o(1).
j=0
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Thus, taking infg; and then supg, we get
K (x0) > F(y) — L(F)6 — L(F)C3ro — |hllocCro — 0(1) > F(y) — 1.
Here we take § > 0 such that L(F)é§ < %n, and then take rg > 0 such that (L(F)C3 + ||h]|cocC)ro < %n
and o(1) < %n.
Analogously, we can obtain the estimate
n(xo) < F()+n
if Player II use the strategy that pulls towards 0. This ends the proof in this case.

Case 3: Now, given two points x and y inside 2 with |x — y| < rg, we couple the game starting at xg = x
with the game starting at yo = y making the same movements. This coupling generates two sequences of
positions x; and y; such that |x; — y;| < rg and j; = k;. This continues until one of the games exits the
domain (say at y; & 2). At this point for the game starting at xo we have that its position x; is close to
the exterior point y, & €2 (since we have |x; — y;| < rp) and hence we can use our previous estimates for
points close to the boundary to conclude that

|1 (x0) — (o)l <. O
Now we are ready to prove the second condition of the Arzela—Ascoli type result, Lemma 20.

Lemma 24. Let (u®, v®%) be a pair of functions that is a solution to the DPP (1-8) given by

uf (x) = max{J; (u¥)(x), L))}, xeQ,

v¥(x) = min{J, ) (x), L))}, xeQ,

u(x) = f(x), x e RV\ Q,

v (x) = g(x), x e RV\ Q.
Given n > 0, there exists ro > 0 and g¢ > 0 such that

W) —u* Ml <n and °x) ="Ml <n

if |x—y| <rgande < g.

Proof. We will proceed by repeating the ideas used in Lemma 23.
We consider again several cases.

Case 1: Suppose that x, y € RV \ Q. Then we have
u® ) —u MI=1f)—fWISL(Hlx—yl<n and P xX)—v*(WI=1gx)—gMI=L(@lx—yl<n

if max{L(f), L(g)}ro <.

Case 2: Let us begin with the estimate of u®. Suppose now that x € Q and y € 92 in the first board
(we write (x, 1) and (y, 1)). Without loss of generality we suppose again that Q2 C Bz(0) \ Bs(0) and
y € 3B5(0). Let us call xo = x the first position in the game. Player I uses the following strategy, called S}":
the token always stay in the first board (Player I decides not to change boards), and pulls towards 0 when
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tug-of-war is played. In this case we have that u° is a supersolution to the DPP that appears in Lemma 23
(with 8 = «1). Notice that the game is always played in the first board. As Player I wants to maximize
the expected value we get that the first component for our system, u®, satisfies

u®(x) = p(x)

(the value function when the player that wants to maximize is allowed to choose to change boards is
bigger than or equal to the value function of a game where the player does not have the possibility of
making this choice). From this bound and Lemma 23, a lower bound for #° close to the boundary follows.
That is, from the estimate obtained in that lemma we get

ut(x) > f(y)—n
Let us be more precise and consider the sequence of random variables
My = |xi| — Ce’k.

We obtain arguing as before that M, is a supermartingale for C > 0 large enough. If we repeat the
reasoning of the Lemma 23 (this can be done because we stay in the first board) we arrive at

ut(x) > f(y)—n

if [x — y| < rp and & < gy for some ry and &g.

Now, the next estimate requires a particular strategy for Player I, called Sj;: when play the tug-of-war
game, Player II pulls towards O (in both boards) and if in some step Player I decides to jump to the second
board, then Player II decides to stay always in this board and the position never comes back to the first
board. Let us consider

My = |xx| — C&2k.

‘We want to estimate

[E(slos*)[|xk+1| | X0, -+ Xk
Now, Lemma 23 says that
1 ,
[ng’sﬁ)[|)€k+l| | X0, .- -, xk] < |xx| +Ce

for all possible combinations of j; and ji41. Using the OST we obtain

E§s: [ 1 < |xol + CEs, s3],

Let us suppose that j; = 1. This means that ji =1 for all 0 < k < . If we proceed as in Lemma 23, we
obtain

E§ [final payoff] < £ () + L8 + LCro+ [l s Cro+o(1).
On the other hand, if j; = 2, we have

E§ 5 [8(x0)] < g(3) + L8+ LC3ro+0(1) < f(3) + L8+ LC3ro+o(1).
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Thus, we get
T—1

Ersy [g(xr)+Z(h1(XI)X{1=1}(l)+hz(XI)X{1=2}(l))} < fO)+L8+LCro+ (1] +h2lloc) Cro+o(1).
=0

In both cases, taking supg, and then infg, we arrive at

u®(xo) < f(y)+n,

taking 6 > 0, ro > 0 and & > 0 small enough.
Analogously we can obtain the estimates for v®* and complete the proof. (Il

As a corollary we obtain uniform convergence along a sequence ¢; — 0.

Corollary 25. There exists a sequence &; — 0 and a pair of functions (u, v) that are continuous in Q
such that
ub =u, V9 =

uniformly in Q.

Proof. The result follows from Lemma 20. U
2.3. The limit is a viscosity solution to the PDE system. Our main goal in this section is to prove that
the limit pair (u, v) is a viscosity solution to (1-9).

First, let us state the precise definition of what we understand as a viscosity solution for the system (1-9).
We refer to [Crandall et al. 1992] for a general reference to viscosity theory.

Viscosity solutions. We begin with the definition of a viscosity solution to a fully nonlinear second-order
elliptic PDE. Fix a function

P:QOxRxRY xSYN >R,
where SV denotes the set of symmetric N x N matrices, and consider the PDE
P(x,u(x), Du(x), D*u(x)) =0, xeQ. (2-11)

We will assume that P is degenerate elliptic, that is, P satisfies a monotonicity property with respect to
the matrix variable, that is,

X<YinSY = P(x,r,p,X)>P(x,r,p,Y)
forall (x,r, p) € 2 x Rx RV,

Definition 26. A lower semicontinuous function u is a viscosity supersolution of (2-11) if for every
¢ € C? such that ¢ touches u at x € Q strictly from below (that is, u — ¢ has a strict minimum at x with
u(x) = ¢(x)), we have

P(x,¢(x), Dp(x), D*¢(x)) > 0.
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An upper semicontinuous function u is a subsolution of (2-11) if for every ¥ € C? such that v touches u
at x € Q strictly from above (that is, u — i has a strict maximum at x with u(x) = ¥ (x)), we have

P(x,¢(x), D (x), D*¢p(x)) <O0.

Finally, u is a viscosity solution of (2-11) if it is both a super- and subsolution.
When P is not continuous one has to consider the upper and lower semicontinuous envelopes of P,
which we denote by P* and P, respectively, and consider

P*(x, ¢(x), D$(x), D’$(x)) =0 and Pu(x,d(x), Dp(x), D*p(x)) <0
when defining super- and subsolutions.

In our system (1-9) we have two equations given by the functions

p p> (A=)

plIpll 2(N+2) tlrace(X)JHll(x),(u—v)(x)},

o
Fi(x,u,v, p, X) =min{—71<x|

wof,q q\ (I-u)

Fz(x,u,v,q,Y):max{——<Y—, > trace(Y)—hg(x),(v—u)(x)}.
2\ lql lql/ 2(N+2)

These functions F; and F, are not continuous (they are not even well defined for p =0 and for ¢ =0

respectively). The upper semicontinuous envelope of Fj is given by

1—
min —ﬂ<X P P > ﬂtrace(X)—l—hl(x), (u—v)(x)}, p #0,
x _ 2\ Ipl’ Ipl] 2N +2)
(F))*(x,u,v, p, X) = ; o (1 —ar)
min —71,\1()()—2(N—+12)trace(X)+hl(x),(u—v)(x)}, p=0.
Here A1(X) = min{A : A is an eigenvalue of X}. While the lower semicontinuous envelope is
l —a
min —ﬂ<x p P > A=) ce(X) + iy (1), (= v)(x)}, P40,
_ 2\"1pl Ipl] 2N +2)
(Fl)*(xauvv’p’x)_ o ( _ )
min —?‘,\N(X)—z(N—Jr‘z)trace(X)Jrhl(x), (u—v)(x)}, p=0.

Here Ay (X) = max{X : A is an eigenvalue of X}.
Analogous formulas hold for (F;)* and (F3)., changing «; by .
Then the definition of a viscosity solution for the system (1-9) that we will use here is the following.

Definition 27. A pair of continuous functions u, v : Q R is a viscosity solution to (1-9) if
(1) u(x) > v(x) forx € Q,
(2) ulpe = f and vy =g,

(3) u is a viscosity solution to Fi(x, u, v(x), Vu, D?*u) =0in {x : u(x) > v(x)} and u is a viscosity
supersolution to Fj(x, u, v(x), Vu, D’u) =0 in £,

(4) v is a viscosity solution to Fp(x, u(x), v, Vv, D?*v) =0in {x :u(x) > v(x)} and v is a viscosity
solution to F>(x, u(x), v, Vv, D*v) =0 in Q.
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Remark 28. The meaning of Definition 27 is that we understand a solution to (1-9) as a pair of continuous
up to the boundary functions that satisfy the boundary conditions pointwise and such that u is a viscosity
solution to the obstacle problem (from below) for the first equation in the system (with v as a fixed
continuous function of x as obstacle from below) and v solves the obstacle problem (from above) for the
second equation in the system (regarding u as a fixed function of x as obstacle from above).

With this definition at hand we are ready to show that any uniform limit of the value functions of our
game is a viscosity solution to the two membranes problem with the two different p-Laplacians.

Theorem 29. Let (u, v) be continuous functions that are a uniform limit of a sequence of values of the
game, that is,
u =y, v =3v
uniformly in Q as gj — 0. Then the limit pair (u, v) is a viscosity solution to (1-9).
Proof. We divide the proof into several steps.

(1) u and v are ordered: From the fact that

u‘n"./' Z v‘n"/
in © and the uniform convergence we immediately get

u>v
in Q.
(2) The boundary conditions: As we have that

ut =f, vi=g,
in RV \ Q we get
uo=f, vlho=4g.

(3) The equation for u: First, let us show that u is a viscosity supersolution to

—Apu(x)+h(x) =0

for x € Q. To this end, consider a point x( € 2 and a smooth function ¢ € C%(2) such that (u— ©)(x0) =0
is a strict minimum of (# — ¢). Then from the uniform convergence there exists a sequence of points,
which we will denote by (x;)¢~¢, such that x, — x¢ and

W — @) (xs) < (U —)(y) +o(e?),
that is,
Ut (y) — uf (xs) > @(y) — @(xz) — o(e?). (2-12)

From the DPP (1-8) we have

0 = max{J; (u®) (xe) — u(xe), (V) (xe) — 0 (xe) | = J1 () (xe) — 1 (xe). (2-13)
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Writing J; (u®)(x.) — u(x.) we obtain

R 0xe) — () = e (5 50, e, ) (@ () — () 3 iy, o) (0 () — (1))

+(1—ay) (W (y) — uf (xe)) dy — eh1 (xe),
Bs(xs)

and then, using (2-12), we get

1

2 SUD, ) @) — () + 3 iy, () () — 9(x2)))

J1®) () — U () > g (

I

v B ][B B0 =) dy 6 (x0) + 06,

II

Let us analyze I and II. We begin with I: Assume that Vg(xp) # 0. Let z. € B1(0) be such that

max @(y) = @(xe +€2¢).
YEB:(x¢)

Then we have
1= 3o +e20) — 0(xe)) + 2 (0 (xe — £22) — @(xe)) + 0(e).

From a simple Taylor expansion we conclude that
3 (00 +2) — 9(x)) + 5 (P (e — £20) — 9(xe)) +0(e?) = 56* (D P (xe)ze, 2e) +0(e?).
Dividing the first inequality by £ and taking the limit as ¢ — 0 (see [Miranda and Rossi 2020]) we arrive at

I — %A;ow(xo).
When V¢ = 0, arguing again using Taylor expansions, we get
limsup I > 311 (D%*¢(xo)).

See [Blanc and Rossi 2019] for more details.
Now, we look at II: Using again Taylor expansions we obtain

2
][Ba(xe)(w(y) —¢xe))dy = mmp(xa) +o(e?).

Dividing by &2 and taking limits as £ — 0 we get

II Ap(xg).

1
~ 2(N+2)

Therefore, if we come back to (2-13), dividing by &2 and taking the limit as ¢ — 0 we obtain

0> AL prg) + ——%L Ap(rg) — By (x0)
_200900 2(N+1)('00 1(X0
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when Vo(xg) # 0, and

0> alk 2 1—oy
z5 1(D (P(XO))‘FmA(P(XO)—hI(XO)

when V(xg) = 0.
Using the definition of the normalized p-Laplacian we have arrived at

—AL(x0) + h1(x0) = 0,

in the sense of Definition 26.
Now we are going to prove that i is a viscosity solution to

—A;u(x) +hi(x)=0
in the set 2N {u > v}. Let us consider xg € 2N {u > v}. Let n > 0 be such that
u(xo) > v(xo) + 3n.
Then, using that # and v are continuous functions, there exists § > 0 such that
u(y) zv(y)+2n forall y € Bs(xo),
and, using that u®* = u and v® = v, we have
u®(y) 2 v°(y)+n forall y e Bs(xo)
for 0 < & < g for some ¢y > 0. Given z € Bs;>(xo) and ¢ < min{gg, §/2}, we obtain
B, (z) C Bs(xo).
Using that #®* = u we obtain the following limits:
SUPyep, (2) u®(y) > u(z) as ¢ > 0.
In fact, from our previous estimates we have that
supyep, (o) U (V) —u(2)| < supycp U’ (¥) —u)| +supycp, ) lu(y) —u(2)l.
Using that u® = u, there exists &1 > 0 such that if ¢ < g,
|(u® —u)(x)| < 36 forall x € Q.
Now, using that u is continuous, there exists &, > 0 such that
lu(y) —u(z)| < 30 if |y —z| <e,
and thus, if we take ¢ < min{eg, €1, €2, §/2} we obtain
ISupyep. () ut(y) —u(z)| <6.

This proves (2-15).

(2-14)

(2-15)
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Also, with a similar argument, we have

infyep, o) 1 (y) <= u(z). (2-16)
Finally, we get
][ W () dy % u(z). (2-17)
Ba(z)

In fact, let us compute

][ uf(y)dy—u@s][ |u€<y>—u(y>|dy+][ u(y) — (2 dz.
BS(Z) BS(Z) BE(Z)

Now we use again that u® = u and that u is a continuous function to obtain
fowo—uonay <o ad o) -ueidz <30
B, (2) B, (2)
for € > 0 small enough. Thus we obtain

<0.

][ ut(y)dy —u(z)
B:(2)
Using the previous limits, (2-15), (2-16) and (2-17), we obtain
Jiw®)(z) > u(z) as ¢ — 0.
Analogously, we can prove that
() (z) > v(z) as e — 0.
Now, if we recall that u(z) > v(z) + 27, we obtain
J1W) (@) = () (2) +n
if € > 0 is small enough. Then, using the DPP, we obtain
u*(2) = max {1 () (2). 2(0°) @)} = 1))

for all z € Bs/2(x0) and every & > 0 small enough. Let us prove that u is viscosity subsolution of (2-14).
Given now ¢ € ¢ 2(2) such that (u— ©)(x0) =0 1is maximum of u — ¢, then, from the uniform convergence,
there exists a sequence of points (x¢).~0 C Bs/2(xo) such that x, — xo and

W — @) (x:) > (U — ) (y) +o(e?),
that is,
ut (y) —u (xe) < @(y) — @(xe) — o(e?). (2-18)

From the DPP (1-8) we have

0 = max{J; (u®) (xe) — u(xe), J2(v) () — u® (xe) | = Jy (u®) (xe) — u° (xe).
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Writing J; (u®)(x.) — u(x.) we obtain

R 0xe) — () = e (5 50, e, ) (@ (0) — 0 (0) 3 iy, o) (0 () — (1))

+(1—ay) (W (y) — uf (x)) dy — eh1 (xe),
Be(xs)

and then, using (2-18), we get

N (x) = () = 01 (350D, e, ) 90) = () + 3 infy e, () (90) — 02

tl-any (GO —gCe)dy - e%hi1(xe) +o0(e?).
Passing to the limit as before we obtain
0= 5 Aot + 5 Apxo) ~ (o)
when Vo(xg) # 0, and
0= L an (D% (x0)) + A Ag(x0) = i (x0)
2 2(N+1)

if Vo(xg) = 0. Hence we arrived at
— AL p(x0) + 1 (x0) <0,

according to Definition 26. This proves that u is a viscosity subsolution of (2-14) inside the open set {u > v}.
As we have that u is a viscosity supersolution in the whole €2, we conclude that u is a viscosity solution to

—Apu(xo) +hi(x0) =0

in the set {u > v}.

(4) The equation for v: The case that v is a viscosity subsolution to

—A}]v(x) +hy(x)=0
is analogous. Here we use that
0 = min{J2(v%) (x) — v(xe), J1 () (xe) — v° (xe) } < () (xe) — V5 (xg).
To show that v is a viscosity solution
—Agv(x0) = h2(x0) =0

if xo € QN {u > v}, we proceed as before. U
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3. A game that gives an extra condition on the contact set

In this section we will study the value functions of the second game. In this case, they are given by a pair
of functions (uf, v®) that satisfies the DPP

u® (x) = 1 max{J; ) (x), L))} + 1/ @) (x), xe€Q,
Ve (x) = g min{J; (@®)(x), L) ()} + 3 L) (x), xe€Q,
ut(x) = f(x), xeRV\ Q,
v¥(x) = g(x), x e RV\ Q.

(3-1)

It is clear from the DPP that

u® >1°.

We aim to show that these functions converge (along subsequences ¢; — 0) to a pair of functions (u, v)
that is a viscosity solution to the system

u(x) > v(x), x €2,
—Apu(x) +hi(x) =0, —Ajv(x) —h(x) <0, xeQ,
—Apu(x) +h1(x) =0, —Ajv(x) —hy(x) =0, x€f{u>v}NQ,

* I | (3-2)
(—Au(x) +h1(x) + (=A v(x) —h2(x)) =0, x€Q,
u(x) = f(x), x €09,
v(x) =gx), x € 9Q.

Notice that this is the classical formulation of the two membranes problem, but with the extra condition
(—ALu@) +hi () + (A v(0) — ha(x)) =0,

which is meaningful for x € {u(x) = v(x)}.

The existence and uniqueness of the pair of functions (u#°, v®) can be proved as before. In fact, we can
reproduce the arguments of Perron’s method to obtain existence of a solution. Next, we show that given a
solution to the DPP we can build quasioptimal strategies and show that the game has a value and that this
value coincides with the solution to the DPP, from where uniqueness of solutions to the DPP follows.

Uniform convergence also follows with the same arguments used before using the Arzela—Ascoli type
result together with the estimates close to the boundary proved in the previous section. Notice that here
we can prescribe the same strategies as the ones used before. For example, Player I may decide to stay in
the first board (if the coin toss allows a choice) and to point to a prescribed point when tug-of-war is
played. Also note that the crucial bound on the expected number of plays given in Lemma 21 can also be
used here to obtain a bound for the total number of plays in the variant of the game.

Passing to the limit in the viscosity sense is also analogous. One only has to pay special attention to
the extra condition. Therefore, let us prove now that the extra condition in (3-2),

(—ALux) + 71 (X)) + (—Ajv(x) — ha(x)) =0,

holds in the viscosity sense in the set {x : u(x) = v(x)}.
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Let us start proving the subsolution case. Given xo € {u = v} and ¢ € €2 (S2) such that (u — ¢)(xp) =0
is a maximum of u — ¢, notice that since v(xg) = u(xg) and v < u in 2 we also have that (v —¢)(xp) =0is
a maximum of v —¢. Then, by uniform convergence, there exists a sequence of points (x;).~0 C Bs;2(xo),
such that x, — xo and

W — ) (xe) > (u° — @) (y) +o(e?). (3-3)

Case 1: Suppose that u® (xgj) > vf (xsj) for a subsequence such that ¢; — 0. Let us observe that, if

J1(u®)(2) < L(v¥)(2),
we have that

uf(2) = 31 ) (@) + 3 Hh) (@) and v (2) = 3T W) (@) + L0 (),

and then we get
u®(z) = v*(2)
in this case.
This remark implies that when u®(x;;) > v®(x,;) we have

]l(ug)(xej) > JZ(Ug)(xej)-
If we use the DPP (3-1) we get

0= 3 (1) (xe,) = (xe,)) + 3 max{J1 ) (xe;) — u (xe,), 2 (v) (xe)) — u (xe,) |
= L1 ) (xe,) — u® (xe))) + 31 () (xe,) — 1 (x,)
= T () (xe)) — u (xe,),
and using (3-3) we obtain
0= J1 (") (xe,) — 1 (xe;) < T (@) (xe,) — 9 (xe,),
and taking the limit as £; — 0 as before we get
—AL(x0) + hi(xp) <0. (3-4)
We proved before that v is a subsolution to
—Au(x) —hy(x) =0
in the whole 2. Therefore, as (v — ¢)(xg) = 0 is a maximum of v — ¢ we get
—Ayp(x0) — ha(xo) < 0. (3-5)
Thus, from (3-4) and (3-5) we conclude that
(— A9 (x0) + h1(x0)) + (= A9 (x0) — ha(x0)) < 0.
Case 2: If u®(x.) = v®(x,) for € < gg. Using the DPP (3-1) we have

Ut (xp) = 2N W) (%) + 2L (V) (xe)  and  vF(xp) = 21 (uF) (xp) + 3o (v°) (%),
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and then we get
max{J; (u®)(xs), L(v)(xe)} = HL(v)(xe) and  min{J;(u®)(xp), Jo(v°)(xe)} = Ji (u)(xe).
If we use again (3-3) we get
9() — 9(xe) > U’ (y) —u (xe) + 0(%) = v°(y) — v° (x) + 0(e”),

where we used that u® > v® and u® (x;) = v®(x,). Thus

0= 3 (1) (xe) —u (xe)) + 5 (F(0°) (xe) —1° (%)) < 3(J1(0) (xe) — 9 (xe)) + 3 (J2() (xe) — P ().
Taking the limit ¢ — 0 we obtain

(—ALp(x0) + h1(x0)) + (=A@ (x0) — h2(x0)) <0,

in the viscosity sense (taking care of the semicontinuous envelopes when the gradient of ¢ vanishes). We
have just proved that the extra condition is satisfied with an inequality when we touch « and v from above
at some point xo with a smooth test function.

The proof that the other inequality holds when we touch # and v from below is analogous and hence
we omit the details.

4. Final remarks

Below we gather some brief comments on possible extensions of our results.

4.1. n membranes. We can extend our results to the case in which we have n membranes. For the PDE
problem we refer to [Azevedo et al. 2005; Carillo et al. 2005; Chipot and Vergara-Caffarelli 1985].

We can generalize the game to an n-dimensional system. Let us suppose that we have, for 1 <k <n,
1

1.
5 SUPyeB, () W) + 5 infyep, w(y)) + (1 —a) w(y) dy — 2 hi(x).

B¢ (x)

T w) () =
These games have associated to them the operators
Lk(u)) = —A},kw +hk.

Given f1 > f, > --- > f, defined outside €2, we can consider the DPP

{uzu) = 5 max; (i u)} + 3 min<i (@)}, x € Q,
ug(x) = fr(x), xeRVM\Q
forl <k <n.
This DPP is associated to a game that is played in n boards. In board k a fair coin is tossed and the

winner is allowed to change boards but Player I can only choose to change to a board with index bigger
than or equal to £ while Player II may choose a board with index smaller than or equal to k.
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The functions (u5, - - - , u;,) converge uniformly as £ — 0 (along a subsequence) to continuous functions

{ur}1<k<n that are viscosity solutions to the n# membranes problem

up(x) = g1 (x), x e,

Li(ur) 20, Lgyi(ug+) <0 x €{ug—1 > ug S upq1 =+ - = 1 > U141} N 2,
Ly(ui) + Lit1(ur+1) =0, X €{up—1>up =upy1 =+ = Ujpr > U1} N2,
Li(ur) =0, X € {up—1 > up > up1 )N,

up(x) = fr(x), X €0

forl <k <n.

Notice that here the extra condition
Ly(ug) + Ligi(ugsr) =0, x €{ug—1 > up =upyp1 =+ =ty > g1} N2
appears.

4.2. Other operators. Our results can also be extended to the two membranes problem with different
operators as soon as there are games J; and J, whose value functions approximate the solutions to the
corresponding PDEs and for which the key estimates of Section 2 can be proved. Namely, we need that
starting close to the boundary each player has a strategy that forces the game to end close to the initial
position in the same board with large probability and in a controlled expected number of plays regardless
the choices of the other player.

For instance, our results can be extended to deal with the two membranes problem for Pucci operators
(for a game related to Pucci operators we refer to [Blanc et al. 2019]). Pucci operators are uniformly
elliptic and are given in terms of two positive constants, A and A, by the formulas

MXA(Dzu) =SUPgcy, . trace(ADzu) and M;’A(Dzu) =infaer, , trace(ADzu)
with
Lyan={AeS":AIld< A < Ald}.
Notice that the extra condition that we obtain with the second game reads as
ML (D*u(x)) + M; , (D*v(x)) = ha(x) — hy(x)

if we play with a game associated to the equation M /\+1 Al (D2u(x)) +hy(x) = 0 in the first board and with
a game associated to M,\_Z’Az(Dzu(x)) + h1(x) = 0 in the second board.
We leave the details to the reader.

4.3. Playing with an unfair coin modifies the extra condition. One can also deal with the game in which
the coin toss that is used to determine if the player can make the choice to change boards or not is not
a fair coin. Assume that a coin is tossed in the first board with probabilities y and (1 — y) and in the
second board with reverse probabilities, (1 — ) and y. In this case the equations that are involved in
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the DPP read as

u (x) =y max{J; () (x), L(v*) )} + (1 =) /1) (x), x€Q,
v (x) = (1 = y) min{J; () (x), () 0) } +y L () (x), x € Q.

In this case, the extra condition that we obtain is given by
y(=Au(x) +hi(x))+ (1= y)(=Av(x) —hy(x) =0, x€,

Notice that there are two extreme cases, ¥y = 0 and y = 1. When y = 1, the second player cannot
decide to change boards but the first player has this possibility (with probability one) in the first board.
In this case, in the limit problem the second component, v, is a solution to —A }Iv(x) —hy(x) =0 in the
whole 2 and u is the solution to the obstacle problem (with v as obstacle from below). On the other
hand, if y =0, it is the first player who cannot decide to change and the second player has the command
in the second board and in this case in the limit u# is the component that is a solution to the equation
—A},u(x) + h1(x) =0, and v the one that solves the obstacle problem (with u as obstacle from above).

Note that the value functions are increasing with respect to y, that is, uf,l x) < ”)8/2 (x) and v;] (x) < vf,2 (x)

for y; < y». Therefore, passing to the limit as ¢ — 0 we obtain a family of solutions to the two membranes
problem that is increasing with y,

uo(X) < tty, (X) <y, (x) <up(x) and  vo(x) < vy, (x) < vy, (x) < vi(x)

for y1 < y».

The pair (u, vo) is the minimal solution to the two membranes problem in the sense that ug < u
and vy < v for any other solution (u, v). In fact, since u is a supersolution and u( is a solution to
—A},u(x) + h1(x) = 0 from the comparison principle we obtain uo < u#. Then we obtain that vy < v from
the fact that they are solutions to the obstacle problem from above with obstacles 1 and u respectively.

Analogously, the pair (#1, v1) is the maximal solution to the two membranes problem.
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