AN ANISOTROPIC INFINITY LAPLACIAN OBTAINED AS THE
LIMIT OF THE ANISOTROPIC (p,q)—-LAPLACIAN.

MAYTE PEREZ-LLANOS AND JULIO D. ROSSI

ABSTRACT. In this work we study the behaviour of the solutions to the fol-
lowing Dirichlet problem related to the anisotropic (p, q)—Laplacian operator

—divg (|VaulP~2Vu) — divy (|Vyul9™2Vyu) = 0, in Q,
u=g, on 09,
as p,q — oo. Here Q@ C RN x RX and V,u = (%,%,,%) and
Ju  Ou ou

Vyu = ) denote the gradient of u with respect to the first

dy1? dy2? " Byk
N variables (x variables) and with respect to the last K variables (y variables).

We consider a sequence of exponents (pn,qn) that goes to infinity with
Pn/qn — R. We prove that uy, the solution with p = pp, ¢ = ¢n, verifies

Up, _)éioo uniformly in €2, where u~ is the unique viscosity solution to

= —Aco,zUoo =0 for |Vyuco|® < |Vatool,

—RA o, yUuco =0 for |Vyteo|® > |Vatool,
= —Aco,zUco — RAs, ylUco =0 for |Vyuoo|R = |Vzucol,
T Uso =g on ON.

Here Aco,zu = VyuD2u(Vayu) and Ao yu = VyuD2Zu(Vyu)t are the infinity
Laplacian in x variables and in y variables, respectively.

1. INTRODUCTION

In this work we analyze the behaviour of the solutions to the Dirichlet problem
for the anisotropic (p,q)—Laplacian operator as p,q — oo. More precisely, we
consider the following problem,

—div, (|VauP~2V,u) — divy (|Vyu|?2V,u) =0, in Q,

(1.1)

u =g, on 012,

with @ € RV*TX being a bounded smooth domain. We have denoted by V,u and
Vyu the derivatives of u with respect to the first N variables and with respect to

the last K wvariables, respectively, that is, V,u = (837“1, 8‘9—;2, e E;%jv) and Vyu =
( ou Ou - Ou ). We assume that the boundary datum g is a Lipschitz function.
dy1’ Oy2 Oyr

Concerning the exponents p, g, we assume that we have a sequence (py,q,) with
qn > pn and that there exists 1 < R < oo such that

lim & = R, (1.2)

n—co pp,
Weak solutions to the previous problem (1.1) can be easily obtained using varia-
tional arguments (see Section 2 for the details). In addition we show here that any

continuous weak solution is also a viscosity solution.
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As we have mentioned, in this work we are interested in the behaviour of the
solutions to (1.1) when we consider a sequence of exponents such that p,,, ¢, — oo,
as n — o0o. Our main result reads as follows: we show that the sequence of solutions
un to (1.1) with p,, ¢, — oo verifying (1.2), converges uniformly to some function
Uso, that is a solution to a certain limit PDE. The precise statement is the following.

Theorem 1.1. Let u, be the sequence of solutions to (1.1) with p,,q, — oo ver-
ifying (1.2) and a fized boundary datum g Lipschitz. Then, up to a subsequence,
Uy — Uso Uniformly in Q, and this function us, verifies in the viscosity sense in §2,

—Aso gl =0 for | Vyuoo|® < |Vt
—RA s yUoo =0 for | Vytoo|F > |Vatioo|, (1.3)
—Aso,zlUoo — RA yUoe =0 for |Vyuoo|R = |Vateol,
and on 0)
Uoo = G- (1.4)

Here Ay yu = VyuD2u(Vyu)' and Asyu = VyuDZu(Vyu)t are the infinity
Laplacian in x variables and in y variables, respectively.

Moreover, the limit problem (1.3)-(1.4) has a unique viscosity solution, and there-
fore the whole sequence {u,} converges uniformly to uq.

We remark that, in our case, the limit problem depends strongly in the way that
p and ¢ go to infinity through the constant R that appears in the limit (1.2).

Concerning the optimal regularity of solutions to the limit PDE we have the
following result.

Theorem 1.2. Every continuous viscosity solution to (1.3) is locally Lipschitz.
Moreover, this result is optimal for N, K > 0, since

1

is wviscosity solution to (1.3), that has no further reqularity than Lipschitz.

Let us give some references and motivation for the analysis of this problem.
The limit of p—harmonic functions (solutions to —A,u = —div(|Vu[P~2Vu) = 0)
as p — oo has been extensively studied in the literature (see [5] and the survey
[1]) and leads naturally to the infinity Laplacian given by A, u = VuD?u(Vu)t.
Infinity harmonic functions (solutions to —A.u = 0) are related to the optimal
Lipschitz extension problem (see the survey [1]) and find applications in optimal
transportation, image processing and tug-of-war games (see, e.g., [6], [10], [20], [21]
and the references therein). Also limits of the eigenvalue problem related to the
p-Laplacian have been exhaustively examined, see [14], [15], [22]. See also [17], [18],
[19], [22], [23] and [24] for limits as p(x) — oo.

On the other hand, anisotropic problems like (1.1) have been analyzed for many
years, specially concerning regularity of the solutions, see for example [9]. We refer
to the survey [11] and references therein.

Concerning the limit as p — oo of solutions to the anisotropic p—Laplacian,
—Apu = — 3 (Jue, [P 2uy, ), = 0 (note that here the exponent is the same for each
term) we refer to [3], [12] and [25]. In this case the limit equation is known as the
pseudo infinity Laplacian and is given by the expression — . (V) [y, [Py, 2, = 0,
with I(§) = {i¢ : || = max; |¢;]|}. Note that this case corresponds to p = ¢ (hence
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R =1)and N = K = 1 in our setting. The optimal regularity for the pseudo
infinity Laplacian was clarified in [25].

Therefore, it seems natural to look for the limit problem of the anisotropic
p, g—Laplacian when different powers involved, and see how this fact affects the
limit PDE. The simplest case to perform this study is problem (1.1). Let us point
out that our analysis can be carried over for PDEs like

= diva, (| Ve, ulP " Va,u) =0,

but, for simplicity we focus on (1.1).

Regarding the ideas and methods used in the proofs we point out the following
facts: the proof of the uniform convergence of u, to u. is based on a priori es-
timates (in some suitable anisotropic Sobolev spaces), that imply compactness of
the sequence u,,; after that, one can verify the passage to the limit in the viscosity
sense taking care of the different cases that appear (considering that the definition
of viscosity solution has to take into account that the involved PDE is discontinu-
ous with respect to Vu), we use ideas from [12]; we follow [8] and [25] (using that
solutions enjoy a comparison principle with appropriate cones) to show the optimal
Lipschitz regularity for solutions to the limit PDE. Finally, uniqueness of the limit
PDE is proved adapting ideas from [2].

The rest of the paper is organized as follows. In the next Section we show the
existence of weak solutions to (1.1) using variational methods; in Section 3 we deal
with viscosity solutions (we state the precise definition of viscosity solutions and
prove that a weak solution to (1.1) is a viscosity solution) and next, in Section 4,
we find the limit problem; in Section 5 we prove our Lipschitz regularity result,
Theorem 1.2, and finally in Section 6 we obtain uniqueness of solutions to the limit
PDE.

2. WEAK SOLUTIONS

First, we need to introduce an anisotropic Sobolev space. If u : @ — R is a
regular enough function, we will denote

ou Ou ou

a$178x27.“78$]\/

Thus, the complete gradient of u reads as Vu = (Vgu, Vyu). Throughout this
paper we will denote by W1»4(Q2), with 1 < p < g < oo, the anisotropic Sobolev
space obtained as the completion of the space C°° () with respect to the norm
lullp.g = IVaullp + | Vyullq + ||ull,. These functions satisfy V,u € LP(Q;RY) and
Vyu € LI RE). Also, let W, ”9(Q) the completion of C§°(2) with the same
norm used to define W1P4(Q).

Since p < ¢, it is immediate that W1P4(Q) is embedded in the usual Sobolev
space W1P(Q),

ou Ou 8u)-

VI = Y- RN Y
Y ( Oy1” 0ya Oy

) and V,u= (

WhPa(Q) — Whe(Q).
Therefore there is a trace for functions in W17:4(Q) and it holds
WhPa(Q) «— LP(05).

Now we introduce the definition of a weak (or variational) solution to (1.1).
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Definition 2.1. We say that u € WhP4(Q) is a weak solution to problem (1.1) if
u—g e WyPUQ) and for every v € CA(Q) there holds,

/ |vxu\?’*2vxuvxv+/ IVyulP~2V,uV,v = 0.
Q Q

Theorem 2.1. There exists a unique weak solution to (1.1).

Proof. Solutions to the previous problem (1.1) can be easily obtained minimizing
the functional

1 1
F(u) = f/ |V ulP + f/ |V cul? (2.1)
PJa qJa
in the space S, , = {u € WhP4(Q) : u—ge WP Q)}. O
We have the following uniform estimates.

Theorem 2.2. Given g Lipschitz, there exists a constant C independent of p,q
such that uy,, the unique weak solution to (1.1) with p,,qn,, verifies

1 1
(/ |Vmun|p") </ Vyun|q"> "<
Q Q

Proof. Let L denote the Lipschitz constant of g. Let v be a Lipschitz extension of
g to 2 with the same Lipschitz constant L of g (note that we can choose v as the
unique AMLE of g, see [1], and then the Lipschitz constant of v coincides with the
corresponding one of g). To simplify the notation, along this proof we drop the
subscript n. Since the solution u is obtained as a minimizer of (2.1), we have that

p q P q Q|LP QO|L4
Vaul? [ [Vyul < Vavl” [ [Vy2] < L1
o P o 4 Q D Q ¢ p q
and hence, since ¢ > p, assuming that L > 1,

(2.2)

1

(/ kuv))p < @Qlp)?L}  and (/ |Vyu|q>q < (2Q]q)F L.
Q Q

Recalling assumption (1.2), we have that ¢/p < C. Taking into account this fact
in the previous inequalities, we obtain that there exists C' such that

(/Q |un|p>; : (/Q Vyu|‘1>é <C. (23)
2)

Now, if L < 1 from (2.2) we obtain

(/Q |Vmu|p> " < (2|Qlp)> and (/Q Vyu|q> s (2190g)% .

From these estimates (2.3) immediately follows (note that in this case we don’t
need to use that ¢/p < C). O

Corollary 2.3. Given g Lipschitz there exists a subsequence (named again u,) and
u € WH(Q) such that

Up — U weackly in WH"(Q),

for every 1 <r < oo and

Up — U

uniformly in Q.
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(o) (e <
Q Q

we can obtain for any 1 < r < p < ¢ fixed,

Proof. From

Hvxun||LT(Q) + ”vyunHLr(Q)

Pn—T dn—T

et A (| Vytn || pan ()| < C.

< vaun”LPn(Q)‘Q

Hence we have that u, is bounded in W"(Q) and then we can extract a sub-
sequence such that u, — wu weackly in W"(Q). Moreover, we can also take
N+ K < r < p < q and by the above estimates we obtain for a subsequence,
u,, — u uniformly in Q. We conclude the proof using a diagonal procedure. O

3. VISCOSITY SOLUTIONS.

In this section we introduce the concept of viscosity solutions to problem (1.1).
Assuming that w,, are smooth enough to differentiate (1.1), we get

—|VoulP 2 Apu — (p — 2)|VouP~*VuD2uV u

(3.1)
—|Vyu|q_2Ayu — (¢ — 2)|Vyu|p_4vyuDZuVyu =0.

This equation is nonlinear but elliptic (degenerate), thus it makes sense to con-
sider viscosity subsolutions and supersolutions of it.

Now, let us recall the definition of viscosity sub and supersolution to a nonlinear
PDE problem of the form

{ H(Du, D?*u) =0, in Q,

u=g, on 0f). (3.2)

In general the function H can be discontinuous. Then we denote by H* and H.
the upper and lower semicontinuous envelopes of H, respectively, defined as

H*(z,S) = lim sup {H(Z',S) : |z =2 +|S-95"|<¢e}

for z € RN*K and S € SVTE (we denote by S the set of symmetric matrices in
REXL) and

H.(2,9) = ~(=H)"(2,9).
Definition 3.1. An upper semicontinuous function u defined in  is a viscosity

subsolution of (3.2) if, ulaq < g and, whenever zo € Q and ¥ € C*(Q) are such
that u — v has a maximum at xg, then

H* (V’(/J(l‘o), D2¢($0)) S 0.

Definition 3.2. A lower semicontinuous function u defined in Q is a viscosity
supersolution of (3.2) if, ulsq > g and, whenever zg € Q and ¢ € C?*(Q2) are such
that u — ¢ has a minimum at xq, then

H*(Vé(xo), D*¢(x0)) > 0.

In what follows we will keep the notation used in the above definitions. That is,
by ¢ we will denote the test functions such that u — ¢ has a minimum in £ and by
1) the test functions such that v — 1 has a maximum somewhere in €.
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We refer to [7] for more details about general theory of viscosity solutions, and
[13], [16] for viscosity solutions related to the co—Laplacian and the p—Laplacian
operators.

Now, let z € RN*tE and § € SN+E. To simplify the notation we will call

w, = (2’1,...,21\/), and Wo = (ZN+17~-~7ZN+K);

so w;y stands for the first NV components of z and wsy for the last K components.
Also we will call

S1 = (si)1<ij<N
the first N x N minor of the matrix S and
Sa = (Sij) N+1<i j<N+K

the last K x K minor of S.
Let consider the following continuous function

H,(2,5) = —|wy "2 (trace($1)) — (p — 2) wn ["~*(S, - wy, wn)

(3.3)
+wa |97 (trace(S2) — (g — 2)|wa|?"*(Ss - wo, wy).
Solutions to (3.1) are to be considered as solutions to
H,,(Vu,, D*u,) =0, in €,
{ Up =g on 0}, (3.4)

in the sense of Definitions 3.1 and 3.2. We remark here that, since H,, is continuous,
we have that H,, = (H,). = (H,)*.

The following result can be shown as in [15]. We include the proof for convenience
of the reader.

Lemma 3.1. A continuous weak solution to equation (1.1) is a wviscosity solution
to (3.4).

Proof. Let z¢ € Q and a let ¢ be a test function such that u(xg) = ¢(xg) and v — ¢
has a strict minimum at xy (we may assume that the minimum is strict, see [7]).
We want to show that

— V2P 2 Aud(w0) = (p = 2)|Ved P~ Va0 D2 6V o (o)
_lvy(blq_sz(b(mO) —(g— 2)‘Vy¢|q_4vy¢D§¢vy¢($0) >0

Assume, ad contrarium, that this is not the case; then there exists a radius r > 0
such that B(xg,r) C  and

~| VP2 Aud(x) — (p — 2)|VadlP ' Ved D36V ()
_‘Vy¢|q_2Ay¢(x) - (q - 2)‘Vy¢|q_4vy¢D§¢Vy¢(x) <0
for every x € B(xg,r). Set

m= inf (u—¢)(z)

|z—zo|=r

and let ®(z) = ¢(x) + m/2. This function ® verifies ®(z¢) > u(zg) and
—Ap 2 ®(z) — Ay y®(z) <0 in B(zg,r). (3.5)
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Multiplying (3.5) by (® — )™, which vanishes on the boundary of B(zg,r), we get

/ |V, ®P 2V, ® - V(P — u)
B(zo,r)N{®>u}

+/ IV, @772V, -V, (¢ —u) <O0.
B(zo,r)N{®>u}

On the other hand, taking (® — u)™, extended by zero outside B(xg,r), as test
function in the weak formulation of (1.1), we obtain

/ |V ou|P 2Vt - Vo (@ — u)
B(zo,r)N{®>u}

+/ |Vyu|9 2V u - V(& — u) = 0.
B(zo,r)N{®>u}
Upon subtraction and using a well know inequality, we conclude

0o > / (Vo @[P2V,® — |V,uP~2Vau) - Vi (@ — u)
B(zq,r)N{®>u}

+/ (|[Vy@|972V, @ — [Vyul"*Vyu) - V(@ — u)
B(zo,r)N{®>u}

> c/ |Vw<I>—un|p—|—c/ Vy® — Vyul?,
B(zo,r)N{®>u} B(zg,r)N{®>u}

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

4. THE LIMIT PROBLEM AS (p,q) — oc.

In a previous section (Section 2) we have proved that if we take limit in (1.1)
as p,q — oo the solutions converge uniformly in C(Q) to some function u,. Let
us determine the equation satisfied by u..,. We have developed in Section 3 all
the ingredients to compute the limit of the equation H,,(Vu,, D?u,) = 0 with H,
given by (3.3), as pn, ¢, — o0 in the viscosity sense, that is to identify the limit
equation verified by any uniform limit ..

We define for z € RV and § € SN+E a symmetric real matrix,

—<Sl -wl,wl) for |w2|R < |’U)1|7
Hoo(2,58) =< —R(S2-ws,ws) for [wa|® > |w1, (4.1)
—<S1 "LU1,U)1> — R<SQ "LU2,U)2> for |w2|R = |w1|

As this function H, is discontinuous, our first step is to characterize its upper
and lower semicontinuous envelopes, (Hoo)* and (Heo ).

Lemma 4.1. The upper semicontinuous envelope of He is given by

— (51 - w1, wy) Jor Jwa|® < |,
—R(S2 - wa, wo) Jor [wa|® > w],

(oo (250 =0 max { = (81 wr, w1) = R(S5 - wa, wa);

—(S1 - wy,wy); —R(S2 -w2,w2>} for Jwa|® = |wq].
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The lower semicontinuous envelope has the same expression except for the last case
in which the max is replaced by

Inin{ — <Sl . wl,wl) — R(SQ . ’(U27U)2>; —<S1 . wl,w1>; —R<SQ . ’lUQ,’U)2>}.

Proof. If z = 0 the statement is trivial, hence we may assume that z # 0.
First, suppose that |wa|f < |w;|. Then, for ¢ small enough we also have |w)|® <
|w]], for every 2z’ such that |z’ — z| < &. Therefore,

Hoo(2',8") = =(87 - wh, wh)
for every |z’ — z| < £ and we conclude that
(Hoo)*(2,9) = lim sup {Ho(2',8) : [z =2|+|S— 95| <e}
= ;i_r%sup{—@i cwy,wh) c |z =2+ S =8 <€}
= —(S1 - wy,wy).

The case |wa|f > |w;| can be handled analogously.
Thus, we are left with the case |wa|f = |w;|. First, let us show that

(HOO)*(Z,S) Z —<Sl -wl,wl).
In fact, let zx = (21, .., 25, k(2N—1, .., 2N+ K )) With & < 1 and let k£ " 1 to obtain
(Hoo)*(Z7S) = lir%sup {Hoo(z/vs/) : |Z - Z/| + ‘S - S/| < 5}
E—

> Illfml Silkp{—<51 ~wy,wr) } = —(S1 - wi,wr).

Analogously one can see that
(Hoo)*(2,5) > —R(S3 - wa, ws).
Finally,
(Hoo)*(2,9) = lim sup {Hoo(2',8") : |z =2 |+|S =8 <¢e}
> Hyo(z,5) = —(S1 - w1, w1) — R({Ss - wa, wa).
Now, since the possible limit of Ho(2',5") as 2/ — z and S’ — S is given by
—(S1 - wy,w1) — R{Sa - wa, wa), —(S1 - w1, wy), or — R(Ss - wa, ws),

the result follows.
The analogous result for the lower envelope (Ho ). can be proved in the same
way and thus we omit the details. O

In the sequel we assume that we have a subsequence p,,,g,, — 0o with the
assumptions stated in the introduction such that
lim up, = Ueo
1— 00

uniformly in €.

Theorem 4.1. A function us, obtained as a uniform limit of a subsequence of
{un} verifies uso = g on 0 and the following PDE in the viscosity sense

—Ao zlUoo =0 for | Vyuoo|® < |Vt
—RA yUoo =0 for [Vyuoo|® > |V, (4.2)
—Aso,zlUoo — BA yUoe =0 for |Vyuoo|R = |Vatool.
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Proof. Our task is to show that u., is a viscosity solution to (4.2). Since every u,
takes the boundary datum g, we get u,, = g on 9€). Hence, it just remains to see
that u., verifies the equation, that is, us, is a solution to

Hoo(Vu, D*u) =0
in the sense of Definitions 3.1 and 3.2.

To prove that wus, is a viscosity supersolution of (4.2), let ¢ be such that u — ¢
has a strict local minimum at z¢ € €2, with ¢(z¢) = u(z¢). We want to prove that

(Hoo)* (Vo (20), D*p(0)) > 0. (4.3)

Since u,, — w uniformly, there is a sequence (z,,), such that z, — g and u,, — ¢
has a local minimum at x,. As w,, is a viscosity solution of (1.1) (cf. Lemma 3.1),
we have

— V2P 2 Ard(zn) = (p = 2)|Vad|P~ Vod D3OV ()
_|vy¢|q_2Ay¢(xn) —(q— 2)|Vy¢‘q_4vy¢Dz¢Vy¢(xn) = 0.
Hence, assuming that V,¢(zg) # 0 we obtain,

Vb2 A,
<|¢¢ + Aoo,z¢> (xn)
p? (4.4)
V0|74 V,02A, ¢ q—2 '
= (vi¢lp—4) < S ) ()
Now, we observe that, as n — oo,
V. 0|2A,
<|p¢|_2¢ + Aoo,z¢> (xn) - Aoo,;cﬁb(xo)a
P (|vy¢|R>
— | () — x
( Vool ) 7 e ) )
and )
Vo Ay q—2
(Pl 4 (12210 (o) — RO 0(00)
From those limits we deduce that, if
R
(%ﬂ ) (20) < 1, then Aw,d(ao) <0,
and, if
R
('Fvy‘ﬂ' ) (20) > 1, then An ,é(x0) < 0.
In the case R
Vyo
(5 =1
we argue by contradiction, assuming that
—Asoz9(z) <0, and — RA yo(x0) < 0. (4.5)

Note that from these inequalities we have that

_Aoo,a:(b(xO) - RAoo7y¢($0) <0.
Also note that (4.5) implies that V,¢(x) # 0 and Vy¢(zg) # 0.
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Suppose first that
Vygl?*
(lvm“ (ro) = 1
Going back to equation (4.4) and rearranging it as follows, along a subsequence
n; — 00, we obtain

V.0 Apg
(|p|2 (@n,) € —Docad(an,)
|vy¢|q_4) (|Vy¢|2Ay¢ (q—2) )
- + Aoo7 ¢ Tn; < 0,
(IVIQSIP4 p—2 (p—2) ov?) (o)
for n; large enough. Taking limit as n; — oo, we get a contradiction.
Now, we treat the case

<Vy¢|q4

Ivmqbp—‘*) (zo) < 1.

Then, we argue as before with

> ( Vx¢|p4) < Vad?Asp

0 + Aoo,maé) (xn)

Vyolr— N 2
+ ('v“f'_ §y¢ + E;J)— E;Am,yqb) (2n),
using that »
(%) (xo) > 1.

The fact that ue, is a viscosity subsolution of (4.2) can be proved analogously. O

5. LIPSCHITZ REGULARITY

First, we prove that viscosity solutions enjoy comparison with some special cones
in (z,y), that take into account the anisotropy. These cones are defined by

Cl o(@y) = A+ bz — 0| + bly — yol.

Zo,Yo

We denote the corresponding ball by
By (x0,y0) = {(2,y) : 0w — o +bly —yo| <7} (5.6)
It holds comparison with cones from below.

Lemma 5.1. Let u be a viscosity supersolution to (1.3). Ifu(z,y) > CL . (x,y) for
(J?, y) € 8(31;(330, yO)\{(xO’ yO)})} then u(mv y) > 0207110 (l‘, y) fOT (.Z‘, y) € BE(mOa yo)-

Proof. We follow [8] and [25] and argue by contradiction. Suppose that u(z,y) <
CL. 4o (2, y) for some (z,y) € Bb(x0,90) \ (0, y0) and consider the perturbation of
the cone,

’LU(’JJ,y) = C’zg,yg(xay) —€ (L2 - |:17 - SC()|2 - |y - y0|2) )

where C’go,yo is a smooth approximation of C?

vo.yo> ON€ can choose

Co o (@,y) = A+ bz — 20" + by — yo|*
with a > 1 close to 1. If L is large enough and ¢ is small enough we obtain w(z,y) <
u(x,y) for (x,y) € O(B(x0,90) \ {(70,%0)}) and min(u — w) = u(z) —w(z) < 0. A
direct computation shows —A ;w(2z) < 0 and —A yw(z) < 0 for € small, which
contradicts the fact that u is a viscosity supersolution. O
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Similarly we have comparison with cones from above.

Lemma 5.2. Let u be a viscosity subsolution to (1.3). If u(x,y) < C ., (x,y) for
(x,y) € a(Bf(xo,yo)\{(l‘o,yo)}), then u(‘rvy) < Cgo,yo(x’y) fOT (CL‘,y) € BE(‘TanO)'

Now we are ready to prove Theorem 1.2.

Proof of Theorem 1.2. First we show, following [8], that every viscosity solution is
locally Lipschitz. Consider the cones centered at (g, yo),

Ch (z,y) = u(xo,y0) + b™ |z — zo| + bly — yo
and

Cf(x,y) = u(z0,Y0) — bR|$ — xo| — by — yol-
Let us choose § > 0 such that

Bi(ao,s0) = { (@) 5 0" Mol +ly -l < § ) €0
for every b > 1. Now, since u is locally bounded we can choose b sufficiently large
(it is enough to take b = max{2 Suppr |u|;1}) such that
Ol (2,y) > ulx,y) > C (z,y),
on 0B%(z0,y0). As
Ci(foa yo) = u(z0,y0) = C% (20, yo)

using the previous lemmas (comparison with cones) we obtain that there exists
b > 0 such that

bf | — o + bly — yol > u(z,y) — u(wo,y0) > —b" | — x| — bly — yol,
for every (x,y) in a neigbourhood of (xg, yo). This proves that u is locally Lipschitz.
To finish the proof of the theorem we have to show that
1
u(z,y) =2+ Ly (57)

is a viscosity solution. First, assume that v — ¢ has a maximum at (xg,yo) with
9o # 0. Then, since u — v is smooth, satisfies

(u_w)m(l'O?yO) =0, (U—¢)y($o,y0) =0

and

(U - w)zw(an yO) S 0.
As uz (2o, y0) = 1, |uy(zo,y0)| = 1/2 and uze(z0,y0) < 0 we get

’lpm(xﬂvy()) =1> |’l/)y(.’E0,yo) = (1/2)R and - wzz(anyO) S 0.
Hence, we obtain
_Aoo,mw(xmy()) = —(1/)x)21/1m(€ﬂ0, yO) <0.

Analogously, if © — ¢ has a minimum at (xg, yo) with yo # 0 we have

_Aw,z¢(x07y0) 2 0.

Now, if yo = 0 and ¥ is smooth, u — ¢ cannot have a maximum at (zg,yo). On the
other hand, if 4 — ¢ has a minimum at this point we obtain

bz(x0,y0) = 1, |¢y(z0,y0)| < 1/2 and — Paz(x0, yo) > 0.
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Therefore, |¢,.(xo,y0)| > |¢y(:c0,y0)|R and

Ao 2d(20,40) = —(¢2)Pua (20, Y0) > 0.
This finishes the proof of Theorem 1.2. O

Remark 5.1. The cones C;’O’yo play the same role as the one played by the [2-cones
in the theory for the usual infinity Laplacian, A, see [1]. Note that these cones
Cgoyyo are not differentiable along the planes z = xg, y = yo. This can explain the
fact that solutions to our limit problem are locally Lipschitz but not locally C*.

One may think that the lack of C! regularity comes from the fact that the
operator that appears in the limit PDE is discontinuous. However, this is not
always the case, as in our example z + 1|y|, where |u,| > |uy|" at every point.

As trivial examples of solutions we can consider bilinear functions, that is,
u(z,y) = a12y + a2x + azy + ag. With these examples it is easy to find classi-
cal solutions in which |uz| > |uy|® or |uz| < |uy|® or |ug| = |uy|?, depending on
the point.

6. UNIQUENESS OF SOLUTIONS TO THE LIMIT PDE

We will follow closely the arguments in [2], see also [25], where similar ideas
where used to show uniqueness for the pseudo infinity Laplacian. The main point
of the proof is to obtain an equivalent result to Lemma 3.2 in [2], that is, to prove
a version of Hopf’s Lemma. To this end we will use trick of comparison with cones,
that we have also applied to prove Lipschitz regularity for the solutions in the
previous section. Note that the results of [2] are not directly applicable, since our
limit PDE does not verify the structural assumption (F3) in that reference.

Lemma 6.1 (Hopf’s Lemma). Assume that w is a viscosity supersolution to equa-
tion (1.3) with a local minimum at yo. Then w is constant in a neighborhood of yg.

Proof. Let wg be the inf-convolution of w, that is

. ly —2*
wg(y) = 1rZ1f (w(z) + 52 ) .
We choose 3 small enough such that wg is well defined and semi-convex in a neigh-
borhood of yo, wg(yo) = w(yo). Moreover, it is possible to show that wg is also a
viscosity supersolution with a minimum at yo. See [7].

We will prove the result by contradiction. Since wg is a semi-convex function,
by translating it, we can assume that there is a ball B? of the form (5.6) wg > 0
on dBY and wgs(zp) = 0 for some zy € B, \ B

We consider a multiple of the cone C% . (x,%), that is,

Z0,Yo

Xa(z,y) = a2r + ab®|z — x| + ably — yo,
and observe that, if we choose o small enough, we get that x, < wg on oB?,
Xa < wg on OB, and x4 (20) > ws(z0) = 0.
Now, consider the perturbation of the function y,,

@(l‘,y) = Xa(xay) —€ (L2 - ‘.I‘ - 1"0|2 - |y - y0|2) )
where Y, is a smooth approximation of y,. If L is large enough and ¢ is small

enough we obtain O(z,y) < wg(z,y) for (z,y) € OB and for (z,y) € 0BS,.
Moreover, we have min(wg — 0) = wg(z) — ©(z) < 0. A direct computation shows
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—Ay 20(2) < 0 and —A ,O(z) < 0 for € small, which contradicts the fact that
wg is a viscosity supersolution. O

By using the sup-convolution we can prove a similar statement to Lemma 6.1
when a viscosity subsolution has a local maximum.

Lemma 6.2 (Hopf’s Lemma). Assume that w is a viscosity subsolution to equation
(1.3) with a local maximum at yo. Then w is constant in a neighborhood of yo.

Once these Lemmas are established, the rest of the proof of uniqueness is con-
tained in the comparison principle proved in [2] (see also [25]). For completeness,
we briefly sketch the proof here.

Theorem 6.1. Let u be a bounded continuous subsolution and v a bounded contin-
uwous supersolution to (1.3) such that u < v on 99, then u < v in Q.

Proof. By regularizing v and v by sup and inf convolution and taking u — 7 instead
of u, we can assume u is semi-convex, v is semi-concave and u < v on 0f2. We need
to show u < v in . We argue by contradiction and suppose that

max(u — v) > 0. (6.8)
Q

Define for h small
M(h) = max(u(x + h) - v(a)),

z€Qp
where 0, = {x € Q : d(z,0Q) > h}. Notice that (6.8) implies that M (0) > 0.
Hence, if (6.8) holds, we must have for i small enough that M (h) > 0.
Before finding the contradiction we will show that necessarily one of the following
holds:

(1) There is a sequence hy, — 0 such that at any maximum point zp, of u(- +
hn) — v(+) it holds Du(xp, + h,) = Dv(ay,) # 0 for every n. or
(2) There is a neighborhood of 0 such that for every h in this neighborhood
M(h) = M(0).
If (1) occurs we are going to reach the contradiction by proving that necessarily
for n large enough M (h,) < 0, which contradicts (6.8). On the other hand, if (2)
holds, we show that Lemma 6.1 implies that the set where M (0) is achieved is open
and closed, hence equal to Q, contradicting that u < v on 9 (when M (0) > 0).
Let us start by showing that either (1) or (2) occurs. Suppose that (1) does not
take place. Notice that M is a maximum of semi-convex functions, which implies
that M is semi-convex in a neighborhood of 0. Let x; € €2 be a maximum point of
u(- 4+ h) — v(-). By general properties of semi-convex functions (see (DMP) in [2]),
u(- + h) and v(-) are differentiable at x; and Du(xj, + h) = Dv(zp).
The semi-convexity of w implies that, if Du(xy + h) = Dv(xp) = 0 for some h,
then there exists a constant r, small enough, such that for every b’ € B,.(h)

M) = ulan + ') — o(an) > u(ay, + h) - v(er) - Clh - WP

It follows that M (k') > M(h) — C|h — h'|?, which means that 0 € OM (h). Let us
recall here that the subdifferential of f at & is given by

0f (@) :=1{y : f(x) > f(&) + (g, 2 — &) — cl|z — 7]}, for some ¢ > 0}
and that for a convex function we can simple write

of (@) :={y : f(x) > f(@)+ (. — &) }.
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Since (1) does not take place, necessarily for any h in a neighborhood of 0 we must
have that 0 € dM (h), or equivalently M (h) = M (0) for h in some neighborhood
of 0. That is (2) occurs.

Now we are left to show that any of the two alternatives lead us to a contradiction.

(a) If (2) holds: then for every h in a neighborhood of 0

u(wo) — v(wo) = M(0) = M(h) > u(zo + h) — v(zo).

That is, ¢ is a local maximum for u. Lemma 6.1 implies that u is constant in a
neighborhood of zy. Since u— v attains a local maximum at xy and u is constant, v
must attain a local minimum at zy. Using once more Hopf’s Lemma, we conclude
that v must also be constant in a neighborhood of zq. It follows that the set where
M (0) is attained is open. By continuity of u and v it must be also closed, hence it
must equal 2, which contradicts that u < v on 0.

(b) If (1) holds: consider ¢. given by

t
@l (t) = exp (/ exp (—e (s + 5_1))ds> (6.9)
0
and denote 1. = ¢ 1. Let
Ue :/(/)E(u)7 ‘/E :¢E(U)~

Notice that U, — v and V. — v as ¢ — 0 . For a smooth function ¢, letting
O, = 1.(¢) we have

V@ =YL(9)Vep  and D20, =L(¢)D2¢ + . (¢) (Vi @ Vi),

and analogous expressions for the derivatives with respect to the y variables. Hence
we have that U, is a viscosity subsolution of

oU.
(%ci ’

and analogously V; is a supersolution. Here G. is given by
—(¢L(a)*((pr(a)S1 + ¢ (a) (w1 ® wy)) - w, wi)
—R(pL(a))*((¢L(a)S2 + ¢ (a) (w2 @ w2)) - w2, w2)

—(pt(a)*((pL(a)S1 + ¢ (a) (w1 @ wr)) - wy, wi)
—R(pL(a))*((¢L(a)S2 + ¢ (a) (w2 @ w2)) - w2, wa),

according to the sign of (¢.(a))f~twa|® — |wy|.

By definition of ¢, we have that U. and V. are, respectively, semi-convex and
semi-concave. It holds that U. (- + hy,) — V. (-) attains its maximum at some interior
point z. € Q. As U, and V; are semi-convex and semi-concave (property (DMP) in
[2]), both of them are differentiable at z. and |DU.(x. + h,)| = |DV:(x.)|. Since
Us — uwand V; — v as ¢ — 0, we can find a sequence ¢, — 0 such that z., — 7,
where T is a maximum of u(-+h,,)—v(-). In the sequel, let us denote such sequences
by € and z.. Since (1) holds, we have |Du(Z+h,,)| = |Dv(Z)| > d(n) > 0. By general
properties of semi-convex and semi-concave functions (property (PGC) in [2]) and

the definition of ¢., we have for € small enough |DU, (2. + h,,)| = |DV:(z.)| > %.

Note that one can construct a sequence of points p,, — 0 and a sequence func-
tions f,(x) = Us(z + hy,) — Vo(2) — (pm, x), such that f,, has a strict maxima at

G, (UE, DQUE) =0

G:(a,z,5) =
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7 and 2" — z. as m — oo. Lemma A.3 in [7] shows that if > 0 is small enough,
there is a p > 0 such that the set of maximum points in B, (z2") of

gm(x) = Ue( + hn) = V() = {pm, 7) = (¢, 2)

with ¢ € B,(0) (p < p), contains a set of positive Lebesgue measure. By Alexansan-
drov’s result, U.(-+hy,) and V() are twice differentiable a.e. Therefore, for r small
and p < p, there exists a z € B,(z") and ¢ € B,(0) such that z is a maximum
of g, and U, and V. are twice differentiable at z. Since z is a maximum it holds
DU.(z+ hy) = DV.(2) + pm + q. As before, for ¢, p small and m large

0
DUz + ha)| = [DV-(E) + pua 4l > 202,

Moreover, since U, is semi-convex and V. semi-concave, it holds
—C - Id < D*U.(z + h,) < D*V.(2) < C - Id,

for some constant C' > 0 independent of p,r and m. Evaluating at z we have by
the definition of G

Ge(Ue(z + hp), DVz(2) + pm + ¢, D*Ve(2)) < 0 < Ge(V(2), DVz(2), D*Ve(2)).
Since DV, (z) and D?V.(z) are bounded, by taking a subsequence when p,r — 0 and
m — oo, we can find P > @ and X such that DV.(z) — P and D?V.(z) — X.

Taking limits we obtain

G.(Uc(z+hy), P,X) <0< Ge(Ve(2), P, X). (6.10)
On the other hand, it is easy to see by the definition of G. and ¢, that, for any
§ > 0, € small enough, |a| <671, 6 < |z| <6 ! and S| <571 it holds
0G:(a,z,95)
da
which contradicts (6.10), finishing the proof of uniqueness. O
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