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Abstract
We prove a local Holder estimate for any exponent 0 < § < % for solutions of the dynamic
programming principle

n & &
. u (x +ev) +u"(x —ev
uf(x) = Zaj inf  sup ( ) ( )
‘ dim($)=/ yes 2
Jj=l1
lv|=1
with oy, 0y > 0 and a2, -+ , @y,—1 > 0. The proof is based on a new coupling idea from

game theory. As an application, we get the same regularity estimate for viscosity solutions
of the PDE

n
> aini(D*u) =0,

i=1

where A1 (D3u) < --- < A, (D*u) are the eigenvalues of the Hessian.
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P.Blancetal.

1 Introduction
1.1 Main results

In this paper, we show local Holder regularity for solutions of the following Dynamic
Programming Principle (DPP)

inf su (1.1)
dim(S)= Iu‘egl 2
V=

n & &
u*(x +ev)4+u(x —ev
uE (x) = ZO‘J' ( ) ( )
j=1
in a bounded domain Q C R”", where «y, ..., @, > 0, min(aq, ;) > 0, and Z'}:l aj =1.
Our main result is the following, restated as Theorem 4.1.

Main Theorem Let u® be a function satisfying the DPP (1.1) in a bounded domain Q2. Then
forany 0 < § < % and x, 7 € B, with By, C R, there exists a constant C = C(§, ay, o) >
0 such that

|X _ Z|8 88
uf(x) —u®(2)] < C||M8||L°°(32,)<T + =) (1.2)

That the above theorem holds for any 0 < § < % is explicitly obtained in the proof in
Eq. 3.14.

The DPP (1.1) has a connection to a certain PDE involving eigenvalues of the Hessian.
Indeed, under certain regularity assumptions for the boundary of the domain, when ¢ — 0,
solutions of Eq. 1.1 converge uniformly to the unique viscosity solution of the following
PDE,

Za,-x,-(D%t) =0, (1.3)

i=1

where L1 (X) < --- < X, (X) are the ordered eigenvalues of X € S(n), the set of n x n real
symmetric matrices.

As a consequence of our main result, we obtain the same Holder estimate for any 0 <
§ < % for viscosity solutions of this PDE. For the proof of the following corollary, see
Section 2.3.

Corollary 1.1 Let u be the viscosity solution of Eq. 1.3 in a bounded domain Q2. Then for
any0 < § < % and x,z € By with By, C 2, there exists a constant C = C(§, a1, o) > 0
such that

lx — z|°
lu(x) —u(@)] < C||”||L°°(Bzr)T

We remark that Y '_; a;A; = O satisfies Pucci type inequalities, and thus we can get
Holder regularity from the general theory directly, even though the exponent is not explicitly
given (see the beginning of Section 4).

@ Springer



Game-Theoretic Approach to Holder Regularity...

For this equation with lower order terms, Ferrari and Vitolo [11] used methods from the
viscosity theory to study ABP, Harnack and Holder estimates, and later Ferrari and Galise
[10] showed C%°-regularity for § = 1 — % € (0, 51. We note that § = J holds if
and only if @1 = o,. Also observe that min(«, ;) > 0 is necessary in [11] as well as in
our main result.

The DPPs of type (1.1) model competition of two players, and one can relate these games
to different applications. For example, in the context of related tug-of-war games, they have
been suggested in connection to the option pricing problem with market manipulation [17].
To be more precise, for a given boundary data, the solution of the DPP (1.1) is also the
value function of a two-player zero-sum stochastic game, the rules of which can be read
from the DPP. We will describe the game in more detail in the next section, but informally,
a token is placed at x € 2, «; is the probability that the number j is chosen. Then the
player aiming to minimize the value chooses a j-dimensional subspace of R", and finally,
the player aiming to maximize the value chooses a unit vector from that subspace. Then
the token is moved an e-step either to the direction or the opposite direction of the vector,
with equal probabilities. The game continues until the token is moved outside of €2, and the
player choosing subspaces pays the amount given by the boundary payoff function to the
other player.

To the best of our knowledge, there are no prior works studying local regularity of DPPs
or games related to fully nonlinear PDEs involving eigenvalues of the Hessian.

The game that we just described is connected to the PDE (1.3). This connection has been
studied in detail by Blanc and Rossi [5] for the PDE A_/(Dzu) = 0, where j € {1, ...,n}.
See also [7] for a game associated to the Dominative p-Laplacian and [3, 13] for games
associated to parabolic versions of these equations.

The rest of the paper is organized as follows. In the following subsection, we give a more
detailed idea of our proof method. In Section 2 we give some preliminary definitions and
results for viscosity solutions. In Section 3 we prove the main result for the special case
ol =, = % In Section 4 we prove the main theorem.

1.2 Method of the Proof

Although the ideas behind the proof of our main theorem stem from games, we do not use
methods from stochastic game theory. Instead, our starting point is the coupling method
introduced by Luiro and Parviainen [15] in the context of tug-of-war games. However, a
direct application of their method does not seem to work in our case, so we need a new type
of coupling, which is the main novelty of this work.

To give an idea of the proof, for simplicity we will discuss a special case «| = o, = %,
in which case the DPP (1.1) can be written as

ey 1
u(x)_isup{

[vl=1

ut(x +ev) + uf(x — ev) 1 . ¢ u(x +ew) + uf(x — ew)
— in .
2 2 lw|=1 2

The starting point of the coupling is to define a 2n-dimensional game related to the DPP.
Notice that the function g : 2 x € — R given by

g(x,2) =u'(x) —u"(2)
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P.Blancetal.

can be written as a solution of a suitable DPP in R?" as follows,

g(x,2) = u'(x) —u’(2)
1 {ua(x—i-sv)—i-ua(x—ev)} 1 {ue(x—l—eﬁ)—}-us(x—sﬁ)}
sup +

in

5 lv=1 2 E [v]=1 2
1 {ua(z+su~1)+u5(z—su~))} 1 . {ug(z+sw)+u8(z—8w)}
—— sup — — inf
2 \li)|:1 2 2 |w\:1 2
1 {ug(x—l—sv)—i—us(x—£v)—u8(z+8w)—u5(z—£w)}
= — sup
2 |lv|=1 2
lw|=1
1 . uf(x + ev) + uf(x — ev) —ub(z + ew) — uf(z — ew)
+— inf .
2 |9|=1 2
[w]=1

The potential of this DPP is to transform the question of regularity of u® to the question of
the absolute size of g. The heuristic idea is to introduce a suitable stochastic game in 2 x €2,
where we aim to move the two tokens to the diagonal set

T:={(x,2) e Q2xQ :x=z}

where g = 0, before our opponent can move the tokens outside of the set & x €2. Observe
that
uf(x +ev) + uf(x — ev) —uf(z + ew) — uf(z — ew)
2

_8(x,2) +e(v, w)) + g((x, 2) — e(v, w))

= 3 .
Following the idea of Luiro and Parviainen, we could consider a 2n-dimensional game
where each player (both with probability %) gets to choose v and w and then the tokens
move to (x, z) +&(v, w) or to (x, z) — &(v, w), each possibility with probability one half. If
we set the boundary values of our game to be 0 on T and 2 sup u® in R?"\ (2 x ) and could
prove that |g(x, z)| < Clx—z %, we would get a desired Holder estimate for the function u®.

Unfortunately, these rules for the 2n-dimensional game do not seem to be suitable to
obtain regularity estimates in our case. The problem is that our opponent can force the
tokens away by choosing w = —v normal to x — z. Observe that if the new position of the
tokens is given by (¥,%) = (x, y) + (v, w), we get |¥ — Z|> = |x — z|> + 4¢2. The same
holds for (¥, z) = (x,y) + e(—v, —w).

Observe that it also holds

ué(x +ev) +uf(x —ev) —uf(z+ew) —uf(z — ew)
2
_ 8, 2) +e(v, —w)) + g((x, 2) — (v, —w))
= 3 .
Again the rules that follow from this formula allow our opponent to force the tokens away
from each other, in this case by choosing w = v normal to x — z.

In conclusion, with the rules that we have described, we do not get a suitable coupling.
Our new idea is to couple the moves in one way or the other depending on the choice of the
vectors v and w. When the tokens are placed at x and z, given v and w we define two rules
moving the token:

(i) the token moves to (x,z) + €(v, w) or to (x,z) — &(v, w), each possibility with
probability one half.
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Game-Theoretic Approach to Holder Regularity...

(i) the token moves to (x, z) + ¢(v, —w) or to (x, z) — €(v, —w), each possibility with

probability one half.
Let us define the 2n-dimensional game. We toss a coin and the winner of the toss chooses
two unitary vectors v and w. Set y = x — z. We also write v,1 = v — él\”v;y and wy1 =

w— %y If lvyL 1>+ w1 |2 > 1and (g, wy) <0, then the tokens move according to

rule (ii). In any other case the tokens move according rule (i).

Define
F(x,z,v,w, g)
0o == if |y, 1 2 o e [P > 1and (ye, wys) <0,
- g((x,z)+s(v,w))—;g((x,z)—S(v,w)) otherwise. (1.4)
Then we obtain the DPP for our 2n-dimensional game
1 L.
gx,z2) =z sup F(x,z,v,w,g) + - inf F(x,z,v,w,g). (1.5)
2 lv|=1 2 |vl=1
w|=1 lw]=1
Observe that in the case of Fig. 1A, that is when a player selects w = —v normal to

x — z, we have to move the tokens accordingly to rule (ii). We have x + ev — (z — ew)) =
x —¢ev — (2 + ew)) = x — z, and therefore the distance between the tokens is preserved.

Now, we consider the case in Fig. 1B, that is, v and w are normal to x — z and also to
each other. If the new position of the tokens is given by (X, 2) = (x, 2) + €(v, w), we get
| — 2|2 = |x — z]® + 262. We get the same if (¥, Z) = (x, z) + £(v, —w). Then, the tokens
are forced away from each other independently of what rule we select. But still, observe that
this growth is smaller than the one we were getting in the case of Fig. 1A when applying
rule (i), since |¥ — Z|2 = |x — z|2 + 42 in that case. We claim that our choice of when to
apply (i) or (ii) reduces the ability of the players to push the tokens away from each other,
and this is the key of the matter.

2 Preliminaries

In this section, we include some preliminary results concerning solutions to the equation
and the game.

w

(A) A case where the rules work out.  (B) A bad case.

Fig.1 Two choices of vectors when the tokens are at (x, z)
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2.1 Viscosity Solutions

Let us begin by recalling the definition of viscosity solutions for Eq. 1.3. We denote by
USC(2) (resp. LSC(L2)) the set of all upper (resp. lower) semicontinuous functions defined
on Q.

Definition 2.1 Let u : @ — R be a function.

(a) We say that u € USC(R) is a viscosity subsolution to Eq. 1.3 if for all x € Q and
¢ € C%($2) such that u(x) = ¢ (x) and u(y) < ¢(y) for y # x we have

> ik (D’¢) = 0.
i=1

(b) We say that u € LSC(RQ) is a viscosity supersolution to Eq. 1.3 if for all x € € and
¢ € C%(2) such that u(x) = ¢ (x) and u(y) > ¢(y) for y # x we have

n
Y airi(D*¢) <0.
i=1
If u is continuous and satisfies both of (a) and (b), we say that u is a viscosity solution to

Eq. 1.3.

Next, we prove comparison and thus uniqueness to our operator. It would follow from
[2], but here we give a simple alternative proof for this particular operator.

Remark 2.2 If M is a Hermitian matrix, it is diagonalizable with real eigenvalues and by
the Min-max Theorem those eigenvalues verify

Ai(M)= inf sup (Mv,v
! dim($)=} M:pl( )

for j =1,..., N, and we can use this identity for the Hessian matrix.

Theorem 2.3 Let u; € USC(RQ) be a viscosity subsolution (1.3), and u» € LSC(Q) a
viscosity supersolution to Eq. 1.3.

Ifuy < upondQ, thenu; < up on Q.

Proof First, we make a counter proposition

sup(u; —uz) =:60 > 0.
Q

Then observe that the equation can be written as

n n
airi(D*u)) =Y @ inf  sup (D*u;(x)v, v).
,»; - ; (5= 1o

Moreover, i1 (x) = u;(x) + 8 |x|? is a subsolution to
n n
o; inf  sup (DX (x)v,v) = Y o inf  sup (D*(u1(x) + 8 |x|P)v, v)
; " dim($)=j \vl:pl ; " dim($)=j M:pl
= 2C8.
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Let
O(x,y) = i1 (x) —u2(y) —o(x,y)
- 1
=i () —ua(y) — 5= I =y,
2e
and let (x,, y.) be the maximum point on  x Q. The points x¢, y. are not at the boundary

in a bounded domain €2 for small enough § by the standard theory. Then by the theorem of
sums [9] we have

—2,4 ~ —2,—
(Dxp(xe, ye), X) € J7 u1(xe), (=Dyp(xe, ye), Y) € J7 uaz(ye),

and X < Y. Furthermore, let n > 0, S; be a j-dimensional subspace of R"” and v; € §;
with |v;| = 1 be such that

sup (Yv,v) < inf sup(Yv,v)+7n
ves;,vl=1 dim(S)=/ |y|=1

and
n+(Xvj,v;) > sup (Xv,v).

ves;,lvl=1

Then we have
n
206 <)
i=

( inf  sup (Xv,v)— inf sup (Yv, v))
< Zai(dimi(rg:j \illl=pl<XU, v) — sup (Y, v)) +7n

dim($)=J |y|=1 dim(S)=J y|=1

ves;,v[=1

sup (Xv,v)— sup (Yv, v)) +1n

ves;,vl=1 ves;,vl=1

5205,- (Xvj,vj) — sup (Yv,v))—l—Zn

1 ves;,jvl=1

< ZO{,'((XUJ',U]') — (Yvj,vj)) + 21

n
< Y (X = Y)vj,v;) +2n < 2n,
which is a contradiction for small enough 1 > 0. O

It might also be instructive to think some special cases. For example, for the first
eigenvalue equation (D) (x) = inf|U‘=1(D2u(x)v, v) = 0, choosing (Yvg, vg) =
infjy =1 (Y v, v), the key computation above reads as

28 < inf (Xv,v) — inf (Yv, v)

lv|=1 lv|=1

< \i|nf1<XU’ v) = (Yvo, vo) + 7
vl=

< (Xwp, vo) — (Yvo, vo) + 1

IA

(X = Y)vp, vo) +1n <n,

a contradiction.
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Observe that uniqueness immediately follows from the comparison principle for the
viscosity solutions of the boundary value problem

S @iri(D*u) =0 inQ,
u=g on 9€2,

with given continuous boundary values g : 32 — R. Also, observe that if the domain is
strictly convex, we have that a plane can act as a barrier. Then, the solution obtained by
Perron’s method turns out to be continuous up to the boundary. A weaker condition for the
existence of continuous solutions for smooth domains can be found in [12].

2.2 Games

A game associated with the equation A ; (D?u) = 0 was introduced in [5]. Here we modify
the game so that it is associated with Eq. 1.3. Next, we give the precise formulation of the
game.

It is a two-player zero-sum game. Fix a domain @ C RM, & > 0 and a final payoff
function G : RY \ Q > R. The rules of the game are the following: the game starts with a
token at an initial position xp € €2 and develops in several rounds. At the beginning of each
round j € {1, ..., n} is chosen at random such that P(j = i) = «; foreachi = 1,...,n.
With this given value, Player I chooses a subspace S of dimension j and subsequently
Player II a unitary vector v € §. Then the position of the token is moved to x £ ev with
equal probabilities. The game continues until the token leaves the domain. At this time that
we call 7, Player I pays G (x;) to Player II. When the two players fix their strategies S; and
S71, we can compute the expected outcome as

E?I)’SH[G(XI)I
Then the value of the game for any xo € 2 is defined as

U’ (xo) = sup ipf Eg sy [GO)] = inf sup EY 5, [G(xo)],

and verifies the DPP (1.1), that is

n 5 5
. u®(x +ev) + u®(x — ev)
uf(x) = E a; inf su 2.1
P I dim(8)=j \v|€Is)1 2
v|l=

for x € Q and u®(x) = G(x) for x ¢ 2, see [4]. Intuitively, the rules of the game can be
seen from the DPP. When Player I, who aims to minimize the value, chooses a subspace,
she knows that Player II aims to choose from that subspace a unitary vector maximizing the
average ‘e-step value’.

2.3 Application to the PDE (1.3)

We give a brief explanation of the relation between Eqgs. 1.1 and 1.3, and how to prove
Corollary 1.1 using the result of our main theorem.
If we assume that the domain is strictly convex, we obtain that

u® —u 2.2)

uniformly as ¢ — 0 where u is the unique solution to Eq. 1.3. Observe that in [5] a condition
over the boundary is given for each j. This condition is used to prove that the game value
is asymptotic continuous near the boundary. It is in this step that we use that the domain to
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be strictly convex. Then the convergence is obtained following the usual path, see [4, 16,
18]. We use the asymptotic version of Arzela-Ascoli to pass to the limit, and using the DPP
combined with the definition of viscosity solutions allows us to deduce that the limit is the
unique viscosity solution. Observe that a weaker condition on the domain may be enough
depending on ¢; but we are not going to address this question here.

The connection between the DPP and the PDE can be intuitively seen by recalling that

Aj(M)= _inf sup (Mv,v)
! S

and observing that
u(x +¢ev) + ué(x — sv) N
5 A
Assume that the estimate (1.2) is provided for any ¢ > 0. We observe that since a ball is
strictly convex we obtain the convergence (2.2) in there. By passing to the limit as ¢ — 0
in the main theorem, we obtain a Holder estimate for the limit function . That is what we
stated as Corollary 1.1.

82(D2u(x)v, v).

3 Regularity for a DPP Related to J11(D%u) + JAn(D?u) =0
We first focus on the case given by a1 = o, = % Note thatinthiscase ar = -- - = ;1 =
0, since we assumed Z?:l aj = 1. Then the DPP (1.1) is simplified to

u(x+ev)+u(x — &v) 1 . ué(x+ew)+uf(x —ew)
P +— inf
2 2 jw|=1 2

}.(3.1)

The game starts with a token at an initial position xo € 2. At every round, a fair coin is
tossed and the winner of the toss chooses a vector v € R” with |v| = 1. Then the position
of the token is moved to either xo + v or xg — ev, with equal probabilities. The game ends
when the token leaves the domain and we define the game value as before. Our game value
satisfies the DPP (3.1) for x € @, and u®(x) = G(x) for x ¢ Q.

In this section, we will obtain the regularity result for solutions to the DPP (3.1). As we
have mentioned, we employ the method introduced in [15]. For the readers’ convenience,
we will provide a full proof.

Theorem 3.1 Let u® be a function satisfying the DPP (3.1) in a bounded domain Q2. Then
forany0 < § < % and x,z € B, with By, C R, there exists a constant C = C(§) > 0 such
that

x —z]% &8
Ius(x)—us(z)i5C||u5||Lw(BZ,><T+76 '

Proof By considering #(x) = u(rx) we can assume that r = 1. Also, without loss of
generality, we assume that
sup (W'(x)—u‘(z))= sup gx,7) =<1 (3.2)
(x,2)€B2x By (x,2)€Byx By

by a suitable renormalization.
To obtain the desired estimate for the function, we will use the comparison function
f = fi — f2 with
filr,2) =Clx —z* + |x + 2
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and
C2WN=Dgd if (x, z) € A;,
fx,2) = {o if |x — z| > Ne/10,

where C > 1,5 € (0, 1), and
Ai={(x,2) e R : (i — De/10 < |x — z] <ig/10}

fori =0,1, ..., N, where N is a sufficiently large number to be determined later.

The first term in f; will give us the desired regularity estimate, and the second term
ensures that the estimate holds at (B2 x B2) \ (B1 x By). It is typical for the solutions of ‘e-
DPPs’ that they are discontinuous at the e-scale. That is why we need a correction function
/>, designed to handle the case where the distance |x — z| ~ €.

We first observe that

ut(x) —ut(2) — f(x,2) = u*(x) —u(2) — filx,2) + falx, 2)

< max f» < C?Ng?, (3.3)

for (x, z) € (B2 x B2)\((B1 x B1)\T), where we are using that f1 > 1in (B2 x B2)\(B] %
By). If we prove that

sup  (uf(x) —uf(2) — fx,2)) < C?Ne?, (3.4)

(x,z2)EByx By

the result follows as we can assume without loss of generality with a suitable translation
that x = —z since in this case we can obtain

U (x) — uf (—x) < 2C*N (|x|° + &%)

from f(x, —x) < C(2|x])%.
We assume, for the sake of contradiction, that

M = sup W (x) —ut(2) — f(x,2)) > C*Ned, (3.5)
(x,2)e(B1xB)\T

In this case, we have

M= sup (u(x)—u(2)— f(x,2). (3.6)

(x,2)EB2 X By

Consider an arbitrary small number n > 0. Then we can choose (x1, z1) € (B x B)\T
such that

M <uf(x)) —u®(z1) — f(x1,21) + 0.
Recall Eq. 1.4. From Eq. 3.6, we observe that
ut(x) —uf(2) =g(x,2) <M+ f(x,2)

for any (x, z) € Bz x Bj. If two unit vectors v and w satisfy |'Uyl|2 + |U)yl|2 > 1 and
(vyL, wa_> < 0, we have

Yy
_ g((x1,z21) + e(v, —w)) + g((x1, z1) — (v, —w))

F(x1,z1,v,w,8)

2
_ (M f(nz) e —w)) + (M + f((,20) — e(v, —w)))
- 2
M4+ f(x1,21) + e(v, —w)) -; f(x1,21) —e(v, —w))

IA

M+ F(x1,z1,v,w, f)
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since x1 £ €v, 1 & ew are still in B. We can also obtain the same inequality for the other
case with the same argument. Then, we get

sup F(x1,z1,v,w,8) <M+ sup F(x1,z1,v,w, f)
lv|=1 Jv|=1
|:1);\=1 ‘:AJ)|=1

and
\i|nf1 F(xp,z1,v,w,8) <M+ |i\nf1 F(x1,z1,v,w, f).
v|= v|=
lw|=1 lw|=1

Now from Eq. 1.5, we deduce that

1
uf(x)) —uf(z1) = 5 sup F(x1,21, v, w, g)+f lnf F(x1,z1,v,w,g)
vl=1

|w|=1 ‘wl i

1 1
M+§ sup F(xy,z1,v, w, f)—i—f mf F(x1,z1,v,w, f)
[v]=1

lw]=1 ‘wl i
u®(x)) —u(z)) — f(x1,z1) + 1
1 1
+= sup F(xi,z1,v,w, f) + = mf F(xy,z1,v,w, f),
2 =1 2 ol=

Jw]=1 [wl= 1

IA

IA

that is,

1 1
[, 21)<§ sup F(xy,z1,v, w, f)+* lnf F(xy,z1,v,w, f) +n.
|‘31|\11 \wll

Thus, we can derive a contradiction if we show

1 1
f(x, z)>§sup F(x, z,vwf)—i—i 1nf F(x,z,v,w, f) 3.7
lv|=1
lw|=1 |u)| 1

for every (x, z) € B1 x Bj.

The case |x — z| & ¢ follows from the fact that the steps are of size . We include the
details later. Now we focus on the case |[x — z| > %8. In this case, since f> = 0, we need
to prove that

1 1
filx,z2) > 3 sup F(x,z,v,w, f1)+f mf F(x,z,0,w, f1). 3.8)
1
2 Bl

We will use the following Taylor’s expansion for the function fi,
i ez he) = fi(e,2) + Clx — 2 e — ho)v +2(x + 2, e + )
F5 80— 2P — D — kol + O — b}
Hlhy + ho* + Exz(hy hy), 3.9
where V is the space spanned by x — z, (hy — h;)y refers to the scalar projection onto V

ie. W, and (hy — h;)y 1 onto the orthogonal complement (see also [1, 15]).

By Taylor’s theorem, the error term satisfies

1Ex.2 Uiy, B)| < Cllhy, B (1x — 2] — 26)°73, (3.10)
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if |x — z| > 2¢ . Especially, if we choose

100C
N> —= (3.11)

il ’

then in the case |x — z| > N% and |hy|, |h;| < e, we can see that |[x —z| —2& > \xz;d since

10Ce
[x —z| > 5 > 10e¢,

L \5-3
CQe)} <L 5 d )

and thus we have

1Ex,2(hx, h2)]

IA

< 64Ce?|x — 7P 2——
lx —z|
< 64e2)x — z|‘*‘2£
= 10
< 10&%x — z)*72. (3.12)

Observe that when considering the Taylor expansions, all the first order term will be
canceled.

Now we are ready to proceed to the core of the matter, that is to prove Eq. 3.8. Here is
where the precise definition of when to apply the rule (i) or (ii) plays the main role. We will
estimate the infimum of F by considering

. XxX—z B x—z
V= and W= — )
lx —z| lx — z
Observe that in this case, v,. = w,1 = 0, hence, the rule (i) applies. Recall that
F(x,z,0,0, f) = f((x,2) + &0, w)) -12- F(x,2) — (@, W)

in this case. From Eq. 3.9, we have
Fx,z,v,w, f) — f(x,2)
_ %8|x — 2P = D@ — D)+ @ — D)+ [0+ B + E B D).
Therefore, we obtain
\gln:fl F(x,z,v,w, f) — f(x,2)

lw|=1

IA

c
SOl =26 = DO — )] + (@ — D)) + 15+ D o+ (D D)

IA

c
S0k = 21°72(8 — D(2)% + 1063 |x — z|°72.

To bound the supremum, we have to separate the cases depending on whether rule (i) or rule
(i1) applies. The key point here is to bound (h, — h y)%/ | by strictly less than (2¢)2.
When the rule (ii) is applied, we have

(= (—w)l = v+ wl 42, wy),

and if vy, wy1) < 0, then (v — (—w))il < 2. Ifrule (i) is applied and (Vyr, wyr) > 0 the

same calculation can be performed. It remains to check the case where |v,1 1>+ w1 2 <1.
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In this case we have
W —wl = vl Fwl = 2vy,wy) <207 +wh) <2
since 2|<UyL, wyi)| < UiL + wir Hence we can see that
F(x,z,v,w, f) = f(x,2)
%(Slx — 2@ =D w)] + @Ew)i) + v wl + E (v, £w)

IA

IA

c
5ol — 21°7226% + (2¢)2 + 102 |x — z|°72.

Finally, we obtain

sup F(x,z,v,w, f)+ rilnfl F(x,z,0,w, f) — f(x,2)
V=

[v|=1

wi=1 |Bl=1
c
< S8l — 21572262 + (26)% + 10e2|x — 72
c
58l — 21572(8 — 1)(2) + 1062 |x — z|°2
c
< ol - 219728 — 1462 + 26?) + 462 + 2063 |x — z|°2
2

&2|x — z|°72(2C8% — C§ + 20) + 4&2.

IA

Now it is enough to show that

e2|x — z|°72(2C8% — €8 + 20) + 4¢% < 0. (3.13)
For0 < § < %, we have
5§ —282 > 0. (3.14)
. C4d
Therefore, given C > 0 we can take C = % > 0 so that
C+4
2 —
2C6°—C54+20=— yr

Observe that this is where we explicitly fix 8.
Recalling that |x — z| < 4, we obtain

_ C+4 N
Ix — z/° 2(— = )+4§ —C.

We have proved that

1 1 -
5 sup F(x,z,v,w, f)+ 3 i‘nf F(x,z,0,w, f)— f(x,2) < —Cé%. (3.15)
v|=1 Iv]=1
|uv)|=l lw|=1
Now we consider the case |[x — z| < %8. We remark that the counterassumption of
Eq. 3.4 cannot occur when x = z, since

u(x) —u(x) — f(x,x) = C*Ne® —4)x)? < C?N g0,
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Thus it is sufficient to show Eq. 3.7 when 0 < |x — z| < %8. We first observe that
la]® = 1b°] < la —b)°

for any a, b € R”" since 0 < § < 1. This yields

I +ev) = @+ ew)’ — x — 2’| < &’]v —w/’.

Therefore, we see that
/10, D) + e, w) = filxr, D] < Celv — wl® +2el(x + 2, v+ w)| + &7 |v + w)?
< 2Ce% + 8¢ + 462
< 3Ceb
for any unit vectors v and w, and sufficiently large C. Then we obtain

sup F(x,z,v,w, fi) — fi(x,2) < 3Ce®
[vl=1
|lwl=1

in both cases. Since f> > O and f = f; — f2, we have

sup F(x,z,v,w, f) < sup F(x,z,v,w, f1).

lvl=1 lv]=1
lw|=1 lw|=1
Observe that
inf1 F(x,z,v,w, f) < sup F(x,z,v,w, f1) — sup F(x,z,v,w, f2).
\ls)‘lzl ||11,);|\le |‘:;|;11

Since, given (x, z) € A;, we can choose unit vectors v, w such that (x, z) +¢(v, w) € A;_1,
we see that

1
sup F(x,z,v,w, f2) > E(fz((x,z)+8(v,w)))
=1
Ill'l)Jll=l
- ECZ(NfiH)Sa
2

1 .
= ECZ(N")S‘S(C2 -4 +2hH(x,2).

By choosing a large constant C, we get

sup F(x,z,v,w, f2) > 6Ce® +2f(x, 2). (3.16)
lv|=1
lw|=1

Combining the previous estimates, we see that
1 1
—sup F(x,z,v,w, f)+ = inf F(x,z,0,w, f)
2 lv]=1 2 |1}\=l
lw|=1 [w]=1

< sup F(x,z,v,w, fi) —3Ce’ — fo(x,2)
Jv|=1

lw|=1
< (filx,2) +3Ce%) —3Ce® — fo(x, 2)
= f(x,2).
This yields Eq. 3.7. O
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4 The General Case

In this section, we consider the DPP (1.1) related to the PDE (1.3). We rewrite the equa-
tion and present the rules of the game in a slightly different way. We assume o =
2min{ay, o} > 0. We define 8 = 1 — o, i = oj/f fori = 2,...,n — 1 and
Bi = (aj —a/2)/B fori = 1, n. We can rewrite Eq. 1.3 as

)\.1+)\.

+ﬂZ;3,A =0. @1

We remark that one can derive Holder regularity for Eq. 4.1, since a viscosity solution to
Eq. 4.1 satisfies

IA

(“%)ZA#%ZM

)\i <0 )\.i >0

! n—-Da N +aik'
2n ! 2n 4 !
i=2
n

AM+A
Sa—p B Biki
i=1

n—-—1Da o !
(1= 55 ot 5y o
o o

1i>0 ri<0

IA

These Pucci type inequalities are what is required to use [8, Proposition 4.10].

Now the game for «; can be presented in the following way: at every round with proba-
bility « we play the game for %Al + %An and with probability 8 we play the game according
to B;. In this case, the related DPP is

uf(x +¢ev) + ué(x —ev) ut(x +ew) + uf(x — ew)
uf(x) = +f inf
2 et 2 2 [w|=1 2
\I
8 &
(x +ev) +u®(x —¢ev)
+ E mf su . 4.2
ﬁ._ P imte ,‘vlﬁs’l 2 “2)
= ves

This is equivalent to Eq. 1.1.

In order to define the 2n-dimensional game related to Eq. 4.2, first we define a 2n-
dimensional game related to A ;. Fix j € {1, ..., n}. We consider the game related to A ; and
write u ; for its value function. It satisfies the following DPP

W)= inf sup uj(x +ev) +uj(x —ev)

dim(S)=j yes§ 2
[v]=1

for any x € Q.
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Set gj(x,z) =uj(x) —uj(z). We have

uj(x +ev) fuj(x —ev) uj(z+ev) +uj(z — ev)

~inf  sup inf sup
dim(S)=j yes 2 dim($)=j j¢§ 2
lv]=1 |5]=1
. o fujctev)tuj(x—ev)  uj(zted)tuj(z—ed)
= sup inf sup inf 5 - )
dim(§)=; M=/ S oes)
. .. 8i(x+ev,z+ev)+gi(x —ev,z —€D)
= sup inf sup inf :
dim(§)=j M=/ ves ie§ 2

[v[=1 [5]=1

We can read the rules of the 2n-dimensional game as follows: Player II selects S, Player I
the subspace § and then Player II a unitary vector v € S and Player I a vector © € S. Then,
the token moves to (x, z) &+ &(v, ¥) each with probability one half.

Combining the above observation for each g; with the 2n-dimensional DPP for the game
associated with %M + %)Ln, for the function g(x, z) = uf(x) — u®(z), we have

o

g(x,2) = i sup F(x,z,v,w,g)+ = inf F(x,z,v,w,g)

2 =1 2 jil=1
Jlw|=1 [w|=1

gx +ev,z+6€v)+ g(x —ev, z — €v)

n
+BY B sup inf sup inf 5
o1 dim(@§)=j4imS= |g|€:51 |5\E=Sl
where F is the function given by Eq. 1.4.
Now we state and prove the Holder regularity result for Eq. 1.1.

Theorem 4.1 Let u® be a function satisfying the DPP (1.1) in a bounded domain Q2. Then
forany 0 < § < % and x, z € B, with By, C 2, there exists a constant C = C(5,a) > 0
such that

|x —zl‘S &l
[uf(x) —u®(2)| < C||M8||L°0(192,)<ri(S +5 )

Proof Recall the barrier function f in the proof of Theorem 3.1. By a similar argument as
in the previous section, it is enough to show that

f(x,2) > d sup F(x,z, v,w,f)—}—g inf F(x,z,v,w, f)
2 lv|=1 2 lv]=1
Jw]=1 lw|=1

n ~ ~
+8 Z,B,- sup inf sup inf frtevzten) + flx—evz- Sv).

. P .di =7 ~
i1 dim(§)=j 9m® J\giisl \E|E=S1 2

(4.3)

We first consider the case [x — z| > {VT)S' For the terms involved in the game associated
with %Al + %An we can recall the estimate Eq. 3.15. Meanwhile, for the game associated to
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Aj, we observe that by taking S = Sand 7 = v we get
fx+ev,z4e0) + f(x —ev,z — D)

sup i 1(1%1; _sup inf >
m J veS ©eS
dim(8)=j [I=1 [5=1

< sp sup f(X+ev,z+8v)+f(x—sv,z—ev). @.4)
dim(8)=j |g|€=sl 2

Moreover, we observe that

fx+ev,z4+6e0)+ f(x —ev,z — ev)
2

sup  sup = f(x,2)+ 4¢?. 4.5)
dim(8)=j Ig\isl

We conclude that
d sup F(x,z,v,w, f)+§ mf F(x,z,v,w, f)

lv|=1
lwi=1 |w\ |

+pB Z,B, sup inf  sup inf fxtev,z4ev) + flx —ev, 2~ ev)

i=1  dim(S)=j dim($)= Jls‘ESl \3|€Sl 2

< f(x,2) —aCe® + 4B¢2,
where C is the constant in Eq. 3.15. Thus, if we take c large enough such that
—Ca +4p <0,

we obtain Eq. 4.3.
Next we assume that |x — z| < e From Eqgs. 4.3, 4.4 and 4.5, it is enough to show that

(2> 5 sup F(r.zv.w, f)+ 5 inf Fle,zv,w, f)+ﬂ2ﬂi(f(x,2)+482)-
||:;|| 11 \wl 1 i=1
This can be rewritten as

4d-a) (4.6)
o

1 1
f(xz)>§supF(xz,vwf)+§ 1nf F(x,z,v,w, f)+
|‘::}|‘71 |w| ]

We use a similar argument in the proof of Theorem 3.1, but we choose C sufficiently large
such that

8(1 —
sup F(x,z,v,w, fr) > <7( " ) +6>Ce9‘S +2f2(x,2)
lv|=1
lw|=1

in Eq. 3.16. Then we get Eq. 4.6, which completes the proof. O
4.1 The Dominative p-Laplacian

Recently, there has been some interest to the Dominative p-Laplacian
Dpu =i+ + i1 +(p— Dhy,

where 2 < p < 0o, see [6]. It explains a superposition of p-superharmonic functions, which
was studied in [14].
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The dominative p-Laplacian can be regarded as a special case of the operator > ;_; o A;,
which has been considered so far. Observe that the equation D,u = 0 is equivalent to the

equation (1.3) when o; = n+17—2 fori =1,---,n—1,and o, = nf:;b. Therefore, by
plugging these values in Eq. 1.1 we obtain the following DPP
1 n—1 & & _
ut(x) = 72 inf  sup wxtev) Hurx - ev)
n4+p—2~dim(S)=; yes 2
j=1 [v|=1
p—1 ut(x +ev) + uf(x — ev)
su .
n+p—2 yes 2
lv|=1

Since min{w1, a,} > 0, our result, Theorem 4.2, covers the solutions to this DPP.

We also remark here that the operator D), is uniformly elliptic, and thus we can obtain
C "% regularity for viscosity solutions of the equation Dpu = 0 (see [8, Section 5.3]).

A different game associated to the Dominative p-Laplacian was presented in [7] (see
also [13]). Their DPP reads as follows

W (x) = q][ W (dy + (1 - q) sup
Be(x)

lv]=1

{ua(x + &v) + uf(x — ev)

> } , “4.7)

where g = ZIIQ) This is a control problem. Let xo be the starting point. The player first

chooses a unit vector v, and then the token is moved according to the following rules: x|

is randomly selected in B¢ (xg) with probability ;‘iﬁ, and x; = xg £ ev with probability

%, respectively. This stochastic process is repeated until the token leaves 2. The player
tries to maximize the expected value of G (x;), and thus he/she chooses the direction v for
this purpose.

We can also obtain the following regularity result for this DPP with a slightly worse
upper bound for §.

Theorem 4.2 Let u® be a function satisfying the DPP (4.7) in a bounded domain 2. Then
forany 0 < § < % and x, 7 € B, with By, C R, there exists a constant C = C(§) > 0
such that

Ix —z> &8
|u® (x) —u®(2)] = C|Iu£||Loo<BZ,><T te)

Proof We first observe that

2 2

ut(x +ev) + uf(x —ev) —uf(z +ew) — ué(z —ew)}
5 .

{ug(x—i-sv)—i—ug(x—av)} [ua(z—i-sw)—l—uf(z—sw)}
sup — sup
[v|=1 lw|=1

= sup inf [

lvl=1 lwl=1
Like before, we again consider

g(x,2) =u’(x) — u®(2).
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Then we have

g(x,2) = u(x) —u®(2)
= q( ][ u®(y)dy — ][ us(y)dy>
Be(x) Be(2)
. ut(x +ev) + uf(x —ev) —uf(z +ew) —uf(z — ew)
+(1 =9 “5)}1:131 @?:fl { > }
- q( ][ u* ()dy ][ u%y)dy)
Be(x) Be(2)
. g((x,2) +e(v, w)) + g((x,2) — &(v, w))
+ -9 \i|u:p1 \zll)?il{ > }
<

q( ][ W (y)dy — ][ uf(y)dy)
B (x) B:(2)

{g((x, 2) +e(,v) +g((x,2) — (v, v)) }

+(1 —¢q) sup

lvl=1 2
Again, we recall the auxiliary function f and the ideas explained before. In [15, Section
4], we can find the following observation

1
][ u®(y)dy — ][ u®(y)dy = < f (u(x+h) —u(z+ Px,z(h)))dh>,
Be(x) B:(2) [Be| \ JB.(0)\Be(z—x)

where P, . is a map to send a point to its mirror point with respect to span(x — z)*, the
orthogonal complement of the subspace generated by x — z. Repeating a similar calculation
in the proof of Theorem 3.1, we see that it is enough to deduce a contradiction to Eq. 3.5 if
we prove

1
flx,2) > q- (/ fx+h,z+4 Py (h)dh
|Be| \ J B, (0)\ Bs z—x)

+ / F, y)dy>
Be (x)NB:(z)

x,2)+¢e(,v)) + x,z) —&(v,v
=) sup{f(( ) +e(,v) + flx,2) —&( ))} 48
[vl=1 2
for every (x.z) € By x Bj (see also (4.25) in [15]).
Assume 6 < 1/10 and set C = 152—2, where w is to be determined. We refer to the
following estimate in [15, Section 4]:
1
fx+h,z+ Py (h)dh + f.ydy) - fx,2)
|Be| \ J B, (0)\Be(z—x) B+ (x)NB:(2)
< Ka‘s,
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where
o - zz|5—2(10 — Tty if lx — 2] > Ne/10,
(=% +3C+1) if |x — z| < Ne/10.
Thus, by choosing w < 47", we get
1
7(/ S+ h,z4 Py (h)dh +/ F, y)dy) - fx,2)
|Bel \ JB.(0)\B. (z—x) B (x)NB:(2)
< —Cé&’ 4.9)
for C = min{ %(% — 10), %,,2 — 3C — 1}. Nothe that C is strictly positive because

10
C = }527. We also observe that

{ fl(x,2) +e(,v) + f((x,2) — (v, v))

sup

lvl=1

_ 2
> }—f(x,z)+48

for any (x, z) € B; x B;. Combining this with Eq. 4.9, we have

1
q- 7(/ fOx+h,z+ Py (h)dh +/ fQ, y)dy)
|Bel \ JB.(0)\Be (z—x) Be(x)NBe(2)

fx,2) +e(,v) + f((x,2) — e, v))
+(1 —g) sup { 3 - fx,2)
lv|=1
~ o0 2

< —qCe’ +4(1 —q)e

<(—qC+401-9q)e.
Now we can complete the proof if we choose w small such that

—qC+4(1—¢q) <0.

Combining the above estimates, we obtain Eq. 4.8. O
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