Cl>* REGULARITY FOR INFINITY HARMONIC
FUNCTIONS IN TWO DIMENSIONS

LAWRENCE C. EVANS AND OVIDIU SAVIN

ABSTRACT. We propose a new method for showing C*® regularity
for solutions of the infinity Laplacian equation and provide full
details of the proof in two dimensions.

The proof for dimensions n > 3 depends upon some conjectured
local gradient estimates for solutions of certain transformed PDE.

1. INTRODUCTION

This paper discusses the possible local O regularity of viscosity
solutions u of the infinity Laplacian PDE

(1.1) — Dot 1= — Uy Uy Ugyz; = 0

within an open region U C R". We refer the reader to the survey
paper by Aronsson, Crandall and Juutinen [A-C-J], which explains the
interest in this highly degenerate and highly nonlinear elliptic PDE, and
just note here that (1.1) arises as a sort of Euler-Lagrange equation for
a model problem in the “calculus of variations in the sup-norm”.

We say that w is “infinity harmonic” if w is a viscosity solution of
(1.1), the definition of which we next review.

Viscosity solutions, comparison with cones. We recall that
a continuous function u is called a wiscosity solution of the infinity
Laplacian PDE (1.1) provided for each smooth function ¢,

(i) if u — ¢ has a local maximum at a point xy € U, then

_AOOQS(‘TO) S 07
and (ii) if u — ¢ has a local minimum at a point zo € U, then

We will in fact rarely invoke this characterization of viscosity so-
lutions, but rather the equivalent comparison with cones property, as
discussed in [C-E-G|. This states that for each open set V' C U and
each point xy ¢ V,
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(i) if uw < ¢ on IV for the cone ¢(x) = al|r — x| + b, then
u < c within V;
and (ii) if u > ¢ on OV for the cone ¢(x) = alx — x| + b, then
w > ¢ within V.
In these formulas a and b are real numbers.

Differentiability, C1* regularity. Since we can “touch the graph
of u from above and below by cones”, it is easy to show that bounded,
viscosity solutions of (1.1) are locally Lipschitz continuous within U
and are consequently differentiable almost everywhere.

Furthermore, some observations in [C-E-G] and [C-E| suggest that
u is in fact differentiable everywhere. These papers prove that if u is
infinity harmonic within say the unit ball B = B(0, 1), with u(0) = 0,
then given any small number A\ > 0, there exists a small constant 7 > 0
such that the rescaled function

u(Tx)

ur(z) = -

satisfies
[ur — er - @l Loy < AllullLe(s

for some appropriate vector e,. The function u is consequently well
approximated by a linear functions at small length scales. Unfortu-
nately, this assertion alone does not mean u is necessarily differentiable
at 0, since the methods of [C-E-G]|, [C-E| definitely do not imply that
lim,_ e, exists. We have in particular no way to compare the differing
vectors e, corresponding to approximation on differing length scales.

It therefore has been a major open problem to show an infinity har-
monic function is everywhere differentiable, and perhaps even C!. The
second author in [S] has recently proved C! regularity in n = 2 di-
mensions, but with no estimate on the modulus of continuity of the
gradient Du.

This paper carries forward the regularity program by (i) proving
C1* smoothness in n = 2 dimensions for some small a > 0, and (ii)
proposing a general scheme to establish C1® for n > 3 dimensions.
We are however not able to carry out all the steps of (ii) in general,
and need some as yet unproved gradient estimates for solutions of a
sequence of transformed PDE.

We discuss next our general strategy.

Approximation by planes. Almost all known methods for show-
ing O regularity (or partial regularity) for a solution u of an elliptic
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PDE turn upon showing that if «(0) = 0 and if u is somehow approx-
imated by the linear mapping [ = e - x on a small ball B(0,r), then u
can be better approximated by a slightly different linear mapping on
some smaller ball B(0,7r), where 0 < 7 < 1.

The fundamental point is to show that the error in the approximation
improves by a multiplicative factor strictly less than one. Such an esti-
mate can then be iterated, thereby providing control on the differences
between the linear approximations at different length scales.

Typically such an assertion follows from a contradiction argument,
which investigates a sequence {v¥}2° of isotropic rescalings of u about
the point 0. However naive versions of this procedure are known to
fail for the infinity Laplacian: see the discussion and counterexample
constructed in [E-Y].

We instead propose here a very highly anisotropic rescaling (2.5) and
blow-up procedure, replacing balls by thin cylinders, oriented along the
direction of the approximate gradient. We will need a small flatness
condition to begin our iteration, but this is a consequence of the con-
clusions of [C-E-G| and [C-E], cited above. The idea is to show that if
our solution w is sufficiently close to a plane in some cylinder, then it
is even closer, by a factor strictly less than one, to a slightly different
plane in a smaller and slightly tilted cylinder.

That we must work in such highly nonisotropic cylinders, rather than
round balls, is forced by the extreme degeneracy of our elliptic PDE
(1.1). Another consequence of the degeneracy is that the linearization
of the infinity Laplacian about the plane | = e - x reads

—€;€jVz,2; = 0;

and this PDE provides no control whatsoever about v in directions
perpendicular to e. Hence the Ch* regularity (proved for n = 2 and
otherwise conjectured) is a purely nonlinear phenomenon and is not at
all a consequence of perturbation off linear estimates.

To repeat, our method proves local C%* regularity, provided we can
establish Lipschitz estimates for a certain sequence of appropriately
rescaled functions. These estimates unfortunately so far remain un-
proved for dimensions n > 3. However, the last section of the paper,
due to the second author, proves the requisite estimates for n = 2
dimensions.
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2. RESCALING AND BLOW UP

2.1 An example. To begin, let us consider in n = 2 dimensions
the square

Q = {|z] <1, [z <1}
and solve the infinity-Laplacian PDE (1.1) in U := @ — (0,0), subject
to the boundary conditions

u=2xy onoQ, u(0,0)=N\

for a small, positive number A. It is not hard to see that the set
{u > xy} is approximately a vertical strip of width A2,

This example suggests that a perturbation of size A influences a
1
solution only a distance Az in a direction perpendicular to the gradient.

2.2 A model problem. Motivated by this example, consider now
in n > 2 variables a solution u of the infinity Laplacian PDE in a region
containing the thin cylinder

(2.1) Qx 1= {Jo'] < A%, | < 1,
where A > 0 is small. Here and hereafter we write
= (r1,...,2,) = (2',2,) fora' = (z1,...,0,1).

We normalize by assuming
(2.2) u(0) = 0.

We assume next the flatness condition that our solution u is very
close in the sup-norm to the plane z,:
(2.3) max |u — x,| <A\

Qx

Our additional Fundamental Assumption is that (2.3) implies for any

solution of the infinity Laplacian equation (1.1) the interior gradient
bounds

sup |D'u| < CAz,
1Qx
sup |1 —ug, | < CA
10,

for some constant C'. Here

(2.4)

D'u = (ugy, ... Ug, ;)

denotes the gradient in the variables z’; and

1Qy = {[a'] < 13, |z,] < 1),
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2.3 Rescaling and blow-up. Consider next a family of functions
{uk}2, which satisfy (2.2), (2.3) and (2.4) for a sequence A = \; — 0.

Define then the highly nonisotropically rescaled functions

(2.5) VM (z) = )\ik

which, owing to (2.3) and (2.4), are bounded within the standard cylin-
der

x/) xn) - xn)a

T o=

(u"(A

Q = {Ja'| < 1,]za] < 1}
and are uniformly Lipschitz continuous within
1Q = {o'| < 3.l < 3.
Passing as necessary to a subsequence, we may therefore assume that
as A\, — 0 we have
(2.6) v* — 0,
uniformly in 1Q.
2.4 The blown-up PDE. What PDE does v satisfy?

Theorem 2.1. The limit function v is a viscosity solution of the PDE

n—1 n—1

(2.7) — g Vi, Vg Vi, — 2 E Ve Vg, — Uy, = 0
ij=1 i=1

inside 1Q).

k

Proof. Assume first that each function u” is smooth. Then according

to the rescaling (2.5),

ok :)\;%uﬁi()\%x’,xn) (i=1,...,n—1),
o= Al (Al ) — 1),
and
E =k, (AR ) (ij=1,....,n—1),
o = Atk Ofa ) (i=1,...m—1),
E o =MbY a)
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Since u solves the infinity Laplacian PDE (1.1), we have

n—1 ) )
- _ 3,k \2 0k ok
= E AV, AR Uz U

T TiT
i,5=1

n—1
1 1
-2 Z A v];i(l + )\kvljn))\ﬁ v’;ﬂn -1+ )\kvl;n)2)\kv’;nxn.
i=1

We divide by A\x > 0 and then send Ay — 0, thereby formally deriving
the limit PDE (2.7).

If the functions «* are not smooth, then standard viscosity solution

methods, using the foregoing calculations, let us rigorously derive that
the limit v is a viscosity solution of (2.7). We do not provide details
of this routine argument, other than to note that the definition of
viscosity solution lets us switch from the merely Lipschitz continuous
v to a smooth function ¢, for which the preceding calculations are
justified. O

2.5 Comparison with singular solutions. We next recast the
comparison with cones property for infinity harmonic functions into a
comparison property with certain singular solutions of the blown-up
PDE (2.7), having the form
|22
22,
for a € R. A direct calculation shows that s does indeed solve (2.7)
where x,, # 0.

Define for a fixed constant p > 0 and for small » > 0 the upper
cylinder

(2.8) s(x) == ax, + for x,, # 0,

(2.9) C(r) = {la'| < pr,0 <z, <7}
and the lower cylinder
(2.10) C~(r) = {]2'| < pr,—r <z, <0}.

We will always take r > 0 so small that C%(r) C 1Q.

Theorem 2.2. Assume that v is a viscosity solution of (2.7) within
the cylinder 1Q).
(i) 1f
v<s ondC*(r),
then
v<s within C*(r).
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(ii) Similarly, if
v>s ondC (r),
then
v>s within C™(r).

In other words, we have comparison from above by the singular solu-
tions s in the small upper cylinders C*(r), and comparison from below
in the lower cylinders C'~(r).

Note that since s — +o00 as z,, — £0 for 2’ # 0, we need only check
the value of v(0) to see if v lies below or above s on dC*(r)N{x, = 0}.
Furthermore, it makes no sense to talk about comparison from below
by s on C*(r) or from above on C'~(r).

Proof. Since each infinity-harmonic function u* satisfies comparison
with cone functions of the form

c(z) == (14 aXp)|z,

the rescaled functions v*, defined by (2.5), satisfy comparison with the
rescaled functions

ck(x) = i(c()\éx',xn) — T).
A

We consequently deduce that for x,, > 0, the limit v satisfies com-
parison from above with the function

1 1
lim ¢ () = lim — (14 a\) Owla’[? +22)F = z,)

k—oo k—o00 Af
= Tim 2% (14 a1+ 2 ‘x/‘g)% 1
= Jim S (- ad(1+ 0
12
= ax, + ’212” = s(x).

We likewise see that v satisfies comparison with s from below if
z, < 0. O

3. LINEAR APPROXIMATION

Our next goal is proving that a Lipschitz solution v of the blown-up
PDE

n—1 n—1
(3.1) — E Vi, Vg Vi, — 2 g Vo Vgize, — Uy, = 0
i=1

ij=1
in 1) can on each small cylinder

7Q = {l'| <7, |zn| < 7}
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be uniformly approximated by a linear function. This is an analog
of assertions from the earlier papers [C-E-G| and [C-E] about infinity
harmonic functions.

We assume hereafter the max-norm bound on the solution

(3.2) mgx|v| <1

and the interior gradient bound

(3.3) sup |[Dv| < C
3Q

for some constant C'. We suppose also

(3.4) v(0) = 0.

Note that our blow-up limit from Section 2 satisfies these hypothesis,
provided the Fundamental Assumption is valid.

3.1 Comparison with singular solutions. We start by modifying
from [C-E-G] and [C-E] some comparison with cones methods, but
working instead with the singular solutions introduced above at (2.8).

For small r > 0, define

(3.5) TH(r) = max1 v(! 1) — [
. T ‘xllgé r Y 2T
and
1 /|12
(3.6) T (—r):= |1g/1|a§u>§ . {—v(f, —r) — %} .

In view of (3.3) and (3.4), we have

(3.7) [T+ (+r)| < C;

and furthermore the maxima in (3.5), (3.6) are attained at points ' =
x'(£r) satisfying

(3.8) |2’ (£r)] < Cr.

Theorem 3.1. (i) The mappings r — T*(£r) are nondecreasing, and
consequently the limaits

(3.9) T=(0) := lim T*(£r)

exist.
(ii) Furthermore,

(3.10) T+(0) = T7(0).
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We make no assertion about the sign of 7F(0) = 7(0).

Proof. 1. Let > 0 be a large constant, to be selected later. Within
the upper cylinder C*(r), defined by (2.9), we set

||
22,

This is a singular solution of (2.7), having the requisite form (2.8) to
which the comparison Theorem 2.2 applies.

On the top {z, = r} of the cylinder C*(r), the definition (3.5)

implies

s(z) :=T*(r)z, +

: " || /
v(z',r) < T (r)r + o = s(z',r).
r
On the bottom {z, = 0}, we note that s = oo, except at 0. On the
vertical sides {|2'| = pr}, we have
2 2,2
v(z) < -Cr+ % <TH(r)x, + ’l; T s(x),
Tn

provided we recall (3.3), (3.4) and (3.7) and fix p sufficiently large.
According to Theorem 2.2, it follows that

v<s
inside C*(r). In particular, if 0 < ¢ < r, then
||

2t

v t) < s(a' t) =T (r)t +
for || < pur. Hence
T(t) < T (r),
and so r — T7(r) is nondecreasing with r.
2. We similarly define the lower cylinder C~(r) by (2.10) and set
||
22,

for x, < 0. As above, we deduce w < s inside C'~(r), if p is large
enough. For 0 <t < r, we therefore have

']

2t

s(x) =T (=r)z, +

w(x',—t) = =T (—r)t —

< s(a', —t)
for |2'| < pr. Tt follows that
(=) < T (=r);

and so r — T~ (—r) is nondecreasing with r. This proves assertion (i).
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3. To prove (3.10), let us assume for later contradiction that
T-(0) > T7(0).
Select § > 0 so small that

(3.11) TH(0) —T(0) +26 < 0.
Next, take ry so small that
(3.12) T*(ro) < TT(0) + 6.
Then
/12
(3.13) v(a',re) < (TT(0) 4+ )ro + |2xr|
0

for all |2'| < pro.
4. We turn our attention now to the cylinder
Clro,r) = {|2'| < pro, —r < x, <10},
the small number 0 < r < ry to be selected.

Denote by 2/(—r) a value of 2/ where the maximum in (3.6) is at-

tained. So
1\ [2
(3.14) v(z'(=r), —r) = —rT~(=r) — @ (2 r)l :
r
and according to (3.8) we may assume

|2 (—r)] < Cr.

In view of (3.13), if 7 > 0 is small enough, then

|2 — ' (=r)|”
2(ro+1)

on the top {z,, = ro} of the cylinder C(ro, 7). We also observe that

2" — 2’ (=r)P?
2(xn + 1)

on the vertical sides {|z’| = uro}, again provided r is very small.

v(z',ro) < v (=r),—r) + (TT(0) +20)(ro + r) +

v(z) <v('(=r),—r) + (TH(0) + 20)(z, +7) +

Thus from the comparison principle for v, we have
' — 2 (—r)]?
0(o) < 0(a' (1), =r) o+ (TH0) 4 20) (o 1) + 5T
And then (3.14) implies
v(z) < —rT~(=r) + (T*(0) + 26)(z, + 1)
(3.15) 2" —a'(=r)]*  |2'(=r)]?
2(x, + 1) 2r
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inside the cylinder C(rg,r).
Put z = 0, to deduce from (3.11) that

v(0) < (=T (=r) +T7(0) +28)r <0
if r is small enough. This is a contradiction to (3.4).

The case that
T-(0) < T*(0)
leads likewise to a contradiction. 0
Remark. For future reference, we extract from this proof the asser-

tion that for any 6 > 0, we can select 19 > r; > 0 (depending upon ¢
and v) such that we have the bound from above:

v(z) < =T (=r1) + (T7(0) + 26) (2, +11)
(3.16) 2" — ' (=r)? 2 (=)
2(xp + 1) 2r;

within the cylinder
{[2'| < pro, —r1 < <o}

Likewise, we can assume that for the same rq > r; > 0, we have the
bound from below:

v(z) > T (ry) + (T7(0) +26)(z, — 71)
(3.17) 2" =2 (r) P | 2 ()P
+ 2(xp, —11) * 2r,

within the cylinder
{l2'| < pro, —ro < @, < i}
d

3.2 Approximation by linear functions. We now show that we
can approximate v on a smaller cylinder

7Q = {l'| < 7, |zn| < 7}

by a linear function [ = e, - x.

The idea will be to utilize the one-sided estimate (3.16), which for
small » bounds v from above by a smooth function of z. Since we can
similarly employ (3.17) to bound v from below by a different smooth
function, we will be able to build a two-sided linear approximation to
v near 0.

We continue to assume that v is a viscosity solution of the PDE (3.1),
satisfying (3.2), (3.3) and (3.4).
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Theorem 3.2. Given any 0 < n < 1, there exists a constant
0<7< !
T3,

depending upon v and n, such that

(3.18) max v —e; x| <nr,

for some vector e, satisfying
(3.19) le| < 4
for a constant C1.

Note that the scaling factor 7 may depend upon the particular solu-
tion v: we will later remove this restriction.

Proof: 1. Define 2'(—r) as in the previous proof, and write

y'(r) = wen),

Owing to (3.8), we have |¢/(r)| < C.

From the estimate (3.16), we see that for each small § > 0 there exist
ro > r1 > 0 such that

v(nz) < =T~ (—=r1) +T7(0) 4+ 26
(3200 e
+ (T+<O) _’_25)mn + |x2(;5_’(_ri§| - |y (gl)|

inside the cylinder
To To
{|I'/| < #7"_7 -1<z, < _} ) %Qa
1 71

the containment holding since ro > r; and p is large.
Define
2 —y'(r)l? Y (r)P?

w(z) == (TT(0) + 20)x, + S 1) _ 5

Then w(0) = 0 and
|Dw|, |D*w| < Cy in %Q,

for a universal constant C5y, which in particular does not depend upon
v,0, 19 or 1. Consequently, (3.20) implies

(3.21) w(r) < e-x+ Cylaf?
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for the vector e = Dw(0); and therefore

@ <-T (-r)+T"(0)+25+e-z+Cslz|* in Q.
1

2. Now let 0 > 0. Then

1
(3.22) r—v(rlcrx) —e-x < (=T (=r) +TH0) +20)0 ! + Cs0|x|?
10

within the cylinder ==

20 V"
Given n > 0, we first choose 0 < 0 < % so small that
030' <n.

Now pick first § > 0 and then ry > r; > 0 so small (3.20) holds and
also
(=T (—r) +T7(0) +20)0 ' <.
We conclude using estimate (3.22) that
1
(3.23) Tl—gv(rlazv) —e-x <2
within the cylinder Q.

Invoking the estimate (3.17), we can similarly estimate from below
that
1

(3.24) rl—gv(mam) —e . x>-2n
inside @, for the same r; but some possibly different vector €’.
3. Combining the inequalities (3.23) and (3.24), we deduce
(e —e) -z <4y
for all x € @Q); whence
(3.25) le —€'| < 4n.

If we now put
T =710, € =€,

then from (3.23), (3.24) and (3.25) we deduce that

max v — e, - x| < 6nT.
QR

O

Next, we employ a compactness argument to remove the restriction
that the scaling factor 7 may depend upon our particular solution v:
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Theorem 3.3. Given any 0 < n < 1, there exists a constant T1(n) > 0
such that if v is a viscosity solution of the PDE (3.1), satisfying (3.2)-
(3.4), then for some

1
(3.26) 0<m(n) <7< 3
we have the estimate
(3.27) max v —e, - x| <nr,
for a vector e, € R"™ satisfying
(3.28) le-| < Cy.

Proof. Assume the statement above is false for some 7 > 0. Then
we can find a sequence of 7, — 0 and corresponding functions v* that
satisfy the hypothesis of the Theorem, but for which the conclusion is
false for all values of 7, < 7 < %

We may assume the functions v* converge uniformly in @ to a func-

tion v*, which is therefore a viscosity solution of the PDE (3.1). Conse-
quently, v* satisfies the hypotheses of Theorem 3.2, according to which

(3.29) v —e" x| < 7' inT*Q,
for some small 0 < 7% < % If k is large, then v* satisfies (3.29) as well;
and this is a contradiction. O

4. IMPROVING FLATNESS, C'"“ REGULARITY.

4.1 Improved flatness within tilted cylinders. Now assume
that within a narrow cylinder containing the origin the infinity har-
monic function wu satisfies

(4.1) u(0) = 0.

and also u differs from a linear function in the sup-norm by no more
than a small number A\. We will show that on a smaller and possibly
tilted cylinder, the distance of v in the sup-norm to a slightly different
linear function is less than 1.

In particular, the linear approximation of u on the smaller cylin-
der improves by a factor strictly less than one. As explained in the
introduction, this is the key point.

Notation. (i) Given a nonzero vector e € R" and a,b > 0, we define
e

Qle, a,b) := {xER” |z — | §a;|x—%e| gb}

el
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to be the cylinder with center 0, axis e, height 2a and radius b.
(ii) In this notation

Qx = {leal < L ]2’ < A7} = Q(en, 1,A%)

for the coordinate vector e, = (0,...,0,1).

iii) Define finally the isotropic rescalings of u about the origin:

(iii) Define finally the isotropi lings of u about the origi
(4.2) ur(z) = M

T

Fundamental Assumption. We repeat our primary assumption,

that the flatness condition

(4.3) max |u—x,| <A
Qx

implies for any viscosity solution of the infinity Laplacian PDE (1.1)
the gradient bounds
sup |D'u| < CAz,
1Qx
sup |1 —u,, | < CA
1
3@

(4.4)

for some constant C'.
Given this hypothesis, here is our main assertion about improved
linear approximation:
Theorem 4.1. Suppose the above Fundamental Assumption.
There exist constants Ao > 0 and L > 19 > 0 such that if
w is infinity harmonic, u satisfies (4.1), and
(4.6) lu—e-z| <A in the cylinder Q(e, 1, A2),

for some vector e of length

<le| <2

Y

N | —

then for some scaling factor

(4.7) 0<m<7<;

the rescaled function u, satisfies

(4.8) lu, —e;-x| < A/2 in the cylinder Q(e-, 1, (3)
for a vector e, satisfying

(4.9) le. —e| < CAz.

N

),
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Proof. 1. Assume first that e is a unit vector, say e = e, =
(0,...,0,1). Suppose
lu—x,] < A in Q(en,l,)\%):Q,\.
We will show in this case that
(4.10) luy —er-x| <A/16  in Q(e,, 1, \2)
for some appropriate vector e,, provided \ is sufficiently small.

2. Suppose this assertion is false, no matter how small A is. Then
for a sequence )\, — 0 there exist infinity harmonic functions u* such
that u*(0) = 0 and

Wb — x| <A in Q,
but for which (4.10) fails.

Rescale each u* according to (2.5). In light of the Fundamental
Assumption, the rescaled functions v* are uniformly Lipschitz contin-

uous in %Q, and so have a subsequence that converges uniformly to a
function v that satisfies the hypothesis of Theorem 3.3.

Let C} be the universal constant from Theorem 3.3 and then put

1
T 6ac,
It follows that for small enough Ay and for some 1 > 7, > 79 > 0, where
_ 7
T0 :— 201 y

we have ] )
)\—k[(uk()\,f:c',xn) —Zp) — €, - x| < 73/32
in 2C7,Q, for some vector e, = (¢, e,) satistying |e, | < C;.
Therefore
[ (z) — A€y 1+ Aen) - 3] < Tde/32
in Q(ey, 2C 7%, QC'lrk)é). Restating this last estimate, we have

uf (z) — e - x| < Ap/32
in Q(en, 2C1,2C1\?), where

1
e’ = (A€, 1+ \en).

Since |e,, | < C; and we can assume C; > 1, it follows that

Q(e", 1,A]) € Qlen, 201, 201)));
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We consequently derive a contradiction.

This proves (4.10), and consequently the Theorem in the case that
e is a unit vector.

3. For the general case that 1/2 < |e|] < 2, we observe that the

rescaled function
2
u(z) = —u(zr/2)

e

satisfies the hypothesis of the Theorem for the unit vector e/|e| and
4. That is,

e

() x| <4X in Q(e, 1, (4))2).

By Steps 1 and 2 of the proof above, there exists 7y < 7 < 1 such
that

el

liir(z) — e - x| < A4 in Q(er, 1, (4)7))

for some vector e, satisfying

e, — —| < CAB.
el
We conclude that
urja(x) — e - 2] < [elA/4 < A2
in Q(ez, 1, (A/2)2), where
er = ele,.

And we have the required estimate
lez —e| < CAz,
O

4.2 Local CY regularity. Finally we iterate the preceding asser-
tion about improvement of linear approximations:

Theorem 4.2. There exists a constant \y > 0 such that if

(4.11) lu—e-z[ < e[ inQe, LA%),
then
(4.12) | Du(x) — Du(0)| < Cle]|z|”

within %Q, for constants C' >0 and 0 < 5 < 1.
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Proof: Without loss of generality, we may suppose |e| = 1.

1. Firstly, select A\; to satisfy 0 < A\ < A, where \q is the constant
from Theorem 4.1. We want to apply this theorem repeatedly, to find
scaling factors

O<...rmp << <rg=1,

such that
T'k+1 1
4.13 < /=< =
( ) TO — 'rk — 2’
for which the rescaled functions u,, satisfy the estimates
1

(4.14) Uy, — €, - | < Mg in the cylinders Q(e,,,1,\?)

for A\, := 27%)\; and vectors e,, satisfying

1
(4.15) ler, —en_ | < CON2.
To apply Theorem 4.1 as above, we need to check that
1
5 < |e7‘k| <2
But these inequalities follow inductively from (4.15), since |e,,| = 1
and
k—1 1
|em - e7‘0| < Z |e7’j+1 - erj| < C’>\1 < 57
j=0

provided A; is small enough.

2. Applying the Fundamental Assumption to the infinity harmonic
functions w,,, we find

D, () = Dy (0)] < OA;
for |z| < %/\% In view of (4.13), this implies
|Du(z) — Du(0)| < C127%/2,
for |x| < C1F27%/2; and estimate (4.12) follows. O

We next observe that for each point in our domain, we can achieve
the starting flatness condition (4.11), if we look on a sufficiently small
length scale. This follows from the next lemma, which follows from
[C-E].
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Lemma 4.3. There exist a universal constant 7 > 0, such that if u is
infinity harmonic in the unit ball B := B(0,1) C R™,

lul <1
and
u(0) =0,
then there exists .
0<m <7< 3
such that
(4.16) mgx|u7—e-m| < %HuHLoo(B).

for the rescaled function u, and a vector e, satisfying
(4.17) le-| < Cllull<(s).

Notice carefully that this Lemma says that u can be well approx-
imated by a linear mapping on sufficiently small balls, whereas our
iteration procedure above works for small cylinders.

Next is the key assertion of local C'h* regularity.

Theorem 4.4. Suppose that the Fundamental Assumption holds. Let
u be infinity harmonic in the unit ball B C R™, with the bound

lu] < 1.
Then
(4.18) |Du(z) — Du(0)| < Clx|”
within %B, for constants C' and o > 0.
In particular, u is CY® in the interior of B.
Proof: 1. We repeatedly apply Lemma 4.3, to find scaling factors

O<. . sy <" <81 <89=1,

such that .
1 S % S —
Sk 2
for which the rescaled functions u,, satisfy
Ao
(419) ||U’5k+1 - e5k+1 : xHLOC(Bl) S _HuSkHLO"(Bl)'

for vectors e, satisfying

‘esk+1| < CHuSk ||L°°(B1)
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Observe also that if
1
(4.20) i1l = s llzoem),

then

1
Hu8k+1 HLOO(Bl) < §Hu8k HL"O(Bl)'

2. Suppose first that (4.20) holds for all £ =1,2,.... Then if
sir1/2 < x| < s/2,
we have
(4.21) [Du(z)] < Cllug, ||z < C27% < Cla|®
for some appropriate o > 0; and the Theorem is proved in this case.

3. In the case when (4.20) is not always satisfied, let k& denote the
first index for which (4.20) fails; so that

‘e5k+1| > ZHU/SkHLOO(Bl)'
This and (4.19) imply
||u8k+1 — €50 xHL(’O(Bl) < )\Olesk+1|‘

We can therefore apply Theorem 4.2 to us,,,. We deduce that for
all x € By,

| Du(s412) = Du(O)] < Clug o
< C27Mx)?
< Clspyrz|°.
And from Steps 2 above, we see that (4.21) holds also for |z] > 1s,.1.
The Theorem is proved. 0

5. TwO DIMENSIONS

In this section we verify that the Fundamental Assumption, and
therefore C1® regularity, holds in n = 2 dimensions. The following
arguments are due to the second author and sharpen some insights
from his earlier paper [S].

Definition: The plane p := e - x 4 a is called a crossing tangent
plane for u within the disk B(0,7) if either the open set {u > p} or
the open set {u < p} has at least two distinct connected components
which intersect B(0,7).

The paper [S| proves
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Theorem 5.1. Let u be infinity harmonic in a domain U C R? and
assume u is not identically equal to a plane near 0.

Then u admits a crossing tangent plane within B(0,n) for all suffi-
ciently small n > 0.

The next estimates improves and simplifies the results of Proposition
2.4 of [S], to verify the Fundamental Assumption.
Theorem 5.2. Assume
(5.1) lu— o] <X in Q.

(i) Suppose the plane p = e - x + a of slope e = (e, e3) is a cross-
ing tangent plane within B(0,n), for small n > 0. Then we have the
estimates

(5.2) les] <CA2 and ez — 1| < CA.
(ii) Furthermore,

(5.3) |t | < A2, Jugy — 1] < CXin 1Q1.
Proof: 1. It is easy to show that

(5.4) le] <14+ CA

for a constant C.

Next we assume for later contradiction that both of the following
inequalities hold:

(5.5) 1 —ey > Cy ), ley] < CTIATV2(1 = ey),
the large constant C; to be chosen later.

2. We now claim that

(5.6) e-x<xy— N if x> 2071, |x1|§)\%
and
(5.7) e-x >0+ A if ay < =207, |11] < Az

To see this, note that
To—e-x=—ex; + (1 —eg)ay
> —X3fer] + (1 — e2)
(1—es)(z2 — CTY)
A

AV

provided x, > 20!, Similarly

To—e- - < =\,
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x2=0 \—’_/\/

X2=-0

1/2
X1=A

F1GURE 1. The regions where u > p

provided zy < —201_1.
The inequalities (5.6) and (5.7) imply that
{xy >4CT'} C {u > p}
and

{2y < —4CT'}  {u < pl.

Let 6 > 0 be a small number, to be determined later. We now fix
the constant C in (5.5) so large that

(5.8) {zg >0} C {u>p}
and
(5.9) {2y < =0} C {u<p}.

3. Since p := e-x +a is a crossing tangent plane, either the open set
{u > p} or the open set {u < p} has at least two distinct connected
components that intersect the small ball B(0,7). Consequently we can
find a connected component of, say, {u > p} that is included in |z5| < 6.

Notice that this component cannot be compactly included in |z;| <
/\%, since otherwise we would contradict the comparison principle. There-
fore this connected component of {u > p} contains a polygonal line L,
that starts from an n-neighborhood of the origin and ends, say, on the
line segment {z; = Az, |z5| < 8}. See Figure 1.
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4. Denote by S the strip
Si= {17 <y < 3} x {|za] < 1}

Let U be the connected component of {u > p} in S that contains
{z9 > 0}. Note that LN S C S\ U.

5. We are next going to compare u with a suitable cone function v
in S\U.

Consider the family of cones with vertex at y = y5 := (%/\%, —109),
height y, + A and slope c. That is, define

Vye(T) =12+ A+ clz —y|.

We now claim that for

A
co=1-— 3
the cone function vy = vy, satisfies
(5.10) vo > Ta+ A on dSN{xy < 4§}
and
(5.11) vgp < T2 — A on the segment {(%A%,xz) | |z2] <0}

To prove (5.10), observe that vg(x) > xs + A, provided

Co > T2 y2.
|z =yl
This holds if the angle a between x —y and the positive x5 axis satisfies
A
(5.12) cosa < 1—5.
Now points in the set S N {xy < 0} satisfy
(5.13) t > LA
: an —_—
“=1154

see Figure 2.
Consequently, the assertion (5.10) follows if (5.13) implies (5.12).
This is indeed so, if we fix § to be small enough.

To prove the upper bound (5.11), note that if xo > y, = —104, then
V(A2 /2, 22) = Yo + A+ co(as — ).
Consequently, (5.11) holds provided

A
y2+/\—|—(1—g)(x2—y2)<x2—/\

And this is valid for |z5] < 4.
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1/2
x1=1/4)\1/2 X1=3/4 \
X2=0 :
X2=-3 ;
' ® X
La
y ¢

FI1GURE 2. The angle «

6. Now we compare the cones v, . with the solution u in the region
S\U.

When ¢ > 1, v is above u. Decrease ¢ continually until v touches
restricted to (S \ U) for the first time, at a point x*. Denote by c¢*
the value of ¢ for which this happens.

According to (5.10) and (5.11), we have

> .
Therefore
o € {|ma] < 8,107 < a1y < 2AZ}
Now
(5.14) Uy, (27) = u(z”) = p(z7),
and

Vyer > u on [y, N (S\U).
[y, 2*] denoting the line segment from y to x*.

7. Let z be a point of intersection of the polygonal line L with the
segment [y, z*]. Then

(5.15) Uy (2) > u(z) > p(z).
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From (5.14), (5.15) we find

e- Ty > " > ¢
|z* — |
Since )
A2 ¥ —
T|€1’ + e9 Z e - m*—_z’,
we can employ (5.5) to find
1 — €9 A
>1— —.
o 27T
Therefore
A s (1—en)(1— =) > o1 — )
5= ? Co’ =t Ci6”

But this is a contradiction if 'y is chosen large enough.

8. Consequently, (5.5) is false, and therefore at least one of the two
stated inequality fails. In either case, it follows that

(5.16) e >1— ChA — ChAZ ey
But then (5.4) implies
e} < (1+C1\)° — e
SO+ (T4e)(1 —eg)
< ON+CAZ ey ;

whence )
|€1| S Chz.
Now (5.16) and (5.4) together yield the inequality
|1 — 62‘ < CA.

We have at last proved estimate (5.2).

9. The proof of (5.3) uses the existence of crossing tangent planes
(Theorem 5.1) to connect the estimate (5.2) at differing scales. We
adapt the proof of Proposition 2 in the second author’s paper [S].

Let e, = (e,1,€,2) denote the slope of the plane that approximates
w in B(0,r), meaning that

(5.17) () — u(0) - e - all (50, < r(r),
where o(r) — 0 as 7 — 0. We will show that
(5.18) lep1| < CAYV2 ey — 1) < O

Moreover, our proof will demonstrate also that the slopes e, converge
asr — 0.
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10. Case 1: The function u is not identically equal to a plane in any
neighborhood of 0.

Then Theorem 5.1 implies that u admits a crossing tangent plane
in each small disk B(0,7), for 0 < n << r. Let p = e-x + a, with
e = (ey,e2), be such a plane. We apply (5.2), to find

(5.19) le ] < CAY2) |1 — ey < CA.

We next check that
1/2< e, < 2.
The left inequality follows since p is a crossing tangent plane around 0
in B(0,r), and therefore |e| < |e,|+20(r). The right inequality follows
from hypothesis (5.1) and the comparison with cones property, from
which follow the estimate |e,| < 1+ CA < 2.

We again apply (5.2), to deduce from (5.17) that
(5.20) le, —e| < Co(r)/2.

The conclusion (5.18) now follows from (5.19), (5.20), provided that r
is small enough.

We notice also that the vectors e, converge as r — 0, since the above
inequality forces

e, — e,| < 2Co(r)/?
for 0 < s < r. Consequently u is differentiable at 0, Du(0) = lim,_, e,,
and
|t (0)] < CAZ, gy (0) — 1| < CA.

We can replace 0 in this argument by any point in %Q z, and thereby

establish the estimate (5.3).

11. Case 2: The function u is identically equal to a plane p in some
neighborhood of 0.

Denote by V' the interior of the set {u = p}. If V contains %QA, then
(5.3) is obvious. If not, let y € OV be a point in the above rectangle.
Applying Case 1 to a rectangle centered at y, we again prove (5.18).
This as before implies the desired estimate (5.3).

O

Theorem 5.2 confirms that the Fundamental Assumption is valid for
n = 2 dimensions. We may therefore invoke the theory from Sections
2-4, to establish:

Theorem 5.3. There exists a constant o > 0 such that if u is a
bounded wviscosity solution of the infinity Laplacian PDE in a open set
U C R?, then

ue ChU).

loc
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Furthermore, for each open set V. CC U, there exists a constant C,
depending only upon V', such that

(5.21) ul|craqy < Cllul|Lew)-
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[A-C-J]
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