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RESUMO

Esta tese componhe-se dos seguintes 3 manuscritos que tratam de estimativas de regulari-
dade para equacoes parabdlicas totalmente nao-lineares e problemas elipticos de uma-fase

singularmente perturbados.

Sharp regularity estimates for second order fully nonlinear parabolic

equations - Trabalho em conjunto com Eduardo V. Teizeira.

O principal propésito do segundo capitulo é provar estimativas de regularidade precisas
para solugoes (no sentido da viscosidadde) de equagbes parabdlicas totalmente nao-lineares

da seguinte forma:

% — F(D*u, Du,z,t) = f(z,t) in Q=B x (—1,0], (Eql)
onde F': Sym(n) x R" x Q1 x — R é um operador uniformemente eliptico e f € LP%(Q)
(espago de Lebesgue com normas mistas). Ressaltamos que a quantidade Z(n,p,q) :=
% + % determinard (precisamente) a qual regime de regularidade uma solu¢ao deverd
pertencer. Resumidamente, quando 1 < Z(n,p,q) < 2 — e provamos que solugoes sao
Holder continuas (no sentido parabdlico) para um expoente 0 < «a(n,p,q) < 1. O caso
=(n,p,q) = 1 representa uma situagao limitrofe critica a qual divide a teoria de regula-
ridade. Neste cenédrio obtemos uma estimativa de regularidade (universal) do tipo Log-
Lipschitz precisa. Quando 0 < Z(n, p,q) < 1, solugoes sdo localmente da classe Clto 57,
Finalmente, no “caso limite”, isto é, =(n, p, ¢) = 0, mostramos estimativas de regularidade

Clloglip desde que F seja convexo na componente das matrizes Hessianas, por exemplo.

Schauder Type Estimates for “Flat” Viscosity Solutions to Non-convex Fully
Nonlinear Parabolic Equations and Applications - Trabalho em conjunto com

Disson S. dos Prazeres

Em um segundo momento (a saber, no terceiro capitulo), estabelecemos estimativas do
tipo Schauder para solugoes flat (ou seja, com oscilagao suficientemente pequena) para
equagoes parabdlicas totalmente nao-lineares (ndo convexas) da seguinte forma:
ou 9 .

E_F(xvtuD U):f($,t> m Ql (Eq2)
desde que os coeficientes de F' e o termo fonte f gozem de um modulo de continuidade
do tipo Dini . Além disso, provamos um resultado de regularidade parcial, bem como um
teorema do tipo Evans-Krylov para essa classe de problemas. Finalmente, para problemas
com dados meramente continuos, provamos que solucgoes flat de (@) sao parabolicamnte

ClLoglip pegylares.



Regularity up to the boundary for fully nonlinear singularly perturbed

elliptic equations - Trabalho em conjunto com Gleydson C. Ricarte

Posteriormente (para ser preciso, no capitulo 4), estamos interessados em estudar a re-
gularidade até o bordo de problemas elipticos totalmente nao-linearmente de uma-fase

singularmente perturbados do seguinte tipo:
F(z,Duf, D*u®) = ((u) in QCR" (Eq3)

onde (. se comporta assintoticamente como a medida dy de Dirac quando € vai para zero.
Nesse contexto, estabelecemos cotas globais do gradiente (independentes do parametro ¢)
para solugoes no sentido da viscosidade de (@), as quais nos permitem passar o limite
e obter a regularidade 6tima (estimativas Lipschitz) para o problema de fronteira livre

associado.

Palavras-chave: Equacoes elipticas totalmente nao-lineares. Equagoes parabodlicas to-
talmente nao-lineares. Médulo de continuidade preciso. Solucoes flat. Propriedades de
suavidade de solucoes. Problemas de uma-fase. Regularidade até o bordo. Equacoes

singularmente perturbadas. Estimativas globais do gradiente.



ABSTRACT

The thesis consists of the following three papers on regularity estimates for fully non-linear

parabolic equations and one-phase singularly perturbed elliptic problems.

Sharp regularity estimates for second order fully nonlinear parabolic

equations - Joint work with Eduardo V. Teixeira.

The purpose of the first chapter is prove sharp regularity estimates for viscosity solutions

to fully non-linear parabolic equations of the form

% — F(D*u, Du,z,t) = f(z,t) in Q= B; x (—1,0], (Eql)
where F' is a uniformly elliptic operator and f € LP?((Q;). The quantity =(n,p, q) := %4—%
determines which regularity regime a solution to (@) belongs to. We prove that when
1 < Z(n,p,q) < 2—ep, solutions are parabolic-Holder continuous for a sharp, quantitative
exponent 0 < a(n,p,q) < 1. The case =Z(n,p,q) = 1 is a critical borderline situation as it
divides the regularity theory. In this scenario, we obtain a sharp universal Log-Lipschitz
regularity estimate. When 0 < Z(n,p,q) < 1, solutions are locally of class O+ 5% and
in the limiting case Z(n,p, q) = 0, we show C1Eo8LP regularity estimates provided F' is

convex in the Hessian argument for example.

Schauder Type Estimates for “Flat” Viscosity Solutions to Non-convex Fully
Nonlinear Parabolic Equations and Applications - Joint work with Disson S. dos

Prazeres

In a second moment we establish Schauder type estimates for flat solutions to non-convex

fully non-linear parabolic equations of the following form

0

5 — P, D) = f(,t) in Q (Eq2)
provided the coefficients of F' and the source f are Dini continuous. Furthermore, we
prove a partial regularity result, as well as a theorem of Evans-Krylov type. Finally, for

problems with merely continuous data we prove that flat solutions to (@) are parabolic

ClLogLip gmooth.

Regularity up to the boundary for fully nonlinear singularly perturbed

elliptic equations - Joint work with Gleydson C. Ricarte

Posteriorly, we are interested in studying regularity up to the boundary for one-phase



singularly perturbed fully non-linear elliptic problems
F(z,Duf, D*u®) = (. (u) in QCR" (Eq3)

where (. behaves asymptotically as the Dirac measure dy as € goes to zero. We shall
establish global gradient bounds independent of the parameter ¢ to viscosity solutions to
(@), which allow us to pass the limit and obtain optimal regularity for free boundary

problem.

Keywords: Fully nonlinear elliptic equations. Fully nonlinear parabolic equations. Sharp
moduli of continuity. Flat solutions. Smoothness properties of solutions. One-phase pro-
blems. Regularity up to the boundary. Singularly perturbed equations. Global gradient

estimates.
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13
1 INTRODUCTION

The study of second order parabolic equations plays a fundamental role in the development
of several fields in pure and applied mathematics, such as differential geometry, functional
and harmonic analysis, infinite dimensional dynamical systems, probability, as well as in
mechanics, thermodynamics, electromagnetism, among others. The non-homogeneous

heat equation,

% —Au=f in Q=B x(-1,0], (1.1)

where f € LP(Q), p > "T“, represents the simplest linear prototype. Its mathematical
analysis goes back to 19th century and the regularity theory for such an equation is
nowadays fairly complete.

The fully nonlinear parabolic theory is quite more recent. The Krylov-Safonov’s
fundamental works in KRYLOV and SAFONOV (1979) and KRYLOV and SAFONOV
(I1980) on linear, non-divergence form elliptic/parabolic equations set the beginning of the
development of the regularity theory for viscosity solutions to fully nonlinear parabolic
equations. Since then this has been a central subject of research. In effect, L. Wang in
WANG ([1992a,h) proves Harnack inequality and Cl+e 5 estimates for fully nonlinear
parabolic equations as follows % — F(D*u, Du,x,t) = f in Q1, and M. Crandall et al
in CRANDALL, KOCAN, and SWIECH (2000) develop an LP-viscosity theory, see also
Imbert-Silvestre’s survey in [IMBERT and SILVESTRE (2013) as regards to existence,
comparison and Holder regularity of viscosity solutions. With regards to higher regularity
estimates, N. Krylov in KRYLOV (1982) and KRYLOV] (1983) obtains C*t**2* estimates
for solutions to % — F(D%u) = 0, under convexity assumptions (see also (WANG, 1992b,
Section 4.3) for similar results). Finally, we must comment that Caffarelli-Stefanelli in
CAFFARELLI and STEFANELLI (2008) exhibit solutions to uniform parabolic equations
that are not C*!, thereby showing the impossibility (in general) of an existence theory
for classical solutions to such parabolic equations.

Let us remember that parabolic equations in non-divergence form involving

sources with mixed integrability conditions, namely

ov a
ot > iz, )Dyv = f € LP(Qy),
ij=1

have also been fairly well studied in the literature in the last decades. Existence in
suitable parabolic Sobolev spaces has been proven by N. Krylov, see KRYLOV, (2008,
2007)), see also the sequence of works by D. Kim KIM (2008, 2010). Insofar as regularity
estimates are concerned, only qualitative results are available when p and ¢ are sufficient
large. Nonetheless, as in a number of physical, geometric and free boundary problems,

obtaining a quantitative sharp regularity estimate for solutions is decisive for a finer



14

analysis. Therefore, the purpose of the second chapter in this thesis is to obtain sharp

moduli of continuity of solutions for second order parabolic equation as follows

ou .
E—F(DQU,DU,LI?,t):f(fE,t) m Qh
involving sources with mixed norms, for which the corresponding estimates depend only
on dimension, p, ¢ and universal parameters.

In this first moment, we define the quantity

—_ n 2
:‘(n7p7 Q) ==t
P 4q

which to determinate the sharp regularity regime in which viscosity solutions belong to.
The first quantitative regularity result we show states that if 1 < =(n,p, q) < ”F—J(:z, where
”T“ < po < n+ 1 is a universal Constantm, then solutions are a-Holder continuous in
the parabolic sense for the sharp exponent o := 2 — Z(n,p,q) (see Section @ for the
treatment of this case).

Intuitively, as Z(n, p, q) decreases, one should expect that regularity estimates
of solutions improve . The borderline is Z(n,p,q) = 1, where we prove that solutions
are Log-Lipschitz continuous in the parabolic sense (see Section @ for this analysis).
This result is a further quantitative improvement to the fact that u € C’f;’ﬁ(@l) for any
0<a<l.

When 0 < Z(n,p,q) < 1, we show that solutions are C’H'B’#, for f < 1—
=(n,p,q) (see Section @ for this case). Qualitative results, when p = ¢ > n + 1, were
previously obtained by M. Crandall et al (CRANDALL, KOCAN, and SWIECH, 2000,
Section 7) and L. Wang (WANG, 1992D, Section 1.2).

Finally, we deal with the upper borderline case, f € BMO(Q;). Under appro-
priate higher a priori estimates on F, we show that solutions are Cio-°*™P(Q;) in the
parabolic sense (see Section @ for this approach). Particularly, u € C’llota’HTa(Ql) for
any 0 < a < 1.

The table below provides a global picture of the parabolic regularity theory for
equations with anisotropic sources, in comparison with the sharp elliptic estimate from
TEIXEIRA (2006):

Here, ¢ := 2 — Z(n,p,q) and pu := min{a~,1—=(n,p,q)}. Moreover, a~

means o — ¢ for every 0 < ( < o and 65 € (0, 5) is a universal constant.

!The universal constant pg is one which gives the minimal range for which the Aleksandrov-Bakelman-
Pucci-Krylov-Tso maximum principle holds for LP-viscosity solutions provided p > po (cf. (CRANDALL,
KOCAN, and SWIECH, 2000, Section 2) for more details).

2Here ¢ is the Escauriaza’s universal constant which provides the minimal range which the Caffarelli’s
W2P theory (resp. Harnack inequality and Hélder regularity) holds for viscosity solutions to fully nonli-
near elliptic equations, since p > n — ¢ (see (ESCAURIAZA|, 1993, Theorem 1 and Lemmas 1 and 2) for
more details).
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f € Lr(B) Regularity of u f e LriQ) Regularity of u
02— - n '3
n—e<p<n C,. " (B1) 1 <Z(n,p,q) < piOQ C2(Qy)
p=n Cloe FTP(By) E(n,pg) =1 | par — Cpp™ P (Q1)
l,min{a*,l—%} _ 1+#’1+Tu
p>n Cloc (Bl> 0< ‘:(napa Q> <1 Cloc (Ql)
BMO p L™ C®P(By) BMO p L™ par — O %P (Q)
Elliptic Theory X Parabolic Theory

Tabela 1: Sharp regularity estimates in the elliptic and parabolic scenarios

It is interesting to note that the parabolic regularity estimates agree with its
elliptic counterpart provided f € LP>(Q1).
Next picture shows the critical surfaces and the regions they define for the

optimal regularity estimates available for solutions to (@)

Figura 1: Critical surfaces for optimal regularity estimates.

This summarizes the content of the first chapter of this thesis.
In the third chapter of the thesis we study interior regularity estimates for

solutions of the following class of fully non-linear parabolic equations
— — F(x,t,D*u) = Z (,t,u, Du). (1.2)

Under continuous differentiability with respect to the matrix variable and appropriate
continuity assumptions on the coefficients and source function, we prove Schauder type
estimates for parabolic d-flat solutions, namely solutions whose oscillation is small enough,
|lul| <6 < 1.

The non-linear operator F': By x (—1,0] x Sym(n) — R is assumed to be
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uniformly elliptic and Lipschitz, i.e., there exist constants A > A > 0 such that for any
M, P € Sym(n), with P > 0 and all (z,t) € )1 there holds

AIP|| < F(a,t, M + P) - F(a,t, M) < A|[P]. (1.3)

As a prologue to our researches, let us remember (briefly) the historical bre-
akthroughs in relation to the regularity theory for non-divergence form parabolic equa-
tions: Fully non-linear parabolic equations have received great attention since the early
80s. The Magnum Opus of such a theory is the following fundamental Theorem due to

Krylov and Safonov:

Theorem 1.1 (Krylov-Safonov’s Harnack inequality KRYLOV and SAFONOV
(1980), M. Crandall et alCRANDALL, KOCAN, and SWIECH (2000) and L. Wang
WANG ([19924)). Let v be a bounded non-negative viscosity solution to

0 |
a—:: —a’(z,t)Dijv=0 in @ (1.4)
with A\I < a;; < AI. Then v satisfies the parabolic Harnack inequality. In particular, it is

Hélder continuous and

v < C(n, AN ||v][ Lo (qu)-

Hca’%(Quz)

It also follows by Krylov-Safonov’s Harnack inequality, that solutions to cons-

tant coefficients equations are locally differentiable. That is:

Theorem 1.2 (C”‘“’HTQ estimates, M. Crandall et al CRANDALL, KOCAN, and SWI-
ECH (2000) and L. Wang WANG (11992b)). Let v be a bounded viscosity solution to

0

2 _FD*) =0 in Q (1.5)
ot
for an F' uniformly elliptic operator. Then, there exist constants C' > 0 and 0 < a < 1

depending only on universal parameters such that

|’U‘|01+Q,H—TQ(Q1/2) < C”U”L‘X’(Ql)'

It is also well established that, under suitable assumptions on .% : By x(—1,0] x
R x R™ — R, viscosity solutions to () are locally of class C'+* 5% see CRANDALL,
KOCAN, and SWIECH (2000) and WANG (1992h). Hence, one can regard the source
F(z,t,u, Du) in (@) simply as a continuous function f(z,t). Therefore, hereafter, the
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equation (@) will be rewritten as

ou 2\ .
5 F(z,t,D*u) = f(z,t) in Q. (1.6)

It is important to highlight that Clre 5 g optimal. The fact that such a
regularity is optimal (without convexity assumption of F') is due to remarkable (ellip-
tic) examples due to Nadirashvili and V1adut in INADIRASHIVILI and VLADU’ﬂ (}2007|),
NADIRASHIVILI and VLADUT (2008), NADIRASHIVILI and VLADUT (2011) and
|NADIRASHIVILI and VLADU'Ii (l2013|) See also the counterexample due to Caffarelli
and Stefanelli in CAFFARELLI and STEFANELLI (2008), which shows that C2! regu-

larity is generally not to be expected. Classical solutions are granted upon convexity

(concavity) assumption on F.

Theorem 1.3 (Evans-Krylov Theorem, C*r %5 estimates, tEVANS| (|198ﬂ) and
tKRYLOVI (|198d) and |WANG| (|1992b|)). Let v be a bounded viscosity solution to (@),

where F' is a convex (concave) operator. Then, there exist constants C >0 and 0 < o < 1

depending only on universal parameters such that

ol < Cllollisau.

5 Q)

Taking into account the impossibility of a general existence theory for classical
solutions to fully nonlinear parabolic equations, to obtain additional conditions on F,
f and u in order to establish local C2t*5* estimates have become a central theme of
research in the last years. In this direction, the monumental article () is the
pioneering work as regards to flat viscosity solutions in the elliptic case (cf. ()
for its parabolic counterpart). Afterwards, hDOS PRAZERES and TEIXEIRAI (b()ld)

arisen with a remodelled systematic approach based on geometric tangential analysis

(in short GTA) for such subject also in elliptic scenario. We also recommend to the
reader TEIXEIRA| (2014), TEIXEIRA (2015), TEIXEIRA (2016) and TEIXEIRA and
IURBANO| (l2014l) as another insight and motivation for this GTA’s topic in the elliptic

and parabolic settings. Regarding that research topic, our work treats with non-rigid

assumptions on data, nonlinearity and solutions in order to recover classical regularity
estimates to viscosity solutions to (@) (compare with IZOU and CHEN1 (lZOOj), IKRYLOVI
(1983), TIAN and WANG (2013), (WANG, 1992b, Section 1.1) and (WANG, 1992b,
Section 4.3), which work under convexity /concavity assumptions on F'). Furthermore, we
point out that different from its elliptic counterpart (cf. IDOS PRAZERES and TEIXEIRAI
()), this parabolic version involves further extensions and difficulties that are treated

and resolved throughout this thesis.

Therefore, we establish sharp and improved regularity estimates for solutions
with small oscillation (flat) to (@), provided the data f and F are, in some sense,
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parabolically Dini continuous functions, see ZOU and CHEN (2002), KOVATS (1999) and
TTAN and WANG (2012) for some surveys on this topic. Such regularity issues appear
in many contexts such as Mathematical Physics, stochastic process, Geometric Analysis,
Free boundary problems, because they allow us to access the high order estimates, as well
as point out the precise modulus of continuity of solutions in terms of regularity of the
medium and the source for problems governed by equations of the form (@)

It is worth to remembering that, Schauder type estimates for solutions of ()
with Dini continuous sources f have been considerably well studied in the literature. For

linear equations,

the modulus of continuity of %—;‘ and D?u are well-known, see for example ZOU and
CHEN (2002), TIAN and WANG (2012) and WANG (2006). Concerning fully nonlinear
equations, Kovats in KOVATS ([1999), studied classical solutions of the constant coefficient
model

F(z,D*u) = f(z) in B, (1.7)

by means of polynomial approximation methods, maximum principle tools and Evans-
Krylov Theorem, where F' is assumed to be convex and f is Dini continuous (in the
L™average sense). Moreover, Kovats developed the Dini-Campanato spaces theory, which
naturally generalize the Holder spaces, and applied this result to establish Schauder type
estimates for such solutions of ()

As for parabolic equations, recently Zou and Chen in ZOU and CHEN (2002)

24a

have reproduced similar results under suitable Dini continuity assumptions and C?+® ™2
a priori estimates for % — F(z0,t9, D*h) = 0. Finally, more recently an original approach
was developed by Tian and Wang in TIAN and WANG (2012), see also Wang in WANG
(2006), using maximum principle, derivative estimates and polynomial approximation in
the linear and fully nonlinear setting for elliptic and parabolic operators which are O
and have C**® a priori estimates. Wang in WANG (2006) also studied the borderline case,
when f is merely continuous. In this scenery, under the previous hypotheses, gradients
of solutions to () have Log-Lipschitz modulus of continuity, see also (DA SILVA and
TEIXEIRA| 2017, Section 6) and (TEIXEIRA, 2014, Section 5) for similar results.

A

Therefore, given a flat viscosity solution to () with source f and medium
w(r)

r

1
(coefficients of F') been Dini continuous functions, namely C%7(Q;) with / dr finite,
0

P(s) = 8/51 gdr—l—/ol @dr.

Particularly, we recover classical Schauder estimates, when 7(s) = s* for 0 < a < 1.

then u € C21%(Qy), where

loc
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As consequences of the our regularity estimates we are able to prove a partial regularity
result when the source is a Lipschitz function, as well as a theorem of Evans-Krylov type.
Similar results can be obtained for regularity to some geometric flows for certain kind
of manifolds with geometric restrictions (cf. HUISKEN ([1987) and TIAN and WANG
(2013))). Moreover, Lipschitz logarithmic estimates are obtained, when the Dini condition
fails, compare with (DA SILVA and TEIXEIRA| 2017, Section 6).

This summarizes the content of the third chapter of this thesis.

In the last part of our thesis we establish global gradient estimates for sin-
gularly perturbed fully nonlinear elliptic equations, which arise of certain models from
combustion theory. In the following a brief resume and overview on the problem: Th-
roughout the last three decades or so, variational problems involving singular PDEs have
received a warm attention as they often come from the theory of critical points of non-
differentiable functionals. The pioneering work of Alt-Caffarelli ALT and CAFFARELLI

(1981)) marks the beginning of such a theory by carrying out the variational analysis of

1
min/ (—]Vv|2 + X{v>0}) dx,
a \ 2

among competing functions with the same non-negative Dirichlet boundary condition.

the minimization problem

Since the very beginning it has been well established that such discontinuous
minimization problems could be treated by penalization methods. Lewy-Stampacchia,
Kinderlehrer-Nirenberg, Caffarelli among others were the precursors of such an appro-
ach to the study of problem Au‘ = (.(u®) over of 70s and 80s. Linear problems in
non-divergence form was firstly considered by Berestycki et al in BERESTYCKI, CAF-
FARELLI, and NIRENBERG ([1990). Teixeira in TEIXEIRA| (2006) started the journey

of investigation into fully non-linear elliptic equations via singular perturbation methods:
F(z,D*u) = (.(u°) in €,

where (. ~ £7'x(.). The problem appears in nonlinear formulations of high energy
activation models, see RICARTE and TEIXEIRA (2011) and TEIXEIRA| (2006). It can
also be employed in the analysis of over-determined problems as follows. Given €2 C R"”
a domain and a non-negative function ¢: Q@ — R, the question of finding a compact

hyper-surface 0€2 C 2 such that the following elliptic boundary value problem

F(z,Du,D*v) = 0 in Q\&
u(r) = g(x) on 099 (1.8)
ulz) = 0 on 0%,

plays a crucial role in geometry and mathematical physics.
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In RICARTE and TEIXEIRAl (2011), several analytical and geometrical pro-
perties of such a problem were established. Notwithstanding, regularity up to the boun-
dary for approximating solutions has not been proven in the literature yet. This is the
key goal of the fourth chapter of the thesis. More precisely, we prove a uniform gradient

estimate up to the boundary for viscosity solutions of the singular perturbation problem

{F(x,Dua,D u(z)) = Clu) in Q (Ee)

u(x) = g(z) on 09,

where the singular reaction term (.(s) = ¢ () for some non-negative ¢ € C§°([0,1]),
a parameter ¢ > 0, a non-negative g € C*7(Q), with 0 < v < 1, and, a bounded C*!

domain Q (or 02 for short). In other words,

”Du5||L°°(§) < C(TL, )"Av b7 HCHL‘X’([OJ])J ||g||01»7(§)7 Q)

It is worth to highlight that our estimates generalize the correspondent local
ones, see T'EIXEIRA (2006) and RICARTE and TEIXEIRA (2011). As a consequence
we are able to obtain existence for corresponding free boundary problem.

Our approach follows the pioneering work of Gurevich GUREVICH (11999),
where it was introduced a new strategy to investigate uniform estimate up to boun-
dary of two-phase singular perturbation problems involving linear elliptic operators of
type Lu = 0;(a;j0;u). This method has been successfully applied by Karakhanyan in
KARAKHANYAN (2006) for the one-phase problem in the case involving non-linear sin-
gular/degenerate elliptic operators of the p-Laplace type, A,u® = ((uf).
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2 SHARP MODULI OF CONTINUITY FOR FULLY NONLINEAR PARA-
BOLIC EQUATIONS

In the present chapter we shall prove sharp regularity estimates for viscosity

solutions of the following fully non-linear parabolic form

%—F(D%,Du,x,t):f(x,t) in Qi (Eq)

where F' is a uniformly elliptic operator and f belongs to Anisotropic Lebesgue space
LP9(Qy). The quantity =(n,p,q) := % + % is pivotal in our results, because it classifies
the regularity regime of solution to (@)

The chapter is organized according the following way: In Section El] we in-
troduce the language of this chapter, as well as we prove a fundamental result for our
purpose, Lemma @ In Section @ we establish the optimal Holder regularity of soluti-
ons. In Section @ we treat a borderline case for the regularity theory, in this case we
obtain optimal Lipschitz logarithmic modulus of continuity for solutions. In sequel, Sec-
tion @, we comment how to obtain the optimal results for the C1*7 regularity estimates.
To finish, in Section @ we study the upper borderline case for the regularity theory, as

result we we obtain a C'-Lipschitz logarithmic modulus of continuity.

2.1 Definitions and preliminary results

Throughout this chapter F': Sym(n) x R" x B1(0) x (—1,0] — R is a fully nonlinear
uniformly elliptic operator with respect to the Hessian argument and Lipschitz with res-
pect to gradient dependence. That is, there are constants A > A > 0 and I' > 0 such that
for all Z,WW € R™ and M, N € Sym(n), space of n X n symmetric matrices, with M > N,
there holds

Pia(M = N)=T|Z - W| < F(M, Z,x,t) = F(N,W,z,t) <Py (M - N)+T|Z - W|. (2.1)

Hereafter, Pf A denote the Pucci’s extremal operators:

7),\/\ = \- Zeﬁ—A Zez and Py (M) ==\~ ZemLA Zez

e; <0 e; >0 e; >0 e; <0

where {e; : 1 < i < n} are the eigenvalues of M. Any operator F which satisfies the
condition (El]) will be referred in this chapter as a (A, A, I')-parabolic operator. Following
classical terminology, any constant or mathematical term which depends only on dimen-

sion and of the parameters A\, A and I" will be called universal.
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We can (and will) always assume that F' is normalized in the sense
F(0,0,z,t) =0, (2.2)

and, unless otherwise stated, conditions (@) and (@) are always assumed throughout
the text; sometimes we will refer F' as a normalized (A, A,I") operator.

Equations and problems studied here are designed in the (n + 1)-dimensional
Euclidean space, R™™'. The semi-open cylinder is denoted by Q,(xo,7) = B,(z0) x (T —
r?,7]. For simplicity we refer Q1(0,0) = Q. The parabolic distance between the points
Py = (z1,t1) and Py = (x9,13) € @ is defined by

dpar(PbPZ) = \/’.ﬁEl — 33‘2|2 + ‘tl — t2|

For a function u: )1 — R the semi-norm and norm for the parabolic Holder

space are defined respectively by

Dy @D s

(@0, v0e@r dpar((T, 1), (Y, 5))®
(@6)#(y5)

[u]ca’%(Ql) and “UHCa,%(Ql) = ||U||C’0(Q1) + [u]ca»%(Ql)'

Under finiteness of such a norm one concludes that u is a-Hélder continuous with respect
to the spatial variables and §—Holder with respect to the temporal variable.
We say that w is locally Log-Lipschitz continuous (in the parabolic sense) if

the following quantity

u(x,t) —uly, s
[u]parfc'o»Log‘LiP(Qr(xo,to)) = sup | ( ) (y >| Vr<l.

(2,),(y,5)€Qr (z0,t) rlogr=!
(z.6)#(y,5)

is finite for (z¢,%y) € 1. Moreover, the corresponding parabolic Log-Lipschitz norm is

given by

HuHpar_C’O,Log—Lip(Qr(x07t0)) = HuHCO(Qr(Io,to)) + [u]par_CO,Log—Lip(QT(IOJO)).

In what follows, C’HO"HTQ(Ql) denotes the space of u whose spacial gradient

Du(z,t) there exists in the classical sense for every (z,t) € ()1 and such that

HUHCHa,”T‘*(QI) = HUHL‘X’(Ql) + HDUHL"O(Ql)
+ sup T
(@.0).(4.9)€Q1 Ayt (2, 1), (v, 9))

(@,t)#(v,s)
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is finite. It is easy to verify that u € et “(Q:) implies every component of Du is
C%(Qy) , and w is 1£*—Holder continuous in the variable ¢, see for instance (CRAN-
DALL, KOCAN, and SWIECH, 2000, Section 1).

Now, we say that u is locally C1L°8"LP continuous (in the parabolic sense) if

the quantity

[’LL] CLLow Lin(Q, (z0 o)) *= sup |U($,t> — [U’<y7 5) + DU(’y, 8)(3: — y)“
par—C'H=08 2P (Qr (T0,t0)) *

(z,t),(y,5)€Qr(z0,tg) r? log r—1
(z,t)#(y,s)

is finite. Moreover, its parabolic C1M°s1P _norm is given by

||quar ChLog-Lip (Q,.(x0,t0)) HUHCO (Qr(z0,t0)) T ||DUHL°° (Qr(z0,to)) T [u]parfCl’LOg'Lip(Qr(wo,to))'

A function u belongs to the Sobolev space WP (Q,) if it satisfies u, Du, D*u,u; €

LP(Q1). The corresponding norm is given by

lullwaroien = [16lnn + el + 1Dulugy + 1D%ulq]

It follows by Sobolev embedding that if p > 22 then W*!?(Q,) is continuously embedded
in C°(Q;). Also, u € Wte (@) implies that u is twice parabolically differentiable a.e.,

loc

see for more details CRANDALL et al/ (1998).

Definition 2.1 (LF—viscosity solutions). Let G: Sym(n) x R" x B1(0) x (=1,0] = R
be a uniformly elliptic operator, P > 22 and f € Lj,.(Q1). We say that a function

u € C°(Q,) is an LF —viscosity sub-solution (respectively super-solution) to

ou
a(l’? t)

if for all ¢ € VV;’CLP(QQ whenever € > 0 and O C (), is an open set and

-G (DQU(x,t),Du(x,t),x,t) = f(x,t) in @ (2.3)

—Z(xz,t) — G (D*¢(x,t), Dp(z,t),z,t) — f(z,t) > e (resp. < —e) ae. in O

then u — ¢ cannot attains a local maximum (resp. minimum) in O. In an equivalent
manner, u is an LY —viscosity sub-solution (resp. super-solution) if for all test function

0 € WEP(Q1) and (0, to) € Q1 at which u— ¢ attain a local maximum (resp. minimum)
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one has

[
(z,t) = (o, to)]essliminf {g—f(:p,t) — G (D*¢(z,t), Dp(x,t),x,t) — f(x,t)} <0

é x,t) = (o, ty)]esslimsup {%—f(m,t) e (ngp(x,t),D@(x,t),x,t) — f(:v,t)] >0
(2.4)
Finally we say that u is an LY —viscosity solution to (@) if it is both an
LF —viscosity super-solution and an LY —viscosity sub-solution.
Remark 2.2. We say that a function v € C%(Q,) is a C°—viscosity solution to () when
the sentences in (@) are evaluated point-wisely for all “test function” ¢ € C}(Q,). This
is the notion used by Imbert-Silvestre in [IMBERT and SILVESTRE (2013) and Wang in
WANG (19924.1).
According to (CRANDALL, KOCAN, and SWIECH, 2000, Section 6) (see also
(WANG, 19924, Section 5)) for a fixed (Xo,tp) € Q1, we measure the oscillation of the
coefficients of F' around (X, tp) by the quantity

F(M,0,z,t) — F(M,0 t
Orp(zo,to, o, t) := sup |#(M, 0, z, 1) (M, 0, zo, to)|

(2.5)
MeSym(n) | M]| +1

Moreover, for notation purposes, we shall often write ©¢(0,0,x,t) = Op(x, t).

We recall that a function f is said to belong to the Anisotropic Lebesgque space,

LPa(0Q)y) if
0 N\
1 fllzracqu) = (/_1 ( i |f(x,t)|pd93) dt) < +oo0.

This is a Banach space when endowed with the norm above. When p = ¢, this is the
standard definition of LP spaces. The definition are naturally extended when either p or
q are infinity. It is plain to verify that LP?9(Q) C L*(Q;) for s := min{p, ¢}.

We recall again the existence of the constant pg, satisfying ”T” <po<n+l1,
for which Harnack inequality (resp, Hélder regularity) holds for LY —viscosity solutions,
provided P > pg, see for instance (CRANDALL, KOCAN, and SWIECH, 2000, Section

5). The following compactness result becomes then available:

Proposition 2.3 (Compactness of solutions). Let u be an L¥ —wviscosity solution to
(@) in Q, under the assumption P > min{p, ¢} > po. Then u is locally of class Chs for
some 0 < <1 and

il < O, A A D ((lull gy + 7= fllnaan)

c*5(Q,)

Upon appropriate regularity assumption on the boundary and equi-continuity
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of the data, solutions are pre-compact in the C°-topology up-to-the-boundary. We state
such a result for future references and refer to (CRANDALL et all, 1999, Proposition 4.6)
and (CRANDALL, KOCAN, and SWIECH, 2000, Lemma 6.3) for a proof.

Proposition 2.4 (Pre-compactness up to the boundary). Let Q satisfy a uniform
exterior cone condition, Q = Q x ((—T,0]) and C C C°(9,Q) be compact, R > 0 and
Br = {f € L°(Q) : || fllrr(@ < R}. Then the set all functions u € C°(Q) such that

there exists 1 € C and f € B for which u is an L¥ —viscosity solution to

u
ot

— Pia(D?*u) =T|Du| — f <0 < g—? — PiA(D*u) +T|Dul + f in Q
and u = v on 0,Q is pre-compact in C°(Q).

Another piece of information we need in our approach concerns the stability
of the notion of viscosity solutions; that is the limit of a sequence of viscosity solutions
turns out to be a viscosity solution of the limiting equation. More precisely, we refer to
the following Lemma, whose proof can be found, for instance, in (CRANDALL, KOCAN,
and SWIECH, 2000, Theorem 6.1).

Lemma 2.5 (Continuity with respect to equation). Let F}, F' be normalized (A, A, T")
operators, P > po, f, f; € LY (Q1) and u; be LF —viscosity solutions to

O
% — Fj(Dzuj,Duj,x,t) = fj mn Ql

for all j € N. Assume that u; — u locally uniformly as j — oo. Moreover, for all
Qr(o,t0) C Q1 and all o € WL (Q,(xo,10)) (test function), assume that

gj(:L‘,t> = P}(D%D(Jf,t), D(,O(ZL’,t),ZL’,t) - fj<x>t)

and
g(z,t) == F(D*p(x,t), Do(x,t),x,t) — f(x,1)
satisfy
19 = 9illLr (@ o)y = 0 as j — oo (2.6)

Then, u is an LY —viscosity solution to

% — F(D*u, Du,z,t) = f in  Q,(x0,t0).

Furthermore, if F and f are continuous functions, then u is a C°—wviscosity solution if

(@) holds for all p € C*1(Q1) (test function).
In the sequel, we obtain a Lemma which provides a tangential path toward the



26

regularity theory available for constant coefficient, homogeneous §-caloric functions.

Lemma 2.6 (F-caloric approximation Lemma). Let u be an LF —wviscosity solution
to (@) with lu| <1 and f € LPY(Q1) with P := min{p, ¢} > po. Define h: Q12 — R to

be the L¥ —wiscosity solution of

oh _ :
h = u on @,Q%
Given 0 > 0, there exists n = n(0,n, \, A, P) > 0 such that if
%
m{( 08 (o1)) . Illmacan, r} <
Q1
then
sup [u — b| < 0. (2.8)
Q1

3
Demonstracio. The proof is based on a Reductio ad absurdum. Suppose there exists a
0o > 0 for which the thesis of the Lemma, namely sentence @, does not hold. That
means we could find sequences of functions (u;);>1, (h;);>1 C C°(Q1) with |u;] < 1, a
sequence of normalized (A, A,I';)-operators F;: Sym(n) x R" x ()1 — R and a sequence
of functions (f;),;>1 satistying
% — Fj(D*uj, Duj,z,t) = f; in @
& — F;(D%,,0,0,0) = 0 in Q, (2.9)
h; = u; on GPQ%

in the LF —viscosity sense, with

max{(f @Ej(x,t)) s N fillzeaon)s F]} =o(l) as j— oc; (2.10)

however
sup |u; — b;| > 0o forall j eN. (2.11)

Q1
2

By compactness of the sequences (u;);>1 and (b;);>1, namely Proposition @
and Proposition @, we may assume, passing to a subsequence if necessary, that u; — ug
and b; — bo uniformly in Q_%

Next we will prove that uy = hy. The idea is to conclude that both functions

solve the same PDE, for which uniqueness is available, and hence this would contradict

() for j > 1 large enough.
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Initially we note that it follows from structural condition imposed on the ope-

rators (F}),>1, namely, (@), that, up to a subsequence, can may assume
F;(M,0,0,0) — Fo(M) (2.12)

locally uniformly in the space Sym(n), where §o is a (A, A,0) operator with constant
coefficients — see for instance (CRANDALL, KOCAN, and SWIECH, 2000, Section 1 and
6) and (WANG, 1992b, Lemma 1.4). Also, applying Lemma @ along with uniqueness
result, for instance (CRANDALL, KOCAN, and SWIECH, 2000, Lemma 6.2), we know

by is the unique C°—viscosity solution to

{%i;—sow?ho) =0 in @ (2.13)

b = wup on 8pQ%.

To conclude the proof, we will show that ¢ also solves () in the viscosity
sense. For that end, let ¢ € C%!(Q1) be a test function and define

ﬁj(@) = ‘FJ <D2§0(l’,t),Dg0(ZE,t),ZE,t) - f](xat) - 30 (D%O(ZE,IS))‘ :
We estimate

Rj(@) S Fj|D90(x7t)’+@Fj<$7t)(|D290(xvt)|+1)+|fj(x7t)|

(2.14)
+ |FJ (D2<p(:z;,t),0,0,0) - 8'0 (D%D(I,t))‘ :

Finally, since from () and () one has that the L¥ —norm of RHS of () goes to

zero as j — 00, we can apply once more Lemma P.5, which assures ug is too a solution of

(), and by uniqueness, uy = by, which yields a contradiction as indicated before. [J

We conclude this section by commenting on reduction processes to be used

throughout the proof.

Remark 2.7. [Preserving ellipticity| If F' is a (A, A, I')-parabolic operator then

g(M,?,x,t) =rg- F (%,Z,x,t>

is a (A, A, ko - I')-parabolic operator for any xg > 0.

Remark 2.8. [Normalization and scaling] We can always suppose, without loss of

generality, that viscosity solutions of

U w.t) ~ F(Dw, Do) = f(a1) in Qs
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satisfy |[u||r=(g,) < 1. Also given a small number ¢, > 0, we can also suppose that

'+ || fllra(@) < 2e0. Indeed, for

r
K= <0 and R>max{1,—,\/E},

eo(llull (@) + 1) + ([ fllzracqu) €0

we define

It is easy to verify that

H

Nl < 1
2. 2(x,t) — G(D*v, Dv,z,t) = g(x,t) in @1, in the L¥ —viscosity sense, where

ot
G(M, Z,z,t) = R2 ( 371 ) and  g(z,t) = - (lx

R R R?

3. Gisa ()\, A, Fﬁ)—parabolic operator, with I' < eg;
4. Hg||Lp,q(Q1) S €0

R R?

0):

5. (][ @g(:c,t)) Smax{l,%} (7[ @5@,@) (cf. (CRANDALL, KOCAN,
Q’I‘ R QTRfl

and SWIECH, 2000, Remark 6.4)).

Once a universal estimate is proven for v, a corresponding one becomes available for the

general solution u, properly adjusted by the choices of x and R.

2.2 Optimal C*? regularity

Our strategy for proving optimal C®2 regularity estimates is based on a refined com-
pactness method as in CRANDALL, KOCAN, and SWIECH (2000); TEIXEIRAl (2006);

WANG ([19924,b). It relies on a control of oscillation decay obtained from the regularity

theory available for a “better”’limiting equation; the realm of the so-called geometric tan-

gential analysis. Next lemma is the key access point for the approach, as it provides the

first step in the iteration process to be implemented.

Lemma 2.9. Let u be a normalized LY —wviscosity solution for (@), that is, |u| <1 in

Q1. Given 0 <y < 1, there exist n(n, A\, A,7y) >0 and 0 < p(n, \,A,7) < %, such that if

1

P P . —_ n+2
max @F(‘rut) ) HfHLp*q(Q1)7 r S n with 1 < :(n7p7 q) <
Q1

Po
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then, for some ¢ € R, with || < C(n, A\, A) there holds

sup |u —¢| < p”. (2.15)
p
Demonstragdo. For a d > 0 to be chosen a posteriori, let h be a solution to a homogeneous
uniformly parabolic equation with constant coefficients, that is d-close to u in the L°°-
norm, i.e.,
@—F(D%) =0 in ¢ and suplu—h| <4 (2.16)
ot Qi
Lemma @ assures the existence of such a function. Once our choice for d, to be set of the
end of this proof, is universal, then the choice of n(n, A, A, d) is universal too. From the
regularity theory available for b, see for instance (CRANDALL, KOCAN, and SWIECH,

2000, Section 7) or (WANG, 1992b, Section 1.2), we can estimate

[6(,t) —5(0,0)] < C(n, A, A)dpar((, 1), (0,0)) for /[z[* +[t] < % (2.17)

and also,
6(0,0)] < C(n, A\, A). (2.18)

For ¢ = (0, 0) it follows from equations () and () via triangular inequality that

sup|u —¢| <0+ C(n, A\, A)p. (2.19)

P

We make the following universal selections:

, 1\™ 1
p = min {ro, (%> } and 4= §p7 (2.20)

where C' > 0 is a universal constant from equation () and 0 < rp <1 is a universal
constant to appear in the Theorem . Let us stress that the choices above depend only
upon dimension, ellipticity parameters and the fixed exponent. From the above choices

we obtain
sup [u —¢| <p7

P

and the Lemma is concluded. O]

Theorem 2.10. Let u be an LY —viscosity solution of (@) with f € LP(Q) and

—_ n+2
1 <Z(n,p,q) < )

Po
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There exist universal, positive constants ro and 6y such that if

1
P
sup sup (][ @?(ya T, T, t)) S 907
0<r<ro (y,T)GQ% Qr(y,7)

then, for a constant C' > 0 and v := 2 — Z(n,p, q), there holds

HuHC%%(Q%) < Cn, A A y) [llull=u + 1fllzra@n +1] -

Demonstragcao. Through normalization and scaling processes, see Remark @, we can
suppose without losing generality that |u| < 1 and || f||r.eg,) < 7, where 7 is the universal
constant from Lemma @ when we set v = v(n, p,q) = 2—Z=(n, p, q). Once selected 6y = 7
the goal will be to iterate the Lemma @ For a fixed (y,7) € Q 1 we claim that there

exists a convergent sequence of real numbers {¢ }x>1, such that

sup  |u— g < p™ (2.21)
ka(va)

where the radius 0 < p < % is given by Lemma @, upon the selection of v as above.
The proof of () will follow by induction process. Lemma@ gives the first
step of induction, & = 1. Now suppose verified the k' step in () We define

u(y + pfz, 7 + p**t) — g,
pkﬂ/

vg(x,t) =

and ) )
. k[2—79] k 2k
Fk(M,Z,.’L',t) =P 7F<pk[2_,y]M, pk[l_ﬂZ7y+pxaT+p t)

As commented before, see Remark @, Fy is (A, A, T')-parabolic operator, moreover by the
induction hypothesis, |vg| < 1 and

o
%(% t) — Fu(D*vg, Doy, @, t) = p" B0 f(y + pha, 7 + p™t) = filz,t),

in the LY —viscosity sense. One easily computes,

q 1
Pt q

T p
||fk||LPvQ(Q1) — pk(Q_W)p_k:‘(T%p’q) / / |f(Z7 S)|pd2 dS
T=p** \Y Bk (v)

Due to the sharp choice of v(n,p,q) = 2 — Z(n, p, q¢), we have that

1fellzra@ = 1l oa(s o yxr—ppe) < W fllzra@n < m,
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as well as,

1

1 P

P
(f ehwn) smax(i ey (£ ebrnan) <n
Q1 Qk (y:7)

In conclusion, we are allowed to employ Lemma @ to v, which provides the existence

of a universally bounded real number < with [3;| < C, such that

sup |vg, — Skl < p7. (2.22)

P

Finally, if we select
Sht1 = + "G, (2.23)

and scaling () back to the unit domain, we obtain the (k + 1) step in the induction

process (2.21)). In addition, we have that
[Ski1 — | < Cp*, (2.24)

and hence the sequence {¢;}x>1 is Cauchy, and so it converges. From () g — u(Y, 7).
As well as from () it follows that

lu(y,7) — | < pr (2.25)

=1

Y

Finally, for 0 < r < p, let k the smallest integer such that (x,t) € Qx(y,7) \
Qr+1(y, 7). It follows from (M) and (M) that

lu(z,t) — uly, )| lu(z, t) — | + |uly, 7) — sl

sup >~ Ssup
Qr(y,7) dPar((x’ t)a (ya T))’y Qr(y,7) dpar<<x7 t)a (ya 7'))7
p

. >
< |1+ sup
( L —=p7 Qr(y,7) dpar((ma t>7 (yv 7'))7
( C > 1
< |1+ —.
1 — p’Y p’Y

Last estimate, combined with Remark @ and a standard covering argument provide

k.y

] ) < C(n, A A7) [lullze@u + Ifllzra@n + 1 -

crE (Q1

2

and hence the proof of Theorem is verified. [

Remark 2.11. The exponent of Hoélder regularity of our result is sharp. This can be
verified through of following example from TEIXEIRA and URBANO (2014): Let u €
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Cloc((=1,0]; L2 (B1)) N L2 ((—1,0]; W'l})cz(Bl)) be a weak solution to
ou )
5% Au=f in

Suppose that 1 < Z(n,p,q) < 2 then for v := 2 — =Z(n, p, q) we have that u € C%%(Ql).

loc
n+2

Remark that in this case po = *3

Remark 2.12. Under VMO (Vanishing Mean Oscillation) assumption of the coefficients of
the operator F":

][ @E(y, 7,x,t) = o(1),
Q’l‘(y77_)

as 7 — 0, Theorem holds without the smallness oscillation condition, as it can always

be assumed upon an appropriate scaling.

Remark 2.13. Under no assumptions on the coefficients, other than ellipticity, adjustments
X
in the proof of previous Theorem yields €% (Q;) where v := min{3~,2 — Z(n,p,q)}

loc

where 0 < 8 < 1 is the maximal exponent from Proposition @

Remark 2.14. An adjustment into demonstration of the previous Theorem we obtain that

O,min{ = ,2— (242
LF —viscosity solutions to (@) are C { <"+‘1>}(Q1) where 0 < 5 < 1 comes from

loc

Preposition @ Moreover, we must to interpret this result in following sense

_(ny2
< B then ue€ C’loc;f (p+Q)(Q1)
> B then u € Cpl(Qy), for any v < 3

2.3 Parabolic Log-Lipschitz type estimates

In this section we address the question of finding the optimal and universal modulus
of continuity for solutions of uniformly parabolic equations of the form (@) whose right

hand side lies in the borderline space LP9(();), when p and ¢ lie on the critical surface:

Z(n,p,q) = 1.

Such estimate is particularly important to the general theory of fully non-linear parabolic
equations. Through a simple analysis one verifies that solutions of (@), with sources
under the above borderline integrability condition should be asymptotically Lipschitz
continuous. Indeed, as Z(n,p,q) — 17, solutions are Holder continuous (in the parabolic
sense) for every exponent 0 < o < 1. The key goal in this section is to obtain the sharp,

quantitative modulus of continuity for w.

Lemma 2.15. Letu be a normalized L¥ —viscosity solution to (@) There existn(n, A, A) >
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0 and 0 < p(n,\,A) < %, such that if

27

nmx{(f'@E@wop,nﬂum@n,r}Sn (2.26)

under the condition Z(n,p,q) = 1, then, we can find an affine function £(x) := A+ (B, ),
with universally bounded coefficients, |A| + |B| < C(n, A\, A), such that

sup |[u — £| < p. (2.27)

P

Demonstragdo. For a 6 > 0 which will be chosen a posteriori, we apply Lemma @ and

find a function h: @) 1= R satisfying

X Fw) =0 i Q

in the LF-viscosity sense such that

sup |u — h| < 0. (2.28)
Q1

We now define
£(z) = 5(0,0) + (Dh(0,0), x), (2.29)

and apply the regularity theory available for b, see for instance (CRANDALL, KOCAN,
and SWIECH, 2000, Section 7) or WANG (11992h), as to assure the existence of a universal
constants 0 < ap < 1 and C > 0 such that

(7, 1) — 8(@)] < Clpar((2,0), 0.0, for VP <3 (230)

It is time to make universal choices: we set

1

) 1 \er 1 1
p = min {ro, (%> } <3 and ¢ := 3P (2.31)

which decides the value of n(n, A, A) > 0 through the approximation Lemma @ It the

sequel we estimate

sup [u — £| < sup [u — b +sup[h — £| < p,

P P P

and the proof is complete. O

Theorem 2.16. Let u be an L¥ —wviscosity solution to (@) There exists universal cons-
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tants, ro > 0 and 6y > 0, such that if

1
P
sup sup (f @?(yv T, T, t)) S 907
0<r<rg (Y,T)EQ% Qr(y,7)

then, for a universal constant C' > 0 and any (x,t),(y,T) € Q%, there holds

u(z,t) —u(y, 7)| < C[llullz=@) + I flzra@) + 1] - w(dpar((@, 1), (3, 7)),

where w(s) 1= slog% is the Lipschitz logarithmic modulus of continuity.

Demonstra¢io. We start off the proof by assuming, with no loss of generality, that |u| < 1

and
n

8 max{1, L*(B;(0))}’
where 7 = n(n, A\, A) the largest positive number such that the Lemma holds. Choose

o = %. For a fixed (y,7) € Q% we will prove the existence of a sequence of affine functions

7
[ fllzrag@n) < 1 and I'<

Lr(z) =k + (Br,x —y)

such that

sup lu — &) < p* (2.32)

Bk (y)x (1= p?k,7]

and
|Q[k+1 — Q(k| S C,Ok and |’Bk+1 — in| S C, (233)

where 0 < p < % is the radius given by Lemma . Notice that the second estimate in
() gives the growing estimate on the linear coefficients of order

B| < Ck. (2.34)

We now argue by induction. Lemma provides the first step and now we suppose that
we have already verified the kth step of () Define

u(y + pfz, 7 + p**t) — L.y + pFa)
k Y
)

vg(x,t) ==
which verifies |vx] < 1 in @, by the induction condition. Define
M
Fk:(MJ ?7 €, t) = IOkF (EJ ?7 Y+ pkxa T+ p2kt) :

It is plain to check that Fy is a (A, A, I')-parabolic operator and
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(%k

E(l’,t} — Fk(DQUk, ka,l’,t) = fk<l’,7f) + gk(x,t) = Hk(flf,t)

in the LF —viscosity sense, where
fel@ t) = p"fy + phz, 7 + p**t)

and
gr(x,t) = Fk(DQUk, Duy, + By, z,t) — Fk(D%k, Doy, x,t).
Moreover,

N\

T P
||fk||LIM1(Q1) = pkp_k~:(”’PvQ) / / |f(z,8)|pd2 ds
T=p*% \J Bk ()

By the critical condition, Z(n,p, q) = 1, we verify that

n
||fk||Lp,q(Q1) - ||f||LP7Q(Bpk(y)X(Tprkﬂ']) < Z'

Moreover, given the smallest regime on I'; assumption (@) and (), we have

Ui
8max{1l, L*(B;(0))}

gk (z,1)| < Ckp'T <

Thus,

n {/ n
||gk||Lqu(Q1) < 8max{1,£”(Bl(0))} L (Bl(o)) <

Therefore, ||H|rraqg,) < 2 . Furthermore,

|3

(7[ @Ek@,t)) <wax (L} Obwran) <
Ql ka(yﬂ—)

We have verified that we can apply Lemma to the function vy, assuring the existence
of an affine function £;(z) = Ay, + (By, x) satisfying |Ap|, [ Bi| < C, such that

|3

sup |vr — £i| < p. (2.35)

P

We now define
A1 = A + pkﬁlk and By, =B+ %k (2.36)

Re-scaling () to the unit domain gives the (k+ 1)th induction step. The first estimate

in () assures that the sequence {20y }x>1 converges to u(y, 7). Also we can estimate,
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by geometric series,

C k
[uly, 7) — W] < 2. (2.37)
1—p
Finally, for 0 < r < p, let k be the lowest integer such that
(Q?, t) € ka (y7 T) \ kaJrl (yu T)'
It follows by (), () and () that
_ _ _ k
p PO —uly e S ) — 2+ By
Qr(y,7) rlogr= Q k (y,7) rlogr=
k k
<C sup L_l
Qurym) T logr
S O(n’ A? A)’
and the proof of the theorem is concluded. [

Remark 2.17. As a consequence of the estimate given by Theorem 2.16, we are able to
derive a precise integral behaviour of the gradient of a solution to (@) Indeed, one can

derive the following point-wise control, say near (0,0):
2 2 1
|Du(z,)] S —Clog(|z]” + [¢]), for v/|zf* +[t] < 5

Under suitable smallness regime on f € LP9(Q;) and on Op € L¥(Q,), it follows by an
adjustment of our arguments, combined with H L3 interior estimates from (CRANDALL,
KOCAN, and SWIECH, 2000, Theorem 7.3) that one can approximate an LY —viscosity
solution of @ by an F-caloric function

0

a—?—F(D2h,{E0,to):0 in Q%v
in the Hb2* %1) topology. Thus, through an iterative process as indicated in the proof

of Theorem

, one can find affine functions £, such that
][ D(u— g0 < 1.
Qk

Therefore, it is possible to establish s—BMO type of estimates for the gradient in terms

of the LP((Q1) norm of f, when the critical condition >t % = 1 is verified. That is,

1
| Dulls-pmo@n) < C [llull=@y + I fllray + 1], for 0<r< 1



37

Comparing such an estimate with the results from (CRANDALL, KOCAN, and SWIECH,
2000, Theorem 7.3), it synthesizes quantitatively the fact of

[Dul € () Lig(Qu),

m>1

since LY —viscosity solutions have its gradient in L; (Q1) for all s < E(le——f)—l'

2.4 Optimal C'7*%* regularity

In this section we obtain asymptotically sharp O interior regularity estimates
for solutions of (@) Such estimates are already available in the literature, see for instance
CRANDALL, KOCAN, and SWIECH (2000) and WANG| (1992a). We shall only comment
on how we can deliver them by means of the arguments designed in Section .

Initially, we revisit Lemma and observe that if 0 < ap < 1 represents
the optimal exponent from the i regularity theory for solutions to homogeneous

(A, A, I')-parabolic operators with constant coefficients, then given

a€ (0,ar)N (0,1 —Z(n,p,q), (2.38)

P
since sup  sup ( ][ oY (y, T, x, t)) and || f||Lr.e are under universal smallest re-
0<T§T0 (y,T)GQ% Qr(yﬂ—)

gime assumption, we are able to choose

p = min {ro, (%)F} (2.39)

sup |u — £| < p'te, (2.40)

such that

P

where £ is given by () This is the first step in our induction process.
Before proceeding with an induction process, we come back to the smallest

regime condition, and we will assume with loss of generality that

max{(i) @F(x,t)P)P’ (Kl r} <z, (2.41)

Mo

S max {1, C/ L (By)pt== > Pja}

320

where

—_
— o —
—

and 79 > 0 is the largest number such that the §-Caloric Approximation Lemma holds.
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In face of previous statements, let us suppose that we have checked the kth

step in the induction process, i.e.,

sup u — £ < pFiFe) (2.42)
Q,k

with the following order of approximation for the coefficients
|Qlk+1 - Qlk| S Cpk(pra) and |€Bk+1 - sBk| S Cplm. (2.43)

We define the re-scaled function

u(y + pfe, 7+ p*t) — Sy + pa)
pF(I+a) g

vg(x,t) ==

which verifies |vg| < 1 in @, and satisfies in the L¥ —viscosity sense

ov
a—tk(a:,t) — Gr(D*vg, Dug, 2, t) = fu(a,t) + gil(a,t) = Hy(z, t) (2.44)

where )
Ge(M, T, a,t) = pH = F <WM, p’““?,pkm,p%t)

is a (A, A, T')-parabolic operator,

fr(z, ) = p" O f(y + pFa, 7+ )

and
gr(x,t) := Gr(D?*vy, Doy, + By, x,t) — Gr(D*vy, Dvg, 2, t).

Now,

(o Mo
kaHLT’*‘I(Qﬂ = w(p )HfHLp,q(ka(y,T)) < ik

where w(pF) = ptll—e==(Pal is computed by change of variables. By the integrability

relation and the value of o, we conclude w(p*) < 1 for all integer k > 1. Also, from
Lipschitz structure on F' (assumption (Ell)) and () we get

P |Gi(Dvy, Dvg + By, ,t) — Gr(Dvy, Doy, 2, )|
P T By |

k—1
pk(l—a)re:zpja

7=0
Q:Fpk(l_a) Z pjoz‘

Jj=0

|91 (, 1))

IAN - IA A

IN
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Thus, from smallest regime (2.41)) we obtain

gkl rany < €LPFI=D N " o/ Ln(B1(0)) < %

320

Finally,

g P
P
( @gk ($,t)> < maX{l,pk(lia)} (][ @E(y, T,.T,t)) and HHkHLp,q(Ql) < no-
Q1 ka(va)

Therefore, we can apply the first induction step, which gives the existence of an affine
function £ (z) := Ay, + (By, x) with [Ay|, [Bx| < C(n, A, A) such that

sup |v, — L] < p'te.

P

Rewriting the previous estimate in the unit domain gives

sup Ju — Lgya| < pEHHUT,

Q k+1
for £x41(2) := L (x) + pFO+ L (p~"z). The coefficients fulfils
1 — An| + p"[Brrr — Bi| < Co(n, AA)pITOk, (2.45)

Hence, from (), we conclude that (y)r>1 C R and (Bg)r>1 C R™ are Cauchy sequen-
ces, thereby converging to u(y,7) and to Du(y,T) respectively. Moreover, we have the
following rate convergence

k(1+a) ko

and |Du(y, ) — Bk| < Cy 1'0_ p

u(y, ) — | < Gy

T (2.46)

Finally, given any 0 < r < p, let & be an integer such that (z,t) € Qx(y,7) \ Qr+1(y, 7).
Therefore, we estimate from () that

sup |u(z,t) — [u(y,7) + (Du(y, 1),z — y)]| < Co(n, A, A, a).r'*e
Qr(y,7)

and the sketch is finished.

Remark 2.18. We highlight that the previous result must be interpreted in following way

1+0-71+7<7

If 1-Z(n,p,q) <ap then ueC,. ?* (Q1), for o=1—-2(n,p,q)
i
If 1-Z2(n,p,q) > apr then wue O E (@Q1), forany < ap.

loc
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Remark 2.19. The optimality of previous result can be verified by an example due to
Krylov in (KRYLOV],, 2008, Page 209).

2.5 Parabolic C11°¢~1P type estimates

In this last section we address the issue of finding the optimal regularity es-
timate for the limiting upper borderline case f € BMO, which encompasses the case
fe Lo~ [,

In view of the almost optimal estimates given in the previous section, esta-
blishing a quantitative regularity result for solutions to (@) with bounded forcing term,
requires that §-harmonic functions are 2o 5e smooth; otherwise no further informa-
tion could be revealed from better hypotheses on the source function f. Evans-Krylov’s
regularity theory EVANS ([1982), KRYLOV (1982) and KRYLOV ([1983) assures that
convex/concave equations do satisfy the C2to*5% smoothness assumption.

We now state and prove our sharp par — C*°&LP interior regularity theorem.
For simplicity we will work on equations with constant coefficients and with no gradient
dependence. Similar result can be easily obtained under continuity condition on the

coefficients and Lipschitz control on the gradient dependence.

Theorem 2.20. Let u be a CO—viscosity solution to 3 — F(D*u) = f(z,t) in Q. If
any solution of% — F(D*v+ M) = K, where M € Sym(n) and K € R are on the surface
—F(M) = K, has interior o2t g priori estimates, i.e.,
)
CQ+U,Q+T”(QT) < r2+a||v||L°°(Q1)

(2.47)

o]

for some ®(n, \, A, K) > 0 and o(n,\,A) € (0,1). Then, for a constant C(n,\, A, o, ®) >
0, there holds

|u(z, ) — [u(0,0) + (Du(0,0),2)]| < C [|lulle(qy) + I Brro@y) + 1] -w(dpar((z, 1), (0,0))) (2.48)

1

where w(r) = r?logr~" is the C'-Log-Lipschitz modulus of continuity.

Demonstragio. By standard reduction arguments, we can assume that |[u||r~(g,) < %
and || f|lBmo(q,) < Yo for some ¥y > 0 which will be chosen a posteriori. Throughout the

proof we use the notation

[f]avg,Ql = f(Z,C)dZd§.
Q1

The strategy is to find parabolic quadratic polynomials

1
‘Bk(x,t) = 5(91]513, {E> + Bt + <¢k, ZL‘> + 3
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such that Py = P_1 = L(Nz,z), where —F(N) = [flavgo, and for all k > 0,

By — F(Ap) = [flavear  and  sup |[u — Py| < p**, (2.49)

Qk

with
PPV (R0 — A | + [Br — Bia]) + 1€ — G| +[Ds — Dy | < CpP Y (2.50)

where the radius 0 < p < % in () and () will also be determined a posteriori.
We prove the existence of such polynomials by induction process in k. The first step of
induction, k£ = 0, it is obviously satisfied. Suppose now that we have verified the thesis of

induction for £k = 0,1,...,7. Then, defining the re-scaled function v := ); — R given by

(u — Pr)(p"z, p**t)
p2k’

vg(x,t) =

9

we have, by induction hypothesis, that |vx| < 1 and it solves

ov
5 (0:1) = F(D?ug) = f(p'x, o) = fila.1)
in the C°—viscosity sense, where Fj,(M) := F(M +20;) — By which is a (A, A, 0)-parabolic

operator with

Ifillawoey = sw £ o) = [filuse| dode

0<r<1

= sup]f |f(Z,§)—[f]avg,Qm

0<r<1 Qrp

dzdg

I.f lBMO(Q1)
Y.

IA A

As in Lemma (@), with some slight changes, and, under smallness assumption on
| fllBro(qy) to be set soon, we can find a C®—viscosity solution b to
dh

a — F(sz) + Mk) = [f]avg,Q1 m @,

such that
sup |Uk - hl S 67
Q1

2

for some 6 > 0 which we will choose below. From hypothesis (), b is O+ %5 at the

origin with universal bounds. Thus, if we define

Pla.1) = (D0, 0, ) + 0,(0,0) + {Dh(0.,0).) +b{0,0),
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by the 20252 regularity assumption (), we can estimate

where

(6 —B) (2, )] < C(n)®dpar((w,1), (0,0))**.

Now, we are able to select

1\~ 1
= E— d 5 = — 2.
P (20@) o 2l
The choice above for p(®, 0, A, \,n) < 5 decides the value for § (®,0,A, \,n) > 0 which

determines, by Lemma (R.6), the universal smallness regime given by the constant ¥y > 0.

From the previous choices, we readily obtain

sup o, — P < p*. (2.51)

P

Rewriting () back to the unit domain yields

sup
Q k+1

uto ) = [Balont) + 29 ()] | < e (2.52)

Therefore, defining
r t
PBroi(x,t) := Py(x, t) + pgkm (E, _ka) )

we verify the (k + 1)2 step of induction and, clearly, the required conditions () and
() are satisfied. From () we conclude that ©; — u(0,0) and ®; — Du(0.0), with

the following estimates

C 2k C k
1(0,0) — Dy < L and  [Du(0,0) — &) < L. (2.53)
1—p 1—p
Furthermore, equation () yields the growth estimates:
k k
A <Y 1A - < Chk o oand By <) B — B,| < Ck. (2.54)

j=1 j=1

Finally, given any 0 < r < p, let k£ be an integer such that

(l’, t) € ka (y7 T) \ ka+1 (ya T)
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We estimate from equations (), () and (),

sup |u(z,t) — [u(0,0) + (Du(0,0),z)]| < p** + |u(0,0) — Di| + p*|Du(0,0) — &|
Qr(0)
+ (1Bl + [A])

< C(n,\ A, o, ®).r?logr™,

and the proof of Theorem is finished. [

Remark 2.21. The final estimate says that solutions to (@) are asymptotically C%! in the
parabolic sense. Furthermore, adjustments in the previous explanation yield wu;, D*u €
s— BMO <Q%>, with appropriate a priori estimate in terms of the BM O-norm of f in
()1. Indeed, under appropriate smallness regime on f € BMO(Q;) we can approximate

u by a solution b to

9

E - F(DQUa x07t0> - [f]angl in Q%

in the W23 (Q %> topology. Thus, by an iterative process similar to the one used here

one finds parabolic quadratic polynomials B such that

f, (75

Therefore, the previous sentence provides the desired s—BMO estimate. In

D (u mﬁ) <1

other words,

luells—Bro@.) + 1D*ulls—srmo@,) < C{llulle@u) + IflBmo@y}, for 0<r<1

Remark 2.22. The result proven in this Section can be further applied to equations of the

form %—? — F(D?u,x,t) = f(u,z,t), where f is continuous. It is particularly meaningful

to geometric flow problems:

0H

— — AH — H|A]> =0,

ot
where H is the inwards mean curvature vector of the surface at position x and time ¢
and | A| represents the norm of the second fundamental form. This equation describes the
mean curvature hyper-surface in the Euclidean space R"*!, see for example SHENG and

WANG (2010).

Remark 2.23. As a final remark, we note that the results proven in this chapter can be

generalized for a more general class of anisotropic Lebesgue spaces with mixed norms.



44

Namely, consider J = (p1y.-.,pn). Let f € Lpl’“"p"’q(Ql), ie, felr . LP L] where
N 1
Q1 = {x € R": max{|z;|} = —} x (—1,0]. The quantity

1<j<n 2

n

—_ 1 2
=) = (L 1) 4

i=1 Pi

sets up the following regularity regimes, with universal a priori estimates:
e 1<ZE(n,p1,.yPn,q) < ”p—f < 2 for the C™% regularity regime;
e Z(n,p1,-.-,Pn,q) =1 for the Lipschitz logarithmic type estimates;
e 0<Z(n,p1,---,Pn,q) <1 for the O+ 5 regularity regime.
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3 REGULARITY ESTIMATES OF FLAT SOLUTIONS TO FULLY NON-
LINEAR PROBLEMS

In this chapter we are interested in investigating sharp interior and improved
regularity estimates for solutions of the class of non-convex fully non-linear parabolic

equations of the form

% — F(z,t,D*u) = f(x,1). (3.1)
Precisely, under differentiability of F' with respect to the Hessian argument and suitable
continuity assumptions on the coefficients and the source function, we establish Schau-
der type estimates for flat viscosity solutions, namely solutions whose oscillation is small
enough, |lul| < § < 1, where the flatness degree depends only on universal and struc-
tural parameters of the problem. Such regularity issues play an important role in many
contexts, such as Mathematical Physics, Stochastic Process, Differential Geometry, Geo-
metric Analysis, Free boundary problems, among others, because they enable us to access
high-order estimates, as well as to find the sharp moduli of continuity to highest deri-
vatives of the solutions in terms of the regularity of the data for problems governed by
equations of the form (Ell)

In our studies the fully non-linear operator F': )1 x Sym(n) — R is assumed
to be uniformly elliptic, i.e., for any M, N € Sym(n) with M > N and all (z,t) € @
fixed there holds

Pia(M — N) < F(x,t, M) = F(z,t,N) < P;A(M — N), (3.2)

where

PAA )= A\ Zel—i—/\ Zez and 77/\A )= A ZGH‘A Zel

e; <0 e; >0 e; >0 e; <0

are the well-known Pucci’s extremal operators, with {e; : 1 <i < n} being the eigenvalues
of M and A > X\ > 0 are the ellipticity constants to F'. Another fundamental aspect of
our approach consists in that we do not assume convexity or concavity on F. For this
very reason viscosity solutions may not, in principle, be classical (compare with ZOU and
CHEN (2002), TTAN and WANG (2013) and (WANG, 1992b, Section 1.1)).

Therefore, given a flat viscosity solution to (@) with f a Dini continuous
function, we obtain that u € C21*(Q;) where

loc

w(s):/os#dr+s/:$dr.

Such a modulus of continuity is sharp, as well as it revels that the Dini condition is pivotal
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in our assumption.

This chapter is organized as following: In Section El] we define the statements
of this chapter. In Section El! we explain the core of the geometric tangential analysis
in order to access the improved estimates for flat solution. In Section @ we shall prove
main the result of this chapter, namely a Schauder type estimates for flat solutions. In
sequel, Section @ we apply the main result in three consequences, result of Evans-Krylov
type, a partial regularity result and high regularity estimates for some geometric flows.
To finish, in Section @ we comment how to adjust our technique in order to obtain C*
Lipschitz logarithmic modulus of continuity for flat solutions when the Dini assumption

fails.
3.1 Assumptions and statement of the main result

Let us move towards the hypotheses, set-up and main notations used in this
chapter.
The equations and problems studied here are designed in the R” := R" X

(—00, 0] space. The semi-open cylinder of radius 7 > 0 centred at the point (o, ) € R",

is denoted by Q,(zg,t0) = B,(wg) X (to — 72, t9]. Usually the cylinder of radius r, centred

at the origin is written simply as @,. The space of n x n symmetric matrices will be
denoted by Sym(n). By modulus of continuity we mean an increasing and sub-addictive
function 6: [0, +00) — [0, 4+00), which is continuous and satisfies #(0) = 0. Hereafter we
shall assume the following conditions on the operator F': @)1 X Sym(n) — R and source

f: Q1 —R:

(A1) [Uniform Ellipticity condition] There exist constants A > A > 0 (ellipticity
constants) such that for any M, P € Sym(n), with P > 0 and all (z,t) € @4, there
holds

M|P|| < F(z,t,M + P) — F(x,t, M) < A||P]. (3.3)

(A2) [Regularity condition] F(z,t, M) is differentiable with respect to M and for a

modulus of continuity w, there holds
|DasFa,t, My) = DaF i, t, My) | < w({[ M — M), (3.4)

for all (z,t, M;) € Q1 x Sym(n).

(A3) [Parabolic Dini condition| For another modulus of continuity 7, there holds

’F(l‘,t,M) _F(y787M)‘
M| +1

< 7(d((z,t),(y,s))), for M € Sym(n). (3.5)
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[f (@, 1) = f(y,s)] < 7(d((2,1),(y,5))), for (2,t), (y, ) € Qu. (3.6)

where d((z,t), (y,5)) = \/|z — y|? + |t — s is the standard parabolic distance. Further-
more, 7 satisfies the well-known Dini continuity condition.
1
/ malr < 00. (3.7)
0

r

(A4) [Compatibility conditions] There exist 0 < af(n, A\, A,w) < 1and 0 < o*(n, A\, A, 7) <

1 such that
af k
sup%ztﬁlezl and lim@:oo, (3.8)
o<ot 90(0 + ) s—0t S
Lr(r)
where p(s) = s | —5=dr is a modulus of continuity.

S T2
(A5) [Reducibility condition| It will be enforced in this chapter the following reduction
condition:
F(0,0,0,.,) = £(0,0) = 0. (3.9)

Condition (A2) fixes a modulus of continuity w to the derivative of F. The regularity
estimates proven in this chapter depends upon w. Condition (A3) sets the continuity
of the medium, as well as it is also important in order to observe that Dini assumption
on the source f is a necessary condition for high order derivatives to be continuous, see
the classical articles [L'IN (1967) and KRUZKOV| ([1967), for the linear case, and also
Z0OU and CHEN (2002), TTAN and WANG (2013) for surveys on this topic in the fully
nonlinear scenery. The compatibility condition (A4) is naturally satisfied for the Holder
modulus 7(r) = r* however it covers a wide class of moduli which are not necessarily
af-homogeneous. For example, a modulus of continuity like 7(r) = 77 (ln %)’B is not
Holder continuous for many values of v € [0,0f] and 8 € R but it satisfies (B.§), as
well as (@) Summarily, such a condition arises to fill the lack of a*~homogeneity of 7
and ¢ respectively when compared to standard Schauder approach. Moreover, such an
assumption (first sentence in (@)) is crucial in our iterative process, because it allow
us, at each step, to fall in the flatness approximation hypothesis (cf. Lemma @) The
second sentence in (@) is imposed for selecting an appropriated radius in the proof of
the key Lemma @ Notice that such a ¢ in (@) comes from Dini-Campanato spaces
theory (cf. KOVATS (1999))(as well as the classical Potential theory, cf. [ITAN and
WANG] (2013) and it is the one which will imply that flat solutions are embedding in C*!
with an appropriated moduli of continuity for highest derivatives. The last hypothesis
(A5) is not restrictive, because one can always reduce the problem in order to check it.

Finally, assumption (A1), which is equivalent to condition (@), concerns the notion of



48

uniform ellipticity, i.e., the mapping M — F(x,t, M) is increasing in the natural ordering
on Sym(n).
Remark 3.1. Following classical terminology in the current literature, any constant which
depends only on dimension and ellipticity parameters A and A will be denoted universal.
In the same way, structural parameters are the ones that depend upon 7 and w.

Under the structural condition of Uniform Ellipticity the theory of viscosity
solutions provides an appropriate notion for weak solutions:
Definition 3.2 (Viscosity solutions, CRANDALL, KOCAN, and SWIECH (2000) and
WANG (1992a)). A continuous function u € C°(Q1) is said to be a viscosity sub-solution
(resp. super-solution) to (@) in @ if whenever one touches the graph of u by above
(resp. by bellow) by a function ¢ € C*'(Q,) at (zg,ty) € Q1, there holds

O¢

E — F(I’O, t(), D2¢($0, to)) S f(l'(),t()) (resp. Z f([[‘(),t())).

Finally, we say w is a viscosity solution to (@) if it is simultaneously a viscosity sub-
solution and a super-solution of (@)
For a fixed (z¢,tg) € @1, we measure the oscillation of the coefficients of F'

around (xg,to) by

Fa,t, M) — F(xo, g, M
G)F(x()?t[))x’t) = sup ‘ (x’ ’ ) (.’Bo, 0, )’
MeSym(n) ||M|| +1

(3.10)

Moreover, by simplicity we write © (0,0, z,t) = Op(z,1).
For a modulus of continuity ¢ and (zg,%y) € Q1 we say u € C?4¢(Q,, (o, 10))
if

o = Pl (@ oto))
. ) o f e 0,l0
[U]CQ 1 C(Qro( O,tO)) 03}7‘157“0 <p16%p T2C<7n)

is finite, where 0 < ry < min{1, dist(x, 0B1)}, dist((zo, %), 0Q1)} and 9, denotes the

spaces of parabolic polynomials of degree at most 2. Moreover, we can define the following

norm
N Ju
lullc21c@ueotn = Nullze@ug@oton + 1DUlL(@ry@oto) + |5 | e 0y, oo
+ 1Dl oo (@ry (worto)) + [ c21.¢(Qyy (wo,t0))-
Similarly, we say u € par — CY¢(Q,, (0, t0)) if the semi-norm
oo — sup (int lv = Ul @0 (wo,to)
par—C1:¢(Qrg (z0,t0)) 0orery \IEL 7‘((7”)

is finite, where £ denotes the space of affine functions. Therefore, we can define the

corresponding norm as follows
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[l par—c1.¢(Quy worto)) = 11l 2o0(Qry (@orto)) T 1 DU Lo (@ (worto)) + [Ulpar—c1:¢(Quy (wosto))

Modus operandi

We will conclude this part by explaining the ideas and mechanisms behind the
proof of our main results (see Theorem @ and Theorem ) In fact, given a fully
non-linear operator F' (for simplicity’s sake assume that F' has constant coefficients and
F(0) = 0), one can associate to it a family of scaling operators as follows

F(M
G.(M) = ( ), ¢ > 0.

L

Notice that (G,),~o defines a continuous “curve” of operators preserving the ellipticity

parameters A > A > 0. Now, should F' be differentiable at the origin, one verifies that

OF
G.(M) — M(O) My, as — 0" (3.11)
Hence, the (linear) second order operator £x[M] := 2£(0) - M;; is the limiting (or tan-

gential) equation of G, as © — 0F. On the other hand, if u is a solution to an equation

related to F', then v := * is a solution to a similar equation related to G,, namely

% — G, (D*v) = g,(x,t) := %f(x,t) (3.12)

In other words, if the norm of u is controlled by ¢ (the flatness degree) and |g,| = o(1) as
t < 1, then v is a normalized solution to the ¢-correspondent equation () For this
reason, we are able to access the available regularity for the (linear) limiting profile via the
geometric tangential device from () combined with standard compactness and stability
methods (cf. CRANDALL, KOCAN, and SWIECH (2000), DA SILVA and TEIXEIRA
(2017) and WANG (1992a,b)). Furthermore, we can recover such fine estimates back to u,
via the geometric tangential path used to access the limiting regularity profile. Therefore,
we shall interpret the heat equation as the geometric tangential equation of the limit
formed by the “curve” of fully nonlinear operators G,, providing that the flatness degree
of u and data be vanishing (See DOS PRAZERES and TEIXEIRA (2016) for a similar
reasoning and insights). Finally, by using such a tangential tool we demonstrate that
the graph of a solution to (@) can be approximated in @), (for a certain ¢ < 1) by an
appropriated F-caloric quadratic polynomial, whose error is of the order ~ O (102p(0)),
for an specific modulus of continuity ¢. Such an estimate will provide that flat solutions

are classical with suitable moduli of continuity for highest derivatives.
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3.2 Geometric tangential approach

In this section we shall obtain regularity estimates for flat parabolic solutions to

the problem (@), which will provide us that viscosity flat solutions are classical solutions.

u
ot

continuity of source f. In other words, if f satisfies the Dini continuity assumption then

ol 0,9
50 D*u e C))} (8), where

Moreover, we will specify the modulus of continuity of 24 and D?u in accordance to Dini-

W(s) = /Os@dr+s/: ™) g, (3.13)

7 72

More precisely, we will prove in this chapter the following main result:
Theorem 3.3 (CpLY parabolic estimates). Let u € C°(Q;) be a bounded viscosity
solution to (@) such that (A1) — (A5) hold. There exists a 0 > 0 depending only upon
n, A\, \,w, T, such that if

sup u] < 8

1

then u € C*'%(Q12) and

HU||0271»¢(Q1/2) <C(n,\ A, w) - 0.

We obtain such an estimate by adapting some techniques of geometric tangen-
tial methods from DOS PRAZERES and TEIXEIRA (2016). The following Lemma is
key in the proof of Theorem@.

Lemma 3.4 (Caloric Approximation Lemma). Let F' be satisfying (A1), (A2), (A5)

and a modulus of continuity ¢ such that

#ls) — 400 as s — 07, (3.14)
s
There exists n > 0 depending upon n, A\, \,w and ¢, such that for p > 0 if u is a viscosity

solution to

ou

a5 “UE(x,t, uD*u) = f(x,t) in Q with [ulloe(qn) <1

and

max {1, Op(x,t), [|fllren} <n

then we can find a 0 < o < %, depending only onn, \, A and ¢, and, a quadratic polynomial
p such that
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& —u'F(0,0,uD%) = 0 in Qu

2

IN
Q
[N}
s>
)

sup [u — p|
Qo

Demonstragao. Let us suppose, for the sake of contradiction that the thesis of the Lemma
fails. Then for a 0 < gy < 1 to be chosen a posteriori we can find sequences (uy)r>1 C
C%Q1), (fe)i>1 C L>®(Q1), (ux > 0)g>1 and (F))x>1 satisfying (A1), (A2),(A5) and
linked through

ouy, . 9

i Fi(z,t, . Duy) = f(z,t) (3.16)

in the viscosity sense such that

(3.17)

|

lugllLe@y <1 and  max {p, Op (z,t), |[fellre@y} <

However

sup |ug — p| > oap(00) (3.18)

90

for all p that satisfies in the viscosity sense

Op 1 20\ .
E_:u Fk(0707:U’Dp)_0 n Q%

By (A1) passing to a subsequence if necessary we have that Fy(z,t, M) — Fy(x,t, M)
locally uniform on Sym(n) for all (z,t) € @, fixed. Moreover, by C7% estimates for
equation (B.16) (cf. (CRANDALL, KOCAN, and SWIECH, 2000, Section 5) and (WANG,
1992b, Section 4.4)) we have that

U — U (3.19)
locally uniform in @;. From assumptions (A2), (A5) and () we deduce that

e Fr(, t, M) — D Fo(0,0,0) M (3.20)

locally uniform on Sym(n) for all (z,t) € @, fixed. Indeed, we have

Fi(z,t, upeM) — F(0,0, up M) d
Fk(x,t,,ukM) = H,U’kMH ||/U<:M|| +%

e
/ F(0,0,sM)ds.
0
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Hence

(l‘, tnuk‘M) - Fk(07 07 ILLkM
| 1 M ||

Fk ) Mk
Fr(z,t, ueM) = || M| + Dy Fi.(0,0,sM)Mds.
0

Thus by using (A2) we have that

l’,t, IukM) - Fk<07 07 ,ukM)
[ M|

F

Finally, by dividing by p; we obtain when pu; — 0

Dy Fp(0,0,0).M < ]}i_{gou,;le(m,t,ukM)
Analogously, we can obtain that

Dy Fy(0,0,0).M > }}i_}rgoullek(m,t,ukM)

and thus follows the statement. Therefore, from (), () and (), by using sta-
bility results (i.e., continuity with respect to equation), see (CRANDALL, KOCAN, and
SWIECH, 2000, Section 6) and (WANG, 1992, Lemma 1.4), we have

Guo 2 .

E —DMF()(0,0,0)D Uy = 0 m Q% (321)
Since ug is a solution of a linear parabolic equation with constants coefficients, it is smooth.

We define now

0 1
p(z,t) = uo(0,0) + Dug(0,0).2 + %(o, 0).t + 27 - D*uo(0,0) - .
As |luo||z~ < 1, it follows from parabolic estimates available on uy (cf.(KRYLOV], 2008,

Theorem 8.4.4)) that

1
sup |ug(z,t) — p(z,t)| < €r® forall 0 <r < 3 (3.22)

T

where € > 0 is a universal constant. Now, from () 2) 5 400 as s — 0%, then we

S

can select 0 < g9 K % such that ¢ < %. Thus, we readily have

1 5.
sup |ug — p| < §U§¢(UO)- (3.23)

90

Also from equation ()

% — Dy Fy(0,0,0)D* =0 in Q1



53

which implies that

0
S WEUFL(0,0, D) = o(1),

Now, by doing ay := % — 113, F (0,0, up D?p) we have that |ag| = o(1) and the parabolic

quadratic polynomial

1
pe(z,t) = p(x,t) —apt = sup|pr —p| < 1—@03@(00) for k> 1 (3.24)

70

satisfies in the viscosity sense %’“ — u,;lF(O, 0, uxD%*py) =0 in Q%. Therefore, in Q,

by using the previous sentences (), () and () we have for k large enough

sup |uy — pr| < sup|ug — uo| +sup |ug — p| 4 sup [p — pi
oo QUO foo Q"O
< t03¢(00) + 205¢(00) + 15069(00)
< o5p(00).
which contradicts (38.1§). O

Our next step is to transport the information obtained in the geometric tangen-
tial equation for (@) through a universal smallness condition in the L of the solution.
Lemma 3.5. Let F' be satisfy (A1), (A2) and (A5), and a modulus of continuity ¢ such
that

p(s)

s 400ass — 0.
s

There exists a small constant § > 0 depending only on n, A\, \,w, Y and a constant 0 <

o < 1 depending only on n, \, A, p such that if u is a solution to (@) and

|ullzo(@y <0 and  max{Op(z,t), ||fllre@n} < VO, (3.25)

then one can find a parabolic quadratic polynomial p satisfying

9p

S = F0.0,0%) =0 and [}plli=()) < 5€(m. A A) (3.26)

for a universal constant € > 0, and, é as in the Lemma such that,
sup [u — p| < 0.0%¢(0). (3.27)
Qo

Demonstragio. Let us define the normalized function v(z,t) := 6 'u(z,t), which satisfies

% — 6 'F(x,t,0D*v) = 6~ f(z,1).
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in the viscosity sense. Therefore, if 7 is as in Lemma @, then by selecting n = v/0 the
Lemma holds. O

3.3 C?1 parabolic estimates in Dini continuous media

In this Section we will obtain the aimed parabolic C*'¥(Q); ;) estimate by

iterating, through an inductive process, Lemma @

Before starting the proof of the iterative Lemma, let us enunciate some impor-
tant remarks.

Remark 3.6. We must note that 7 increasing and by the definition of ¢ we have

7(s) < (\/5\/% s) o(s) <2p(s) V s< \/75

We refer Kovats KOVATS ([1999) for such a property.
Remark 3.7. Let ¢ be as before, then for any 0 < o < e ! there holds that

Z p(0?) < € (ab). (3.28)

In fact, by using integral test, definition of ¢/ and integration by parts we obtain

S ool < p(eh)+ [ plor™ Ny = ol + ogo ) [ B as < o).
j=k ! 0

S

Remark 3.8. Due to uniform continuity of 7 we may define

6 67
(1+0¢,eu(1)

Xﬁ = sup {g € (0, 1] | 7‘(§diSt((:E,t), (0,0))) < 2 (diSt(('T7t)v (O’O)))} ’

where €, > 0 and € > 0 come from (M) and (@) respectively. Furthermore, we may

suppose, without loss of generality,

T(v5) < 2
8 .
Or(@,t) < gy (dist((21),(0,0)), ,  (3.29)
6
maX{HfHLOO(Ql)a[f]COvT(Ql)} < Vo

5

where |f(z,t) — f(y,s)]
Z, - Y,s

f 0,7 = Sup )

[ ]C (@) (zgt);s()i?)e?l T(d«x? t>’ <y’ S)))
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Indeed, the following reduction

u(kx, K2t)

Ve(z,t) 1= w2

2
7Xﬁ} and ﬁ = Imax {1, ||uHLoo(Q1) + \6/7 max {HfHLoo(Ql), [f]cO,T(Ql)}} s

it satisfies

vy,
;t — F(z,t,D*v) = f.(z,1),
for
( F.(x,t,M) = R 'F(kz,r*t, M)

)
felz,t) = & 'f(kx, k%)
) = R l7(ks)

©0i(s) : 5/81 TN(QT)dT.

r

\

attending the required hypothesis (), as well as the assumptions (A1)-(A5). Finally,
notice that the sentence () particularly implies that

max {@F(xv t)? ||f||L°°(Q1)} < W, (330)

in other words, the data are in the smallest regime from Lemma @
Lemma 3.9. Let F' and f be satisfying (A1) — (A5). Then there exists a6 = §(n, \, A, w, T) >
0, such that if sup |u| < § then u € C*Y¥ at the origin, i.e.,

Q1

() — [u<o, 0)+ Du(0,0) - =+ 24(0.0).4 + 22T - D%u(0,0) x]

< ¢.or2
5 5 < Cor7Y(r),

sup
Qr

where € > 0 depends only upon n, \, A\ and w.

Demonstragcio. We claim that there exists a sequence of parabolic quadratic polynomials

1 0
pr(z,t) = §xT T+ bpt+c-x+0,  with % — F(0,0,D%p) =0, (3.31)
that approximates u in the C%1¥ sense, i.e.,
sup [u(z, 1) — pi(z,1)| < do* ("), (3.32)

Q. k
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where 0 < ¢ < min {aﬂ, %} Furthermore, the oscillation of the coefficients of p;. verifies

g — | < €op(aY)

N T (3.33)
lep — o1 < €IaFNp(a—1) .
[or — 01| < €Io2 R Dip(gk—1)

where € > 0 is universal and o and § are the parameters from Lemma @ We will prove
this by induction process. The case k = 1 is precisely the statement of the Lemma

when we take ¢ = ¢. Let us suppose that the statement is true for k&, then we define

(u — pg)(c*x, 0?*¢)

vg(x, t) = P (3.34)
and we observe that vy solves
vy, ) flo*x, o?*t)
—_— — t,D = = t
ot gk(‘rv ) vk) 90(0’“) fk(x7 )7
where (o2, 0%, p(o) )
F(o"z, 0%, p(c").M + a;) — by
Gi(z,t,M) := . 3.35
k( ) QO(O'k) ( )
Due to induction hypothesis and smallness condition on 7(y/5), we obtain
lorllzm(@y <6 and  max{Og,(z.t), |feli=wn} < Vo, (3.36)

and since Gy, fulfil (A1), (A2) and (A5), we can use Lemma @, with ¢(t) = t**, to find

a quadratic polynomial p with universal bounded coefficients such that

sup v — p| < 8.02.
Qo

In the sequel we define

- r
prr1(z,t) = pi(z,t) + 0% o(c")py, <F’ ﬁ) 7

then using the definition of v, and a change of variables we obtain

sup Ju — prsa| < .07 0.0 o(0"),

Q k+1
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so by condition (A4) (the first sentence from (@)) we have

sup |u — ppe1| < 6075 p(g*H)

Q k+1

)

and this completes the induction process.
In order to finish the proof, we observe that () implies that (ag)i>1 C
Sym(n),(bg)k>1 C R, (cx)r>1 € R™ and (0x)r>1 C R are Cauchy sequences. Hence, we

can define the limiting quadratic polynomial
L 7
Poo(x,t) i= 3% oo " T+ boot + Cop - T + Voo,

where ap — o, bp — by, ¢ — oo and 0y — 0. Moreover we have, by , that

lar — ase] < €6Y(0%)
— b < €6 k
ek — ¢ < EdoF(a")
0k — 0| < €o0%keh(0F)
Therefore,
[Pk (2, 1) = oo, 1)] < €504 (*) (3.38)

Finally, fixed 0 < r < %, we take k € N such that o**! < r < ¢ and conclude using

() and (), that

sup |u(x,t) — poo(x,t)| < @502k1/)(0k) < ¢ﬁ5r2¢(r),

T

where ¢ = €4(n, A, A, 7) > 0. This finishes the proof of the Lemma. Il

Proof of the Theorem 1: Invoking the previous Lemma and using a standard covering

argument we have that u € C*4¥ (Q 1 ) with the correspondent estimate

I ) < &(n, A\ A, 7).0.

CZLw(Q

ol

O

Corollary 3.10 (Standard Schauder type estimate). Let u be a flat viscosity solution
to (@) Since for a € (0,1) the assumptions (A1) — (A5) are in force for T(s) = ¢p.s%,
then u € C¥ro5® (Q;).
2
In the previous Corollary we must do a special remark for the case o = 0.
2
In this case, flat solutions are asymptotically C’focl (@Q1). In effect, such solutions are locally

CHLoglip iy the parabolic sense, i.e., u has ((r) = r?logr~! as modulus of continuity.
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Notice that, particularly, such a Corollary is an improved version when com-
pared with its corresponding Schauder type estimates from ZOU and CHEN (2002) and
WANG ([1992b).

We should point out that our approach of flatness regime explores just the fact
that viscosity solutions to (@) have oscillation small enough. For this very reason, we

can improve our arguments as to prove similar results under the following statement:

Corollary 3.11 (¢-Small oscillation). Let u be a bounded viscosity solution to (@)
Suppose we are under the hypotheses of Lemma . Then given ¢ a smooth solution to
99

5~ F@t, D) =0 in Q

there exists a 6 = d(n, \, A\,w,T) > 0 such that if u is contained in the §-tubular neigh-
bourhood of ¢, i.e.,

suplu— 6] < 8
Q1

then u € C*4¥ (Q ) Furthermore,

1
2

lu—=9l_,., (Ql) < €4
2

for a € > 0 depending only on universal parameters, w, T and ||¢||02+1}1+%(Q .
1

Demonstragdo. The result follows by applying Theorem @ to v = u—¢ with the operator
G(w,t, M) = F(a,t, M + D*) — F(0,0, D).

]

Remark 3.12 (General dependence). We can assure that similar results follow to equa-

tions of following form

% — F(z,t,u, Du, D*u) = f(2,t,u, Du) in @ (3.39)

under suitable assumption on v and Du dependence. Indeed, Lipschitz continuity is
enough to our purposes, see CRANDALL, KOCAN, and SWIECH (2000), DA SILVA
and TEIXEIRA (2017) and WANG ([19924)).

Remark 3.13. It is worth point out that Savin’s seminal elliptic paper SAVIN (2007)
(resp. Wang’s parabolic work WANG (2013)), F'is only assumed to be uniform elliptic in a
neighbourhood of the origin. The same observation holds in our case. Indeed, by revisiting
the proof of Lemma @ (resp. Lemma @) we could assume only uniform ellipticity of

F' close to the origin and the same conclusion holds true. The key observation is that in
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the Caloric Approximation Lemma @, temporal, first and second spatial derivatives of
approximating sequence remain trapped within a certain d—neighborhood of the origin,
which enable us to apply Krylov-Safonov regularity estimates, as well as stability results.
Thus, for the purposes of our reasonings, it is like we were treating (everywhere) uniform

elliptic case.
3.4 Consequences and application

Throughout this section we will show some consequences and applications
to Theorem @

3.4.1 C*! implies C*!¥

Given a u € C?*! classical solution to (El!), Theorem @ allows us determinate the
modulus of continuity to D?u and %. This result is a sort of extended version of Evans-
Krylov Theorem. Over recent years this type of results has been used to derive higher
regularity in geometric analysis problems, see SHENG and WANG (2010) and TTAN and
WANG (2013) for some enlightening examples.

Theorem 3.14 (Evans-Krylov type Theorem). Let u € C*1(Q,) be a classical so-
lution to (@) Assume assumptions (A1) — (A5) are in force. Then, u € C*4¥ (Q%>7
and

]

c210(qy) < €A A 7(V5) ullonian),

Demonstragdo. Define for a 0 < p < 1 to be chosen a posteriori v : ()1 — R by

w(pw, pt) — [u(O7 0) + uDu(0,0) - & + p22~ 12T - D3u(0,0) - = + u%.%;‘(o, 0)]

v(z,t) ==

12

We then have
(0.0 = Do, =0 and |50 [D%0(e.0)] < 90 = max{CevB)s(uv5))

where ¢ and ¢ are the modulus of continuity for % and D?u respectively. We now can

choose p < 1 small enough of the following form

where 0 < 1 is the constant from Theorem . Upon such a choice, v is under the
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assumptions of Theorem @ with

G(x,t, M) := F(sx,s*t, M + D*u(0,0)) — %(0,0) and g(x,t) = f(sx,s%t).

Therefore, v € C>1¥ <Q%) and consequently v € C>1¥ <Q%)

Regularity in some problems from Geometry

Over the last decades the study of geometric flows have proved to be extremely effec-
tive in solving some of the most important problems in Topology, Differential Geometry
and Geometric Analysis. Geometric considerations drive to equations of the form:

ou

— — F(x,t,u, Du, D*u) = § (:c,t, u,

5 Q(Du,D2u)d:I;) in MR (3.40)

B
where G € C*°(R" x Sym(n),R™) is a vector field. Such an equations appear in many
applications of parabolic PDE in curvature and gradient flows. For this very reason, our
work have been motivated by studying such equations coming from Differential Geometry
and Geometric Analysis in order to establish high order estimates to certain solutions.

Higher regularity results by estimating the gradient of the mean curvature flow
under volume constraint assumption, as well as gradient flow associated with the k-Hessian
equations have been obtained in the context of Geometric Analysis, see HuiskenHUISKEN
(1987) and Tian and WangI'TAN and WANG (2013) for more detail about this topics.

Next, we comment on interior regularity results for general non-linear curva-
ture and gradient flows (), so yielding an interesting application in the geometric
setting. We consider 91 to be a closed manifold without boundary under volume cons-
traint assumption, thus interior regularity is sufficient. Therefore, a result as Theorem
@ can be proved for flat solutions to equations of form ()

In conclusion, we stress that similar results can be obtained considering O
solution to () on a hyper-surfaces without boundary instead of flat solutions on a
manifold. Thus, we are able to apply Theorem and prove the corresponding desired
estimate. Finally, the result proven in this part can be further applied to equations of the
form

o (D9, D9) ~ AP =0

where § is the inwards mean curvature vector of the surface at position z and time ¢
and |A| represents the norm of the second fundamental form. This equation describes the
mean curvature hypersurface in the Euclidean space R"!, see for example SHENG and
WANG (2010).

In order to finish this part let us comment an application of our last result in
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the context of Differential Geometry (Elliptic setting): Let u € C?(B;) N C%Y(B;) be a

strictly convex solution to
nt2
F(z, Du, D*u) = det(D*u) — K(x) (1 + ]Du|2) 2 =0,

where K is the Gauss curvature of the graph of u at the point (z,u(x)). Remember that
such an equation is known as Fquation of Prescribed Gauss Curvature. Finally, if IC is
Dini continuous, then according to Theorem solutions have a universal modulus of

continuity for second derivatives.

3.4.2 Partial regularity results for fully nonlinear parabolic equations

The result of the previous subsection raises a question: considering viscosity
solutions instead of classical solutions to (@), what can we say about the size of the
eventual singular set? For the class of equations treated here, Theorem @ allows us to

answer the question with a partial regularity result.
Remark 3.15. Tt will be useful from now we introduce the notion of parabolic Hausdorff
dimension for a set Q C R**1:

Jjz1 Jjz1

Hpar () := inf {0 <s<00:Vy>03{Qr,(zj5,t5)}j>15¢ QC U Qr; (x4,t;) and Zr; < 'y}

Theorem 3.16 (Parabolic partial regularity result). Let u be a viscosity solution to

o F(DM) = [ t) i @

where F' € C*(Sym(n)) satisfies ¢ < Dy, F(M) < ¢ for some constant ¢ > 0 and a
source function f which is Lipschitz continuous. Then, there exist ¢g > 0, depending only
on universal parameters, and, a closed set I gyng C Q1, With Hpar(Lging) < 1+ 2 — €y such
that u € 02+0"2+TQ(Q1 \ Tsing) for all a € (0,1).

Remark 3.17. Let f be a Lipschitz continuous function. Then, for every unity vector

v € R", the function u, = v - Du fulfils

ou, u, _ .
Py (D) — S0 <0< 28— Pry(DPu) + € in Q)
ot ’ ot ’
in the viscosity sense, where £y = || f|lLip(@,). Thus, by Parabolic W?* estimate from
(DANIEL, 2015, Theorem 1.2)
Lt <{(;E,t) € Q%;E (u,Qg) (x,t) > %}) < €Ckr° (3.41)

for a constant € = &€(n, A\, A, £o, ||ul|L=(,)) and for all £ > 0, where
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E(u, Q)(z,t) = inf{2A > 0;3(b, 7, M) e R x R" x Sym(n) s.t. V(y,s) € Q,s <t,
{u(y,s) [ (x,t) +? —x)+b( s—t)+f(y—:n)T.M.(y—:r)H
< FAP((,1), (y,9)) }

In order to prove the partial regularity result we must to use the Main Theorem
for determine the relation between = and the local C2+**5* estimate to solutions after
using a covering argument. For this very reason we will proceed in two steps in order to

drive the proof more clearly.

Lemma 3.18. Let u be a viscosity solution to (@) satisfying ||u||L=0,) < 1 and o €
(0,1). There exist a constant §* = §*(n, A\, A, 7, ) such that for every (zq,to) € Q% and
0<r< 100, if

{E (U’Q%) (z,1) < 7,71511} NQy(zo,to) #D  then wu € O2te

Demonstracio. Let §* to be chosen a posteriori, 0 < r < 100, (zo,10) € Q% and (zg, So) €
Q- (z0, to) such that

= (u,Qg) (20, 50) < r71o*
then there exist b € R, 7’ € R” and M € M, (R) such that for any (z,t) € Qs with £ < 5o

u(z,t) — |:u(z0, s0) + T .(z — z0) + b(t — s0) + %(z —20)T.M.(z — zo)} < 6%5%3((:0,@, (20, 50)). (3.42)

We may assume without loss of generality that M € Sym(n) since we can replace M by
MTTJ“M. Moreover, for (x,t) € Q; we have (zo+4rx, so+ 16r%t) € Q%. From now, consider
the scaled function

(2.1) u(zo + 4rx, 5o + 167%t) — [u(zo, s0) + 4r 7 -« + 8r2aT - M -z + 16r2bt]
v(z,t) =
’ 1612 ’

as well as the operator
G(x,t,N) := F(z + 4rz,so + 167°t, N + M) — F(zy, 59, M).
According to sentence (), for a universal constant ¢y, > 0 we have that
0] Lo (1) < €0.0%.

Since u is a viscosity solution to (@) follows that b — F'(2o, S0, M) = f(20,80). Thus, v
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satisfies in the viscosity sense

% —G(a,t, D*) = f(z0 +drz, so + 16r"t) — f(20,50) = g(z,t) in @

Moreover, G and g fulfil the assumptions (A1) — (A5). From now, let § > 0 the constant
from Theorem @ If we do the choice

o <t

24«

then by applying Theorem @ to v we obtain v € C?T* 2 (Q%> for all 0 < a < 1,

which we conclude that u € C'ZJ“O"HTQ(QQT(ZO,SO)). The proof finishes by noting that
Qr (w0, to — 1) C Qar(20, S0)- O

Proof of Theorem : By using a standard covering argument, it is suffices
to prove for a € (0,1) fixed that

w € Czwﬂ%(:} \ I'sing) where J := Bﬁ X <_§’ _M> .

Now, let I'sing C J be defined by

e 2
FSing = {<x7t) €J:u ¢ CZJra’% (Qr (.T,t—f-%)) Vr > O} .

Note that I'si,e is closed, consequently compact. For 0 < r < ﬁ fixed follows by a Vitali

Covering Theorem for parabolic cylinders, see (LIEBERMAN; 1996, Lemma7.8) , there

exists a finite family of disjoint parabolic cylinders of radius r centred in (z;,%;) € Iging,

{Qr (%’, t; + %)} such that

d
2572
1—‘Sing - UQ5T (xhti + 2 ) .

=1

By Lemma , since (2;,t;) € Dsing, there exists a §* > 0 such that

d
= - | I 3r?
= <U7Q%) (y7 S) >T léﬁ’ \V/<y, 8) € Qr (l’mtz + —2 ) .
=1

It follows by sentence () applied to Q, <xi, t; + 3’2L2> - Q% that

Ayt < ot ({(x,t) €0.: 2 (an%) (z,1) > T—15ﬁ}> < ¢(rlof)—E

ol
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for positive universal constants €, . Therefore,

d
2(57’)”“’5 < €(n, N\ A, e, 0%) < oo

i=1

Particularly, we deduce that
Hpar(Lsing) <n+2 —e.

O
The next result assures that for a restrict class of solutions and non-linearities

a similar partial regularity result is verified for problems with Lipschitz data.

Corollary 3.19. Let u be a wiscosity solution to (@) with F € C*(Sym(n)) satisfying
¢ < Dy, F'(M) < ¢! for some constant ¢ > 0 and data Lipschitz continuous. Suppose
that D*u : Q1 — Sym(n) is a bounded map and that there exists © > 0 such that

[F(-, D2u(a,t) — F(-, D2u(y, 5))| < ©.d((x, 1), (,5)). (3.43)
Then, the thesis of the Theorem holds for a constant ¢ > 0 depending only on

universal parameters, ©, || f|l L) and ||D*ul|p=(0,)-

Demonstragdo. Notice that we can re-write (@) as

g—? — F(l‘@,to,D2u(CL’,t)) =g(z,t) in Qq,

where g(z,t) = f(x,t) + F(z,t, D*u(x,t)) — F(xg,to, D*u(z,t)). Since the data are
Lipschitz, we get that ¢ is Lipschitz as well by using (@), (@)and () Moreover,

[9lLip@n) < [fluip@y) + 20 + (1 + [1D%ull1~q,)) -

Finally, the result now holds from Theorem . [

Remark 3.20. The first result in this direction was obtained in DANIEL (2015) and similar
results appear in DOS PRAZERES and TEIXEIRA (2016). Recently, it was built up an
example in the elliptic case which point out that e < 2(3 + 1)~

3.5 Parabolic Log-Lipschitz type estimates

In this Section, we shall comment on the C**°&P parabolic interior estimate

which will be obtained by adjustments in the analysis carried out in Section @ This



65

result is enclosed in previous works, DA SILVA and TEIXEIRA (2017) and WANG (2006).

Recall that Log-Lipschitz estimates take place in many contexts in mathema-
tics since Monge-Ampeére equation, modeling semi-geostrophic equation in meteorology,
as well as in transport-diffusion equations in Besov spaces, just to mention a few. In fact,
they are interpreted as qualitative improvement in borderline conditions where the corres-
pondent Lipschitz regularity can not hold, see (DOS PRAZERES and TEIXEIRA| 2016,
Section 6), (DA SILVA and TEIXEIRA, 2017, Section 6) and WANG (2006). Further-

more, it is well-known that it is possible to build up a solution u to

ou - d%*u ,
o > aij(m,t)axiaxj = f(z,t) in Q

ij=1

where a;; and f are just continuous, but neither % or J;;u are bounded, see [L'IN (11967)
and KRUZKOV] (1967) for enlightening references.

In the next, we shall show that under continuity assumption on the coefficients
of F' and on the source f, after a suitable scaling argument, solutions are under the
smallness regime of Lemma @ For a k > 0 to be determined a posteriori define
u(kw, K*t)

UH(QZ,t) = K2

Thus we have

0V,
ot

in the viscosity sense, where

— Fu(a,t, D) = fula,t) i Qs

F.(x,t,M) = F(kz,k*, M) and f.(z,t):= f(kz, st

Now, if we do the following choice

with the following definition

Now note that

| ’FR(I7t7 M) — FR(y’ 5, M)|
’ [M][ +1

mwpﬂ@w—ﬁ@g }Smumwm%m>

Thus,
max{|| full L (0u), OF, (z,1)} < V67 (3.44)
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Finally, if we take
|l poo(@r) < 0= §K2,

then
Vil oo (@u) < 0

Therefore, the estimates proven to v drives the desired one to u.

Now, if f is just bounded then we can revisit the proof of Lemma @ and,

under the standard smallest assumptions, we can find a universal 0 < ¢ < % and an
F-caloric quadratic function p; such that
sup [u — p;| < do°. (3.45)
Qo

By proceeding inductively we are able to find a sequence of F-caloric quadratic functions
L 7
pk(x,t) = 51‘ “ap T+ bpt4 - x+ 0

such that
by — F(0,0,a;) =0 and sup|u —pi| < do** (3.46)

QK

Moreover, we have the following estimates

lag — o] < &5
b, —b < &
b = brnl < (3.47)
‘Ck — Ck+1| S €50k
|Dk - Dk—i—ll S @(50'%
Hence, the coefficients satisfies the following estimates
0x — u(0,0)] < €5¢®* and ¢, — Du(0,0)| < €oo*; (3.48)
however
lag] < €ko and |bg| < €kd (3.49)

We prove the existence of such polynomials by induction process in k. The first step of
induction, k = 1, it is exactly the previous statement () Suppose now that we have
verified the thesis of induction for £ = 1,...,7. Then, defining the re-scaled function

v:= (1 — R given by
(u—pi) 0"z, 0%*)
So2k ’

vg(x,t) =
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we have, by induction hypothesis, that |vg| < 1 and it solves

0
S = Bule,t, Do) = f(o*,0%t) = fula.)
in the viscosity sense, where F},(z,t, M) := F(ox,0t, M + a;) — by.
Now, given the smallest conditions on the data, namely (), we are able to
apply the first step of induction. Thus, we readily obtain for a quadratic polynomial p
the following

sup |vx — p| < do?. (3.50)
Qo

Rewriting () back to the unit domain yields

sup
Q k41

t
u(z,t) — [pk(x,t) + 60%Fp (% ﬁ)} ‘ < o), (3.51)

Therefore, defining
r t
Prsr (2, 1) = pr(z, 1) + 90 *p (ﬁ’ ﬁ) ’

we verify the (k 4+ 1) step of induction and, clearly, the required conditions (B.46) and

() are satisfied.

Finally, based on estimates (B.48) and () we are able to prove that

sup |u(z,t) — [u(0,0) + Du(0,0) - z]| < &€6r*logr ', (3.52)
for a constant € > 0 that depends only upon n, A\, A and 7.

Therefore, this proves the following Theorem:

Theorem 3.21 ( Parabolic CtLos-LiP estimates, DA SILVA and TEIXEIRA (2017)).
Let u € C°(Q1) be a bounded viscosity solution to (@) such that (A1) — (A2) hold. There
exists a 6 = §(n, \, A,w) such that if sup ||u|| <4, then u € CHeYP(Qy5) and

Q1

[ullcrros-rin(g, 5) < C(n, A A w) -6

Remark 3.22 (L’~BMO type estimates on 2 and D*u (p € (1,00))). The final esti-
mate () says us that solutions to (@) are asymptotically C*! in the parabolic sense,
as well as % and D?u have a logarithmic behaviour at the origin. Therefore, adjustments
on the previous explanation yield %—?, D?u € p — BMO (Q%>, with the appropriate a
priori estimate on the p — BMO (Q%) norm of the temporal derivative and Hessian of

u in terms of the L*-norm of f in @);. Indeed, under appropriate smallness regime on
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f,0r € C°%(Q1) N L=(Q;) , we can approximate u by a viscosity solution to

% - F($07t0a D2b) =0 in Q%

in the I/sz1 <Q%> topology: for quadratic polynomial functions

1
pk(a:,t) = ixT~ak‘x+bk.t—|—ck~x+bk

we have that L o
U — x, ptt

fulfils |ug| < 6 and |24 — Fy(2,t, D*u;)| < 1in Qq. By using interior W2! estimates (cf.
CRANDALL, KOCAN, and SWIECH (2000) and WANG| (1992a)) we obtain

Ou
ot

< €0+ [ fllze@n)-

2
LP(Q%> D m;HU,(Q%)

Consequently,

]épk (‘%(U — P

2

p
. mrp) <€+ | fllimin) VEEN

Therefore, the previous sentence provides the desired p—BMO estimate. In other words,

ou
+ |1D?ullp-ro@n) < €y, A A T)(E + (| flleon), ¥ r < 1.

ot

p—BMO(Qr)
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4 GLOBAL REGULARITY FOR FULLY NONLINEAR PROBLEMS OF
COMBUSTION TYPE

The goal of the present chapter is obtaining optimal regularity estimates up
to the boundary for approximating solutions. More precisely, we shall prove a uniform
gradient estimate (Lipschitz regularity) up to the boundary for viscosity solutions of the

singular perturbation problem

F(x,Duf, D*uf) = ((uf) in (E.)
u(x) = g(x) on 09, ‘
where the singular reaction term (.(s) = %C (f) for some non-negative ¢ € C§°([0, 1)),

a parameter ¢ > 0, a non-negative g € C*7(Q), with 0 < 7 < 1, and, a bounded C*!
domain € (or S for short). Throughout this chapter we will assume the following bounds:
19llcrr@ < A and [|C][re o, < B

The chapter is organized according the following way: In Section [ll we in-
troduce the notation, definitions and statements this chapter. In Section @ we establish
the optimal bounds for the gradient to solutions of ([E]). In Section Q we obtain the
correspondent limit for free boundary problem, i.e. optimal Lipschitz continuity up to
the boundary for solutions. In the end, in Section @ we two technical results that were

postponed for the end the chapter by didactic motives.
4.1 Notations and statements

Hereafter in this chapter, F': Q x R" x Sym(n) — R is a fully nonlinear

uniformly elliptic operator, i.e, there exist constants A > A > 0 such that
AIN|| < F(z, 7, M+ N) = F(z, 7, M) < AN, (Unif. Ellip.)

for all M, N € Sym(n),N >0, 7 € R" and z € Q. As usual Sym(n) denotes the set of all
n X n symmetric matrices. Moreover, we must to observe the mapping M — F(z, ?, M)
is monotone increasing in the natural order on Sym(n) and Lipschitz. Under such a
structural condition, the theory of viscosity solutions provides a suitable notion for weak

solutions.

Definition 4.1 (Viscosity solution). For an operator F': 2 x R" x Sym(n) — R, we

say a function u € C°() is a viscosity super-solution (resp. sub-solution) to

F(z,Du,D*u) = f(x) in €,
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if whenever we touch the graph of u by below (resp. by above) at a point y € 2 by a
smooth function ¢, there holds

F(y,Do(y), D*¢(y)) < f(y) (resp. > f(y)).

Finally, we say u is a viscosity solution if it is simultaneously a viscosity super-solution

and sub-solution.

Remark 4.2. All functions considered in the chapter will be assumed continuous in €,
namely C-viscosity solutions, see Caffarelli-Cabré CAFFARELLI and CABRE ([1995) and
Teixeira [EIXEIRA (2006). However, we also can to consider LP—viscosity notion for
such solutions, see for example Winter WINTER| (2009).

Theorem 4.3 (Global uniform Lipschitz estimate). Let u® be a viscosity solution
to the singular perturbation problem ([E]). Then under the assumptions (F'1)-(F2) there
exists a constant C' = C(n, A\, A\, b, A, B) > 0 independent of €, such that

[ D] ooy < C.

Our new estimate allows us to obtain existence for corresponding free boundary
problem (@), keeping the prescribed boundary value data, see Theorem . Finally, we
should emphasize our estimate generalizes the local gradient bound proven in [TEIXEIRA!
(R006), see also RICARTE and TEIXEIRA (2011) for a rather complete local analysis of
such a free boundary problem.

With regard to existence of solutions throughout this chapter we will deal
with Perron’s type solutions to the problem ([E]), i.e., solutions u¢ derived by least super-

solution method

u(x) := inf{o(z) : v is supersolution to ([E]), u, < u® < u*}

where u, and u* are respectively fixed sub-solution and super-solution to ([E]) satisfying
U, < u*in Q and u, = u* = g on 0S). Therefore, for each ¢ > 0 fixed, the existence of
such a Perron’s solution is ensured by usual methods of sub and super solutions.
Although we have chosen to carry out the global analysis for the homogeneous
case, the results presented in this chapter can be adapted, under some natural adjust-

ments, for the non-homogeneous case,

{F(:::,Dus,muﬁ) = G+ f(z) in Q
u(z) = g(z) on 012,
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with0 <e< f. <c¢ L.
We shall introduce some notations and structural assumptions which we will
use throughout this chapter.
n indicates the dimension of the Fuclidean space.
H. is the half-space {z, > 0}.
H:={z=(21,...,2,) € R": 2, = 0} indicates the hyperplane.
Z is the vertical projection of X on H.
C, = {y €EH, :|ly—yg|> %|y — $|} is the cone with vertex at point = € H.
B, (x) is the ball with center at X and radius r, and, B, the ball B,(0).
Bl (z) := B.(z) N H4.

Bl(x) is the ball with center at x and radius r in H.

AN NN N R

Q\

Remark 4.4. Throughout this chapter Universal constants are the ones depending only
on the dimension, ellipticity and structural properties of F', i. e., n, A\, A and b.

Also, following classical notation, for constants A > A\ > 0 we denote by

P;A(M) ::)\ZemLAZei and Py (M) ::/\'Zei+A'Zei

e; <0 e; >0 e; >0 e; <0

the Pucci’s extremal operators, where e; = e;(M) are the eigenvalues of M € Sym(n).
We shall introduce structural conditions that will be frequently used throughout

of this chapter:

(F1) (Ellipticity and Lipschitz regularity condition ) For all M, N € Sym(n),

?, 7 eR™ z €}
PialM =N)=b|F = ¢| < F(2, 7, M) = F(z, ¢, N) <P (M= N)+ 0|7 = |-
(F2) (Normalization condition) We shall suppose that,
F(2,0,0) = 0.
(F3) ( Small oscillation condition) We shall assume that
sup Op(x,x9) < O0(n, \,A) < 1,
20€Q

where

F(z,0,M)—F 0, M
GF(.I',.T()) — Sup ‘ (I, ) ) 7 (xo, ) >|
MeSym(n)\{0} H ||

Remark 4.5. Assumption (F1) is equivalent to notion of uniform ellipticity [Unif. Ellip|

when ? = 7 The assumption (F2) is not restrictive, since we can always redefine the

operator in order to check it. The smallest regime on oscillation of F', namely condition
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(F3), depends only on universal parameters, see WINTER! (2009).

Example 4.6 (Isaacs type operators). An example which we must have in mind are
the Isaacs’ operators from stochastic game theory

F(z, 7, M) = ilégégg (—Tr {AO"B(:U) . M} + <Ba’ﬁ(x), ?>) (resp. iIQl[f s%p(- - )) , (4.1)

where A%? is a family of measurable n x n real symmetric matrices with small oscillation

satisfying

AlN? < €7 AP (z)e < AJlg]*, ¥ €€ R and || B*||poo(a) < 0.

4.2 Existence of solutions

In this Section we shall comment on the existence of appropriated viscosity solutions
to the singularly perturbed problem ([E]). Such solutions are labeled by Perron’s type

solutions.

Theorem 4.7 (Perron’s type method, RICARTE and TEIXEIRA (2011)). Let f €
C%1([0,00)) be a bounded function. Suppose that there exist a viscosity sub-solution u €
C(Q)NC™(Q) (respectively super-solutionu € C(Q)NC%H(Q)) to F(z, Vw, D*w) = f(w)
satisfying u = uw = g € C(0R). Define the set of functions

v 1S a viscosity super-solution to
F(x, Dw, D*w) = f(w(z)) such that u <v <%

S = {v €C(Q)

Then,
u(z) := inf v(x), forxz e Q (4.2)

vES
is a continuous viscosity solution to F(x,Vw, D*w) = f(w(x)) in Q with u = g continu-
ously on 02.
Existence of Perron’s type solution to ([E]) will follow by choosing u := u® and

u = u° as solutions to the boundary value problems:

F(xz,Duf,D*v?) = sup ((u(x)) in Q
z€[0,00)
u(z) = g(x) on 0f)
and
F(z,Du*,D*w®) = 0 in Q
u(z) = g(z) on 09,

We must note that for each ¢ > 0 fixed, existence of such a u° and u® follows
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as consequence of standard methods of sub and super solutions. Moreover, we have that
u € C(Q)NC% Q) and w € C(2) NC*(Q) are viscosity sub-solution and super-solution
to ([E]) respectively. Finally, as consequence of the Theorem @ we have the following

existence Theorem:

Theorem 4.8 (Existence of Perron’s type solutions, RICARTE and TEIXEIRA
(2011)). Given Q C R™ be a bounded Lipschitz domain and g € C(09) be a nonnegative

boundary datum. There exists for each € > 0 fized, a nonnegative Perron’s type viscosity

solution u® € C () to (EJ).

Finally, minimal type solutions are the corresponding non variational coun-
terpart to minimizers of Euler-Lagrange functionals from variational theory. Therefore,
unless otherwise specified, viscosity solutions to ([E]), will mean minimal type solutions

according to Theorem @
4.3 Optimal Lipschitz regularity

In this section, we shall present the proof of Theorem @ Thus let us assume
the assumptions of problem ([E]).
We make a pause as to discuss some remarks which will be important th-

roughout this chapter.

Remark 4.9. Firstly, it is important to highlight that is always possible to perform a
change of variables to flatten the boundary. Indeed, if 9Q is a O set, the part of Q
near 0f) can be covered with a finite collection of regions that can be mapped onto half-
balls by diffeomorphisms (with portions of 02 being mapped onto the “flat” parts of the
boundaries of the half-balls). Hence, we can use a smooth mapping, reducing this way the
general case to that one on B, and, the boundary data would be given on BN {x, = 0}.

In effect, consider xy € 9. Since 9 € C! there exists a neighborhood of
7o, namely V(zg) and a Ct!—diffeomorfism @ : V(xy) — B1(0) such that

B(z9) =0 and P(QNV(xg)) = B
Therefore, if u is a solution to
F(z,Du, D*u) = f(u(z)) in
then v(z) := u(®~!(z)) is a solution in B (0) to

G(z, Dv, D*) = f(v(z))
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where
F(® Hz), P DO (2)), DOT(®7 (2))MDD(® () + T D*®(D ! (x))).

Before starting the proof of the global Lipschitz estimative, we need to assure
the non-negativity of solutions to ([E]). Such a result will be used several times throughout
this chapter. This statement is a consequence of the Aleksandrov-Bakelman-Pucci esti-
mate, see (CAFFARELLI and CABRE, 1995, Ch. 3) for more details.

Lemma 4.10 (Nonnegativity and bounds, RICARTE and TEIXEIRA (2011)) and
TEIXEIRA (2006)). Let u® be a viscosity solution to ([E]). Then there exists a universal
constant C' > 0 such that

0 <u(e) < Cllgll g in

Demonstrag¢io. Define v¢(x) := u®(z) — ||g||o. Notice that

F(x, Dv¢, D*v®) = F(x, Duf, D*u®) = ((u) >0 in
e < 0 on OS2,

Estimate by above follows as an immediate application of Aleksandrov-Bakelman-Pucci
estimate, see CAFFARELLI and CABRH ([1995).
Let us prove the non-negativity of u®. Suppose, for sake of contradiction that
the region
U. ={z €Q:u () <0} # 2.

Since supp(¢.) = [0, €], we have
F(x,Du®, D*u®) =0 in U..

Applying, one more time the Aleksandrov-Bakelman-Pucci estimate we conclude u® > 0

in U., leading us to a contradiction. [

We will now establish a universal bound for the Lipschitz norm of u® up to the

boundary. The proof will be divided in two cases.
Case 1: Global Lipschitz regularity in the region {0 < u® <¢}.

Theorem 4.11. Let u be a viscosity solution to ([E]). For x € {0 <w® <&} N B} there
2
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exists a universal constant Cy > 0 independent of € such that
|Duf(x)| < Ch.

Demonstracao. We denote by
6(z) = dist(x, H)

the vertical distance. If 6(z) > ¢, then B.(x) C Bf for ¢ < 1. Therefore, from local
gradient bounds RICARTE and TEIXEIRA (2011); TEIXEIRA (2006), there exists a

universal constant Cy > 0 independent of ¢, such that
| Du(z)| < Cy.

On the other hand, if 6(x) < ¢, then it is sufficient to prove that there exists a universal

constant Cy > 0 independent of e, such that
u(2) < Coe. (4.3)

Indeed, suppose that () holds. Consider h: EIL — R to be the viscosity solution to the

Dirichlet problem
F(y,Dh,D?h) = 0 in B
h = u° on OBf.

From C'® regularity estimates up to the boundary (see for instance (WINTER| 2009,
Theorem 3.1)), we know that h € Ch <§§) with the following estimate

Dh(e)] < ¢ (Il gty + lgllcrniey) <€ i B
and by Comparison Principle we have
u*<h in B.
Hence, it follows from assumption (@) that
u(y) < hly) < h(@)+Cly — 2| < Ce it y € By (2)

Then, again applying C*® regularity estimates from (WINTER, 2009, Theorem 3.1), we

obtain

|Duf(z)| < Co(n, A, A, b, B).

In order to prove (@) suppose, by purpose of contradiction, there exists € > 0
such that
u(z) > ke for k> 1.
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We shall denote
ro := dist(z, {0 < u® < e}).

Consider zy € {0 <u® < e} NIB}(T) a point to which the distance is achieved, i.e.,
To = |.I’0 — fi’|

Thereafter, let C; be the cone with vertex at & € H. Suppose initially that xq € C; then
B%o (l’o) C Bf_

Figura 2: Geometric argument for the case Xy € Cy.
Now, let us define, v : By — R by

UE(y) - ue(ilfo +€(r0/2)y) )

Therefore, v° satisfies in the viscosity sense

Py, Do, D) = (2) ¢ o= s,

where

Fy, T, M) = % (ﬁ)QF <x0 470, 28 <§)2M> . (4.4)

2 2 To

Now note that g € L*(B), since ry < € and F; satisfies (F1) — (F3) with
constant b = 2 - b. Moreover, since v°(0) < 1 it follows from Harnack inequality (cf.

(CAFFARELLI and CABRE], 1995, Ch. 4)) that
vi(y) <c for ye€ B,

i.e.,



7

Consider now z € B, (Z). It follows that
g(z) >g@)—A-|z—2| > ke —19- A> (k — A)e,

since ryp < €. Define the scaled function w®: B — R,

€ ue(i‘ —|—T0y)
w(y) = LEETY),

It readily follows that

F.(y, Dw®, D*w®) =0 in By
w(y) >k—A on B,

where [ is as in (@) Therefore according to Lemma ,
w(y) > c(k—A) in Bj.
In other words, we have reached that

u‘(z) > ce(k — A) in B, (7).

e
Hence

4

ce(k — A) < u(z) < ce, YV 2 € 0Bj,, (£) N OBra (o),

which leads to a contradiction for k > 1.
On the one hand, if z¢ & Cz, choose 1 € {0 < u® < e} such that

ry = dist(Z, {0 < u® <e}) = |2 — x4
From triangular inequality and the fact that r; < %2 we have

. . . . T

|21 — 2| < |21 — To| +[To— 2] <1141 < Eo—irro.

If z; € C;, the result follows from previous analysis. Otherwise, let x5 be such that

ro 1= dist(Z1,{0 <u® <e}) = |21 — xa|.
As before we have

A N N . o , To
|20 — 2| < |21 — 20| + |21 — 2| < — 4+ = + 710,

4 2

since ry < %1 < %0. Observe that this process must finish up within a finite number of

steps. Indeed, suppose that we have a sequence of points z; € 0{0 < u® < e}, w41 &
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Cs; (j=1,2,...) satisfying,
Tjy1 = dist(jj, {0 S u® S 6}) = |l‘j+1 - i‘j

and

< 7"]' < To
7”]_‘_1_5_ 2j+1'

Thus, it follows from (@) that

J
. 1
|z, — 2| <719+ 1o E 5 < 2ry.
=1

/
2rg

Therefore, up to a subsequence, z; — T € Bj, (%) with ¢g(zs) = €. However,
9(T) > 9(T) — AT — 20| > (b —2A4) > ¢

for k£ > 1 which drives us to a contradiction, and, hence the assertion (@) is proved. [l

Figura 3: Geometric argument for the inductive process.

Case 2: Lipschitz regularity in the region Bf/8 \ {0 <uf <e}

Theorem 4.12. Let u® be a viscosity solution to (E]). If x € BY N{u® > &}, then there
8
exists a constant Cy = Cy(n, A\, A, b, A) > 0 such that

|Duf(x)| < Cp.

The proof of the theorem consists in analysing three possible cases (Lemmas
|4.14L |4.15|, |41d below). Henceforth we shall use the following notation

d-(x) :=dist(z,{0 <u® <e}) and §(x) = dist(z,H).

The next result is decisive in our approach.
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Lemma 4.13. Let u be a viscosity solution to ([E]) with g € CY7(B}). Then, for all
x € By N{u® > e}, there exists a constant co = co(n, \, A, b) > 0 such that
4

g(z) < e+co-b:(x).

Demonstragdo. Let us suppose for sake of contradiction that there exists an € > 0 and
zo € B} \ {0 < u® < e} such that
4

g(xo) > €+ k- 0-(x0)

holds for k£ > 1, large enough. Let z = 2. € 9{0 < u® < ¢} be a point to which the
distance is achieved, i.e.,

de 1= (o) = |z0 — 2|

We have two cases to analyse: If x € C,,, then the normalized function v¢: B — R given
by
u(xg + 0y) — €

v(y) == 3

satisfies
F.(y,Dv¢,D*) =0 in By

in the viscosity sense, where
F.(y, 7, M) = 06.F (xo +0.y, 7. }M) :
As in Theorem , F. satisfies (F1) — (F3) with constant b = §.b. Moreover,
v“(y) >0 in Bf.

Now, for any x € Bj (7o) we should have for k£ > 1,

v

g(x) g(xo) — Ad. > € + kb, — Ad.

V

k
€+ 555,

i.e.,
g(xo + 6:y) — €

>
de -

in Bj.

k
2

In other words,
v(y) >ck Yye B
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Hence, from Lemma we have that
ve >ck in B%.
In a more precise manner,
u(z) > e+ Cko., x€ B%(wo). (4.6)

From now on, let us consider B := B%G(P), where P = P, := z + #=. If we

define w® := u¢ — ¢, then since z € 9B, it follows that

F.(z,Dw®,D*w) =0 in B, (4.7)
w(z) =u(z) —e =0, (4.8)
X <) < C (4.9)

Therefore, from (@)—(@) we can apply Lemma , which gives

w(P) < Cp - 0,

ie.,

u(P) < e+ C0.. (4.10)

At a point P on 0B%;, (z¢) we have (according to (@) and ())
4
€+ kc.b. <uf(P) <e+ Cp.6

which gives a contradiction if k£ has been chosen large enough.
The second case, namely z € C,,, it is treated similarly as in Theorem

and for this reason we omit the details here. O]

Lemma 4.14. Let u® be a viscosity solution to ([El) and v € BT N {u® > €} such that
8

d-(x) < 6(x). Then there exists a universal constant Cy > 0, such that
|Duf(x)| < Cp.

Demonstra¢io. We may assume with no loss of generality that 0.(z) < %. Otherwise, if
we suppose that d.(z) > £, then the result would follow from RICARTE and TEIXEIRA
(2011)); TEIXEIRA (2006). From now on, we select x. € 9{0 < u® < ¢} a point which
achieves the distance, i.e.,

de = 0:(x) = |z — x|
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Since

1
2l <lal +. < 7,

we must have that z. € BY N {0 < u® < e}. This way, by applying Theorem , there
4
exists a constant C; = C'(n, A\, A, b, A, B) > 0 such that

|Duf(x.)| < Ch.

By defining the re-normalized function v¢: B; — R as

. u(x +90y) — €
w(y) = LIS 2

Then, as before v¢ satisfies

F.(y,Dv*,D*»*) =0 in B, (4.11)
v(y.) = 0, (4.12)

| Dve(ye)| < Ch, (4.13)

v(y) >0 for y € By, (4.14)

where

Tt c 9B,

1
Fs(y7 ?7 M) = 5€F (CL’ + 5aya ?7 5_M) and Ye =

€

From ()—(1) we are able to apply Lemma and conclude that there exists a
universal constant ¢ > 0 such that
v¥(0) < ec.

Moreover, from Harnack inequality (cf. (CAFFARELLI and CABRE, 1995, Ch. 4))
v° S C() in Bl/2-

Therefore, by C''® regularity estimates (see for example (CAFFARELLI and CABRE,
1995, Ch. 8 §2)) we must have that

1
|[Du(2)] = [Dv*(0)] < = lu” el < Co,

and the Lemma is proved. Il

Lemma 4.15. For x € Bf N {u® > e} such that 6(z) < d.(z) < 45(X), we have
8

|Du(z)| < Cy
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for some constant Cy = Cy(n, A\, A, b, A, B) > 0.

Demonstragao. Similarly to Lemma , we may assume that . < %, otherwise, as in

Lemma the boundedness of the gradient holds from local estimates RICARTE and
TEIXEIRAl (2011); TEIXEIRAl (2006). Define the scaled function v*: By — R by

. u(z + 0y) — e
vi(y) = : 5) :

where § = §(z). Clearly
Fs5(y, Dv¢, D*v) =0 in B

in the viscosity sense, and, from Harnack inequality (see (CAFFARELLI and CABRE],
1995, Ch. 4))

1
v® < Cv*(0) ~ 5 in B%.

By applying once more C'* regularity estimates ((CAFFARELLI and CABRE, 1995, Ch.
8 §2)), we obtain

|Du(z)] = [Dv*(0)] <

C
= (4.15)

Therefore, the idea is to find an estimate for u® — ¢ in terms of the vertical

distance d(x). To this end, consider h the viscosity solution to the Dirichlet problem

(4.16)

F(z,Dh,D?*h) = 0 in By
h = u® on OB;.

Since 0 < uf < C(n, A\, A, b, B), it follows from C** estimate up to boundary (WINTER,
2009, Theorem 3.1) that h € C1 <§§> Moreover

Dh(@)| < C (1Al war + lgllcrasy ) < TC+A) =C".
From Comparison Principle, we have that
u*<h in B.

Hence,
u(x) < h(x) < h(z) +C'lx — 2| < g(x) + C*. (4.17)

Now, we have that |z]| < |z]4+0 < %, and, consequently we are able to apply Lemma

which gives

9(2) < e+co-dist(z,{0 <u <e}) <e+c(de + ) < €+ 5o (4.18)
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Thus, it follows from () and () that
u(z) —e < Cyo,

where Cy := C(5cp + C*). Finally, if we apply C' estimate (cf. (CAFFARELLI and
CABRE, 1995, Ch. 8 §2)), Harnack inequality (cf. (CAFFARELLI and CABRE, [1995,
Ch. 4)) and estimate (), respectively, we end up with

€ 1> 1 €
D) = D) < g el

)SCO

1
2

which concludes the proof. [

Lemma 4.16. If z € Bf N{u® > ¢} and §(z) < 16.(x), then there exists a constant
8
Co = Co(n, N\, A, b, A, B) > 0 such that

| Du(z)| < Cy.

Demonstragdo. Initially we will consider the case when 6, < %. The following inclusion
holds true: B () C Bf \ {0 <w® <¢e}. In fact, if y € B}, (%) then
2 4 >

IS,

e
\ylﬁly—x|+lxlé2§+lw|§

Now, using the same argument as in Lemma (see ({1.16)) we are able to estimate uS

in B} () as follows
2

: 5
u(0) < ) + 5 < et ey dist(5, {0 < < <))+ O

Since the distance function is Lipschitz continuous with Lipschitz constant 1, we have
dist(g, {0 < u® <e}) <6+ |y — 2| < 20.

Therefore,

*

u(y) < e+ (200 + %) 0c = €+ co..

By considering the function v*(y) = u(y) — € in B}, (), we have that
2

F(y,Dv*,D*v) =0 in B (%)

2

in the viscosity sense. From O estimate up to boundary (cf. (WINTER|, 2009, Theorem
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3.1)) and Lemma , we have
|Duf(x)| = |Dv(z)| < C(c+ A).

On the other hand, for the case d. > %
By \ {0 < u® < e}, In this situation, since supp(¢.) = [0, €],

we have the following inclusion BY (%) C
16

F(z,Duf, D*u¢) =0 in B} ()
16

0<u*=g<C on B (2),

16

and consequently the estimate will follow from C1® estimates up to the boundary (cf.
(WINTER, 2009, Theorem 3.1)). O

4.4 Limiting free boundary problem

An immediate consequence of Theorem is the existence of solutions via
compactness in the Lip-Topology for any family (u).so of viscosity solutions to singular

perturbation problem ([E]). We consequently obtain

Theorem 4.17 (Limiting free boundary problem). Let (u®).~¢ be a family of solu-
tions to ([E]). For every e, — 0 there are a subsequence g, — 0 and ug € Lip(Q) such
that

(1) u™ — ug uniformly in €,

(2) F(x, Dug, D*ug) = 0 in QN {ug > 0} in the viscosity sense.

Demonstragdo. (1) it is a consequence of the uniform Lipschitz continuity up-to boundary,
Proposition and the Arzeld-Ascoli theorem. For (2), since u™ — ug uniformly in €2,
for every xg € {up > 0}, there exists a neighbourhood U (x¢) such that v > @ > 0in
U(zg). Thus, since the reaction term ¢ is supported on [0, ], if we choose e, < Fug(zo),

solutions to ([E]) solves
F(z,Duf, D*u®) =0 in U(xy),

and the same holds for the limit uy by arguments of stability. ]

Remark 4.18. If we consider a ball B,(zy) C Q, where zp € 0{u® > ¢} and p < 1, it is
possible to establish some geometric properties of least super-solutions u® to ([E]). For
example, the linear growth property which says that the solution grows at least at a linear

rate with respect to the distance to their free boundaries, i.e., there holds

u®(xg) > cdist(xg, {u® < e}).
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The proof shall be based on appropriate barrier functions. As immediate consequence, it
is possible prove that minimal solutions are strongly non-degenerate near e-level sets. It
means that the maximum of «° on the boundary of a ball B, centred in {u® > ¢} is of

the order of p. More precisely,

cp < sup u® < ¢ H(p+ u(xo)).
Bp(xo)

With these results, we point out that as a direct consequence, we can prove the uniform
non-degeneracy property and stronger non-degeneracy for ug. This results was recently
establish in RICARTE and TEIXEIRA (2011)).

4.5 Auxiliary results

In this final section we are going to give the proof of some results, which were

temporarily omitted.

Lemma 4.19 (Boundary estimates propagation). Suppose that v > 0 is a viscosity

solution to
F(z,Du,D*u) =0 in B
u>o>0 on Bj.

Then there exists a universal constant C' = C'(n, A\, A,b) > 0 such that
u(r) > Co, x€ BY.
4
Demonstragao. First of all consider the following Dirichlet problem

F(x,Dw,D?*w) = 0 in B
w = o on Bj (4.19)
w

= 0 on 0B;N{z, >0}

From C* regularity estimate, (WINTER| 2009, Theorem 3.1) we have w € O <§J§>,
and, by the Comparison Principle

0<w<o in Bf. (4.20)
From now on, it is appropriate we define the following reflection U: B; — R,

w(z) if xe€ B UB]

() = _
20 —w(xy,...,Tp1,—x,) if € By N{x, <0}

(4.21)
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We observe that U is a viscosity solution to

G(z, DU, D*4) =0 in B,

where ?
F(x, p,M) if z,>0
g(x7 ?’M) = (’V :> N) 1
—F(.T, paM) if Tn < 0’
with
% = (xl,...,l'nfl,_xn)a
5 = (—pl, ceey —pn—lapn)a
M = — M, if l<i,yj<n—lori=j=n
M;; otherwise.

Thus, from (),

oc<U<20 in Bj

Hence,
0<uU<20 in B

Moreover, from Harnack inequality (cf. (CAFFARELLI and CABRE, 1995, Ch. 4)) we
have that

sup U < ¢q inf L.
Bs,4 B3y

Particularly,

w(r) > cylo in Bi.
4

Therefore, the proof follows through the previous inequality combined with the Compa-

rison Principle. O
Lemma 4.20 (Hopf type boundary principle). Let u be a viscosity solution to

F(z,Du,D*u) =0 in B.(2)
w>0 in B,(2).

with r < 1. Assume that for some xg € 0B, (Z),

u(zg) =0 and %(l’o) <4,

where v is the inward normal direction at xo. Then there exists a universal constant C' > 0
such that
u(Z) < Cor.

Demonstracdo. By using a scaling argument, we may assume r = 1. Indeed, it is sufficient
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to consider the scaled function v : By —+ R

o(y) = W2ErY)

r
As before, v, is a viscosity solution of

F.(Y,Dv,,D*v,) =0 in B,

with )
E(Y, 7, M):=rF (Z +rY, 7, —M)
T

Let A := By \ B1 be an annular region and define w: A — R by
w):=pu (e_5|y|2 - 6_5>

where the positive constants p and 0 will be chosen a posteriori. One can computer the

gradient and Hessian of w in 2 as follows

w(Y) = —2udYe o,
owlY) = 4M52Yine_5m2 — 2u56_5lyl25ij,
Vw(Y)| = 2useFly].

1,J=

In particular, for every M € Ay 5 1= {A € Sym(n) | AJ€IIP < X Au&& < AJJEA VE € ]R”}
1
we have

Tr (M - D*w) — b|Dw| = Z m;;0ijw — b -

,j=1

eV EPT(M - Y @ V) — 20uTe(M)e ™Y — 2460y eV

> apd?\|Y e = 25unAe T — 2450V e
= 2u6(20A]Y |2 = Y| — nA)e P
> 210 (67)\ —b— nA) e P in 9,

where £ ® & = (§£;)ij. Choose and fix 6 > £(b+ nA). Then, it follows readily that

>0

P;A(D%)) —b|Dw| >0 in A
Therefore, since r < 1,if § € [%(5 + nA), —|—oo>, with b = rb, we have

F.(Y,Vw(Y),D’w(Y)) >0 in 2.



Now by Harnack inequality (cf. (CAFFARELLI and CABRE, 1995, Ch. 4))

v,-(0) < supv, < ¢ énf Uy,
Bl/2 1/2

Hence,
v, (Y) > c;'v.(0) in Bi.

v (0)

By choosing 1 = ﬁ we have
col e

T_e—6
w<wv., on O0A

and Comparison Principle gives that

w<wv in A

Thus, if we label Y} := ¥ then

Ow ov,
poe™ < 5 (Yy) < S

<40.
<o () < 6

Therefore,

v,(0) < 06 ey <e% - 1) ,

and by returning to the original sentence we can conclude that

u(Z) < clr.

88
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5 AN ENLIGHTENING EXAMPLE FOR GEOMETRIC TANGENTIAL ANALY-
SIS

The objective this Appendix is to clarify the geometric tangential method by deriving a

priori C*% estimates to viscosity solutions of second order equations of the form

F(D*u)=0 in B; CR" (5.1)
under appropriate smallness condition on ¢ := 1 — %, which measures the aperture of the
ellipticity of the operator F'.

It has been known that viscosity solutions to fully nonlinear elliptic equations
(lill) are locally C'® for a constant o € (0, 1] that depends only on dimension and
ellipticity constants, CAFFARELLI (11989) and (CAFFARELLI and CABRE], 1995, Ch.
5). Through the journey of finding classical, i.e. C?, solutions to fully nonlinear equations,
the result of Evans EVANS (1982) and Krylov KRYLOV ([1983) is groundbreaking. It
states that under concavity or convexity assumption on F', solutions of (15:11) are C*%(By),
for some 0 < o < 1 () see also (CAFFARELLI and CABRE, 1995, Ch. 6). The quest on
whether any fully nonlinear elliptic operator would enjoy a C? a priori regularity theory
eluded the community for three decades. The counterexamples to C*! regularity due to
Nadirashvili and Vlidut, NADIRASHIVILI and VLADUT] (2007) and NADIRASHIVILI
and VLADUT] (2008), close the case; however, on the other hand, it opens up an even
broader line of investigation. Indeed, in view of the impossibility of a general existence
theory for classical solutions to fully nonlinear equations, it becomes a central theme of

research to obtain additional conditions on F and on u as to establish C? estimates.
Here we paraphrase Cabré and Caffarelli in (CABRE and CAFFARELLI, 2003,

page 2):
“Which assumptions on F', in between con-
vexity of F' and no assumptions, and perhaps

depending on the dimension n, guarantee
that solutions of (15:11) are classical?”

Therefore, we will give a theoretical contribution on this line of research.

Theorem 5.1. Let u € C°(By) be a bounded viscosity solution to (El!) Given 0 < a < 1

there exists g = €yg(n, ) > 0 such that, if

A
1—K<60,
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then u is C*% at the origin, i.e.,

< Culpeon 2 (52)

u(z) — [u(O) + Du(0) - = + %:CT . D*u(0) - x]

for a constant € depending upon universal parameters and o.

Once established such an estimate, it then follows by Caffarelli’s Theorem
CAFFARELLI (1989) (see also CAFFARELLI and CABRE (1995)) that the same class
of regularity estimates can be established to non-homogeneous equations with Holder
continuous coefficients. Of particular interest, Theorem @ covers Isaac’s type equations,

which appear in stochastic control and in the theory differential games:

F(x, D*u) = sup inf (L, su(x) — fi5(x)) =0, (5.3)
BeB yeA
where f,g: By — R are Holder continuous and L.gu = aijﬁ(x)&»ju is a family of elliptic
operators with Holder continuous coefficients and ellipticity constants A and A satisfying
1 — 2 < &g, where ¢ is given by Theorem EI
It states that if the operator F' is near the “Laplace operator”, and u is a
normalized viscosity solution to F'(D?u) = 0, then we can find a harmonic function close

to v in a inner sub-domain.

Lemma 5.2 (Approximation Lemma). Let u € C°(B;) be a viscosity solution for
(@) with |u| < 1. Given « € (0,1) there exists universal constants g > 0 and 0 < p < 1
such that if

A
- <, (5.4)

then we can find a quadratic polynomial

satisfying

F(D*p) =0 (5.5)
la] +1b] + |c| < &€(n, A\, A) (5.6)

such that

sup [u(x) — p()] < o2,

B,

Demonstragao. Let us suppose, for the sake of contradiction that the Lemma is not valid.
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That means that there exists a sequences, Fj, \i, Ax and uy, satisfying

Fp(M) is (A, Ag)-elliptic, (5.7)
e —1—/);—1220(1), (5.8)
|uk]| LB,y < 1 and F.(D*u;) = 0, (5.9)
in the viscosity sense, however
E;?zluk(ﬂﬂ —p(@)] > g™ (5.10)

for some 0 < py < 1 which will be determined a posteriori and all quadratic polynomials
p that satisfies
F.(D%) = 0.

The proof will be divided in three cases:

Case 1. There exist constants \g and Ay such that

In this case, all Fj, are (\g, Ag)—elliptic; thus from Krylov-Safonov and Caf-
farelli Holder regularity, up to a subsequence, we can assume u, — U, local uniformly.
Also, up to a subsequence, \, — A and A, — A,. However, from (@), we have the
equality

Ao = Ao = 1o. (5.12)

Moreover, by ellipticity, passing once more to a subsequence, if necessary, F, — F., locally
uniformly in Sym(n). Clearly, from (), we have

FOO(M) = uo.tr(M),
By stability of viscosity solutions, we conclude
Auoo =0 in B%.

As uy is smooth, we define
Lor e
P(x) = 5% D (0) - 4+ Dus(0) -  + ux(0).
Since ||us|| < 1, it follows from C? estimates on u, that

SUp [t (1) — PB()] < cor”,

T
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for a constant ¢y = ¢o(n, Ao, Ag). Thus, if we select

11—« 1

Po = 4—60,

a choice that depends only on n, A\, A and «, we have

1 (0%
sup oo (2) = ()| < J3H
By

Now, since Fj are (g, Ag)-elliptic and Fi(0) = 0 and AP = 0, it is possible to find a
sequence of real number (6;) C R with d; = o(ey), for which the quadratic polynomial

PBi(z) == P(z) + %51@]3@\2 satisfies  Fj.(D*B;) = 0.

Finally we have, for any point in B,, and k> 1,

lur(z) = Pr(2)] < up() — oo (@)] + [uco () — P(@)| + [Pr(z) — P(2)]
< 1 2+o¢_‘_1 2+a_{_15
= 4P0 4Po 5Ok
< it

for k > 1, which contradicts ()
Case 2. The sequence A\ — 0.
In this case we define Gy := ﬁ - Fy.. Clearly Gy is (1, Ag/Ag)-elliptic. We repeat
the same proof as in the case 1.
Case 3. The sequence Ay — oo.
In this case, we define G, := Aik - Fy. Tt is easily verified that Gy, is (A\x/Ag 1)-

elliptic and we return to case 1. Il

In the sequel, we shall iterate Lemma @ in appropriate dyadic balls as to
obtain the precise oscillation decay of the difference between v and a convergent sequence

of quadratic polynomials py.

Lemma 5.3 (Iterative process). Under the hypotheses of Lemma (@), we can find a

sequence of quadratic polynomials

1
pk(x)zimT-ak-m—Fbk-vack
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satisfying
F(ay) =0 (5.13)
P aria — arl + p61br1 — bi| + [ers1 — k] < €FEF (5.15)
such that
sup u(2) — pu()] < 7 (5.10
k

P
Demonstracdo. The proof is given by induction process. The case k = 1 is precisely the
statement of Lemma @ Suppose now we have verified the £ step of induction, i.e., by

there exists a quadratic polynomial p, satisfying, (If)lj), (|514b7 (|515|) and () We
define,

F(p™ M + ay)
pak
By the induction hypothesis, |v;| < 1. It is easy to verify that Fj, is (A, A)-elliptic and

)

(u = p) (7).

p(2+a)k

F.(M) := and  v(z) =

F.(D*v) =0 in By.

in the viscosity sense, as well as Fj(0) = 0. Thus, we can apply Lemma (@) to vy and

obtain a quadratic polynomial

~ 1 - ~ ~
pk(l‘)=§CL’T'ak'$+bk'l’+Ck (517)
Fi(D%y) =0 (5.18)

with [d| + |bx| + [€x] < €, for which

sup |vg(z) — pr(2)] < p5 ™. (5.19)
Bpg
We define,
k ) —
Prr1(x) == pr(x) + /)0(2Jr )Pk<l)0 g0
iyl = A + pkaﬁk, bry1 = by + pk(H—a)Ek and  ¢xy1 = + pk(2+a)’E]€. (520)

Re-scaling () back with

1
Prri(z) = §$TGk+1 RO o VRS ]
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such that,

sup |u(z) — pry(z)| < pEHHE+e)

B k1
and by () we have that F'(ax+1) = 0 and the proof of the Lemma is complete. O

From the estimate obtained in Lemma @, the sequence pj converges to a

quadratic polynomial

1
poo(a:)zéxT-aoo-x—kboo-x—l—coo.

In fact, from (), there exists a universal constant € > 0 such that
|Clk+1 — Clk‘ < Q:pka, |bk+1 — bkl < Q:pk(pra) and |Ck+1 — Ck| < Cpk(2+a). (521)
Thus, these are Cauchy sequences and hence

0o = lim a, bo = lim by, ¢o = lim cg. (5.22)
k—o0 k—o0 k—o0

In addition we obtain the following controls:

2+a) kE(1+a) ¢ ke
4 P
|60 — by S—l—pHa and  |a, — ag| <

¢phl
[€oo — k| < & < ~.
1—p

(5.23)

Finally, given 0 < r < p, let k be the an integer such that pf™' < r < pF. We estimate

sup [u(z) = poo(z)| < sup Ju(x) — poo ()|

B, Bk

< sup fu(z) = pi()| + Sup [pr(7) = Poo(w)]
pk ok

< Qtpk(2+a)

S 607"2+a.

and the proof of Theorem @ is complete.
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6 CONCLUSION

The results of the Chapter E were obtained in a joint work with my PhD.
Advisor, Eduardo V. Teixeira, and they were submitted for publication in DA SILVA and
TEIXEIRA (2017). This article classifies the universal moduli of continuity of viscosity
solutions to certain class of fully nonlinear parabolic equations in terms of the weak
integrability properties of the forcing term (the source f), as well as available a priori
estimates for the associated homogeneous problem with “frozen” coefficients.

We remind the structure of our problem: u € C°(Q,) is a viscosity solution to
— — F(x,t,D*u) = f(x,t) in @
with F' a uniformly elliptic operator and f € LP%(Q;). Moreover,

2
o<
p q

We must highlight that all the regularity estimates obtained in such a chapter
are sharp. Such conclusions can be made through examples or by scaling properties of
the solutions/equations.

Apparently just three cases were not analysed in a precise way:

1. When 2 — (% + %) = ap.
In this context 0 < oy < 1 is the exponent of Holder continuity comes from Krylov-
Safonov’s Harnack inequality. In this setting we conjecture that viscosity solutions

1

have w(s) = s* logs™" as universal modulus of continuity. Moreover, we should

have the following estimate

fue.t) = u(0,0)] < ~C(lullzwon + | Fllmaon)w(d((z.1). (0,0))).

This should be a quantitative improvement of the fact that solutions are Cl/:c%(Ql)
for all u < ayp.
2. When%+§:2.

In this case, there is a lack of compactness to viscosity solutions due to fact that the
Harnack inequality fails in such a scenery. Indeed, according to the previous case,
Le., when 1 <%+ % < 2, solutions are C;;%(Ql) with v ~ 2 — (% + %) Therefore,
we lose the notion of LP-viscosity solutions, as well as the Aleksandrov-Bakelman-
Pucci-Krylov-Tso Maximum principle, the Harnack inequality and consequently the
universal Holder continuity of solutions as %+§ — 27. Therefore, for such problems
we should define solutions in a very weak sense. The latter is being handled in a

joint project with Disson S. dos Prazeres entitled “Regularity theory for very weak
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solutions to fully nonlinear equations”. Therefore, we conjecture that very weak
solutions are BMO (Bounded Mean Oscillation) functions. Moreover, we should

have the following estimate

Sup][ u—f U
0<r<1 ” »

3. When 1-— (% + 2) = (YHom

< (llull Lo (@uy + 1 fllEracoy)) -

q
In this scenery 0 < apem < 1 is the Holder gradient, a priori estimates availa-

. . . 1tay
ble for homogeneous equation with frozen coefficients, namely CFoom: =2 = Ag
previously, we conjecture that viscosity solutions have wi(s) = s'torom]og s~ as

universal modulus of continuity. Moreover, we must obtain the following estimate

sup [u(z, ) — [u(0,0) + Du(0,0)]] < C ([ullz~@u + [flzra@n) wils)-

E]

All the results in the Chapter E are part of the paper DA SILVA and DOS PRA-
ZERES (2019) for which we developed a Schauder type estimate for non-convex fully

nonlinear parabolic equations as follows

% — F(z,t,D*u) = f(x,t) in @

with appropriate assumption on F', as well as Dini continuity condition on source, medium
and smallest regime on u, i.e., ||u|| < 1 is small enough (flat) for a constant that depends
only on the data of the problem.

We can assure our regularity estimates are optimal, and, in particular genera-
lize the Classical Schauder type estimates, see ZOU and CHEN (2002), WANG (1992b),
TTAN and WANG (2012) and WANG (2006), when the modulus of continuity of source
is a Holder continuous function.

Regarding the degree of flatness on u, i.e., a plausible estimate for this quantity,
is a hard open problem yet. In fact, there is no exist an estimate for showing it, since
such a factor arises from a compactness argument.

Concerning to partial regularity, Theorem , we expect to improve it for
sources not necessarily being Lipschitz function. Moreover, this assumption can not be
removed by technical reasons. However, with a modern machinery from “calculus without
derivatives” or geometric measure theory, for example, we expect to obtain a general
result under Dini assumption on f. Another open problem in this direction would be to
determine precisely the quantity . In ARMSTRONG, SILVESTRE, and SMART] (2012)
was given a quote for such a quantity in the elliptic case.

The Lipschitz logarithmic estimates that we obtained are optimal. They also
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are in accordance with orevious results obtained in (DA SILVA and TEIXEIRA| 2017,
Section 6).
As another applications for the conception of flatness of solutions, we could

develop a result in the context of unique continuation.

The results of the Chapter @ were a joint work with Gleydson C. Ricarte.
Such results can be found in RICARTE and DA SILVA (2015). In this paper we study
regularity up to the boundary for fully nonlinear problems associated to high activation

models, in other words, viscosity solution to singularly perturbed equations of the form

€

F(z,Duf, D*u¢) = ((u) in Q
{ ut = g on 0f),
under suitable assumptions on the domain 2 and the boundary data g.

It is worth pointing out that the obtained gradient regularity estimate is opti-
mal, since we should not expect better than Lipschitz regularity for solutions (the gradient
in general is discontinuous across the free boundary), see MOREIRA and WANG (2014a),
RICARTE and TEIXEIRA| (2011)) and TEIXEIRA (2015) for the local approach to this
subject.

In future works we expect to prove the following geometric properties for this
problem

1. Linear Growth.

2. Non-degeneracy.

3. Hausdorff estimates.
The local estimates for Linear Growth and Non-degeneracy for example, intrinsically
depend on the distance of a compact subset up to the border of the corresponding
set. Moreover, these estimates blow up when this distance goes to zero, see MO-
REIRA and WANG (2014b) and MOREIRA and WANG (2014a) for details.

4. Free boundary condition.
The corresponding free boundary condition for this problem is an open problem,
because the gradient dependence imposes an extra difficult in the “linearization
process of operator”. Therefore, we conjecture the following result
Theorem 6.1 (Free boundary condition). Let xg € F(ug) := QN d{ug > 0} be
a regular point and v the corresponding inward normal to F(ug) in measure theoretic

sense at xg, then

up(z) = \/F*< 2[5 ¢ (x — w0, )" + o]z — w0l),

To, U,V Q V)

where F™* is the Recession operator associated to F', see RICARTE and TEIXFEIRA
(2011) for more details.
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The results from Section H are part of a Lecture Notes joint with Damiao
G. Aratjo and Gleydson C. Ricarte, IARAUJO, RICARTE, and DA SILVAI (}2013) It

provides a priori C** estimates for fully nonlinear elliptic equations

F(D*u)=0 in B. (6.1)

under a small ellipticity aperture assumption, i.e., ¢ := 1 — % is small enough.

This final part of the thesis consists of exemplifying the technique of Geometric
Tangential Analysis (in short GTA) whose core was inspirited in the seminal Caffarelli’s
work CAFFARELLI (11989) (see also CAFFARELLI and CABRE (1995)) and has been
systematically remodeled by Eduardo V. Teixeira (cf. h)A SILVA and TEIXEIRA| (tZOl?I);
DOS PRAZERES and TEIXEIRA| (2016); TEIXEIRA (2006, 2014, 2015) and TEIXEIRA
|and URBANO| (}2014]) for enlightening articles about this subject) and consists of using

compactness and stability methods to approximate viscosity solutions by solutions of

operators which regularity we know a priori.

In effect, we can think such a result as a “Cordes-Nirenberg type estimates” for
second order fully nonlinear equations. Moreover, we have proved just a qualitative result
in the sense that we can not say explicitly how small the universal quantity ¢ := 1 — %
must be. For this very reason, there are some questions which we can not answer yet.

1. Is it possible to find explicitly the universal constant ¢? We already know that in
low dimensions solutions to (Ell) are classical (cf. INADIRASHIVILI and VLADUﬂ
(2007), NADIRASHIVILI and VLADUT (2008), NADIRASHIVILI and VLADUT]
(2011) and NADIRASHIVILI and VLADUT] (2013)).

2. There is a critical €* > 0 such that for all ¢ > €* solutions to (@) are not classical
due to the counterexamples due to Nadirashvili and Vladut INADIRASHIVILI and|
VLADUT (2007), NADIRASHIVILI and VLADUT (2008), NADIRASHIVILI and
VLADUT] (2011) and NADIRASHIVILI and VLADUT (2013). Can we determinate

precisely such an €*?

3. What can we expected by iterating the process in the a priori C*% estimates? Can
we guess an upper bound for the C1“ estimate?

The key point for answering these questions can to be in an appropriate version
of the Maximum Principle or in analysing the remarkable examples due to Nadirashvili
and Vlidut NADIRASHIVILI and VLADUT (2007), NADIRASHIVILI and VLADUT|
(2008), NADIRASHIVILI and VLADUT (2011) and NADIRASHIVILI and VLADUT]
() There are few results concerning quantitative feature in fully non-linear the-

ory. This is due the fact that many proofs require a compactness argument which yields

abstract universal constants.
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