CONTINUOUS DEPENDENCE RESULTS FOR NON-LINEAR
NEUMANN TYPE BOUNDARY VALUE PROBLEMS

ESPEN R. JAKOBSEN AND CHRISTINE A. GEORGELIN

ABSTRACT. We obtain estimates on the continuous dependence on the coef-
ficient for second order non-linear degenerate Neumann type boundary value
problems. Our results extend previous work of Cockburn et.al., Jakobsen-
Karlsen, and Gripenberg to problems with more general boundary conditions
and domains. A new feature here is that we account for the dependence on
the boundary conditions. As one application of our continuous dependence
results, we derive for the first time the rate of convergence for the vanishing
viscosity method for such problems. We also derive new explicit continuous
dependence on the coefficients results for problems involving Bellman-Isaacs
equations and certain quasilinear equation.

1. INTRODUCTION

In this paper we will derive continuous dependence estimates for the following
boundary value problem:

F(xz,u,Du,D*u)=0 in Q (QcCRY), (1.1)
G(z,Du) =0 on 0, (1.2)

where u is the scalar unknown function, Du and D?u denote its the gradient and
Hessian, and § is a bounded, smooth (W?°) domain in R". Informally speaking,
by continuous dependence estimates we mean estimates of the type

lur —uz| < [[F1 — B2 + [|G1 — Ge|

where u; and us are solutions of two different boundary value problem with data
F1,G1 and Fy, G4. The exact statement is given in Section 2.

Equation (1.1) is degenerate elliptic, (possibly) non-linear, and increasing in w.
This means that the possibly non-linear function F'(z,r,p, X) satisfies

F(x,r,p,X) < F(z,s,p,Y) forall r<s, X2>Y,

where z € Q,r,s € R,p € RV, and X,Y € SV. Here SY is the set of real symmetric
N x N matrices and X > 0 in SV means that X is positive semi-definite. The
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2 E. R. JAKOBSEN AND C. A. GEORGELIN

boundary condition (1.2) satisfies the Neumann type condition that G is strictly
increasing in p in the normal direction:

G(z,p +tn(x)) > G(z,p) + vt,

for some v > 0 and all t > 0, x € 99, p, and outward unit normal vectors n(z) to
09 at x. The other assumptions on F' and G will be specified later.

The class of boundary conditions G we treat in this paper includes the classical
Neumann condition, g—;‘b = g(z) in 99, oblique derivative conditions, and non-linear

boundary conditions like the capillary condition

ou _ 5 2\1/2 :
5 0(z)(1+ |Dul?) in 01,

and the controlled reflection condition

sup{va(z) - Du— go(2)} =0 in 0.

acA
In this paper we will assume that g, 8, go, Vo are Lipschitz continuous functions,
that |§| <w < 1 and 74 -n > v > 0, and that A is a compact metric space.

The main class of equations that our framework can handle are equations sat-
isfying assumption (H2) in the next section. Loosely speaking, this is the class of
equations where the non-linearity F(x,r,p, X) is uniformly continuous in r,p, X
locally uniformly in . This case will be referred to as the “standard case” in the
rest of this paper. Assumption (H2) excludes most of quasilinear equations, but
contains fully-nonlinear equations like the Bellman-Isaacs equations from optimal
stochastic control and stochastic differential games theory:

inf sup {—tr[ael’e2 (z)D*u) — "% () Du — 102 (z)u — f01:02 (x)} =0 in Q,
01€01 9,co,
where @1, 0, C R™ are compact metric spaces, c?0%2 > \ > 0, the matrices a2 >
0, and the coefficients are Lipschitz continuous uniformly in 61, 6. In Sections 4 and
5, we give all the details, more examples, and extensions to problems on unbounded
domains, time-dependent problems, and certain quasilinear equations like e.g.

Du ® Du
|- 2
r{( 1+ |Dul?

Since these equations may be degenerate and non-linear, their solutions will in
general not be smooth. In this paper we work with a concept of weak solutions
called viscosity solutions, a precise definition is given at the end of this introduction.
Viscosity solutions are at least continuous in the interior of {2. The boundary con-
ditions will be interpreted in the weak viscosity sense which essentially means that
either the boundary condition or the equation has to hold on the boundary. This
allow us to have well-posed problems even when the boundary conditions are clas-
sically incompatible. The solutions can realized by the vanishing viscosity method,
and they will be discontinuous at parts of the boundary where the boundary con-
ditions are classically incompatible. An overview of the viscosity solution theory,
including Neumann boundary value problems, can be found in the User’s Guide
[12]. The viscosity solution theory for Neumann type boundary value problems was
initiated by Lions [29] in 1985 for first order equations, and has been developed by
many authors since, see [30, 18, 1, 2, 20, 3] and references therein for various aspects
of this theory. Today there are two leading approaches, one due to Ishii [18] and

)DQU} + A= f(z) in Q.
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another one due to Barles [1, 2]. They apply under slightly different assumptions
and will be discussed below.

Starting with the standard case, i.e. nonlinear equations (1.1) satisfying (H2), we
prove under natural and standard assumptions, that these boundary value problems
have unique Holder continuous viscosity solutions. The Holder regularity results
are new and extend the Lipschitz regularity result of Barles [1], and we give for
the first time a complete proof of such a regularity result. We note that these
regularity results are global up to the boundary. Local up to the boundary Hélder
estimates have previously been obtained by Barles-Da Lio [3] for a different class
of equations. Whereas our equations are degenererate but strictly increasing in
the u argument (assumption (H3) in the next section), their equations are weakly
non-degenerate satisfying some sort of “strong ellipticity condition” but are not
necessarily increasing in u. The arguments needed to prove the two types of results
are also different, except for some ideas on the construction of test functions that
are needed in some of the proofs.

Next we prove continuous dependence results comparing Holder continuous (sub
and super) solutions of different boundary value problems. The results we ob-
tain include both continuous dependence on non-linearities for the equation and
the boundary condition. The results concerning the dependence on the boundary
condition are completely new, at least in a viscosity solution setting, while the re-
sults we obtain for the equations apply to much more general boundary conditions
(including non-linear ones) than earlier results.

Continuous dependence results for the type of equations we consider in this paper
have previously been obtained by e.g. Cockburn et.al. [11], Jakobsen and Karlsen
[21, 22, 23], and Gripenberg [17]. In all these papers viscosity solutions methods
are used. In some cases such results can also be obtained from probabilistic argu-
ments, see e.g. [14] for results for Bellman equations set in RYV. Papers [21, 22, 23]
treat very general classes of equations set in RY or RY x [0,7), [11] treats zero-
Neumann boundary value problem for z-independent equations, and [17] treats a
zero-Dirichlet boundary value problem. In the two last papers the domain € is
convex and possibly unbounded and in the last paper further restrictions on the
class of equations are needed (because of the Dirichlet condition) and the Dirich-
let condition is taken in the classical sense. All these papers treat more general
quasilinear equations than we can treat here, e.g. p-Laplace type equations for
p> 2.

The technical explanation for the differences between our continuous dependence
result and the above mentioned results lays in the choice of test function we use.
To handle weakly posed Neumann boundary conditions, the idea is to use a test
function that will never satisfy the boundary condition. The effect will be that the
equation holds also at the boundary, and that the classical viscosity solution com-
parison argument can be used (see the following sections). To achieve this the usual
test function has to be modified and the extent of the modifications depend on how
smooth and non-linear the Neumann condition is. To handle possibly non-linear
boundary conditions or Holder continuous solutions in combination with bound-
ary reflection directions that are only Lipschitz functions in the space variable, it
seemed that the only available or at least the most optimal test function to use, is
the one constructed by Barles in [1, 2]. As opposed to the basic test function used
in the other papers on continuous dependence, the test function of Barles is not
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symmetric in its arguments (z and y) and therefore it does not have equal x and y
gradients. We loose a cancellation property in the comparison proof and hence can
not handle as general gradient dependence in the equations as with the basic test
function. In this paper we consider the same class of non-singular(!) equations as
Barles in [1, 2], and this excludes most of the quasilinear equations considered in
[11, 21, 22, 17], including p-Laplace equations for p # 2 (see also remark (5.1) in
section 5.).

At this point we mentioned that a different test function has been constructed by
Ishii in [18]. Compared with Barles, Ishii is able to treat less regular domains but
with more regular (and less non-linear) boundary conditions (e.g. C' domains and
W2 reflections), see [1] for a more detailed comparison. Using Ishii’s test function,
continuous dependence results could probably be obtained under a different set of
assumptions (see above). We have not considered this case.

We also point out that we can handle u-depending boundary conditions only
through additional arguments involving transformations. This is in contrast to the
general comparison results obtained by Barles [2] under similar assumptions for F'
and G. In [2] u-dependence is handled directly by a sort of localization argument
(Lemma 5.2 in [2]) which only works when you send some parameter of the test
function to zero. In our continuous dependence arguments, we will have to optimize
with respect to this parameter and the optimal choice will in general not be zero
or even small. See the treatment of parameter ¢ at end of the proof of Theorem
2.2. One way to handle u-depending Neumann type boundary value problems, is to
transform them into problems with no u-dependence, then to use our results, and
finally to transform back. We do not consider such transformations in this paper,
instead we refer to [3] where such transformations have been considered in a rather
general setting.

Continuous dependence results have to do with well-posedness of the equation.
Typically the boundary value problem we consider model some physical process,
and the data is measured data. A continuous dependence result then implies that
small measurement errors only produce small errors in the solutions. Any reason-
able model should satisfy such a requirement in particular in view of numerical
computations. Moreover, continuous dependence results have been used in many
other contexts. They play a key part in the shaking of coefficients approach of
Krylov to obtain error estimates for approximation schemes for Bellman equations
[25, 26, 27, 4, 5, 6], in Bourgoing [8] and in [21] they are used to obtain regularity
results, and they have been used to estimate diffusion matrix projection errors [7],
source term splitting errors [24], and errors coming from the truncation of Levy
measures [23]. They have also been used to derive the rate of convergence for the
vanishing viscosity method [11, 21, 22, 17], see also e.g. [10].

The paper is organized as follows: In the next section we state the assumptions
on the boundary value problem (1.1) and (1.2) in the standard case and give well-
posedness and Holder regularity results. We state the main result, the continuous
dependence result, and as an immediate corollary we derive an estimate on the
rate of convergence for the vanishing viscosity method. The proofs of the main
result along with the regularity result are proven in Section 3, and in Section 4 we
apply our main result to obtain new continuous dependence results for boundary
value problems involving Bellman-Isaacs equations. We give several extensions of
our results in Section 5, to time-depending equations, equations set on unbounded
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domains, and certain quasilinear equations. Finally, in the Appendix we derive the
test function used in the proofs in Section 3 along with its properties.

Notations. We let |- | denote the Euclidean norm both in R™ (vectors) and R"*P
(matrices) for m,p € N. We denote by SV the space of symmetric N x N matrices,
tr and T denote trace and transpose of matrices, and < denote the natural orderings
of both numbers and square matrices. For a,b € R we define a V b = max(a,b) and
aAb=min(a,b). We will also denote various constants by K or C, and their values
may change from line to line.

Let BUSC(U), BLSC(U), C(U), and W?*>(U) denote the spaces of bounded
upper and lower semicontinuous functions, continuous functions, and functions with
p essentially bounded derivatives, all functions defined on U. If f : RV — R™*P is
a function and « € (0, 1], then define the following (semi) norms :

7o = sup |f(2)] masupgw, and  [fla = [flo+ [fla-
xc x,ye
T#Y

By C%%(Q) we denote the set of functions f :— R with finite norm |f|,.
We end this section by recalling the definition of a viscosity solution:

Definition 1.1. An upper semicontinuous function u is a viscosity subsolution of
(1.1) and (1.2) if for all ¢ € C%(Q), at each maximum point zo € Q of u — ¢,

F(xo,u($0),D¢(Io),D2¢($0)) < 0 if To € Qa (13)
min(F(xg, u(xo), Dp(x0), D*¢(x0)), G(xo, Du(zo)) <0 if 29 € OQ (1.4)

An lower-semicontinuous function u is a viscosity supersolution of (1.1) and (1.2) if
for all ¢ € C%(€), at each minimum point x¢ € Q of u — ¢,

F(:L‘O,U(%O),D(,ZS(IL'()),DQ(ZS(ZL'())) >0 if ZTo € Qa (15)
max (F (o, u(xo), Dp(x0), D*d(x0)), G(x0, Du(z0)) >0 if 29 € OQ (1.6)

Finally u is a solution when it is both a super and a sub-solution.

2. THE MAIN RESULTS

In this section we consider the standard case (when assumption (H2) below
holds). Following [1, 2] we state the assumptions on the boundary value problem
(1.1) and (1.2) and give results on comparison, uniqueness, and existence of solu-
tions. Then we give new Holder regularity results extending the Lipschitz regularity
result of [1] in two ways: we allow Holder continuous data and small A (see assump-
tion (H3) below). We also give a complete proof. The main result of this paper,
the continuous dependence result, is then stated, and as an immediate consequence
we derive an explicit rate for the convergence of the vanishing viscosity method.

Here is a list of the assumptions we will use, starting by the domain:

(HO) € is a bounded domain in R with a W3 boundary.
For the equation we use the following standard assumptions:

(H1) FeC(QxRxRY xSV,
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(H2) There exists a modulus wg x (a continuous, non-decreasing function
satisfying wr x(0) = 0) such that

1
F(y’r’q’y)_F(vavX)SWR,K<|33—y|+;2|33—y|2+772+52+3),
for e, € (0,1, B >0, 2,y € Q, 7 € R, |r] < R, p,g € RY and

|
X,Y € SN satisfying |z —y| < Kne, [p—q| < K(n* +¢*+ B), [p| +1q| <
K(2+4n*+¢e*+ B), and

<‘§ _OY) < g (_I}id _[gd) + K(n* +¢*+ B) (Iod Iod> .(2.1)
(H2) There exists a € (0,1] and Kr > 0 such that
F(y,r,q,Y) — F(z,r,p,X) < KR(|$ —y|*+ é\x —yP+n?+e? +B),
where e,1, B, R, x,y,p,q,X,Y are as in (H2).
(H3) For every z,p, X, and for any R > 0, there is Ag > 0 such that
F(z,r,p,X)— F(z,8,p,X) > Ag(r—s) for —R<s<r<R.
The possibly fully nonlinear Neumann type boundary condition satisfies:
(HB1) There exists v > 0 such that for all u > 0,2 € 9Q,p € RV,
G(z,p+ pn(x)) — Gz, p) Z vy,
where n(z) is the unit outward normal at z.

(HB2) There exists a constant K such that for all x,y € 9 and all p,q € RV,
Gz, p) = Gy, q)| < K[(1+ [p| + lgDlz =yl +|p—ql ]

Remark 2.1. In general there is a trade off between the regularity of the boundary
00 and the generality and smoothness of the boundary condition G, see [1] for a
discussion. (HO0) compensates for very general non-smooth boundary conditions.

Remark 2.2. Assumption (H2) plays the same role as (3.14) in the Users’ Guide
[12]. By this assumption the equation is degenerate elliptic. Moreover, it is a re-
fined version of assumption (H5-1) in [2] containing also a new parameter B. In
the proofs, this parameter will be used to carry information from the boundary
conditions (which are never satisfied, see the introduction) over to the equations.
Assumption (H2) is a strengthening of hypothesis (H2) which yields Hélder reg-
ularity results. By (H3) the equation is strictly increasing in the u argument.
Assumption (HB1) is the Neumann assumption, saying that the boundary condi-
tion G, contains non-vanishing and non-tangential (to 9€2) oblique derivatives and
it is a natural condition to insure the well-posedness of the problem.

We now state a comparison, uniqueness, existence, and regularity result for so-
lutions of (1.1) and (1.2).

Theorem 2.1. If (H0), (H1), (H2), (H3), (HB1), and (HB2) hold, then the fol-
lowing statements are true:

(a) If u is a BUSC(RQ) subsolution and v is a BLSC(Q) supersolution of (1.1) and
(1.2), then u < wv in Q.

(b) If \r in (H3) is independent of R, then there exists a unique solution u € C()
of (1.1) and (1.2).
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(c) Assume (H2) also holds, uw € C(Q) is the solution of (1.1) and (1.2), and
A= Ay, > 0. Then there are constants 3 € (0,a] and K (only depending on the
data and \) such that

lu(z) —u(y)| < Klz —y|® in QxQ.

Furthermore, there exists a constant A > 0 (only depending on the data) such that
if A > X then 8 = « (the maximal regularity is attained).

The comparison principle in (a) correspond to Theorem 2.1 in [2]. The unique-
ness part in (b) follow from (a), and existence follows from Perrons method [19]
since w(z) := M — Kd(z) is a supersolution of (1.1) and —w is a subsolution of
(1.2), if M, K > 0 are big enough, and d is the W3 extension of the distance func-
tion defined in the Appendix, see Section 4 in [2] for similar results. The regularity
result, part (c), will be proved in Section 3.

Remark 2.3. The regularity results in part ¢) are global up to the boundary. Local
up to the boundary Hoélder estimates have been obtained by Barles-Da Lio [3] using
different techniques and assumptions on the nonlinearity of the equation. See the
introduction for a discussion.

Now we proceed to the continuous dependence result. We will derive an upper
bound on the difference between a viscosity subsolution u; of

Fi(x,uy(x), Duy(x), D*us(z)) = 0 in € (2.2)
Gi(z,Dui(z)) = 0 on 09,
and a viscosity supersolution us of
Fy(x,us(x), Dus(x), D*uz(z)) = 0 in € (2.3)
Go(x,Duz(z)) = 0 on O

We assume the following estimates on the differences of the two equations and of
the two boundary conditions.

(D1) There are 01, 62 > 0, and Kp(K) > 0 such that for any K > 0,
1
FQ(yarra(LY) *Fl(m,T,ZLX) S KF(K)(WZ +51 + ?53 +B)7

for0<€§n::e%§1With6¢=0z/\ﬁ,BEO,x,yEQ,TER, Ir] < K,
p,q € RN and X,Y € S satisfying |z —y| < Kne, |p—q| < Kn?> + KB, |p| + |q| <
K(%+n*+ B), and

X o0\_ K(Id -Id ) Id 0
<o —Y)Sg?(—ld Id)+K(77 +B)<o Id)'

(D2) There are 1, 2, Kg > 0 such that for all z € 9Q and p € RV,
Ga(z,p) — Gi(z,p) < Kg(u + p2lpl)-

Remark 2.4. Assumption (D1) is a “continuous dependence” version of (H2) and
(H2) in this paper, and assumption (3.14) in the Users’ Guide [12]. A similar
assumption is used in Theorem 2.1 in [22].

By B and « we denote the Holder exponents of the solutions and data respec-
tively. In general a > 3, and equality only holds when A in (H3) is big enough.



8 E. R. JAKOBSEN AND C. A. GEORGELIN

Since |z — y| < Ken, n = c7%F imply “”;72“2 < Kn? and |z —y|® < Kn?, the
Fy — F5 inequality in (D1) will be implied by the following more standard inequality

1 1
FQ(:U?T?qu)iFl(Iv’nan) SK(|I*y|a+§|I*y|2+61+€f25§+7}2+B)

Remark 2.5. on assumption (D2). In the case of oblique derivative boundary con-
ditions, G;(z,p) = vi(x) - p — gi(x), i = 1,2, and

|Ga(2,p) — Gi(z,p)] < [(91 = g2)Flo + I — 72[olp].
Our main result is stated in the following theorem:

Theorem 2.2 (Continuous Dependence Estimate). Assume (HO), (H1), (H3),
(HB1), and (HB2) hold for Hy, Hz,G1,Ga, and ui,us € C*P(Q) for B € (0,1].
Define v* = (11 V v2)(v1 Ava) and X = Ay juy |y V A2, jus)o -

If (D1) and (D2) hold and uy and us satisfy the boundary value problems (2.2)
and (2.3) respectively, then there exist a constant C > 0 (depending only on Kp,
K, K¢ , |uilg, luslg, a, 8) Such that

Amax(u; —ug) < 0(51 + 69 4 i (&)Mﬁ)
Q v v
Remark 2.6. As far as we know this is the first result giving continuous dependence
on the boundary condition. The result also extends the earlier continuous depen-
dence on the equation type of results of [11, 21, 22, 17] since much more general
boundary conditions are considered (but at the expense of less general equations!).

We prove Theorem 2.2 in Section 3. An immediate consequence of this result
is an estimate on the rate of convergence for the vanishing viscosity method. For
p > 0 we consider the solution u,, of

F(z,u, Du, D*u) = pAu in (2.4)
with boundary condition (1.2). The result is the following:

Theorem 2.3. Assume (H0), (H1), (H2), (H3), (HB1), (HB2), u > 0, and that
u and u, solve (1.1)/(1.2) and (2.4)/(1.2) respectively. Then u and u,, belong to
COB(Q) for some B € (0,a] and

lu—uylo < Cu’g/z.
Proof. Regularity follows from Theorem 2.1. By assumption (H2)

Tz —
[F(y,1.¢,Y) —ptrY] — F(z,r,p, X) < C(lz —y|* + |€72y| +07 &%) —ptr,
and inequality (2.1) implies that —trY < C E% + small terms. Theorem 2.2 imme-

diately gives u — u, < CuP/2. A lower bound can be found in a similar way. O

Remark 2.7. This result seems to be the first such result for complicated boundary
condition. We refer to [11, 17] for results on weak 0-Neumann or classical 0-Dirichlet
problems, to [31] for results on linear Neumann boundary value problems for first
order equations, and to [21, 22] for result in RY or (0,7") x RY.

Remark 2.8. The vanishing viscosity method has been studied by many authors
dealing with weak solutions of nonlinear PDEs. The method has been used to
obtain existence (and uniqueness!) of solutions for degenerate (e.g. first order)
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problems by taking the limit as 1 — 0 (see e.g. [9, 32]), and it is well-known that
it is strongly related to the problem of proving convergence rates for numerical
approximations of such problems (see e.g. [13, 31]).

3. PROOFs OF THEOREMS 2.2 AND 2.1 (C)
Proof of Theorem 2.2. First we assume without loss of generality that
613 527 &7 & S 1.
v' v
If this is not the case then the theorem holds since

uy —ug < (|ugfo + |“2|0)<61 + 05+ % * (%) )’

where @ = a A §. Then we double the variables and consider

Y(z,y) = ur(x) —u2(y) — ¢(v,y) and M = max Y(x,y) = (T, 7),

where for A, B > 0,

8(e,9) = Syl P + 55 (dla) - dw))* - Bld(a) +dly))

and Cy(z,p) = Cyq(z,p) with a = ne = e (n = e by (D1)). The functions
(5, and d are defined in the Appendix, and the smooth function ¢ was introduced
by Barles in [2]. We refer to the Appendix for the proofs of the properties of ¢.

The existence of a point (Z,¥) follows from compactness of Q and the continuity
of all functions involved. Since (Z,¥) is a maximum point,

2¢(2,9) = ¥(T,7) + (9, 9)-
Moreover, if A is big enough, Lemma A.3 of the Appendix implies that
_ T, _ _
0(3,3) = 5517 — 5 - Koe = Bd(@) + d(p), (3.1)
and Holder regularity of u; and us combined with the last two inequalities yield
Lo o = ojay, 2
@W*M <Kijz—y[* Ve

for some constant K7 depending on KQ and the Holder constants of u; and us (but
not on B). Equivalently, since n = e¥-a by (D1) and ¢ < 7,

- - 1 = a ~
|z —7g| < Kie75 = Kine and 6—2|§: —g* < Kie7% = Kin?. (3.2)

Now we choose A and B in the test function ¢ to insure that when Z or § belong
to the boundary 952, then the boundary conditions can not hold there. See Lemma
A 4 of the Appendix. This means that the equations always has to hold at & and
g. The precise choices of A and B are

K
B:K(n2+52)+;(u1+,ugg) and A=K,

for some K only depending on the data of the problem.



10 E. R. JAKOBSEN AND C. A. GEORGELIN

By the maximum principle for semicontinuous functions, Theorem 3.2 of the
"Users’ guide” [12], there are (p, X) € Jé’+u1(i) and (¢,Y) € Jé’qu(g) such that

p:Dz(b(i'ﬂU% q= _Dy¢(j737)7
<)0( _OY> < [Id+2D?¢(z,9)|D*¢(7, 7).

Using the definition of viscosity sub and super solutions at z and § (and Lemma
A.4) we get

Fy(Z,u1(2),p, X) <0 < Fo(5,u2(9), 4, Y).
We rewrite this as
F1(Z,u1 (), p, X) = F1(Z, u2(), p, X) < Fa(,u2(9), ¢, Y)) — F1(Z, ua(), p, X).
By Lemma A.5, the definitions of p,q, X, Y, and ¢ <n < 1, it follows that 33
lp—aql < Kn* + 2B,
()0( OY> = 552 (I;ld _I{Zd) + K@ + B) (Iod 10d> )
again for some K only depending on the data of the problem. Since we also have

(3.2), we are in a position to use assumption (D1). So if u1(Z) — ua(y) > 0, then
(D1) and (H3) applied to (3.3) yield

A (u1(Z) — u2(y)) < Kp(K) (772 + 01+ 5%53 + B)~
By (3.1) and the definition of v, it follows that
(@) — uz(@) < Y (@,) < 0e(3,5) < (@) - ua(y) + 2B(d(@) + (7).
Therefore the two previous inequalities and the choice of B implies that

1 + o2
A(ur(2) — uz(z)) < K<772 + 61+ 8—253 + w)

Remember that n = n(e) = £7°5 and let €1 and &9 be defined by

1 a

wer) = 503 o len)? = 55,
n(e2) &

2 1S
2 £2 2 — 2 )
n(e2)” = — = or ()" =%

Now with € = &1 V eo (< 1 by assumption) it follows that

A (un (2) — us(z)) < K(61 . % + ’L?)

I/Oé

A closer look at the proof reveals that we may replace A\ by A1 V Xo. (I

Proof of Theorem 2.1 (¢). We start by proving a-Holder regularity when A is big
(the last statement of Theorem 2.1 (c)). The proof is similar to the proof of Theorem
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2.2 except that we have to modify the test function and use a bootstrap argument.
The modified test function is

1 i A
ba(w,y) = e MDDy —y2 4+ Z (d(2) - d(y))’

x _|_ y 267K6(d(w)+d(y))(x — y)
N Ca( 2 g2
— Kp(a+e7%)(d(x) + d(y)).

We refer to the Appendix for the definitions of C, and d. Playing with the parameter
a, we will use a bootstrap argument to prove that u has the right regularity.

The new test function satisfies similar estimates as the ones given in Lemmas
A.3 - A.5. The moral is that the new terms coming from the exponential term are
not worse than the old terms. We refer to [2] for such estimates given in the full
generality (but with a different choice of a).

Now let € < 1 and double the variables defining

M :=(Z, ) = supp(z,y) where (z,y) = u(r) —u(y) — ¢a(z,y).
If A is big enough, (an easy extension of) Lemma A.3 and the inequality 2¢(z,7) >
(7, 7) + (7, §) imply that
1
5ot OOz g < 2fu(@) — u(y)] + Ko < 2ulo + Koo (34)

Define n? = K~! 5|z — g|? with K = €2%<(2|ulo + Ko). By (3.4),

)(d(@) ~ d(y))

<1 and |z—7|<KY%pe.

We proceed as in the proof of Theorem 2.2.

By arguments similar to the ones in the proof of Lemma A.4, if A, K. and
Kp are big enough (not depending on €, a or B), then the equation holds even if
(Z,7) lies on (22 x Q). Compared with the proof of Theorem 2.2, the exponential
allows us to cancel at the boundary all terms of the form E%|5c — > = Kn? and use
B=Kg(a+ 522—7&@) at each step.

Note that D¢, and D?¢, still satisfy inequalities (A.12) and (A.16) in Lemma
A.5. We will choose a such that inequality (A.16) takes the form of (2.1), i.e. we
choose a such that %173 < K. Since 172 < 1 we choose a = ¢. Again we use the
definition of viscosity solutions and subtract the equations (inequalities) at Z and
y using the maximum principle for semi continuous functions. By the appropriate
version of Lemma A.5 and the definition of n? and B we can now use (H1) and
(H2) to get

1 o
Au(z) — u(y)) < K(|a‘: —y"+ - gP+n*+e*+ Kg(e +522fa)).
By Young’s inequality, the definition of %, and € < 1 we have
1 o
Au(@) - (@) < K(Sla— gl +eF%).

When A is big enough, an appropriate version of Lemma A.3, the definition of M,
and 0 < d < 1, imply that

1 o
—e Ko |z gP— Koe?— K p(e+e7% ) (d(2) +d(7))-

u(@)—u(y) = M+6(2,9) = M+
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Combining the two last inequalities and using that € < 1 leads to
AM < (K — %e—“@) ém — g + KN
If X is big enough, AM < KelA%, and the definition of M leads to
u(e) =~ uly) — be(e,) < M < e

for every x,y € Q. Now by the definition of ¢,, the properties of the distance
function, and Young’s inequality, we have

1 o
u(z) —u(y) < K—lr — yl? + Kelhes,
€
If [ —y| < 1 we may take ¢ = [z —y|3 when 1 < 2 and era = |z —y|* otherwise,
the result (since we may also interchange = and y) is that
[u(x) — u(y)| < Ko —y[. (3.5)

If |2 — y| > 1, the result still holds since then |u(z) — u(y)| < 2|ulo|z — y|F *. We
are now done if o < %

If a € (%, 1], we restart the proof using the regularity estimate (3.5) to get a
better choice of a such that £7® < K. From (3.5) and the first inequality in (3.4),

N

3

1
172=K_1—2|5c—g|2§K|§:—y\%\/52 and hence n<Ke>3 Ve,
€

so the new choice of a should be en? = &5 v e4. But this quantity is less than 2
so we may instead take a = €2 which still implies %7]3 < K. Now it is a simple
exercise to redo the proof and show that for A\ big,

|U(CE) - u(y)| S K|:L' - y|a for T,y € Qv

and this completes the proof of the last part of Theorem 2.1.

Now we will prove the first part of Theorem 2.1 (c¢) using the result we proved
above and an iterative argument of Lions [28]. Here we only sketch parts of the
argument, since the details can be found in [22] for similar equations. The idea is
to consider for p > 0

F(x,u™, Dy D2u™ ) 4 pu™ = ™

with boundary conditions (1.2) and noting that u™ converge uniformly to w. If
1 is big enough the above proven result applies, and a careful look at the above

argument reveals that when A+ p > K (= A), then

n
lu" T (2) —u" T (y)| < ()\ih;'a[( + other terms) |z —y|*, x,ye,|z—y <1

Furthermore the comparison principle yields

|un+1 o u|0 S

H n ( H )n 0

U —ulp < | ——) |u — ulo.

Bt =l < () = uly

When |z — y| < 1, the rest of the proof is exactly as in [22] and we omit it. When
|z —y| > 1 any Holder estimate holds since u is bounded. The result is a Holder
estimate for any A > 0, but with a Holder exponent that is smaller than «. ([



CONTINUOUS DEPENDENCE 13

4. BELLMAN-ISAACS TYPE BOUNDARY VALUE PROBLEMS

In this section we apply our results in Section 2 to Bellman-Isaacs equations and
several different types of boundary conditions. The Bellman-Isaacs equations are
of the form

inf sup {—tr[(co Y0102 (1) D) — 69192 (1) Du — P92 (g)u — 0102 ()} =0

01€01 9,0,
(4.1)

in Q. Assumptions (H1), (H2), (H2), and (H3) are satisfied [12, 22] if we assume:

09192 and 9192 are Lipschitz continuous in z uniformly in 61, 6s,
192 and f91:92 are a-Holder continuous in 2 uniformly in 6, 65,
A1:92(z) > X\ > 0 for all z,6,,6,, and

01,0, are compact metric spaces.

N

Next, we list some typical boundary conditions we can consider:
(a) The classical Neumann condition:

ou .
a—n—g(x) in 0Q.

(b) The oblique derivative condition:

%:g(x) in 09Q.

(¢) The capillary boundary condition:
ou

5 = 6(z)(1 + |Du®Y? in 90  with |f(z)] <w < 1. (4.2)
n
(d) The “controlled” reflection boundary condition:
inf sup {7%(z) - Du—¢?*%(2)} =0 in Q. (4.3)
a€01 3co,

Here n(z) is the outward unit normal to 0€2. Assumptions (HB1) and (HB2) hold
in all cases if assumption 4 holds along with

5. there exists v > 0 such that

y(x) -n(z) > v and A9192(2) . n(z) > v uniformly in 6y, 6,

01,02 01

6. g,v,0,v , %1% are Lipschitz continuous in 2 uniformly in 6, 6s.

Now we state new continuous dependence results for the for the Bellman-Isaacs
equations (4.1) combined with the controlled reflection boundary conditions (4.3):

Theorem 4.1. Assume u; and ug satisfy the boundary value problem (4.1) and
(4.3) with coefficients o1,b1,c1, f1,71,91 and o2, ba, ca, fa,72, g2 Tespectively, where
both sets of coefficients satisfy assumptions 1-6 above.

Then uy,ug belong to COP(Q) for some B € (0,0a], and

At — ualo <C_sup [Jo? % — o828 1 [ 0 ]
@1 X@2

+C@su% {|c§1,92 _ 91,92| + |f01,92 . 291792|0}
1 X032

01,02 91,92| 01,02 91,92‘0.

C C
+ - sup l9, +-5 sup I

@1)(@2 el>< 2
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This result is a direct consequence of Theorems 2.1 and 2.2. In this case J;
correspond to the second line in the estimate,

5% =C sup “0?1,92 _ 0.31792|2 + |b?1’92 _ bg1ﬂz|2]7

[SIEC
. 01,02 01,02 . 01,02 01,02
pr= sup [gi""" =gy o, p2= sup |n"7F =" o,
@1><@2 @1X@2

The dependence on the equation is as in [21, 22] and the derivation of §; and 4§, is
explained there.
By Theorem 2.3 we have for the first time the rate of convergence of the vanishing
viscosity method for the boundary value problem (4.1) and (4.3), i.e.
inf sup {ftr[(ach)el’G2 (z)D*u] — %% (2) Du — 292 (z)u — f01:52 (x)} = uAu
01€01 95¢0,
(4.4)

in €, with (4.3) as boundary conditions. The result is the following:

Theorem 4.2. Assume u and u,, satisfy (4.1) and (4.4) respectively with boundary
values (4.3), and that assumptions 1 — 6 hold.
Then u,u,, belong to C%P(Q) for some 3 € (0,a] and

lu —upulo < Cu%

5. EXTENSIONS

It is possible to consider many kinds of extensions of the results in this paper. We
will consider three cases: (i) 2 unbounded, (ii) time dependent problems, and (iii)
quasilinear equations. In the two first cases the results cover e.g. Bellman-Isaacs
equations under natural assumptions on the data.

5.1. Unbounded domains. Let Q be unbounded and let (HOu) denote assump-
tion (HO) without the boundedness assumption. If we assume that our sub and
supersolutions u and v are bounded, then we will get continuous dependence and
regularity results simply by following the arguments in this paper replacing the test
function ¢, by the standard modification

bal(z,y) + (2 + |y*), ~>0.

The new test function will insure existence of maximum points when we double
the variables, and at the end of the proof it turns out (as usual) that all terms
depending on « will vanish when v — 0. In the proof B will now depend also on
the y-terms and the y-terms will tend to zero as v — 0 with a speed depending
on B, see assumption (D1u) below. By careful computations and fixing e before
sending 7 — 0 we can conclude as before. We refer to [22] for the details when
QO =RV,

The corresponding continuous dependence result will now be given without fur-
ther proof. We modify assumption (D1) so it corresponds to our new test function,
see also [22]:

(D1u) There are 41, d2 > 0, a modulus w, and Kr(K) > 0, such that for any
K >0,

1
F2(y,7",q,Y) _Fl(x7r7p7X) < KF(K)(U2 +61 + ?63 +B+,Y(1 + |$‘2 + |y|2))7
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for e,y € (0,1], n :=e¢¥a, B> 0, z,y € O, r € R, |r| < K, p,qg € RN and
XY € SN satisfying |z — y| < Kne, [z + y| < v"2w(y)(1 + B), Ip —q| <
K(?? + B+ (x| + 1)), Il + gl < K(Z + 1>+ B+ ~(|z| + |y])), and

X 0 K (1d -Id ) d 0
<o —Y) = <—Id Id > RO+ BA) <o Id) '
Theorem 5.1 (Q unbounded). Assume (HOu), (H1), (H3), (HB1), and (HB2) hold
for Hy, Hy, Gy, Go, and uy,us € C%P(Q) for 3 € (0,1]. Definev?® = (v1Vue)(v1Avs)
and A = )‘1’\U1|0 V /\2)|u2 lo-
If (D1u) and (D2) hold and uy and us satisfy the boundary value problems (2.2)

and (2.3) respectively then there exist a constant C' > 0 (depending only on Kp,
K, K¢ , luilg, |u2|g, ) such that

)\mgx(ul —ug) < 0(51 +5§‘/\ﬁ + % + (&)M\ﬁ)

v

5.2. Time dependent case. Consider a Cauchy-Neumann problem of the form:

ug + F(t, 2, u, Du, D*u) = 0 in (0,7) x 9, (5.1)
G(z,Du) =0 on (0,T) x 08, (5.2)
u(0, ) = up(x) on {0} x Q. (5.3)

In this case we get results by similar arguments as above by replacing the test
function ¢, by

ot + eXtpg(x,y), &> 0.

We have to replace assumptions (H1) — (H3) and (D1) by assumptions (Hlp) —
(H3p) and (D1p) depending on ¢. In (Hlp) we assume in addition continuity in ¢,
in (H3p) we allow Ap > 0, and in the last two assumptions ((H2p) and (D1p)) we
simply assume that (H2) and (D1) hold uniformly in ¢. Note that one can always
reduce a problem with Ag € R, via an exponential scaling of u, to a problem with
Ar > 0.

Now existence, uniqueness, and regularity results follows as before by appropri-
ately choosing the constants ¢ and K. Note however that in the result correspond-
ing to Theorem 2.1 (c) the Holder exponent is always « and “maximal regularity”
is achieved regardless of the value A\. We refer to [21] for such results in the case
Q =RY. Now we state the continuous dependence result without further proof.

Theorem 5.2 (Time dependent case). Assume (HO), (Hlp), (H3p), (HB1), and
(HB2) hold for Hy, Ha, G1,Ga, ui,us € C([0,T] x ), and uy g, uz,0 € C**(Q) for
some a € (0,1]. Define v? = (11 V va)(v1 A 1).

If (D1p) and (D2) hold and uy and uy are sub and supersolutions of initial
boundary value problems (5.1), (5.2), and (5.3) respectively for F1,G1,u10 and
Fy,Go,uszy, then there exist a constant C > 0 (depending only on Kp, K, Kq,
[u1,0laslueolas T, @) such that for t € (0,T),

mgx(ul(t, ) — UQ(t, )) < |(U1 0 — U2 0)+‘0 + Ct(51 + (5a + — + (Il:2) )
Note that we do not need to assume that w; and uy are Holder continuous (in
x) a priori. In fact this regularity follows from the above theorem! To understand
why, and to see details about the derivation in the case 2 = RY we refer to [21].
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5.3. Some quasilinear equations. Consider equations of the form
—tr[o(x, Du)o(z, Du)T D*u] — f(z,u,Du) + Au=0 in €, (5.4)

where A\ > 0, f(x,r,p) continuous, increasing in r, a(z,p) = o(x,p)o(z,p)T, and

Ip — q
o\r,p _U(y7Q)|SK<$_y +—,
lo(@.p) e T

|f(z,r,p) = fly,m )l < K[(1+ Ipl + laD]x =yl + |p — ql]-

In this case (H1) and (H3) hold in addition to an assumption similar to (H2). If
we also assume (HO), (HB1), and (HB2), then existence and comparison for the
boundary value problem (5.4) and (1.2) was proved in [2].

More general fully non-linear equations with “quasilinear” gradient dependence
can also be considered. We omit this to get a shorter and clearer presentation.
For the same reasons we also restrict ourselves to the case of Lipschitz continuous
solutions and data, ie. a =0 =1,n=c¢.

In this case the quasilinear term in the equation gives rise to a term like

Slo() — ota)P

in the proof of the comparison result (when o does not depend on z). By (A.15)
in Lemma A.5,

p—al < K|p| Alglle — y| + K(* + B)
when ¢ is small enough, and hence by the assumptions on o,
1 , K , K &+B?
— _ < g — - - =
€2|0(p) J(Q)| = 82| y| + 21 + |p|2 T |q|2
K K
< Slo- y? + Ke* + 5—232. (5.5)
This computation motivates replacing assumption (D1) by:

(D1q) There are d1, d2 > 0, and Kp(K) > 0 such that for any K > 0,
1 1
F?(yvrvqay)_Fl(xaraan) SKF(K)(W2+51+§5§+B+?BQ)7
for0<e<1,B>0,2,y€Q, 7R, |r]| <K, p,qgcRY and X,Y € SV satisfying
v —yl < Ke?, Ip—q| < K|p| Algle? + K(e* + B), [pl + |q| < K(1 +¢* + B), and

X 0 K (I1d -Id 9 Id 0
< —
(o —Y) s 2 (—Id Id>+K(E +B) (o Id)'
The continuous dependence result now becomes:

Theorem 5.3 (Quasilinear equations, Lipschitz solutions). Assume (H0), (H1),
(H3), (HB1), and (HB2) hold for Hy, Hy,G1,Go, and ui,us € C%*(Q). Define
v? = (11 Vo) Avs).

If (D1q) and (D2) hold and uy and us are sub and supersolutions of the boundary
value problems (2.2) and (2.3) respectively, then there exist a constant C' > 0
(depending only on Kp, K, Kg) such that

)\mgx(ul - 'LLQ) S C<51 + (52 + ad} ,U/Q)

— 4+ =
174 v

Proof. The proof is similar to the Proof of Theorem 2.2 with two exceptions:



CONTINUOUS DEPENDENCE 17

(i) Assume 41,05, 2, 22 < C~! where C is big enough (the general case follows

since wy,uy are bounded). Since € is chosen in terms of d1,dq, 24, £2, a
suitable choice of C' will ensure that ¢ is small enough such that (A.15) of
Lemma A.5 holds. This estimate is needed before one can apply (D1q).

(ii) At the end of the proof the following estimate will appear (remember 1 = ¢)

1 +p2l] 1 + p2 2]y 2
/\1(U1($)—UQ(.13))SK(T]2+51+*2(5§+ [/1'1 /‘25} _"_72([,“1 /1'25]> ),
€ € v
where the new final term in the right hand side of the inequality is a con-
sequence of the % B? term of (D1q). Minimizing ¢ like we did in Theorem

2.2 then gives the result. O

As an example we consider an anisotropic quasilinear equation with capillary
boundary condition. The type of non-linearity appearing here is similar to the
non-linearity appearing in the mean curvature of graph equation.

Du ® Du
_ v(;_ DulDuy o P
tr{ao <I 5 u|2>D u} + M+ f(z,u,Du) =0 in £,
ou 21/2 _ :
7 —0(x)(1+ |Dul*)/* =0 in 09,

where § is Lipschitz continuous satisfying |#(z)| < w < 1 and f satisfies the assump-
tions mentioned above. Assume u; and ug are Lipschitz solutions of this boundary
value problem with different o, 09,601,605 but with same f and A\. Then we may
apply Theorem 5.3 with §; = 0 = u1, po = |01 — 2o, and

2
®p pPRp
UJT(I— p )\/O'JT(I>
\/11 1+ [p[? 2 1+ [p[?

1.
)\\ul _'U/Q‘ < C<|01 —(72| + ;|6‘1 — Hgl()).

62 = sup
pERN

b

to obtain

Remark 5.1. Neither the above assumptions on ¢ nor assumption (D1q) is satisfied
p-Laplacian equations.

APPENDIX A. THE TEST FUNCTION ¢,

A.1. Construction. The construction of the test function follows G. Barles [1, 2]
tracking some quantities more precisely than he needs to. We give some more
details (compared to [1, 2]) whenever we feel this is helpful for the reader.

First let d be a W3 extension of the (signed) distance function from some
neighborhood of 9 to RV (by (HO0) the distance function is W% near 99).
Furthermore we may and will choose d such that 0 < d < 1 and |Dd(z)| < 1 in
Q. We also extend the outward normal vector field n of 9Q to all of RY by setting
n(x) := —Dd(z) for x € Q. An important consequence of the W3 regularity of d
and Taylor’s Theorem, are the following inequalities:

[d(x) — d(y)] < £y — ) -0 (2

Next we extend G;,i = 1,2, to a neighborhood V' of 92 such that properties
(HB1) and (HB2) still hold here (possibly with different constants K and v). Then

1 3 3
)+ 5 Didole —y®. (A1)
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(HB1) and the intermediate value theorem that implies that there exists unique
solutions C;(x, p), of
Gi(z,p+ Ci(z,p)n(z)) =0, i=1,2, (A.2)
for every = (in the neighborhood V') and p. Note that
Gi(z,p) — Gi(z,p+ Ci(z,p)) = Gi(z,p) = Gi(x,0) + (Gi(z,p) — Gi(x,0))
and
Gi(z,p+ Ci(y, gn(x)) — Gi(z,p + Ci(z, p)n(z))
= Gi(z,p+ Cily,On(x)) = Gi(z,p + Cily, On(x)) — Gi(y, a + Ci(y, a)n(y)),
so by (HB1) and (HB2)
vi|Ci(x, p)| < K(1+ |p]) (A.3)

and

vi|Ci(z,p) — Ci(y, q)| < K(1+ [p| + |g])|z — y[ + K[p — q (A4)

for 2,y € V, p,q € RY. Now we extend C;,i = 1,2, from V to RY (in the x
variable) such that (A.4) and (A.3) are preserved (possibly with bigger K’s). Next
note that

Gi(z,p + Ci(z, p)n()) — Gi(z,p + Ca(z, p)n(z))

= —Gi(z,p+ Cao(z,p)n(z)) = Go(z,p + Co(z,p)n(x)) — Gi(z,p + Ca(x, p)n(x)).

Therefore, for € 92, by assumptions (HB1) and (D2) we get

v (Ci(w,p) = Ca(w,p)) < Ko + o [Ipl + K(1+ o)) ).
We have proved:

Lemma A.1. Assume (H0), (HB1), and (HB2).

(a) There exist unique functions Cy and Co such that equation (A.2) holds in a
neighborhood of 092, and the bounds (A.3) and (A.4) hold for all z,p € RV,

(b) If in addition (D2) holds, then there exists a constant Ko > 0 such that for
every p € RY and 2 € 09,

Ke
141 \/V2

Ci(2,p) — Calap) < (11 + w21+ 1p)). (A.5)

To build smooth functions from C; and Cy we will use the following sophisticated
regularization due to G. Barles [2]:

Definition A.1. Let a > 0. For a function C(x,p) on RY x RY we define
N

Colwny= [[ cwap(@=n)o(*5?) gz dvda
where
A=(a®+(p-n(@)?)? and T=(1+[p*)?,

and p € C=(RY) is a nonnegative function with total mass 1 and support in |z| < 1.
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Lemma A.2. If C(z,p) satisfies (A.4) for z,p € RN and 0 < a < 1, then for any
z,p € RY,

|Ca(z,p)| < KT and  |Cy(z,p) — C(z,p)| < K(a+ |p- n(z)]), (A.6)
[DyCa(x,p)| < KT, |DpCa(z,p)| < K, (A7)

2
DeaCule,p)| < Ky 1DapCalp)| < K 1DyppCalep)| <
The proof follows from the classical properties of convolution and the regularity
of C (A.4) together with the choice of A and T
Now remember that d is a W3 extension of the distance function, and let Caq
be the smooth function obtained from Definition A.1 with C = C5. The full test
function takes the following form:

=

(A.8)

Definition A.2 (The test function ¢,).

aliry) = Sl — ol + %5 (da) — dy))? ~ Bld(x) + d(y))

where A, B > 0 are constants.

A.2. Properties. In the next 3 lemmas we the state main properties of the test
function ¢, that we need in this paper.

Lemma A.3 (Positivity). Assume (H0), (HB1), (HB2), and let ¢ be defined in
Definition A.2. If A is big enough (not depending on €,a, B), then

Bulit,9) 2 55l — P = Koe® = Bld(z) +d(y).

Proof. By (A.6), |C24(z,p)] < C(1+ |p|) with C independent of a. So by Young’s
inequality one can take A big enough to insure that

1 , A 9 x4y 2(x—vy) 9
N — N — — -7 ~ 7 — > -
s l7 = 0+ o (@) = dw))? = Coa (3L 2 ) - d(y) 2 —Koe?,
which proves the Lemma. [l

Lemma A.4 (Boundary conditions). Assume (H0), (HB1), (HB2), (D2), 0 <
e,n,a <1, and let ¢, be defined in Definition A.2. Then for any x,y € Q such that
|z — y| < Kyne, there exists a K > 0 only depending on the data and on Ky, such
that if

B=Km?+e*+a)+

(Ml —HQQ) and A=K,
€

%1 V 120}
then
Gl(x,Dz¢a($7y)) >0 Zf$ € an (Ag)
Gao(z,—Dypo(z,y)) <0 if y € O (A.10)

Proof. We only prove (A.9), the proof of (A.10) is similar but easier due to the
choice of Cy , in the test function. Note that d(x) =0, d(y) — d(z) = |d(x) — d(y)],
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and remember that n = —Dd. We have
2(x — 1 2
Detoly) = 20T 4 (2D, Cou(X,) + 5 DyCaalX. )] dly) — d(a)

+ a0 + B+ 2 () — ()| n(a)

=p+ R+ [Ci(2,p) + Ro]n(x), (A.11)
where p = S|z —y|, X = {(z +y), and
2A
Ry = [-Ci(z,p) + Ca(z,p)] + [-C2(z,p) + Co,a(X,p)] + B + ?(d(y) — d(x)).
According to (A.6), (A.7) and (A.1), the second term in Ry is bounded below by
x— x4+ d(z) —d
K )T Kt (T 2 k(7 2 LD,

Here we have also used that p = % |z — y| and |z — y| < Ken.
According to (A.5), the first term in Ry is bounded from below by

(1405 )) 2 = (02
v1 Vs o 2 p — 11 Vi H /$2€~

This means that Ry > 0if B > K(n? +¢%+a) + ﬁ(m —i—ugg) and A > £ By
(A.7) of Lemma A.2, the regularity of d, |z —y| < Ken, we also find that

1 d(z) —d
[By] < [K(1+ b)) + K] (dly) - d(@) < K (n? +* + w)
By (HJB1), (HJB2), (A.11), (A.2), and the above estimates and choices of A, B,
G1($,Dxd>a(m,y)) > Gl(xap + Cl(xap)) + 1Ry — K|R1|

(,u1 +/¢22) +(2A-K)

|d(z) — d(y)\]

ZO+V1[B—K(772+E2+G)— =

V1 Vs
d(z) —d
P(<772 2 | ( )52 (ZU)|>7

and the right hand side is strictly positive if

nB=1+uv)K0n*+e*+a)+ (ul + ,ugg) and 21 A= (14+1)K.

%1 \/1/2

O

Lemma A.5 (Derivatives). Assume (H0), (HB1), (HB2), and let x,y € Q and ¢,
be defined in Definition A.2. Then

2
Detaley) + Dysale)l < KAZH 2y pom (ay)

x —y|? T —
| Daa(,y)| + | Dyda(z,y)] < K(* + | Egy‘ " €2y|) +2B. (A.13)

Furthermore if E%\J; —y|? < C and A big enough (independent of a,e, B) then

|z — y|
2e2

|Dzda(,y)|, |Dyda(z,y)| = (1 —2B+K(1+ A)]) - K (52 + B) ,

(A.14)
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and if in addition €2 < 2B + K(1+ A)]”" then
|Ds¢a(,y)+Dyda(z, y)| < K|Dm¢a(xay)|/\‘Dy¢a(x7y)‘|x*y|+K(52+B)' (A.15)
Finally, if |x —y| < Kne and 0 < n,e,a <1 then

D2¢a(xa )
K € 3 Id —Id € 3., 9 9 Id 0
< S+ -n) (-m 14 ) + k(40P +)+B) () 1) (A16)
Proof. To simplify the computations, we make a change of variables and define ®,, .
by
(ba(l'?y) = (I)G,E(Xa Y, Zv T)

where X =2 Y =g—y, Z=d(z)—d(y), T =d(z)+d(y). We see that

Y |? 2Y A,
20e(X,Y,Z,T) = —5 ~ CoalX, )2 + 32" - BT, (A.17)
and straightforward computations lead to
2Y
Dx®ac(X,Y, 2,T) = =DaCha(X, )2,
2Y 2 2Y
Dy®, (X.)Y.Z.T)=" — =D, Cy,(X,=—=)Z
Y a,e( s Ly &y ) 82 62 P 2,a( 762) 5 (A.18)
2Y 2A
DZ(I)G,E(Xv Y, Z, T) = _CQ,a(Xa ?) + ?Z,
Dr®,.(X,Y,Z,T) =—B,
and
1
Dy¢a(z,y) :§DX<I>,1,E +Dy®, .+ Dz®,.Dd(z) + Dr®, . Dd(x), (A.19)

1
Dy¢a(z,y) :§DX<I>,1,5 —Dy®,c + Dz, .(—Dd(y)) + Dr®, .Dd(y). (A.20)

First note that estimate (A.15) easily follows from (A.12) and (A.14). We start
by proving estimate (A.12). Using the fact that n = —Dd, we see that

Dya(@,y) + Dyda(w,y) = Dx Py, + DzPac(n(y) — n(x)) + B(n(z) + n(y)).
The first term on the right hand side can be estimated by (A.7) of Lemma A.2,
Y]

|DX(I)a,s| S K<1 + 5
£

Jld(@) — ()
and the second term by (A.6),

2Y Y y
Coa(X.55))] §K<1+%) and |[Dz®, .| §K<1+%)+
9 I3 c

24
22 1a(w) — d(y)|
Combining these estimates, using the regularity of d, and Y = x — y then leads to
Y
D) + Dyl )] < (5 +241Ddlo)(1-+ 5 ) o =y + 21Dl
and estimate (A.12) follows from Young’s inequality. In a similar way, we can also
prove (A.13).
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We proceed to prove the lower bound (A.14) and start by estimating | D, ¢, (2, y)—
Dydq(x,y)|. Observe that

D.6u(y) - Dyoule.y) =2 2052~ 2D,y (%, 2 ) ala) — dw)]

H(Dd(x) + Dd(y)| ~ Caa(X, ) + 20 d(w) — d(y)] ~ B(Dd(x) ~ Dl(y))

Now using a Taylor expansion and regularity of d, we see that
1
(Dd(x) + Dd(y)) - (x —y) < 2(d(z) — d(y)) + §|D3d\olw —yl,

and after applying also (A.6) we get

(Da¢a(2,y) = Dyda(,y)) - (x = y)
4 2Y

>4l D% ) (@ - ) — ()

205,00, 5)(d(w) — dy) + L5 (d@) — dly))?

A —
Dok —* (1Ddle o1+ 5 (14 251

52
— B(Dd(x) — Dd(y)) - (z — y).

Using Young’s inequality as in Lemma A.3 and taking A even bigger if necessary
(but not depending on a, e, B), we have (¢ < 1)

(Dmd)a(z»y) - qusa(zvy)) ' (35 - y)

lz — y/
2

|z —y|*

>
e2

> — B|Ddlo|x — y* = K(1+ A)(1 +¢?)
_ 2 _ 2
_ eyl <1—52 <B+K(1+A)|x le )),
3

o2
and Cauchy-Schwarz inequality immediately yields

_ _ 2
|Dm¢a($7y) - Dy¢a(xay))| 2 |x€72y| (1 _82 <B+K(]‘ +A)|w€2y|>> '

Now (A.14) follows by combining the last inequality and (A.12),

| Daga(w,y)| > ] (1—52 (B+K+K(1+A)|x;2y|2)> - K (*+B).

2e2
Now we prove estimate (A.16). A straightforward calculation using (A.18) yields
2Y
DXXq)(L,E(Xv Y7 Zv T) = 7D£?C$027‘1(X’ ET)Z’
2Y
DXZ(I)Q,E(X) Y, Z, T) = _DZL’OZ“(X’ ?)’
2 2Y
Dxy®ac(X,Y,2,T) = = 5 DapCra(X, 5)7,
2 242 2V
DYY(I)a,S(Xa }/7 Za T) = ?Id - (?) DppCQ’a(X, ST)Z’

2 2Y 2A
DYZ(I)a,E(vazaT) = _gDpOQ,a(X7 ET)’ DZZ(I)a,E(vazaT) = 872

DTXq)a,s = DTY(I)a,s = DTZ(ba,s = DTT(I)a,e = 0.

Id,
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We will estimate these terms using Lemma A.2 and (A.1). For example, one has

I 2/, 3 3
Dxx@ac(X,Y, 2,T)| £ K—[d(z) = d(y)| < K (p - n(X)| + [D¥dlole — yI*),
where p = 2. In our case A = [a* + (p- n(X))2)z, and I = (1 + |p|?)2, and hence

F2
Dxx®ac(X, Y, Z,T)| < K (12 + —|z — y*)

jz —y[? Irr —ul’y
By carefully doing computations like above, one can prove that
K elr—y?

|DYY(I)a,E(X7KZa T)| < ?(1 + 5673)) (A22)

K
|Dy 2P, (X, Y, Z,T)|,|DzzP0(X,Y,Z,T)| < =1 (A.23)
Dy y®a (XY, 2,T) < K(1+ = y') (A.24)

3

T — T —

Dy, (XY, 2 1) < K1+ P S0 )

Now we compute the matrix D%¢,(z,y) from (A.19) and (A.20):
D@ (x,y) = My + My + Mz + M4+ M + Mg + M7 + Mg,

where

]\41 — < D%YQG,E _Ig%’Y(I)ILE)
*Dyy(ﬁa,s DYY(pa,s ’

o (Dt Dt

4 \DXxPae DX xPac
D2, ® 0
Ma = XY Fae )7
3 ( 0 —D%y®, .

- Dd(z) ® Dd(z) —Dd(z)® Dd(y)
My =D7;%P,, <—Dd(y) ® Dd(z) Dd(y) ® Dd(y) >

, 2Dd(z) —Dd(z) — Dd(y)

My ZDZy‘I)a,E oY (—Dd( ) _ Dd( ) 2Dd(y) ! ) ’
1(Dd(z) — Dd(y))

Mo =D7xPac @ (%(Dd Dd(y)) i —Dd(y) ’ >

)

Ms == ( 0 W&Q

It can easily be seen that M; (use (A.22)), Ms (use (A.21)), and Mg can be bounded
from above by a matrix of the form (A.16). Note that

(M3(C, k), (¢, k) = (Dky ®ae(¢ — k), (C+)) < 6*12|D§<Y‘I>a,e|2\éf K2 +62|¢ + k),
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where 0 = 7y/1+4 <73 and hence by (A.24) Mj is also bounded from above by
(A.16). Now we write

et (P20 1) o )

and handle the first part of M7 like we did with Mj3. The second part can handled
using the W3>-regularity of d together with the first order estimates of ®, .. We
proceed with Mjy:

(Mi(¢.). (¢.0)) = 25 (¢ Da(z) - Dal(y))”

2

IN

24
S IDGIC = kI + [D?d[gn* (IC1” + |a[)-

The two remaining terms can be treated analogously using also (A.22) and (A.24).
This ends the proof of the Lemma A.5. (]
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