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Abstract

In this paper we prove optimal interior regularity for solutions to the obstacle problem for a
class of second order differential operators of Kolmogorov type. We treat smooth obstacles
as well as non-smooth obstacles. All our proofs follow the same line of thought and are
based on blow-ups, compactness, barriers and arguments by contradiction. This problem
arises in financial mathematics, when considering path-dependent derivative contracts with
the early exercise feature.
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1 Introduction

This paper is devoted to the obstacle problem for a class of second order differential operators
of Kolmogorov type of the form

m m N
3,j=1 i=1 1,5=1

where (z,t) € RV m is a positive integer satisfying m < N, the functions {a;;(-,-)} and
{bi(-,-)} are continuous and bounded and the matrix B = {b;;} is a matrix of constant real
numbers. Let Q C RY*! be an open subset, let 9pQ) denote the parabolic boundary of €, let
g, f,1 : Q — R be such that ¢ > ¥ on Q and assume that g, f,% are continuous and bounded
on €. We consider the following problem for the operator L,

{max{Lu(x,t) — flz,t),¥(z,t) —u(z,t)} =0, in Q,

u(z,t) = g(x,t), on 0pS. (1.2)

The structural assumptions imposed on the operator L, which will imply that L is a hypoelliptic
ultraparabolic operator of Kolmogorov type, as well as the regularity assumptions on a;;, b, f,
1 and g will be defined and discussed below. We note that in case m = N the assumptions we
impose imply that the operator L is uniformly elliptic-parabolic while if m < N then the operator
L is degenerate and not uniformly elliptic-parabolic. In particular, we are mainly interested in
the case m < N. The problem in (1.2)) represents the obstacle problem for the operator L with
obstacle v, boundary data ¢ and right hand side defined by f.

To motivate our study of the problem in (1.2) we note that obstacle problems are of fun-
damental importance in many applications in physics, biology and mathematical finance. In
particular, one important problem in mathematical finance is that of determining the arbitrage
free price of options of American type. More precisely, consider a financial model where the
dynamics of the state variables is described by a N-dimensional diffusion process X = (XIZC ’to)
which is a solution to the stochastic differential equation

X7 = BXPY 4 o(XP0, 1)dW,, X5 = x, (1.3)

where (z,ty) € RY x [0,T] and W = {W;} denotes a m-dimensional Brownian motion, m < N.
An American option with pay-off ¢ is a contract which gives the holder the right to receive a
payment equal to ¢(X,) assuming that the holder choose to exercise the option at 7 € [0, 7.
Then, according to the theory of modern finance, see [17] for instance, the arbitrage free price,
at time ¢, of the American option, assuming that the risk-free interest rate is zero, is given by
the optimal stopping problem

u(z,t) = sup E[p(X])], (1.4)

t<r<T

where the supremum is taken with respect to all stopping times 7 with values in [t, T|. The main
result in [20] states that if u is the function in (1.4) then @(z,t) = u(z, T —t) is, assuming certain
restrictions on the obstacle 1, a solution to a problem in the form (1.2), with f =0, g =1 and
Q =R x [0, 7], where in this case the operator L is the Kolmogorov operator associated to X:

m N
1 T
L = 5 ijZﬂ(UO’ )ijﬁxixj + ZJZ:1 bij.fﬂiaxj — (’3t. (15)



ol denotes the transpose of o. In the uniformly elliptic-parabolic case, m = N, the valuation
of American options has bee quite thoroughly studied, see [2], [16] and [15]. However, there are
significant classes of American options, commonly traded in financial markets, whose correspond-
ing diffusion process X is associated with Kolmogorov type operators which are not uniformly
elliptic-parabolic, i.e., in particular m < N. Two such examples are provided by American Asian
style options, see [1], and by American options priced in the stochastic volatility suggested in
[13], see also [7] and [11]. Furthermore, as noted in [9] a general (mathematical) theory for
American options in these settings is not yet available and the bulk of the literature focus mainly
on numerical issues.

The purpose of this paper is to advance the mathematical theory for the obstacle problem for
hypoelliptic ultraparabolic operators of Kolmogorov type and in particular to continue the study
of the obstacle problem initiated in [9] and [20]. In [9], and the related work in [20], a number
of important steps were taken towards developing a rigorous theory for the obstacle problem
in (1.2) and the optimal stopping problem in (1.4). In particular, the main result in [9] is the
existence, using the same set-up and assumption as in this paper, of a strong solution to the
problem in (1.2) in certain bounded cylindrical domains and in the strip RY x]0, T[. Moreover,
while the study in [9] was more directed towards existence results the main purpose of this paper
is to prove optimal interior regularity for solutions to the problem (1.2).

To be able to proceed with our discussion and to properly state our results we next introduce
the appropriate notation and describe the assumptions imposed on the operator L. Concerning
structural assumptions on the operator L and the problem in (1.2) we assume

H1 the coefficients a;; = a;; are bounded continuous functions for ¢,j = 1,...,m. Moreover,
there exists a positive constant A such that

ATHEP? < Z ai(z,4)&& < M, £ eR™, (z,t) € RV

ij=1
H2 the operator
m N
Ku:= Z Oz U + Z biji0p;u — Opu (1.6)
i=1 ij=1
is hypoelliptic, i.e. every distributional solution of Ku = f is a smooth solution, whenever

f is smooth;

H3 a;j;, b;, for 7,5 = 1,...,m, and f belong to the space C’%O‘ of Holder continuous functions
defined in (1.17), for some a €]0, 1[. The function g in (1.2) is continuous in 2.

Let
N
Y = Z bijl‘iaxj - @

1,j=1

and let Lie(Y,d,,, .., 0s,, ) denote the Lie algebra generated by the vector fields Y, 0,,, .., 0, . It

m

is well-known that H2 can be stated in terms of the well-known Hérmander condition [14]:

rank Lie(Y, 0y, ..,0s,,) = N + 1. (1.7)



Yet another condition, equivalent to H2 and (1.7), is that there exists a basis for RY such that
the matrix B has the form

*x B 0 --- 0

* By -+ 0

) o (1.8)
x % *x --- B,

where B;, for j € {1,..,k}, is a m;_; x m; matrix of rank m;, 1 < m, < .. < my; < m and
m-+mq+...+m, = N, while * represents arbitrary matrices with constant entries. We also note
that the natural setting for operators satisfying a Hérmander condition is that of the analysis
on Lie groups. In particular, as shown in [I8] the relevant Lie group related to the operator K
in (1.6) is defined using the group law

(.CE, t) © (ya 3) = (y + E(S)Qf,t + S)? E<S) = exp(—sBT), (l‘,t), (y7 S) € RN+17 (19)

where BT denotes the transpose of the matrix B. Moreover, if the matrices denoted by * in
(1.8) are null then there is, based on the block structure of B defined in (1.8)), a natural family
of dilations

D, = diag(rl, r* Ly, ..,r*" " 1,.), 5, = diag(D,,r?), r > 0, (1.10)

associated to the Lie group. In (1.14) I, k € N, is the k-dimensional unit matrix and §, is by
definition a diagonal matrix. Moreover we set

q=m+3m; + ..+ (26 + 1)m,, (1.11)

and we say that q+2 is the homogeneous dimension of R¥*+! defined with respect to the dilations
(6,),~0- Furthermore, we split the coordinate x € RN as x = (z(@,2®, ..., 2®)) where 2(® € R™
and 29 € R™ for all j € {1,..,x}. Based on this we define

|$|K=Z|ﬂf(”|Tl“7 I, )15 = |l + 1212 (1.12)
=0
and we note that ||0,(z,t)||x = r|[(x,t)||x and we recall the following triangular inequality (cf.
[10]): for any compact subset H of RVT! there exists a positive constant ¢ such that
Il <cllzllx, llzowlx <c(lzlx +llwlx),  zweH. (1.13)
We also define the quasi-distance dgx by setting
dg(z,w) = ||lw™ o 2|k, w,z € RN, (1.14)
Note that, for every compact set H C R¥*! we have
di(z,w) < cdg(w, z), di(z,w) < c(di(z,¢) + dx((,w)) , w,z,¢ € H. (1.15)
We finally set, for any z € RV*! and H c RV*
di(z, H) :=inf {dx(z,w) |w e H}. (1.16)

To simplify our presentation we will also assume the following technical condition:
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H4 the operator K is d,-homogeneous of degree two with respect to the dilations group (6,),>0
in (1.10).

Note that, under assumption H4, the constant ¢ in (1.13) does not depend on H.

Concerning the regularity assumptions on the functions a;j, b;, f, ¢ and ¢ in (1.2) we will
formulate these assumptions using certain anisotropic Holder spaces defined based on || - ||x. In
particular, let o € (0,1] and let Q@ € RN¥*'. We denote by Cp*(Q), Cr*(Q) and C2*(Q) the
Holder spaces defined by the following norms:

|u(z) — u(Q)]

U|| 0,00y = SUP |U| + sSUp —————,

Pl =3Pl + 3 T
z

- Ju(z) — u(C) = 3270 (25 — §) 0, u(Q)]
HUHC}{’O‘(Q) = HUHC’%’O‘(Q) + Zl Haﬂﬁzu |C?(’°‘(Q) + ZS?E% ||C_1 ]o Z||}{+a ) (117)

z

||U||c§{’a(g) = ||u||c§<va(n) + Z ||a$iu||C?<’a(Q) + Z ||a:m:cju||c§f(g) + HYUHC?{’O‘(Q)'
i=1

ij=1

Moreover, we let C°(£2) denote the set of functions which are continuous on 2. Note that any
u € C’?ga(Q), (2 bounded, is Holder continuous in the usual sense since

1
167" 0 2lli < calz — (]

Remark 1.1 It is known (cf. for instance [6], Theorem 2.16, [19], Theorem 4 or [3]) that if
u e C?éa<9); Op,u € C%Q(Q), j=1,...,m and if

lu(z 0 (0,5)) —u(z)| < Cls| > whenever z,z 0 (0,s) € Q,
then u € C’Il(’a(Q’) for every ' compact subset of .

Let k € {0,1,2}, a € (0,1]. If ¢p € CE(QY) for every compact subset €' of  then we write
(NS Cfgj‘oc(Q). Furthermore, for p € [1,00] we define the Sobolev-Stein spaces

SP(Q) ={u € LP(Q) 1 Opu, Oppyu, Yu € LF(Q), 0,5 =1,...,m}

and we let

|LP(Q) + Z ||azizju||Lp(Q) + ||YUHLP(Q)
1,7=1

lullse@) = llullr@ + > [10mu
=1

If u € SP(H) for every compact subset H of € then we write u € St _(Q).

loc

Definition 1.2 We say that u € S..(2) N C°(Q) is a strong solution to problem (1.2) if the

loc
differential inequality is satisfied a.e. in ) and the boundary datum is attained pointwise.

Under suitable assumptions, existence and uniqueness of a strong solution to (1.2) have been
proved in [9] and [20].



To state our results we will make use of the following notation. For z € RY and r > 0 we
let B,.(x) denote the open ball in RY with center z and radius r. We let e; be the unit vector
pointing in the z;-direction in the canonical base for RY. We let

Q = (Bl(%el) N Bl(—%el)) X] — 1, 1[,
Q+ = (Bl(%el) N Bl(—%el)) X [O, 1[, (118)
Q@ = (Bi(3e1) N Bi(—3e1)) x] —1,0].

Then @ is a space-time cylinder, Q* will be referred to as the upper half-cylinder and Q~ will
be referred to as the lower half-cylinder. We also let, whenever (z,t) € RN*L r > 0,

QT:(ST(Q)’ Qr(xvt) = (:L‘at)era Q;t :6T<Qi)v szﬂt(mi) = (:p’t)oQ;t_

Then Q,(x,t) is the cylinder @ scaled to size r and translated to the point (z,t). We also note
that the volume of @Q,.(z,t) is 792 times the volume of @, where q is the homogeneous dimension
in (1.11)).

Remark 1.3 We set

dic((x,1), (6,7)) = inf{r > 0| (z,t) € Q.(£,7)}

that defines a distance equivalent to dg in the sense that

5_1dK(($,t), (577)) < JK((LE’t% (5’7)) < édK(($7t)> (5’7—))7 ([B,t), (&T) € RN+17

for some positive constant ¢. It turns out that Q-(&,T) is the ball of radius r and centered at
(&, 7) with respect to the distance di. By (1.15), for any ro > 0 there exists a positive constant
¢ such that:

i) if (x,t) € Q.(&,T) then (§,7) € Qe (x,t) for r €]0,ro[;
i) if (x,t) € Qr(&,7) then Qu(x,t) € Qeirypy (&, T) for v, p €]0,70].

We also note that as a consequence we have that if (x,t) € Q,.(&,T) then

Q-(&,7) C Qcyr(,t) r €]0, rol, (1.19)

for some positive constant C'.

The main reason we work with these cylinders is that these cylinders are regular for the
Dirichlet problem for the operators considered in this paper. In particular, the following theorem

holds.

Theorem 1.4 (THEOREM 4.2 IN [10]) Assume hypotheses H1-3. For any R > 0 and (z,t) €
RNTL there erists a unique classical solution u € Cféﬁoc(QR(x, ))NCYQr(x,t) UdpQr(z,t)) to
the Dirichlet problem

{Lu = f, in Qr(z,1), (1.20)

u=g, on 0pQr(z,t).



We can now state the three main theorems proved in this paper. In the following, we use the
notation

o = 3 ol + 2 Il (1.21)
]:

1,j=1

Theorem 1.5 Assume hypotheses H1-4 with Q = Q). Let 1) € C%Q(Q) be such that v < g on
0pQ. If u is a strong solution to problem (1.2) in Q, then u € C'?(’a(QR) and

HuHCg{’O‘(QR) <c <N> A, @, Cq, ||fHCg{’Q(Q)7 191l ”quEﬁ(Q)) ’
for some R €]0,1].

Theorem 1.6 Assume hypotheses H1-4 with Q = Q. Let ¢ € Cfl(’o‘(Q) be such that v < g on
0pQ. If u is a strong solution to problem (1.2) in Q, then u € C}QQ(QR) and

Il < € (VA @ a1 fllcge gy gl W loeg) )
for some R €]0,1].

Theorem 1.7 Assume hypotheses H1-4 with Q = Q. Let ¢ € C[Q(O‘(Q) be such that ¢ < g on
0pQ. If u is a strong solution to problem (1.2) in Q, then u € S®(Qr) and

[ul| s () < € <N7 Ao, Cay | fllcoo gy l9llze@): ||¢||c§éa(@) :
for some R €]0,1].

We note that Theorem [1.5, Theorem 1.6/ and Theorem 1.7/ concern the optimal interior regu-
larity for the solution u to the obstacle problem under different assumption on the regularity of
the obstacle 1. In particular, the main differences between the theorems concern the smoothness
of the obstacle and Theorem 1.5 and Theorem 1.6/ treat the case of non-smooth obstacles while
Theorem [1.7 treats the case of smooth obstacles. Whether or not an obstacle is smooth or not is
simply determined by whether or not L is pointwise well-defined. Moreover, the results stated
in the theorems are the same: the solution is, up to S°°-smoothness, as smooth as the obstacle.

Concerning previous results we note that in the uniformly elliptic-parabolic case, m = N, and
in the case of smooth obstacles, there is a literature on the existence and regularity of solutions
to the problem in (1.2) and we refer to [12], [22], [23] and [4]. However, in the case of non-smooth
obstacles not very much is known, for the general problem in (1.2), even in the uniformly elliptic-
parabolic case, m = N, as there in this case are not many techniques available for the study
of the obstacle problem. However, in a recent paper [21] the theory for the obstacle problem
in the uniformly elliptic-parabolic case, m = N, was advanced also in the case of non-smooth
obstacle. Moreover, the approach outlined in [21] applies as well to certain fully non-linear
parabolic equations, see [21].

Concerning previous results in the non-uniformly elliptic-parabolic case, m < N, there are
to our knowledge no results available in the literature, even in the case of smooth obstacles,
of the type presented in this paper. In particular, our main theorems, Theorems 1.5, 1.6 and
1.7, are completely new. Concerning proofs, our arguments use blow-up techniques similar to
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[21] combined with several results concerning equations of Kolmogorov type established by the
third and fourth author with collaborators. We refer to the bulk of the paper for details of
the arguments. Finally we note that in future papers we intend to study the underlying free
boundary with the ambition to develop a regularity theory for free boundaries in the setting of
hypoelliptic ultraparabolic operator of Kolmogorov type.

The rest of this paper is organized as follows. In section 2 we collect a number of important
facts concerning operators of Kolmogorov type. In section 3 we then prove our main results, i.e.,
Theorems 1.5, 1.6/ and 1.7,

2 Preliminaries on operators of Kolmogorov type

In this section we collect a number of results concerning operators of Kolmogorov type to be
used in the proof of Theorems (1.5, 1.6 and [1.7.

Theorem 2.1 (THEOREM 1.3 IN [10]) Assume hypotheses H1-3. Let R > 0 and (x,t) € RVt
If u € C’[Qgﬁoc(QR(x,t)) satisfies Lu = f in Qgr(x,t), then there exists a positive constant c,
depending on N, a, c,, A and R, such that

*Qrya(at)) = c(l[ull o= @neny + ILf "C%“(Qﬁ(z7t>))'

Theorem 2.2 (THEOREM 1.4 IN [8]) Assume hypotheses H1-3. There exists a fundamental
solution T' to the operator L in (1.1). More precisely, a classical solution to the Cauchy problem

{Lu = f, in RNX]0,T], (2.1)

u =g, in RV,
s given by

t
o) = [ Doty 0)g)dy+ [ [ Tty )duds, (2.2
RN 0 RN
whenever [ € C’?(’j‘oc(RNx]O,T[) and g € C°(RY) are bounded functions. Formula (2.2) also
holds whenever f and g satisfy the following growth conditions: there exists a positive M such
that
|f(z, )] < MeMPP o g(x)] < MeMEP L (2,1) € RV x]0,TT. (2.3)

In this case T has to be sufficiently small (depending on M ). Furthermore, u in (2.2) is the
unique solution to the problem in (2.1) in the class of all functions satisfying (2.3).

Let I'* denote the fundamental solution to the constant coefficient Kolmogorov operator

m

N
K" =1 Oua, + Y bijwia, — 0, (2.4)

i=1 ij=1

for u > 0. Combining [§], Theorem 1.4, and [10], Theorem 1.5, we have the following theorem.



Theorem 2.3 Under hypotheses H1-3, there exist four positive constants p~, ", ¢, ¢t such
that
T (2,t,y,8) S T(,t,y,8) < T (2,49, 5)

for every (x,t), (y,s) € RN and 0 < t—s < T. We have u= < X\ < u*, where X is the constant
in H1, u™ can be chosen arbitrarily close to A\ and ¢* and ¢~ depend on pu* and on T.

We note that the fundamental solution I'* can be given explicitly. Let

ct) ::jE@) (Ig (()))ET(S)ds, teRY,

where the matrix [,,, equals the m x m-identity matrix and F(s) is defined as in (1.9). It is well
known, see e.g. [18], that H2 and (1.7) are equivalent to the condition that

C(t) > 0 for all £ > 0. (2.5)
Assuming that (2.5) holds, we have that
(x,t,y,s) =T"(x — E(t —s)y,t —s,0,0) (2.6)
where I'*(x,¢,0,0) = 0 if t < 0 and

C ( 1 -1 > -
IM'(x,t,0,0) = ——=exp | —(C(t)” "z, x) — tTr(B if t > 0. 2.7
.,0.0) = T e (€ a) — 11(B) 1)
We also note that
T
Iz, t,y,s) < i oT) for all (z,t), (y,s) € RVx]0,T[, t > s, (2.8)

(y,5)7" o (z,1)%

where q was introduced in (1.11). For (2.8) we refer to [10], Proposition 2.8.
Assumption H4 implies that the following identities hold:

C(r*t) = D,C(t)D,, E(r*)D, = D,E(t), teR, r>0, (2.9)
so that in particular we have
4 )N/ 1
T#(z,t,0,0) = Um)TT <——<C(1)1D1x,D1x>) if ¢ > 0. (2.10)
tadet C(1) 4p Vi Vi

Some analogous formulas also hold in general. Specifically, for every positive T' there exist two
positive constants ¢, and 7. such that

1 /-1
A <c (1) (D%x + E(l)D%y> Dozt E(l)D%y> <
(CH(t)(z + E(t)y),z + E(t)y) < (2.11)
" -1
o <c (1) <D%x + E(l)D%y> Daw+ E(l)D%y> ,
for every (z,t) € RYx]0,T] (see (2.16), and (2.18) in [5]), and, as a plain consequence,
ptd < detC(t) < &ptd, t€]0,T). (2.12)

In the forthcoming sections we will need the following technical estimate.
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Corollary 2.4 Under assumptions H1-3, we define, for v > 0 and Ry > 1, the function
u(z,t) = / I'(z,t,y,0)|y|kdy, reRY, t>0.
lylx <Ro

For every compact subset H C RNTY there exists a positive constant ¢ = c(vy, Ry, H) such that
u(z,t) <cl|(z ), (x,t) € H
Proof. By the triangle inequalities (1.13)), we have

Yl = 1y, 0)llx < e[/, 0) 7 c < ([[(5. 07" o (@, )|« +ell(= Dx) .

for any z,y € RY and t € R. By Theorem 2.3, we have

u(z,t) < C+/ I (2, t,y,0)|y|kdy < C’H(x,t)H}/ I (z,t,y,0)dy
ly|k <Ro \

Y|k <Ro
s [T (0 o w0) .00 o (o) o dy
lylk <Ro
We perform the change of variables
U)ZCS% ((y’O)_lo(x,t)) :(gal)a €:D1 ([L’-E(—t)y),
and, by (2.11) and (2.12), we obtain
u(w, t) < ¢||(z, )|} + 12

Obviously this estimate completes the proof of the lemma. O

We end this section by proving two further results useful in the proof of Theorems 1.5-1.7.
The first one is a version of the Harnack inequality for non-negative solution u of Lu = 0
proved in [10] and the second one is a version of an estimate in “thin cylinders” proved in [5].
We first need to introduce some notations. For any positive T, R, and (zg,%y) € RY*! we put
Qi(T) = (Bl(%61) N Bl(—%el)) X [—T, 0], and QE(xO,tO7T) = ($0,t0) O (SR (Qi(R72T)) Note
that, from (1.10) it follows that 7" is the true height of Qx(x¢,%9,T). For «, 3,7 € R, with
O<a<f<y<l, weset

Qrlwo, to, T) = {(2,t) € Qp(wo, t0,T) | to — 7T <t <ty — AT},
Qb (w0, t0,T) = {(2,t) € Qp(wo, t0,T) | to — T <t < ty}.

We recall the following invariant Harnack inequality for non-negative solutions u of Lu = 0.

Theorem 2.5 (THEOREM 1.2 IN [10]) Under assumptions H1-3, there exist constants Ry > 0,
M > 1 and o, 3,v,e €]0,1[, with 0 < o < 3 < v < 1, depending only on the operator L, such
that

sup u< M inf u,

Q= (o t0,R?) Qy(z0,t0,R2)

for every positive solution u of Lu =0 in Qx(zo,t0) and for any R €]0, Ro[, (xo,to) € RNV
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Our first preliminary result is the following

Lemma 2.6 Assume H1-3. For any T > 0 and R > 2T +1 there exist constants ¢ = c(a, c,)
and ¢ = ¢(a, €y, K, R) such that

sup u<c¢ inf
Q-{(zt): t=—2T} Qp,2(0,0.7)

for any positive solution u to Lu =0 in Q(0,0,2T + 1) with R > cR2+1,

Proof. Let u: Q% (0,0,27 + 1) — R be a positive solution of Lu = 0, where R is a suitably
large constant that will be chosen lather. We aim to show that, for every (z,t) € QIT%M(O, 0,7,

and (y, —2T) € Q, there exists a Harnack chain connecting (z,t) to (y, —2T'). Specifically, we
prove the existence of a finite sequence (R;);—1 . such that 0 < R; < Ry, for any j =1,...,k
and a sequence of points (z;,t;),;=1.  such that (z1,t;) = (x,1),

.....

Ql_%j(xj’tj) C Q%(0,0,ZT‘F 1), (213)

with (2j41,¢11) € @;Rj(xj,tj,R?), for every j = 1,...,k — 1 and (y,—2T) € @;Rk(xk,tk,Ri).
Using this construction and Theorem 2.5/ we then find that w(x;,t;) < Mu(xj_1,t,-1),5 =
1,...,k, and that

u(y, —2T) < Mu(zy, ty) < M*u(z,t).

To prove the existence of a Harnack chain connecting (z,t) to (y, —27") as above, we apply
the method previously used in the proof of Theorem 1.5 of [§]. The method concerns the problem
of finding the shortest Harnack chain, in order to minimize the integer k. It turns out that the
best choice is (z;,t;) = (y(75),t — 7;), where

(1) = E(—71) (x +C(T)CHt+2T)(E(t + 2T )y — x)) , (2.14)
and 7, ..., 7, are suitable real numbers such that ;1 =0 < 7, < -+ < 7 <t —2T. We finally
have )

E<1+ E<C*1(t +2T)(x — E(t +2T)y),x — E(t + 2T)y), (2.15)

for some positive constant h only depending on the operator L (we refer to [§] for more details).
Since the function in (2.15) continuously depends on (x,t) and (y, —27), the inequality stated
in Theorem 2.5 holds with

5. maX{Ml—l—%(cfl(t+2T)(;t—E(t+2T)y),z—E(t+2T)y) | (z,t,y,—2T) € QT/ (0,0,T) x QT}
» 7 ) R/2 Y Y R Y

provided that (2.13) holds for j =1,... k.
To conclude the proof of Lemma 2.6, it is sufficient to show that (2.13)) holds for j = 1,... k,
as soon as R is suitably large. In fact, we will prove that

Q (1(7),t=7) CQy(0,0,2T +1)  for every 7 € [0,¢ +2T], (2.16)

holds (recall that ¢ € [=T,0]) and we note that this is stronger statement compared to (2.13).
To proceed we first note that Q~(y(7),t — 7) C R¥x] — 2T — 1,0] for every 7 € [0,t + 27T].

Concerning the lateral boundary of ), we consider any (z,t) € Q}Tz/z((), 0,7) and (y, —27) € Q.
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~ 2k+1 ~
We have that |z;| < (R/2> and |y;| < R**! for j =,..., N. Then, by the continuity of v

in (2.14)), there exists a positive constant ¢, such that |y(7)| < ¢oR?***, for every 7 € [0,t + 27,
Consider now any point (£, 79) € Q (v(7),t — 7). There exists ({1, 71) € @~ such that

(0:70) = (V(7),t = 7) 0 (&,m) = (& + E(m)y(7),t =7 + 7).

As a consequence, there exists a positive constant C such that
Sl < &+ [E(m)v(m)] < Ci(1+ [y(7)]) < (1 +coR2“+1) '

Hence, if we set ¢ = 2k¢yCy, and we choose R > ¢ R**! we have (&0, 70) € Q% for every
(&0,70) € Q (v(7),t — 7). This proves (2.16) and hence the proof of Lemma 2.6 is complete. O

Lemma 2.7 Assume H1-3. Let R > 0 be given. Then there exist constants Ry, Co, C7 > 0,
Ry > 2R, such that

sup o] < Cope™ O sup |v]
Qr OpQEN{(,t): t>—R2}

for any R > Ry and for every v solution of Lv =0 in QE(O, 0, R?) such that v(-, —R*) = 0.
Proof. To prove this lemma we proceed as in the proof of Theorem 3.1 of [5]. We let R be
suitably large and to be chosen. Let r > 0 be such that {|y|x < 2r} C Bi(3e1) N Bi(—3e1) and

let ¢ € C*(RY) be a non-negative function such that ¢(z) = 1 if |z|x > 2r, and ¢(z) = 0 if
|z|x < r. We define
p=

2
w(z,t) = — /RN [(x,t,y, —R*)p (Dl/é?/> dy,

where ¢~ the constant in Theorem 2.3, related to T'= R?. Clearly, w is a non-negative solution
to the Cauchy problem Lu = 0 in RN x] — R? 0], u(z,—R?) = ¢ <D1/Rx>.

We note that, if (x,t) € 0pQ is such that ¢ > —R?, then ¢, z(2,t) € dpQ=(0,0, R?/R?).
Moreover, for such (x,t) we deduce using Theorem 2.3 that

w(z,t) > 2 / I (z,t,y, —R*)p (Dl/Ry) dy.
RN
We next show that

[ @ty B (D) dy =1 as R oo, (2.17)
RN

uniformly uniformly in (z,t) € dpQ. Thus, there exists a positive Rq such that, if R > Ry, we
have w(z,t) > 1 for every (z,t) € 0pQ N {(2,t) : t > —R*}. Thus, by our assumption on v we
see that the maximum principle implies that

v(z,t) <w(zx,t) sup [v]. (2.18)
6PQ§n{t>fR2}

12



We next prove (2.17). By (2.11) and (2.12) we have that

FW(x,@y,ﬁjSZ;g%Sgexp(—(gﬁ<C%1)<D1x——E(D[)l y),[[;fm——E(D[)lky>>,

t—s t—s

for every (z,t), (y,s) € RNT! such that 0 < ¢t — s < T. Then

/ Fui(x7t7ya_R2)sp <D1/Ry> dy_l‘ S
RN

q%t+aR%‘3u/ exp<-c;<c—lm)(p - B(1)D_4 y),

RN Vt+R2 Vit+R2
D . z—EMLD. . >)’Q)~)—ﬁd<
oA (1) ) ) [P (Dyry n

D _EBE()D > _1]d
A (1) :ﬁnlﬂm | dn

A direct computation shows that

TfééN@m(_4;«040)@—JﬂnDén)é—lﬂUDéﬁ>>WW)—Hdn—%O

as 7 — 07, uniformly for 2r < |{|x < 1. This concludes the proof of (2.17).

To complete the proof of the lemma we see that it is enough to prove an upper bound for w
in the set Q. To do this we note that by Theorem 2.3 by (2.11), (2.11)2 and the definition of
», we have

+ ot
w(x,t) <2 c__ 1"#+ (xvta Y, _R2)§0 <D1/Ry) dy <2— F“+ (3577571/7 _R2)dy7
C RN c |y|K>7"R
C+
< ‘v —cﬁ'c—11(D — E(1)D ) 2.19
el I Gy () CRRES T ) R 3
D —E(1)D dy.
o ()\éﬁﬁ)y

If we set Q := E(1)TC7!(1)FE(1), we have that Q is a symmetric strictly positive constant matrix.
Then, by the change of variable n = D 1y in (2.19), we get

v
w(z,t) < CO/ exp (—C+ <Q (77 — E(-1)D_1 x) ,n—E(-1)D_ x>) dn.
In| e >—~E VIIR? Ny

Vt+R2

We next note that, since (z,t) € Qx, we have ¢t € [—R?, 0] and hence the norm ‘E(—l)D 1 x‘
Vi+R?
is bounded by a constant. On the other hand,

G
n
<Qnm>kdnn—%Q§:H@LMW” A‘MKEZIMH
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since |n|x > \/t+7R > 1 (for Ry suitably large). As a consequence, there exists a positive constant

Co, if Ry is suitably large, such that

(o(n-E-n0

1T
Vi+R? Vit+R?
for every n € R¥*! such that |n|x > - R . Thus

w(z, t) <co / exp (~Coctlnl) d
‘W‘KZ\/%

1 r2Co ¢t R?
< ——Coctnl% | d e .
AN &) (/]R;N exp ( 2 QC ’an) 77) exp ( 2(t+ R2) >

The lemma now follows if we let

1 r?2Cqct
Co = co /RN exp <_§CQ cﬂnﬁ{) dn and C) = 252

3 Proof of the main theorems

In this section we prove Theorems 1.5, [1.6/and [1.7. In the following we always assume hypotheses
H1-4. Recall that ¢, was introduced in (1.21)).

Definition 3.1 Let Q C RNt be a given domain, k € {0,1,2}, a € (0,1] and My, My, M3 be
three positive constants. Let 1 € C’f(’o‘(Q), g € C%Q), g > on 9pQ, and let u be a strong
solution to problem (1.2). Then, for k € {0,1,2} we say that (u,g, f,1) belongs to the class
P (Q, a, ¢y My, My, M3) if

||| ooy < M, Hf||c§f(sz) < Mo, ||¢”C}?“(Q) = Ms.

The proofs of Theorems [1.5, [1.6/ and 1.7 are based on certain blow-up arguments. In partic-
ular, we introduce, for r > 0, the blow-up of a function v € C°(Q) as

v (x,t) == v (0.(z, 1)), (3.1)
whenever 6, (z,t) € Q. A direct computation shows that
Lv=finQ ifandonlyif L™ =7r*f" in 6,1, (3.2)

where

i z] IEzZ] + Zrbrawl + Z szxz T . (33)

= 2,7=1
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3.1 Optimal interior regularity: proof of Theorems 1.5, 1.6/ and 1.7

To prove Theorems 1.5, 1.6/ and 1.7 we first prove the following three lemmas.
Lemma 3.2 Let o € (0, 1] and let My, My, M3 be positive constants. Assume that

(u, g, f,0) € Po(Q,a,cq, My, My, M3) and u(0,0) =1(0,0) = 0.
Then there ezists ¢ = ¢(N, \, a, €, My, Mo, M3) such that

sup |u| < cr®, r €]0,1].
Qr

Lemma 3.3 Let a € (0, 1] and let My, My, M3 be positive constants. Assume that
(u, g, f,v) € 21(Q,a,cq, My, My, M3) and u(0,0) =1(0,0)=0.

Then there ezists ¢ = ¢(N, \, @, €o, My, My, M3) such that

< er'te, r €]0,1].

sup [ulz,£) — 3 0,,(0, 0},
Qr i=1

Lemma 3.4 Let o € (0, 1] and let My, My, M3 be positive constants. Assume that
(U, g, f’ ’QD) € 322(62_7 Q, Cq, Mla M27 M3) and U(O, 0) = ¢(07 0) = 0.
Then there ezists ¢ = ¢(N, \, a, €o, My, My, M3) such that

sup [u — Y| < er?, r €0, 1].
Qr

The statements of the previous lemmas are structurally the same. We set

Sk(u) = sup |ul. (3.4)
Q.

To prove Lemma 3.2 and Lemma 3.3 we intend to prove that there exists a positive ¢ =
¢ (N, A, «, cq, My, My, M) such that, for all k € N,

SkH(u—F)gmaX( ¢ Splu—F) Spy(u—F) So(u—F))’

9(k+1)y’ 2”7 227 T o (k+1)y (3.5)

where F' and v are determined as follows:

o F =0 and v = a in Lemma 3.2,

o F(z,t) =) 0,%(0,0)z; and v = 1 + o in Lemma [3.3.
=1
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Indeed, if (3.5) holds then we see, by a simple iteration argument, that

c

Sk(u—F) S 2k'y

and Lemma 3.2 and Lemma 3.3 follow.

Proof of Lemma 3.2 To prove (3.5) with /' =0 and 7 = «, we assume that
(U, g, f7 w) € ‘@0(@_’ Q, Cy, Mh M27 M3)

We divide the argument into three steps.

Step 1 (Setting up the argument by contradiction). We first note that

u(x,t) > 77/}(1’,75) = ¢(I>t) - 77D(()7O) > _M3||(I7t)||?(’ (:L',t) S Q_~ (36)

Assume that (3.5) is false. Then for every j € N, there exists a positive integer k; and
(uj, 95, f5,05) € Po(Q7, a, €ay My, My, M) such that

GM;s Sk (uj) Sk;—1(uy) So ()
Skj+1(uj)>max(2(kj+1)a’ So 93 7 Qg+l

(3.7)

Using the definition in (3.4) we see that there exists (z;,¢;) in the closure of @, _, such that
\uj(w5,t5)| = Sk,41(u;) for every j > 1. Moreover from (3.6) it follows that u;(x;,t;) > 0. Using
(3.7) we can conclude, as |u;| < Mj, that j27°% is bounded and hence that k; — oo as j — oc.

Step 2 (Constructing blow-ups). We define (Z;,;) = 0,1, ((;,t;)) and @; : @, — R as

ui(z,t) = 3.8
J( ) Skj—i-l(uj) ( )
Note that (Z;,t;) belongs to the closure of Q;/Q and
a(25,1;) = 1. (3.9)
Moreover we let L; = L, &, (cf. (3.3)) and
z o, Ji(0yks (2, 8)) 9i(0y-s; (2, 1))~ (051, (z, 1))
(z,t) =2 Qk;L7 (z,t =22 9P (x,t — N T 3.10
f]( ) Sijrl(uj) gj( ) Sijrl(uj) 1/]_7< ) Sijrl(uj) ( )
whenever (z,7) € Q ;. Then, using (3.2) we see that
max{f/jﬁj — fj,l[)j - 17/]} = O, in Q;kj7
Uj = Gj, on IpQ ;-
For any [ € N we have that
Sk —1(u;
sup |a;| = Siy=iluj) < 20D whenever k; > 1. (3.11)
Q- Skj-l—l(uj)

ol
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In particular, we can conclude that
(aﬁaj?fj?&j) S 90(@;“05;00”]\2{;]\23,]\2?{) (312)
where now &, is the class related to operator L; and, by (3.10) and (3.11), we have

Ms

M <oy < 2—2’%A, M < 20Uk . (3.13)
k1 () Sk+1(1;)
Moreover, using (3.7) we see that
lim M = lim MJ] = 0. (3.14)

Jj—oo Jj—o0

Step 3 (Completing the argument by contradiction). In the following we let [ € N be a suitable
large degree of freedom to be specified later. We consider j, € N such that k; > 2! for j > jo.
We let g; denote the boundary values of @; on 9pQ,, and we let v; and v; be such that

Ljv; = ”fjHLOO(Q;l) n Qy, Ljv; = _HfjHLoo(Q;l) in Q,, (3.15)
V; = gj on aPQ;, ﬁj = max{gj, Mg} on OPQ;,
We first prove that

The first inequality in (3. 16) follows from the comparison principle. To prove the second one, we
first note that ||¢;]|sc < M7 and then by the maximum principle @; > 1; in Q- Furthermore

Lj(#; — ;) = —||fj||Loo(Q;l) + /<0 i Q= QN {(x,) Ayl t) > (1)},
and 0; > @; on 0f). Hence, the second inequality in (3.16) follows from the maximum principle.

We remark that, since u; > zzj by (3.12), we can conclude that g; > —Mg,' in Q. Hence,
using the maximum principle we have, for any positive T,

5i(w,t) = vj(,1) < (max{0, N = 33} + 2T fill (g ) < 2 (N + 7013 (3.17)
whenever (z,t) € Q,,(0,0,7'). In particular, we can conclude that
195 ) < max {2<l+l>a, M } + 22N, (3.18)
We claim that there exists a positive constant C' such that
0j(x,t) > C  for every (x,t) € Ql_/2, j > 7Jo. (3.19)
Once this claim is prove it follows from from (3.17) and (3.16) that

i;(0,0) > v;(0,0) > (0,0 — 2(M§+TM§)20—2(M§+TM§),
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and hence, by (3.14), that @;(0,0) > 0 for j suitably large. This then contradicts the assumption
that 1;(0,0) = 1;(0,0) = 0. Hence our original assumption was incorrect and the proof of the
lemma is complete.

In the proof of (3.19) we will use of Lemma 2.6 and 2.7 with 7= 1, R = 1/2 and

R:Q—lﬁ 3.20
(2) (3.20)

C

where c is the constant in Lemma 2.6. We write 0; = w; + w; + w; on Q;%(O, 0,1) where

Liw; =0 in Q4(0,0,1), Lyb; =0 in Q4(0,0,1),
wj; = 0 on 8;5@1;(0, 0, ].), U~)j = ﬁj on 8;5@1%(0, 0, ].),
wj=10;  ondpQ4(0,0,1), w; =0 on 0pQ4(0,0,1),

w; =0 on 813@1_%(0, 0,1).

where
9pQ:(0,0,T) = 0pQ(0,0,T) N {t > ~T}, 0pQ:(0,0,T) = 9pQ(0,0,T) N {t = ~T}.
By the maximum principle we easily see that
0 < aj(z,t) < (t+ DI fjll (g < M3, (3.21)

whenever (z,t) € @£(0,0,1). Hence, as t €] —1,0[ we see that [@;(z,t)] < 1/4 in Q@;(0,0,1) if
Jj is sufficiently large. Moreover, by Lemma 2.7 and (3.18)

sup |w;| < Coe R sup lv| < Coe 1 (max {Z(ZH)O‘, Mg} + 22l]\~4§>
Q1/2 Q7

and we note that the right hand side in this inequality tends, by the choice in (3.20), to zero as
[ goes to infinity. Recalling that ©;(Z;,¢;) > 4,(Z;,t;) = 1, we can conclude that by chosing !
suitably large we can ensure that

wi(Z;,6) > =, = jo.

N | —

Using this and the maximum principle we can conclude that there exists at least one point
(75,t;) € 9pQ5(0,0,1) such that

P - 1 .
0;(75,t5) = w;(75,t;) > o J = Jo-
We next write 0; = 0; + 0; where

Lyo; =0 inQy(0,0,2), Lty = = fill =iy 0 Q5(0,0,2),
5 =0;  ondpQy(0,0,2). ;=0 on 9pQ,(0,0,2).
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As in (3.21), we easily see that |0;(z, )] < 1/4 in Q,(0,0,2) if j is sufficiently large and hence
we can conclude that

Using Lemma 2.6 we infer that

Since 9; — 0 uniformly on @,,(0,0,2) as j goes to infinity, we can conclude that

1
inf '17]' Z inf @j — ||'ﬁjHLoo Z 8—~
- - C

1/2 1/2

for any suitably large j. In particular, this proves (3.19) and hence the proof of Lemma [3.2] is
complete. O

Proof of Lemma 3.3/ We argue as in the proof of Lemma 3.2 to show that (3.5) holds with
F(z,t) = > 0,,%(0,0)z; and v = o+ 1. We assume that
i=1

(uaga fadj) € yl(Q_,a,Ca,Ml,M%Mg)-

We divide the argument into three steps.

Step 1 (Setting up the argument by contradiction). We first note that, since ¢ € Cfl{’a,
u(a,t) = (x,t) = (@, t) =(0,0) = F(z,t) — M| (z, )l (2,1) € Q. (3.22)

As in the proof of Lemma 3.2, we assume that (3.5) is false. Then for every j € N, there exists
a positive integer k; and (u;, g;, f;, ;) € P1(Q~, a, co, My, My, M) such that

(k1) o 92y P T )y

Sijrl(Uj — Fj) > max (

where Fj(x,t) = > 05,4;(0,0)x;. By (3.4) there exists (z;,1;) in the closure of @__, _, such that
i=1

uj(xj,t;) — F(x5,t;) = Sg,41(u; — F) for every j > 1. Moreover, by (3.23) we infer that k; — oo
as j — 00.

Step 2 (Constructing blow-ups). We define (2;,t;) = d,; ((;,¢;)) and ; : Qu; — Ras

(1 = F5) (8 5, (2,))

uj(x,t) = 3.24
J( ) Skj—i-l(uj . ij) ( )

As before, we have that (i;,7;) belongs to the closure of @, and
i (i,1;) = 1. (3.25)
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Now we let

f(l’ t) — 9—2k; (fJ — LFj) (52*’%‘ (:L’, t))

g (g5 — Fy) (0y-+, (2,1))
Spyp1(u; — Fy) 7 gj(z,t) =

Skﬁl( J FJ) 7

(3.26)
7 Sky+1(uj — Fj)
whenever (z,t) € Q;kj Then, by setting L = Ly-+;, we have
max{f/jﬂj — ‘]Fj, ’(Lj - ﬂ]} = O, in Q;kj,
ﬂj = gj’ on apQ;k]
As in the proof of Lemma 3.2, we have
(aﬁﬁj?f]’?lzj) € ‘@1<Q2_l7aacaaMfaMgaMg) (327)

where &) is the class related to operator f/j. However we prove our claim by using only the
semi-norm

NM=Y @xil/;j(0,0)‘ 4+ sup |¥5(2) — ¥5(Q) — 2235 (i — )05, 45 (C)

I¢71 0 2|5

=1 z2,(EQ™
! 2#C

< Mj. Since LFj(z,t) = 3 bi(2,1)0,,1;(0,0),we have

and remark that N7 + ||1/;j||c%a(
i=1

Q)

M < 2UuAD(+a) M < . 3.28
o °T Sty (u; — F}) (329
Furthermore,
, M.
NI < o(1+a)(1—k;) 3 '
P Sty (u; — F})
To see this we note that d,,4;(0,0) = 0 and
‘(%—Fj)(Z)—(%—Fj) (Q) =D (w = &)0n, (¥ — F) (C)'
i=1
| (wj ) = (@i = &) <>>
i=1
- = €0)0:15(0,0)] < Mal¢™" o 2[J3
i=1
Therefore, by (3.23), we have
lim Mj = lim NJ = 0. (3.29)

j—00 J—00

Step 3 (Completing the argument by contradiction). This step is completely analogous to Step
3 in Lemma 3.2 except for the use of N3 in place of M3 and v now equals 1 + a. O
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Proof of Lemma 3.4/ We first note that we may assume that ¢» = 0. Indeed, using the fact that
Ly € C?(’a we can consider @ = u— 1, f = f — L, g=g—1in Q. In particular, we note that
(i1, G, [,0) € Po(Q™, @, Ca, My, My, 0) where (My, M) only depends on My, My and Ms. From
here on we can now argue as in the proof of the previous two lemmas. In particular, we note
that

u(z,t) > Y(x,t) =0, (x,t) € Q. (3.30)

and we assume that (3.5) is false with v = 2. Then for every j € N, there exists a positive integer
k; and (uj, g;, f;,0) € P2(Q, v, o, My, M5, 0) such that

j o Sk(uy) Sk-a(uy) So(u;)

(3.31)

By (3.4) there exists (z;,1;) in the closure of @ ", , such that u;(z;,t;) = Sk,11(u;) for every
j > 1 and, by (3.31), k; — 0o as j — oo. The rest of the proof then follow along the same lines
as the proof of Lemma 3.2l |

We next derive the following extensions of Lemmas 3.2, 3.3/ and 13.4.
Lemma 3.5 Let o € (0, 1] and let My, My, M3 be positive constants. Assume that
(u, g, f,0) € Po(Q, a,cq, My, My, M3) and u(0,0) =1(0,0) = 0.
Then there ezists ¢ = ¢(N, \, , €o, My, My, M3) such that

sup |u| < er®, r €0, 1].

T

Lemma 3.6 Let o € (0, 1] and let My, My, M3 be positive constants. Assume that
(u, g, f,0) € P1(Q,a,cq, My, My, M3) and u(0,0) =1(0,0) = 0.

Then there ezists ¢ = ¢(N, \, v, €, My, Mo, M3) such that

< ertte, r €]0,1].

sup |u(z,t) — Z 0,,1(0,0)z;
Qr i=1

Lemma 3.7 Let o € (0, 1] and let My, My, M3 be positive constants. Assume that
(U, g, fa w> € f@Z(Qa Q, Cq, Ml? M27 M3) and U(O, O) = w([)? O) = 0.
Then there ezists ¢ = ¢(N, \, v, ¢, My, Mo, M3) such that

sup [u — Y| < er?, r €]0,1].
Q

T

Proof of Lemma 3.5 Using Lemma 3.2 we see that we only have to prove that there exists a
constant ¢ = ¢(N, \, «, ¢, M7, My, M3) such that

sup |u| < er®, r € [0,1]. (3.32)
Qf
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We set v = v1 4+ vo + v3 Where

Lv; =0 inQ"Y, Lvy=0 inQT,
Us = on )
vy =|u]  on dpQT, v =0  ondzQt, 3 P
where

05Q" = 0pQt N {t > 0}, 0,Q" =0pQt N {t =0}.

By the maximum principle we see that ¢ < u < v in QT and hence we only have to prove that

sup |v| < er, (3.33)
Qf

for r suitably small.
To continue we first note, using Lemma 3.2/ and Corollary 2.4, that

\MaMSc/“mmmwmm@smm@m,
ly|k <Ro

for some Ry > 1. For any positive r we consider the function uy(z,t) = vy (D, 7%(t + 1)). By

applying Lemma 2.7/ with R = 1 and R = % we see that there exist positive constants Cy, C1,

and Ry such that

. C
sup |ve| = sup |ug| < Cpexp <—C’1R2> sup lug| < Cyexp (——21) sup |ve|
Qf Q- OpQ{(x,t): t>—1} /) ofq+

whenever r < Rio. Since vy agrees with |u| on 95Q" we can conclude that

C 1
sup |vg| < Cp M exp <——21> < cor?, for every r € }O, —] )

Finally, we have

t
s(a. ) < i) [ [ Doty s)duds < 2oy < Mol O]

0 RN
Put together these estimates prove that the claim in (3.33) is true. O

Proof of Lemma 3.6/ and 3.7. To prove these two lemmas we can use the same argument as
in the proof of Lemma 3.5, In particular, we now apply Corollary 2.4 with v = a + 1 and v = 2
in the proof of Lemma 3.6 and Lemma 3.7 respectively. O

In order to prove Theorems [1.5, [1.6/ and 1.7, we introduce some further notations. For
(z,t) € Q and r € (0,1), we introduce the blow-up of a function v € C°(2) at (x,t) as

o@D (y, 5) = v((z,t) 0 0,(y, s)), (3.34)
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whenever (z,t) 0 d,(y, s) € €, and the corresponding scaled operator,

199 = 3 0 + S+ S, 0 @59
ij=1 =1

Proof of Theorem 1.5 We fix R €]0, 1[ such that Qor C Qare, (2,1) C Q for every (2,1) € Qqr,
where C] is the constant in (1.19). Let .# = QyrN{(x,t) : u(x,t) = ¥ (x,t)}. If F is empty then
the result is a direct consequence of Theorem 2.1. We aim to prove that there exists a positive
constant ¢ = ¢(N, \, «, ¢, M7, My, M) such that

ju(e,t) — (@Dl _

sup — — < (3.36)
worabean [[(Z,1)71 o (2, 0)[|%
(2,6)(5:0)
If (2,) € Qur N.Z, then we apply Lemma 3.5 and we get
u(z,t) —u(@,1)| < cll|(z,8)" o (2,t)||%  for every (z,t) € Qarc, (2, 7). (3.37)

The same result clearly holds whenever (z,t) € Qg N.%#. To complete the proof of Theorem 1.5
we therefore assume that (x,t), (2,1) € Qg \ Z. Let r = dg((z,t),.#) denote the distance from
(z,t) to Z, as defined in (1.16) and let (,7) € .# be such that r = dx((x,1), (Z,1)). We divide
the proof into two cases.

Case 1. Assume (2,1) € Qr\Q,/2(2,t). Then di ((z,t), (2,1)) > cor for some universal positive
constant ¢y. By the triangle inequality (1.15) we have

A

dic((@,8), (7,1)) < e (dic((w,1), (@) + cdic((2.8), (3, ))) . (3.38)

Recalling that dg((z,t), (7,1)) < %dK((x,t), (#,1)), we see, using (3.37), that

t t
< c(dg((2,t), (2,0)* + dr (2, 1), (2,1))*) <el|(&,8) " o (z,0)]|%,
for some positive constant ¢ only depending on ¢y and on the constant ¢ in (1.15).
Case 2. Assume (%,1) € Q,/o(z,t). We set

v(Z,t) = u(z,t) — u(Z,t).

;From (3.38) it follows that there exists a positive universal constant ¢; such that |v(z, )| < ¢;r®.

T, (z,t)
% satisfies

Then the function w(y, s) =
w(y,s)| <er and  LYw(y,s) = 27 00 (y,5)  for (y,s) € Quja. (3.39)
Hence, by the Schauder estimates in Theorem 2.1, we have

[w(y, s) —w(0,0)] < é&ll(y, s)l%,
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for some positive constant ¢;, that only depends on ¢; and on the constants in Theorem 2.1.
Then, for (Z,t) = (z,t) 0 0,(y, s), we get

u(@,1) —u(z,t)] < i@, )7 o (2, D)%,

and this completes the proof of Theorem [1.5. O

Proof of Theorem 1.6 Let R and .% be as in the proof of Theorem [1.5: we still assume that
F # () otherwise the thesis is a trivial consequence of Theorem 2.1. In Theorem [1.5/ we have
already proved that ||u||c%a(QR) < ¢. We next prove that ||axiu||0%“(QR) <cfori=1,...,m.
From Lemma 3.6, we see that 0, u(z,t) = 0,,¢(x,t) for every (z,t) € #. Using the same
notations as in the proof of Theorem (1.5, we consider (z,t) € Qg \ % and we let (I,1) € .# such
that 7 := dg ((x,t), F) = dg((x,t), (%,1)). Furthermore we define

Then, by applying Lemma 3.6 in the cylinder Qogre, (Z,1), we see that
|U(Zi7£)| S C2dK((i‘7tA)7(j:7£))l+a7 (‘f7£> S QQR?

for some positive universal constant c,. We next prove that

sup |0y, u(d, 1) — Oy u(E, 1)| < e3di((2, 1), (7,1))%, i=1,....,m. (3.40)
(@,HeQr\Z, (21)EQrNF

Assume dg ((#,1), (#,1)) < 27. In this case the function

V@D (y, 5)

w(y,8) = ——ma (3.41)
satisfies
w| < ¢y and  LHEDy =l (ff’@”+be“’f>am¢<az~,f>> Qe (342)
i=1

Hence, by the Schauder estimates in Theorem 2.1,
||8yiw||0?<,a(QR) < ¢y, fori=1,...,m. (3.43)
In particular, since

8, w(0,0) = Op,u(Z,t) — Oy, (2, 1)

A

ra
we have

|0p,u(,1) — Opu(@, 1)| < 607 < Cadi ((2,1), (2,1))* (3.44)
This completes the proof of (3.40) in case dg((2,1), (Z,%)) < 2. Moreover, since (3.44) holds for
(2,1) = (z,t) (with r = ) we also have

sup |0y, u| < é + sup |0y, 1|, i1=1,...,m,

Qr Qr
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and hence we have established the appropriate estimate on the supremum of |0,,u|. To prove
(3.40) in case dg((z,1),(%,1)) > 2F we let (Z,f) € .ZF be such that 7 := dg((,1),.F) =
dg ((#,1), (z,1)). Then, by the triangular inequality, we see that

dK((jvav (j7t~)) <c (dK(<j:7{>7 (ivi)) + dK((*%a f)v (*%7 7F))) < C3dK((j7£)7 (j7t)>'
Hence, using (3.43) it follows that

|0p,u(2, £) — Oy u(E, 1)] < |0p,u(2, ) — Opu(Z, B)| + |00, 00 (T, T) — Oy, 00 (E, 1)
< Cadie (2, ),( 3) + Yl eredr((2,2), (,1))°

This concludes the proof of (3.40).

We next complete the proof of the Holder continuity of 0,,u. We divide the proof into two
cases.
Case 1. Assume (#,f) € Qg \ Q,/2(x,t). Then by the triangle inequality (3.38) and (3.40) we
have

Case 2. Assume (%,1) € Q,2(z,t). We consider the function w in (3.41) with (,%) = (z,1).
From (3.43) it follows that

[0z, u ((,) 060 (y, 5)) = O, £)] = 1 [Dyw(y, 5) — Dyw(0,0)] < & (r[(y, 5)[[x)" -
This concludes the estimate of ||0,,ul| 0% (Qn):

We finally prove, whenever (z,t), (Z,%) € Qr, that

w(x,t) — u(i, 1) Zaxzu:ef — &) <e|(z,t) o (&, 1)k, (3.45)

for some constant ¢ only dependent on «, the operator L and the data f, g and ¥. We note that
if (#,1) € .Z then the inequality in (3.45) follows from Lemma 3.6. Moreover, if (z,t) € .# then,
by Lemma 3.6 and (3.40), we have

m

u(@, ) —u(w,t) =Y Opulx,t)(d; — ;)

=1

<

w(z,t) — u(i,t) Z&Clu ;)

+Z\(9QJ~I~U(CM)—(9:JcZ-U(56,5)\!92’1'—ff7z'|SCII(IJ)*1 (@, DIl

To complete the proof of (3.45) we can therefore assume that (z,1), (2,¢) € Qr \ F and we let,

7,1) €
as before, r = dg((z,t),.#) and (#,1) € .# be such that r = dg((z,t), (%,1)). We divide the
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proof into two cases.

Case 1. Assume (#,f) € Qg \ Q,/2(x,t). Then by the triangle inequality (3.38) and (3.40) we
have

w(a, t) — u(i, f) — Z O (@, 1) (s — &)| < |z, t) — u(E, ) — Z D (T, 1) (25 — 24) | +
w(i, 1) — u(i, f) — Z O (i, 1) (F; — 25)| + Z |00 u(F, 1) — Opul(d, 1) | |2 — &4

< ¢ (dr((w,1), (7,0)7 + dx (2, 1), (2, t))1+°‘+df<<<x t), (,1))di (2, 1), (7,4))")

< Gs[l(2,8) 7 o (1) [

Case 2. Assume (2,%) € Q,/2(z,t). We consider the function w in (3.41) with (2,%) = (=,t).
Then by (3.42) and by the Schauder estimates in Theorem 2.1}

sup [Yw| < HY@UH(,*%“(QW) < G,

Q12
and
[w((y,s) o (0,h)) —w(y,s)| < élhl.
Therefore, setting § = r2h, we have

Ju ((2,1) 0 (0,8)) = ((&,8)| = r'** [w((y, s) 0 (0, 1)) = w(y, )| < éer'™*|h] < éld] 5"

By Remark [1.1/ it then follows that ||ul] cLe(@p) 18 bounded by a constant only dependent on «
the operator L and the data f, g and 1. |

Proof of Theorem 1.7 We first note, as in the proof of Lemma 3.4, that it is not restrictive
to consider ¢ = 0 and hence we assume that

(uvgvf7¢) € @2(Q,Q,CQ,M1,MQ,M3),

with ¢ = 0 and M3 = 0. Let R and .# be as in the proof of Theorem [1.5. We intend to prove
that there exists ¢ = ¢(N, A, «, ¢cq, M7, M) < oo such that

fulls(an < & (3.46)
For any (#,t) € Qg N {(z,t) : u(z,t) > 0}, we introduce
F=7(d,1) =sup{r: Q,(2,t) C QN {(x,t): u(x,t)>0}}. (3.47)

As .Z N 0pQ:(,1) # O (by the maximum principle) we see that there exists (Z,%) € Qar N.Z N
OpQ:(2,1) such that Q:(#,t) C Qx(%,1) for some 7 > 0 such that 7 < 7 < ¢y, where cq is a
suitable universal constant. Next using Lemma 3.7, we find

lu(z,t)| < er? whenever (z,t) € Q,(Z,1) N Q 0<r<r. (3.48)
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We next define, for every (z,t) € Q, v(z,t) = F2q (@) (x,t). Clearly, v satisfies L@y = @D
in @ and by using (3.48) we see that

V]| o) < ¢, Hff’(i’t)Ho?;”(Q) < M.

Finally, using Theorem 2.1/ we can therefore conclude that

HUHSN(Ql/Q(i,i)) = H“”C?f(@yz(i,i)) <é

where the constant ¢ only depends on N, A, «, ¢, M1, My and M3. Our claim (3.46) then follows
from the above inequality. This completes the proof of Theorem [1.7. O
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