msp



ANALYSIS AND PDE
Vol. 7, No. 6, 2014

dx.doi.org/10.2140/apde.2014.7.1421

PARABOLIC BOUNDARY HARNACK PRINCIPLES
IN DOMAINS WITH THIN LIPSCHITZ COMPLEMENT

ARSHAK PETROSYAN AND WENHUI SHI

We prove forward and backward parabolic boundary Harnack principles for nonnegative solutions of the
heat equation in the complements of thin parabolic Lipschitz sets given as subgraphs

E={(x,t): %1 < f(x",0),x, =0} CR" ' xR

for parabolically Lipschitz functions f on R"~2 x R.

We are motivated by applications to parabolic free boundary problems with thin (i.e., codimension-two)
free boundaries. In particular, at the end of the paper we show how to prove the spatial C'*-regularity of
the free boundary in the parabolic Signorini problem.

1. Introduction

The purpose of this paper is to study forward and backward boundary Harnack principles for nonnegative
solutions of the heat equation in certain domains in R” x R which are, roughly speaking, complements of
thin parabolically Lipschitz sets E. By the latter, we understand closed sets lying in the vertical hyperplane
{x, = 0} which are locally given as subgraphs of parabolically Lipschitz functions (see Figure 1).

Such sets appear naturally in free boundary problems governed by parabolic equations, where the
free boundary lies in a given hypersurface and thus has codimension two. Such free boundaries are also
known as thin free boundaries. In particular, our study was motivated by the parabolic Signorini problem,
recently studied in [Danielli et al. 2013].

The boundary Harnack principles that we prove in this paper provide important technical tools in
problems with thin free boundaries. For instance, they open up the possibility of proving that the
thin Lipschitz free boundaries have Holder-continuous spatial normals, following the original idea in
[Athanasopoulos and Caffarelli 1985]. In particular, we show that this argument can indeed be successfully
carried out in the parabolic Signorini problem.

We have to point out that the elliptic counterparts of the results in this paper are very well known; see
e.g. [Athanasopoulos and Caffarelli 1985; Caffarelli et al. 2008; Aikawa et al. 2003]. However, there are
significant differences between the elliptic and parabolic boundary Harnack principles, mostly because of
the time-lag in the parabolic Harnack inequality. This results in two types of boundary Harnack principles
for parabolic equations: the forward one (also known as the Carleson estimate) and the backward one.
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Moreover, those results are known only for a much smaller class of domains than in the elliptic case.
Thus, to put our results in a better perspective, we start with a discussion of the known results both in the
elliptic and parabolic cases.

Elliptic boundary Harnack principle. The by-now classical boundary Harnack principle for harmonic
functions [Kemper 1972a; Dahlberg 1977; Wu 1978] says that if D is a bounded Lipschitz domain in
R", xo € 0D, and u and v are positive harmonic functions on D vanishing on B, (xg) N dD for a small
r > 0, then there exist positive constants M and C, depending only on the dimension n and the Lipschitz
constant of D, such that

M < CM forx,ye B /m(x0) N D.

v(x) v(y)
Note that this result is scale-invariant, and hence, by a standard iterative argument, one then immediately
obtains that the ratio u /v extends to D N B, /m (xo) as a Holder-continuous function. Roughly speaking,
this theorem says that two positive harmonic functions vanishing continuously on a certain part of the
boundary will decay at the same rate near that part of the boundary.

This boundary Harnack principle depends heavily on the geometric structure of the domains. The
scale-invariant boundary Harnack principle (among other classical theorems of real analysis) was extended
in [Jerison and Kenig 1982] from Lipschitz domains to the so-called NTA (nontangentially accessible)
domains. Moreover, if the Euclidean metric is replaced by the internal metric, then similar results hold
for so-called uniform John domains [Aikawa et al. 2003; Aikawa 2005].

In particular, the boundary Harnack principle is known for domains of the type

D=B\Es, E;j={xeR":x,_1 < f(x"),x, =0},

where f is a Lipschitz function on R"~2 with £(0) = 0; it is used, for instance, in the thin obstacle
problem [Athanasopoulos and Caffarelli 1985; Athanasopoulos et al. 2008; Caffarelli et al. 2008]. In
fact, there is a relatively simple proof of the boundary Harnack principle for domains as above already
indicated in [Athanasopoulos and Caffarelli 1985]: there exists a bi-Lipschitz transformation from D to
a half-ball BlJr , which is a Lipschitz domain. The harmonic functions in D transform to solutions of a
uniformly elliptic equation in divergence form with bounded measurable coefficients in B 1+, for which

the boundary Harnack principle is known [Caffarelli et al. 1981].

Parabolic boundary Harnack principle. The parabolic version of the boundary Harnack principle is
much more challenging than the elliptic one, mainly because of the time-lag issue in the parabolic Harnack
inequality. The latter is called sometimes the forward Harnack inequality, to emphasize the way it works:
for nonnegative caloric functions (solutions of the heat equation), if the earlier value is positive at some
spatial point, after a necessary waiting time, one can expect that the value will become positive everywhere
in a compact set containing that point. Under the condition that the caloric function vanishes on the
lateral boundary of the domain, one may overcome the time-lag issue and get a backward-type Harnack
principle (so, combining the two together, one gets an elliptic-type Harnack inequality).
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Figure 1. Domain with a thin Lipschitz complement.

The forward and backward boundary Harnack principle are known for parabolic Lipschitz domains, not
necessarily cylindrical; see [Kemper 1972b; Fabes et al. 1984; Salsa 1981]. Moreover, they were shown
more recently in [Hofmann et al. 2004] to hold for unbounded parabolically Reifenberg-flat domains.
In this paper, we will generalize the parabolic boundary Harnack principle to the domains of the type
(see Figure 1)

D=V \Ey,

where

W ={x,0):|x|<li=1,...,n=2,|xp,—1| <4nL, |x,| <1, |t] <1},
Ef ={(-x7 t) :xn—l S f(-x”’t)a-xn =0}7

and f(x”,t) is a parabolically Lipschitz function satisfying
IFG 0 = FO I < LOx" =Y+t =sDV2 £(0,00=0.

Note that D is not cylindrical (E 7 is not time-invariant), and it does not fall into any category of domains
on which the forward or backward Harnack principle is known. Inspired by the elliptic inner NTA domains
(see e.g. [Athanasopoulos et al. 2008]), it seems natural to equip the domain D with the intrinsic geodesic
distance pp((x,t), (v, s)), where pp((x, t), (y, s)) is defined as the infimum of the Euclidean length of
rectifiable curves y joining (x, t) and (y, s) in D, and consider the abstract completion D* of D with
respect to this inner metric pp. We will not work directly with the inner metric in this paper since it
seems easier to work with the Euclidean parabolic cylinders due to the time-lag issues and different scales
in space and time variables. However, we do use the fact that the interior points of £ (in the relative
topology) correspond to two different boundary points in the completion D*.

Even though we assume in this paper that E s lies on the hyperplane {x, = 0} in R" x R, our proofs
(except those on the doubling of the caloric measure and the backward boundary Harnack principle) are
easily generalized to the case when E is a hypersurface which is Lipschitz in the space variable and
independent of the time variable.
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Structure of the paper. The paper is organized as follows.

In Section 2 we give basic definitions and introduce the notation used in this paper.

In Section 3 we consider the Perron—Wiener—Brelot (PWB) solution to the Dirichlet problem of the
heat equation for D. We show that D is regular and has a Holder-continuous barrier function at each
parabolic boundary point.

In Section 4 we establish a forward boundary Harnack inequality for nonnegative caloric functions
vanishing continuously on a part of the lateral boundary, following the lines of [Kemper 1972b].

In Section 5 we study the kernel functions for the heat operator. We show that each boundary point
(¥, s) in the interior of E; (as a subset of the hyperplane {x, = 0}) corresponds to two independent
kernel functions. Hence, the parabolic Euclidean boundary for D is not homeomorphic to the parabolic
Martin boundary.

In Section 6 we show the doubling property of the caloric measure with respect to D, which will imply
a backward Harnack inequality for caloric functions vanishing on the whole lateral boundary.

Section 7 is dedicated to various forms of the boundary Harnack principle from Sections 4 and 6,
including a version for solutions of the heat equation with a nonzero right-hand side. We conclude the
section and the paper with an application to the parabolic Signorini problem.

2. Notation and preliminaries

2A. Basic notation.

R" n-dimensional Euclidean space
X=X, X)) €RYY forx = (x1,...,x,) € R"
X" =(x1, ..., xp_0) € R"2 for x = (x1,...,x,) € R"

Sometimes it will be convenient to identify x’, x” with (x’, 0) and (x”, 0, 0), respectively.

X-y= 2”: X; Vi the inner product for x, y € R"

i=1
Ix] = (x-x)"/? the Euclidean norm of x € R"
G, O = (1x)? + 1) '/? the parabolic norm of (x, ) € R" x R
E,E°, OE the closure, the interior, the boundary of £
pE the parabolic boundary of E in R" x R
B (x)={yeR"':|x—y|<r} open ball in R"
B/ (x"), B/ (x") (thin) open balls in R"~!, R"~2
O,(x,t):=B,(x) x (t — r?, t) lower parabolic cylinders in R" x R
dist,(E, F) = (x?gg . l(x —y,t—s)| the parabolic distance between sets E, F

(v,8)€F

We will also need the notion of a parabolic Harnack chain in a domain D C R" x R. For two points
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(z1, hy) and (z2, h2) in D with hy — hy > u?|z2 — z1/%, 0 < 1 < 1, we say that a sequence of parabolic
cylinders Q,, (x;, ;) C D,i =1, ..., N, is a Harnack chain from (z;, #1) to (z2, h2) with constant p if:
(z1, M) € Or (x1,11), (22, h2) € Oy (XN, IN),
pri < disty (0, (i, 1), 9,D) < ﬁn, i=1,...,N,
Qri+1(xi+1»ti+l)mQri(xiyti)7&@, izl,...,N—l,

i —t;=p’r?, i=1,...,N—1.

The number N is called the length of the Harnack chain. By the parabolic Harnack inequality, if u is a

nonnegative caloric function in D and there is a Harnack chain of length N and constant u from (zy, i)
to (z2, h2), then

u(zi, hi) = C(p, n, N) u(zz, h).
Further, for given L > 1 and r > 0 we also introduce the (elongated) parabolic boxes, specifically adjusted
to our purposes:
W ={x" ) eR"ZxR: x| <ri=1,...,n=2,t]| <r?},
W o={(x, ) eR" " xR:(x",1) € ¥/, |x,_1| < 4nLr}),
U, ={(x,) eR"xR: (x',1) eV, |x,| <7},
Y (y,8) =y, 8) + ¥,

We also define the neighborhoods

N(E) := U W,.(y,s) foranyset ECR"xR.
(v,s)eE

2B. Domains with thin Lipschitz complement. Let f : R"~2 x R — R be a parabolically Lipschitz
function with a Lipschitz constant L > 1 in the sense that

IFG" 0= OO S LA =y P+l =sD2 (70, (0, 9) eR™I xR
Then consider the following two sets:

Gr={(x,t):x,_1=f(x", 1), x, =0},
Ef={(x,1):x,21 < f(x", 1), x, =0}.

We will call them the thin Lipschitz graph and subgraph respectively (with “thin” indicating their lower
dimension). We are interested in the behavior of caloric functions in domains of the type @\ E ¢, where
Q2 is open in R" x R. We will say that Q2 \ E; is a domain with a thin Lipschitz complement.

We are interested mostly in local behavior of caloric functions near the points on G ; and therefore we
concentrate our study on the case

DZDf :Z\Dl\Ef
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with a normalization condition

f(0,0)=0<=(0,0)eGy.

We will state most of our results for D defined as above; however, the results will still hold if we
replace W in the construction above with a rectangular box

n
w=<ﬂww»xwﬂ)
i=1
such that, for some constants ¢y, Co > 0 depending on L and n, we have
U C Ve, W ly,s) C U for all (y,8)eGy, s€|a +c(2), B —c(z)],
and consider the complement
ﬁ = bﬂf = {f’\Ef

Even more generally, one may take TUtobea cylindrical domain of the type U=0x(a, B) where 0 C R"
has the property that 0+ = 0N {=£x, > 0} are Lipschitz domains. For instance, we can take 0 = B;. Again,
most of the results that we state will be valid also in this case, with a possible change in constants that
appear in estimates.

2C. Corkscrew points. Since we will be working in D = W, \ E as above, it will be convenient to
redefine the sets E ¢ and G ¢ as follows:

Gr={(x,t) eV :x,_1 = fx", 1), x, =0},
Er={(x,t) eV :x,_1 < fx", 1), x, =0},

so that they are subsets of W;. It is easy to see from the definition of D that it is connected and that its
parabolic boundary is given by

8pD = ap\lfl U Ef.

As we will see, the domain D has a parabolic NTA-like structure, with the catch that at points on E ¢ (and
close to it) we need to define two pairs of future and past corkscrew points, pointing into D and D_,
respectively, where

Dy =DN{x, >0} =)y, D_=DN{x, <0}=(V)-.
More specifically, fix 0 < r < i and (y,s) € N, (Ef)Nd,D, and define

Eﬁc(y, )=, Y1 +1/2,£r)2, s +2r%) ifse[—1,1—4r>),
AL (3, 5) =G yuo1 /2, %r/2,5 =2r%) ifs € (—1+47%, 1],
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Note that, by definition, we always have At (y,s), Af(y,s) € D, and A= (y,s), A (y,s) € D_. We
also have that

A7 (3, 9), AL (3, 5) € War (3, 9),
W, 2 (A5 (y, ) NAD = W, 0 (A7 (y, ) NID = @.
Moreover, the corkscrew points have the following property.

Lemma 2.1 (Harnack chain property I). Let 0 <r < le’ (y,8) €0, DNN.(Ey) and (x, t) € D be such that
(x,t) eV, (y,s) and WV, (x,1)Nd,D=0.

Then there exists a Harnack chain in D with constant u and length N, depending only on y, L, and n,
from (x, t) to either Af(y, s) or A; (v, s), provided s <1 — 4r2, and from either A,*(y, s)or A (y,s) to
(x, 1), provided s > —1 +4r2,
In particular, there exists a constant C = C(y, L,n) > 0 such that, for any nonnegative caloric
function u in D,
u(x, 1) < C max{u(Af (y, ), u(A7 (v, )} if's <1—4r,
w(x, 1) = C™' min{u(A (v, ), (A (v, )} if's = —1+4r%,

Proof. This is easily seen when (y, s) € N-(G y) (in this case the chain length N does not depend on L).
When (y, s) € N',.(G ), one needs to use the parabolic Lipschitz continuity of f. (Il

Next, we want to define the corkscrew points when (y, s) is farther away from E ;. Namely, if
(y,s) € 9,D\ N, (Ey), we define a single pair of future and past corkscrew points by

Ay, s) =00 =r),s+2r) ifse[—1,1—4r2),
Ay, )= —r),s—2r%) ifse(—1+4r2 1]

Note that the points Ar(y,s) and A,(y, s) will have properties similar to those of Afﬁ(y, s) and Ari(y, s).
That is,

Ar(y, 5), Ar(y,s) € Vo (y, 5),
LI”r/Z(Ar(y» s))NaoD = \Ijr/Z(ér(y’ s))NoD =&,

and we have the following version of Lemma 2.1 above.
Lemma 2.2 (Harnack chain property II). Let 0 <r < }‘, (v,5)€0,D\N,(Ey) and (x, t) € D be such that
(x, 1) eV, (y,s) and Y, (x,t)NI,D=0.

Then there exists a Harnack chain in D with constant @ and length N, depending only on y, L, and n,
from (x,t) to A,(y, s), provided s <1 — 4r2, and from A, (v, s) to (x, t), provided s > —1 +4r2,
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In particular, there exists a constant C = C(y, L, n) > 0 such that, for any nonnegative caloric function
uinD,
(e, 1) < Cu(Ar(y,8))  ifs <1—4?,

u@, 1) = C'u(Ar(y.9) ifs=—1+4r% 0

To state our next lemma, we need to use a parabolic scaling operator on R" x R. For any (y, s) e R" xR
and r > 0, we define

.o X—y t—s
T ) = (2 ).

Lemma 2.3 (localization property). For 0 < r < % and (y,s) € 0,D, there exists a point (y,5) €
0, DNy, (y,s) and € [r, 4r] such that

U (y,s)ND CVi(y,s)ND C W (y,s)N D,
and the parabolic scaling T&E)(\I!; (3, 5) N D) is one of the following:
(1) a rectangular box U such that v, C U C V¢, for some positive constants ¢y and Cy depending
on L and n, or
(2) a union of two rectangular boxes as in (1) with a common vertical side, or

(3) a domain D F= v \ E r with a thin Lipschitz complement, as defined at the end of Section 2B.

Proof. Consider the following cases:

Case 1: V,(y,s)NEy = @. In this case, we take (y,5) = (y, s) and p =r. Then W, (y, s) "W, falls into
category (1).

Case 2: W, (y,s) NEf # &, but Wy, (y,s) NGy = <. In this case, we take (y,5) = (y,s) and p =2r.
Then W, (v, s) N D splits into the disjoint union of Wy, (y, s) N (¥1)+, which falls into category (2).
Case 3: Wy, (y,s) NGy # . In this case, choose (y, §) € W3,(y, s) N G with the additional property
that —14+7r2/4 <5 <1—r%/4, and let p = 4r. Then V,(5,5) N D = (¥, (3,5) \ E;) N ¥, falls into
category (3). O

3. Regularity of D for the heat equation

In this section we show that the domains D with thin Lipschitz complement E ; are regular for the heat
equation by using the existence of an exterior thin cone at points on E; and applying the Wiener-type
criterion for the heat equation [Evans and Gariepy 1982]. Furthermore, we show the existence of Holder-
continuous local barriers at the points on E s, which we will use in the next section to prove the Holder
continuity and regularity of the solutions up to the parabolic boundary.

3A. PWB solutions [Doob 1984; Lieberman 1996]. Given an open subset Q2 C R" x R, let 92 be its
Euclidean boundary. Define the parabolic boundary 9,2 of 2 to be the set of all points (x, ) € d€2 such
that for any ¢ > 0 the lower parabolic cylinder Q. (x, ¢) contains points not in €2.
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We say that a function u : Q — (—o00, +0oc] is supercaloric if u# is lower semicontinuous, finite on
dense subsets of €, and satisfies the comparison principle in each parabolic cylinder Q € Q: if v € C(Q)
solves Av—0d;v=0in Q and v=u on 9,Q, then v <u in Q.

A subcaloric function is defined as the negative of a supercaloric function. A function is caloric if it is
supercaloric and subcaloric.

Given any real-valued function g defined on 9,<2, we define the upper solution

H ¢ = inf{u : u is supercaloric or identically +o00 on each component of €2,

( lir)ni{lf ) u(y,s) > g(x,t) forall (x,r) € 9,82, u bounded below on 2},
v,8)—(x,t

and the lower solution

H ¢ = sup{u : u is subcaloric or identically —oo on each component of €2,

limsup u(y,s) < g(x,t) for all (x, 1) € 9,€2, u bounded above on 2}.
(y,5)—(x,0)

If H ¢ =H,, then H, = H ¢ = H g is the Perron—Wiener—Brelot (PWB) solution to the Dirichlet problem
for g. It is shown in §1.VIII.4 and §1.XVIIL.1 in [Doob 1984] that if g is a bounded continuous function,
then the PWB solution H, exists and is unique for any bounded domain €2 in R" x R.

Continuity of the PWB solution at points of 9,2 is not automatically guaranteed. A point (x, ¢) € 9,,£2
is a regular boundary point if limy ) (x,;) He(y, §) = g(x, t) for every bounded continuous function g
on d,D. A necessary and sufficient condition for a parabolic boundary point to be regular is the existence
of a local barrier for earlier time at that point (Theorem 3.26 in [Lieberman 1996]). By a local barrier at
(x, 1) € 0,£2, we mean here a nonnegative continuous function w in Q,(x, ) N 2 for some r > 0 that has
the following properties: (i) w is supercaloric in Q,(x, t) N €2, and (ii) w vanishes only at (x, ¢).

3B. Regularity of D and barrier functions. For the domain D defined in the introduction, we have
0,D =0,V UEy. The regularity of (x, t) € 9, ¥ follows immediately from the exterior cone condition
for the Lipschitz domain. For (x, t) € E, instead of the full exterior cone we only know the existence of
a flat exterior cone centered at (x, ¢) by the Lipschitz nature of the thin graph. This will still be enough
for the regularity, by the Wiener-type criterion for the heat equation. We give the details below.

For (x,t) € E¢, with f parabolically Lipschitz, there exist c1, ¢; > 1, depending on n and L, such
that the exterior of D contains a flat parabolic cone 6(x, t), defined by

G(x, 1) = (x,1)+6,
6={(y,9) €R"xR:5 <0, y,-1 < —c1ly"| = cav/=s, yn = 0}.
Then by the Wiener-type criterion for the heat equation [Evans and Gariepy 1982], the regularity of

(x, 1) € Ey will follow once we show that

o0

> 2k cap(sd(27F) N6) = +o0,
k=1
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where
dA) ={(y, s): (4me) > <T(y, —s) < Qmwe) 2,

I is the heat kernel 5
(Ams) " 2e= /A if g >0,

T(y, s) =
(.5) {0 ifs <0,

and cap(K) is the thermal capacity of a compact set K, defined by
cap(K) = sup{u(K) : u is a nonnegative Radon measure supported in K, with u*I" <1 on R" x R}.
Since 6 is self-similar, it is enough to verify that

cap(A(1)Ne) > 0.

The latter is easy to see, since we can take as u the restriction of H", the Hausdorff measure, to «(1) NG,
and note that

0 0
1 1
(,u*F)(x,t):/ F(x—y,t—s)dy/dsff —dsf/ . ds<oo
A(HNe 1 A4t —s)T —1 /4 (—s)

for any (x,t) € R” x R. Since H" (A (1) N6) > 0, we therefore conclude that cap(s4(1) N€) > 0. We
have therefore established the following fact:

Proposition 3.1. The domain D = Dy is regular for the heat equation. U

We next show that we can use the self-similarity of 6 to construct a Holder-continuous barrier function
atevery (x,1) € Ey.

Lemma 3.2. There exists a nonnegative continuous function U on W with the following properties:
() U > 0in ¥\ {(0,0)} and U(0, 0) = 0;
(i) AU —0,U =0in ¥\ 6; and
(iii) U(x, 1) < C(x|>+[t)*/? for (x,t) € ¥, and some C > 0 and 0 < o < 1 depending only on n and L.

Proof. Let U be a solution of the Dirichlet problem in W; \ ¢ with boundary values U (x, ) = |x|> + |¢]
on d,(W; \ €). Then U will be continuous on W, and will satisfy the following properties:

(i) U > 0in ¥\ {(0,0)} and U (0, 0) = 0; and
(i) AU —9,U =01in Wy \ 6.
In particular, there exists cg > 0 and A > 0 such that
U>cyond,¥; and U =<cp/20onVYy,;.

We then can compare U with its own parabolic scaling. Indeed, let My (r) = supy, U for 0 <r < 1.
Then, by the comparison principle for the heat equation, we have
My (r)
€0

U(x, 1) < U(x/r,t/r?) for (x,t) € V,.
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(Carefully note that this inequality is satisfied on € by the homogeneity of the boundary data on €.)
Hence, we obtain that

My ) < M)

forany 0 <r <1,

which implies the Holder-continuity of U at the origin by the standard iteration. The proof is complete. [

4. Forward boundary Harnack inequalities

In this section, we show the boundary Holder-regularity of the solutions to the Dirichlet problem and
follow the lines of [Kemper 1972b] to show the forward boundary Harnack inequality (Carleson estimate).

We also need the notion of the caloric measure. Given a domain Q2 C R” x R and (x, 1) € €2, the caloric
measure on 9,2 is denoted by a)g ) The following facts about caloric measures can be found in [Doob
1984]. For a Borel subset B of 9,£2, we have a)g’t)(B) = H,,(x, 1), which is the PWB solution to the
Dirichlet problem

Au—u; =0in Q; u= xpond,,

where yp is the characteristic function of B. Given a bounded and continuous function g on 9,2, the
PWB solution to the Dirichlet problem

Au—u; =0inQ; u=gonad,

g ! )(y, s). For a regular domain €2, one has the following useful

is given by u(x,t) = fapsz g(y,s)dw
property of caloric measures:

Proposition 4.1 [Doob 1984]. If E is a fixed Borel subset of 0,82, then the function (x,t) a)g ’t)(E )
extends to (y, s) € 0,82 continuously provided x is continuous at (y, s).

4A. Forward boundary Harnack principle. From now on, we will write the caloric measure with respect
to D=V \ Ey as ™" for simplicity. Before we prove the forward boundary Harnack inequality, we
first show the Holder-continuity of the caloric functions up to the boundary, which follows from the
estimates on the barrier function constructed in Section 3.

In what follows, for 0 < r < % and (y, s) € 9, D, we will denote

Ar(y,s) =V, (y,s)N apD,
and call it the parabolic surface ball at (y, s) of radius r.

Lemmad4.2. LetO<r < i and (y, s) € 3,D. Then there exist C =C(n, L) >0anda =a(n, L) € (0, 1)
such that if u is positive and caloric in V,(y, s) N D and u vanishes continuously on A,(y, s), then

_u2 _ /2
u(x,t)fC(lx YWl S') M, (r) (4-1)

72

forall (x,t) € V. (y,s)N D, where M, (r) = SUPy, (y,5)nD U-
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Proof. Let U be the barrier function at (0, 0) in Lemma 3.2 and ¢y = infap\pl U > 0. We then use the
parabolic scaling T(’y’s) to construct a barrier function at (y, s). If (y, s) € N (E¢), then there is an exterior
cone €(y, s) at (y, s) with a universal opening, depending only on »n and L, and

Ul i =UoTlyy
will be a local barrier function at (y, s) and will satisfy

12 f— a/2
0§U@JLQ§C<M e ”) for (x, 1) € W,(y, 5). (4-2)
’ r

This construction can be made also at (y, s) € 9,D \ N, (E), as these points also have the exterior cone
property, and we may still use the same formula for U, (’y’ 5)» but after a possible rotation of the coordinate
axes in R".
Then, by the maximum principle in W, (y, s) N D, we easily obtain that
M, (r)
c

ulx,t) <

U(ry,s)(x’ t) for (x,1) e ¥, (y,s)ND. (4-3)

Combining (4-2) and (4-3), we obtain (4-1). Il

The main result in this section is the following forward boundary Harnack principle, also known as the
Carleson estimate.

Theorem 4.3 (forward boundary Harnack principle or Carleson estimate). Let 0 <r < Alf, (y,s)€0,D
with s < 1 —4r?, and u be a nonnegative caloric function in D, continuously vanishing on Az, (y, s).
Then there exists C = C(n, L) > 0 such that, for (x,t) € ¥, 2(y,s) N D,

max{u(AF (y.$). u(A; (v, )} if (v.5) €9, DN, (Ep),
u(Ay(y,s)) if (y,s) €9,D\N,(Ey).

To prove the Carleson estimate above, we need the following two lemmas on the properties of the

ux,t)<C { (4-4)

caloric measure in D, which correspond to Lemmas 1.1 and 1.2 in [Kemper 1972b], respectively.

Lemmad4.4. ForO<r < 4—11, (v,s) € 0,D withs <1 —4r%, and y € (0, 1), there exists C =C(y,L) >0
such that

oA (y,9)) = C  for (x,1) € ¥y, (y,5)N D,
Proof. Suppose first that (y, s) € N;(E ). Consider the caloric function

St
U(.x, t) = wgr()),’s)\%(y’s)((@(% S)),

where €(y, s) is the flat exterior cone defined in Section 3. The domain W, (y, s)\6(y, s) is regular; hence,
by Proposition 4.1, v(x, t) is continuous on W, (y, s). We next claim that there exists C =C(y,n, L) >0
such that

v(x,1) > C in \pyr(ys s).
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Indeed, consider the normalized version of v,
. (x,1)
UO(X’ t) = w\yl\c@ ((6)7

which is related to v through the identity v = vy o T(’y - Then, from the continuity of vo in \fy, the
equality vo = 1 on 6, and the strong maximum principle we obtain that vo > C =C(y,n, L) >0on ¥,,.
Using the parabolic scaling, we obtain the claimed inequality for v. Moreover, applying the comparison
principle to v(x, #) and @™ (A, (y, s)) in DN W,(y, s), we have

o (Ar(y,5) = v(x, 1) = C for (x, 1) € DN Wy, (y, ).

In the case when (y, s) € 3,D \ N (Ey), we may modify the proof by changing the flat cone €(y, s) with
the full cone contained in the complement of D, or directly applying Lemma 1.1 in [Kemper 1972b]. [J

Lemma4.5. ForO<r < %, (y,s)€d,Dwiths <1-— 4r2, there exists a constant C = C(n, L) > 0 such
that, for any r’ € (0, r) and (x,t) € D\ ¥,(y, s), we have

0 O (A(y, 5)) if (y.s) & Nr(Ep),

A _ 4-
max{w?” O (A, (y, 5)), @ O(A (v, )} if (3. 5) € N (Ep). 2

" (Ap(y,5) < C {
Proof. For notational simplicity, we define

A= Ap(y,s), A=Ay, s), $i=Wpn(y,s),
Ar =A% (y,s) fYNE;£2,

k=17

A= Ag(y,s) ifWNE;=afork=0,1,...,¢with 2"/ <3r/4 <2

We want to clarify here that for (y, s) € E r and small 7’ and k, it may happen that Wk does not intersect E f-
To be more specific, let £ be the smallest nonnegative integer such that W NE f # <. Then we define Ak
for 0 <k <min{y — 1, £} and the pair A,f for g <k <.

To prove the lemma, we want to show that there exists a universal constant C, in particular independent
of k, such that, for (x, 1) € D\ W*,

Wk (A) if 1 <k <min{€y— 1, £},

) _ S
max{a)Af (A, w3 (A} if by <k <. (%)

oAy < C {

Once this is established, (4-5) will follow from (S;) and the Harnack inequality.
The proof of (Sx) is going to be by induction in k. We start with the observation that, by the Harnack
inequality, there is C; > 0, independent of k and r’, such that

W (A)) < Cra+1(A) for 0 < k < min{€y—2, £ — 1},
w01 (A') < C) max{w™ o (A"), w0 (A)) if € < €, (4-6)
AL a7 At /
W (A) < Crof (A) for 6o <k <€—1.

Proof of (S1): Without loss of generality, assume (y, s) € 9,D N 5+.
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Case 1: Suppose first that ! NEy=a,ie., £o> 1. Inthis case, Aog= A,//z(y, s) € W3/4)(y, 5), and by
Lemma 4.4 there exists a universal Cy > 0 such that w°(A’) > Cy. By (4-6) we have w40 (A") < Ciw41 (A).
Letting C; = C1/Cy, we then have

oD (A <1< Cro™(A). (4-7)

Case 2: Suppose now that win Ey # <, but won Ey=d,1ie., £o=1. In this case, we start as in Case 1,
and finish by applying the second inequality in (4-6), which yields

»®)(A") < 1 < Cy max{e™ (A)), 0™ (A)). (4-8)

Case 3: Finally, assume that W' N E r # 9, ie., Lo = 0. Without loss of generality, assume also that
(y,5) €3,DN Dy. In this case, A7 € W34 (y, s), and therefore @ (A") > Cy. Besides, by (4-6), we
have that w™ (A’) < Ciw?1 (A'), which yields

0D (A) <1 < Cro™ (A). (4-9)

This proves (S;) with the constant C = C».
We now turn to the proof of the induction step.

Proof of (Sx) = (Sk+1): More precisely, we will show that if (S;) holds with some universal constant C
(to be specified) then (Sx1) also holds with the same constant.

By the maximum principle, we need to verify (Sk+1) for (x,1) € 3,(D \ ¥ 1), Since 0™ (A")
vanishes on (3,D) \ Wkt we may assume that (x, ) € (dW**1) N D. We will need to consider three
cases, as in the proof of (S):

1. VMINE, =g, ie, bo>k+1;
2. UWMINE, £, but WKNE, =0, ie., bo=k+1;
3.UkNE; £3, e, Ly <k.
Since the proof is similar in all three cases, we will treat only Case 2 in detail.

Case 2: Suppose that W' N E r # < but vkNE r = <. We consider two subcases, depending on
whether (x, 1) € 3 ! is close to d, D or not.
Case 2a: First, assume that (x, 1) € N ;p¢,1 (9, D) for some small positive u = u(L, n) < % (to be specified).
Take (z, h) € W, o1,(x, 1) N3, D, and observe that w®D(A) is caloric in Wo-1,.(z, h) N D and vanishes
continuously on Ay-1,/(z, h) (by Proposition 4.1). Besides, by the induction assumption that (S;) holds,
we have

0@ (A) < Co™(A)  for (x,1) € Vo1, (z, )N D C D\ WF.

Hence, by Lemma 4.2, if u = u(n, L) > 0 is small enough, we obtain that

1 —
o™ (A) < C—Ca)Ak(A’) for (x, 1) € W5, (z, h).
1
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Here C| is the constant in (4-6). This, combined with (4-6), gives

C ; C i i- i i
W™D (A < C—wAk<A’> =G max{w™+ (A'), 0%+ (A)} = C max{w+1 (A'), w1 (AN)).
1 1

This proves (Sk+1) for (x, 1) € N,p¢,1(3, D) N W L.

Case 2b: Assume now that W5« (x, 1) N9, D = <. In this case, it is easy to see that we can construct a

parabolic Harnack chain in D of universal length from (x, ¢) to either A;’H or A 1o

which implies that,
for some universal constant C3z > 0,

o™ (A") < C3 max{w™+1 (A), w1 (A)).

Thus, combining Cases 2a and 2b, we obtain that (Si4) holds provided C =max{C5, C3}. This completes
the proof of our induction step in Case 2. As we mentioned earlier, Cases 1 and 3 are obtained by a small
modification from the respective cases in the proof of (S1). This completes the proof of the lemma. [J

Now we prove the Carleson estimate. With Lemma 4.4 and Lemma 4.5 at hand, we use ideas similar
to those in [Salsa 1981].

Proof of Theorem 4.3. We start with the remark that if (y, s) ¢ N;,,4(E ;) then we can restrict u to D
or D_ and obtain the second estimate in (4-4) from the known result for parabolic Lipschitz domains. We
thus consider only the case (y, s) € N/4(E r). Besides, replacing (y, s) with (y', s") € ¥, 4(y, s) N Ey,
we may further assume that (y, s) € Ez, but then we will need to change the assumption that « vanishes
on Ay, (y, s) and prove the estimate (4-4) for (x,t) € ¥, (y,s) N D.

With these assumptions in mind, let 0 < r < i and R = 8r. Let 5R(y, s):=W3(y,5) N D be given
by the localization property Lemma 2.3. Note that we will be either in Case (2) or (3) of that lemma;
moreover, we can choose (¥, §) = (y, s).

For notational brevity, let

@ .
R S W)

be the caloric measure with respect to [~)R (v, s). We will also omit the center (y, s) from the notations

DR(yv S), \'pp(ya S) and ép(y: s)'
Since u is caloric in Dy and continuously vanishes up to A,,, we have

u(x,t)=/ _u(z h)ydwy(z. h), (x,1) € Dg. (4-10)
(apDR)\AZV

Note that for (x, 1) € ¥, N D, we have (x, t) € ¥, »(z, h) for any (z, h) € (8P5R) \ A,,. Hence, applying

Lemma 4.5' to a)g’t) in D r» we will have that, for (x, t) € ¥, N D and sufficiently small r’,

A gD A @M
0l (Ap(z, 1) < Cmax w7 (Ap(z, h), w7 (Ap(z, h)))

I'We have to scale the domain D R With T(IS %) first and apply Lemma 4.5 to r/2R < % if we are in case (3) of the localization

property Lemma 2.3; in the case (2) we apply the known results for parabolic Lipschitz domains.
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for (z, h) € Nyja(Ef) N (8,Dr) \ Ay, and

O (Ar(z, 1) = Cog ™ (A2, )

for (z,h) € 0 DR \ (Ny2(Ef) U Ay), where C = C(L, n) and by AE /2R and Ar/z r we denote the
corkscrew points with respect to the domain Dg. To proceed, we note that, for (z, h) € 9 DR with
h > s +r?, by the maximum principle we have

@S (A (z, b)) =

for any (x, 1) € ¥, N D, provided r’ is small enough. For (z, h) € (BpﬁR) \ Ay with 1 < 5 +r2, we
note that with the help of Lemmas 2.1 and 2.2 we can construct a Harnack chain of controllable length
in D from Ar/2 gz, h) or Ar/z r(z, h) to A+(y s) or A (v, ) (corkscrew points with respect to the
original D). This implies that, for (x,t) € ¥, N D and (z,h) €0 DR \ Ay,

0 (Ap(z, 1) < Cmax{oy O (A (2, b)), 0h O (A2, b)) (4-11)

We now want to apply Besicovitch’s theorem on the differentiation of Radon measures. However, since
0, Dg locally is not topologically equivalent to a Euclidean space, we make the following symmetrization
argument. For x € R”, let X be its mirror image with respect to the hyperplane {x, = 0}. We then can write

ulx, ) +u(x,r) :/ ~ [u(z,h)+u(2,h)]da)g’t)(z,h)
apDR\AZr

=1 / 5 [u(z, h) +u(z, h)](da)g’t)(z, h) —i—da)g’t)(z, h))
8pDR\AZr

- / e )+ uG X (A @ ) + e @ ),
9p((DR)+)\ A2y

where x =5 on d ((DR)+) N{x, =0} and x = 1 on the remaining part of d ((DR)+) and the measures
da)g D and dwg t) are extended as zero on the thin space outside E, i.e., on 8p((DR)+) \ ) DR. We
then use the estimate (4-11) for (x, ¢t) and (X, t) in ¥, N D. Note that in this situation we can apply
Besicovitch’s theorem on differentiation, since we can locally project 9 p((5 Rr)+) to hyperplanes, similarly
to [Hunt and Wheeden 1970]. This will yield

dof @ W) +doy @) dog "G
dng()’ﬁ)(z’ h) +da)27(y’S)(Z, h) - dwgr(ym)(z, h)

<C (4-12)

for (z, h) € 3,((Dg)+) \ Mg, and (x, 1) € W, N D. Hence, we obtain
u(x, ) +uE, 1) §C/ [z, h) +uG. W) (dooly’ O (2. h) +deoy > 2. )
3p((DR)+)\A2r
< C(u(Af(y.5) +u(A; (y.9))
< Cmax{u(A(y,s), u(A-(y,s)}, (x,t)e¥,ND.
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This completes the proof of the theorem. U

The following theorem is a useful consequence of Theorem 4.3; with that in hand, its proof is similar to
that of Theorem 1.1 in [Fabes et al. 1986]. Hence, we only state the theorem here without giving a proof.

Theorem 4.6. For 0 <r < %, (y,s) € 9,D withs <1— 4r?, let u be caloric in D and continuously
vanishing on 3, D\ A, /2(y, s). Then there exists C = C(n, L) such that, for (x, t) € D\ VY, (y, s), we have

max{u(Af (y,$). u(A; (v, o)} if (v.5) € Ne(Ep),
u(Ar(y,s)) if(y,s) &N (Ep).
Moreover, applying Lemma 4.4 and the maximum principle, for (x,t) € D\ V,(y, s), we have

max{u(Af (y,$). u(A; (v, )} if (v.5) € Nv(Ep),
u(A,(y,s)) if (y,s) € No(Ef).

u(x,t) < c{ (4-13)

u(x, 1) < Co™"(Ag(y, s)) x {

5. Kernel functions

Before proceeding to the backward boundary Harnack principle, we need the notion of kernel functions
associated to the heat operator and the domain D. In [Fabes et al. 1986], the backward Harnack principle is
a consequence of the global comparison principle (Theorem 6.4) by a simple time-shifting argument. In our
case, since D is not cylindrical, this simple argument does not work. So we will first prove some properties
of the kernel functions which can be used to show the doubling property of the caloric measures, as in
[Wu 1979]. Then, using arguments as in [Fabes et al. 1986], we obtain the backward Harnack principle.

SA. Existence of kernel functions. Let (X, T) € D be fixed. Given (y, s) € 9,D with s < T, a function
K(x,t;y,s) defined in D is called a kernel function at (y, s) for the heat equation with respect to
(X, T) if:
(i) (A=9)K(-,-;y,s)=0in D,
(iii) lim K(x,t;y,s)=0for (z,h) €3,D\{(y,s)}, and

(x,1)—>(z,h)

(x,t)eD

(iv) K(X,T;y,s)=1.

Ifs>T, K(x,t; y,s) will be taken identically equal to zero. We note that, by the maximum principle,
K(x,t;y,5)=0whent <s.

The existence of the kernel functions (for the heat operator on domain D) follows directly from
Theorem 4.3. Let (y,s) € 0,D withs < T — 82 for some § > 0, and consider

DA (y, $))
XD (A1) (y,5))’

v(x,t) = (x,1) € D, % < 4. (5-1)
We clearly have v, (x, 1) > 0, (A — 3)v,(x, 1) =0in D and v,(X, T) = 1. Given ¢ € (0, ;) small, by
Theorem 4.6 and the Harnack inequality, {v,} is uniformly bounded on D \ W.(y, s) if n > 2/¢. Moreover,
by the up-to-the-boundary regularity (see Proposition 4.1 and Lemma 4.2), the family {v,} is uniformly
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Holder in D\ W, (y, s). Hence, up to a subsequence, {v,} converges uniformly on D \ W.(y, s) to some
nonnegative caloric function v satisfying v(X, T) = 1. Since € can be taken arbitrarily small, v vanishes
on d,D \ {(y, s)}. Therefore, v(x, ) is a kernel function at (y, s).

Convention 5.1. From now on, to avoid cumbersome details we will make a time extension of the
domain D for 1 <t < 2 by looking at

D=U\E;, V=(-1,1)"x(-1,2),

as in Section 2B. We then fix (X, T) with T = % and X € {x, =0}, X,,_1 > 3nL, and normalize all
kernels K (-, -; -, -) at this point (X, T'). In this way, we will be able to state the results in this section
for our original domain D. Alternatively, we could fix (X, T') € D, and then state the results in the part of
the domain D N{(x,1): —1 <t < T — 8%} with some § > 0, with the additional dependence of constants
on §.

5B. Nonuniqueness of kernel functions at E y \ G y. The idea is this: if we consider the completion D*
of the domain D with respect to the inner metric pp and let 9*D = D* \ D, then it is clear that each
Euclidean boundary point (y, s) € G and (y, s) € 9, ¥ will correspond to only one (y, s)* € *D, and
each (y,s) € Ey \ Gy will correspond to exactly two points (y, s)*, (y,s)* € d*D. It is not hard to
imagine that the kernel functions corresponding to (y, s)% and (y, s)* are linearly independent, and they
are the two linearly independent kernel functions at (y, s). In this section we will make this idea precise
by considering the two-sided caloric measures ¢, and ¥_. We will study the properties of ¥, and ¥ _
and their relationship with the caloric measure wp.
First we introduce some more notation. Given (y, s) € 3,D \ G, let

ro=sup{r € (0,5): Ax(y,5) NGy =2} (5-2)

Note that ry is a constant depending on (y, s), and is such that, for any 0 < r < rg, W, (y,5) N D is
either separated by E ; into two disjoint sets LIJZJ; and W, , or Wp,(y,s) N D C Dy (or D_). We define,
for 0 < r < ry, the shifting operators F;* and F,:

Fr(x,t) =", xp_1 +4nLr,x, +r,t + 4r?), (5-3)
Fo(x,1) = (x", xy_1 +4nLr, x, —r, t +4r%). (5-4)

For any 0 < r < ro, define
DS =D\(E/,UE,,UE/;UE])), (5-5)

where
Ef ={(x,0) eR"xR:x, 1 < f(x", 1), —=r < x, <0},

E,Tz ={(x,t):1—r<x, <1},
E:3 ={(x,t):4nL(1 —r) <x,_1 <4nL},

Efyi={(x.0):1—-4r* <1 <1},
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It is easy to see that D;F C D and F,*(D;") C D. Similarly, we can define D~ C D satisfying F,” (D, ) C D.
Notice that D;" D, D;” /' D as r \, 0. Moreover, it is clear that, for each r € (0, ),

Nia(Ef)nd,D C (3,D;Ud,D,)N3,D, (5-6)

E;Cd,DNa,D;, . (5-7)

Let o and ;" denote the caloric measures with respect to D, and D", respectively. Given (x, ) € D

and r > 0 small enough such that (x, r) € Dﬁ NnD., a)fc(m are Radon measures on ap(D;JE) Na,(D+)

(recall Dy = D N {x, 2 0}. Moreover, if K is a relatively compact Borel subset of BP(D;'E) N, (D),

then, by the comparison principle, wﬁc(x"t)(l( ) < a)f?(m(l{ ) for 0 < r’ < r. Hence, there exist Radon

measures z‘}f_ﬁc’t) on d, (D,i) N d, (D<) such that

+00 R (D)
@ o, e, V£, T 0.

For (y,s) € (N1,4(Ef)Nd,D)\ Gy and 0 < r < ry, denote
AF(y,8) = Dr(y, ) N0,Dx if Ar(y,5)N0,(Ds) # 2.

Note that if A,(y,s) C E then Afc(y, s) = A,(y,s). Itis easy to see that (x, t) — 19?’[)(Afc(y, s)) are
caloric in D.

To simplify the notation we will write A, Afc instead of A, (y, s), Afc(y, $). If Ay(y,s)Na,(Dy)
(or A, (y, $)N3,(D_))is empty, we set 9" (A (y, 5)) =0 (or (A7 (v, 5)) =0).

We also note that, with Convention 5.1 in mind, the future corkscrew points E;‘E (v,s) or A, (v, s),
0 <r < rg, are defined for all s € [—1, 1].

Proposition 5.2. Given (y,s) € (N14(Ef)N3,D)\ Gy, for 0 <r < rg, we have:

(i) sup 9(AN) >0 and sup 95 (AT) >0 asr — 0.
(x,1)€d, DFND (x,1)€d,D;ND

i) 97 (AH) + 05 (A7) = ™0 (A,) for (x, 1) € D.

(iii) There exists a constant C = C(n, L) such that, forany 0 <r’' <r,
DDA < ol OV ADPEO(AL)  for (x,1) € D\ WUT(y, ),
9E(AD) < ot V(A EN(AT)  for (x. 1) € D\ (), 5).

(iv) For (X, T) as defined above and (y, s) € E¢\ G y, there exists a positive constant C = C(n, L, r¢)
such that
c oD (ah) <o ar) <o ah.

Proof of (i). We assume that A* # @. If either of them is empty, the conclusion obviously holds.
For 0 < r < rg, we have

3,DND={(x,t)€D:xy_1 =4nL(1—r)orx, =1—r}

U{x,)eD:x,1 < fx", ), x,=—rorx,_1= f(x", 1), —r <x, <0}.
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Given (y,s) € N14(Ef)N3,D)\ Gy, let 0 <r” <r' < rp; then a)+(x‘t)(A;’(y, s)) is caloric in D:r,,, and

r//

from the way rq is chosen, vanishes continuously on A, (z, h) for each (z, h) € 9, Dr*,, N D. Notice that

oinDC | WGh,
(z,h)€d, D,ND

hence, applying Lemma 4.2 in each ¥, (z, #) N D:C,, we obtain constants C = C(n, L) and y = y(n, L),
y € (0, 1), such that

—zl =R Y
! )(Aj)gc(lx 2tk ) 50(1) forall (x,1)€d,DEND. (58
ro ro

The constants C and y above do not depend on (z, h) € 9, D:r,/ N D, r or r” because of the existence of the
exterior flat parabolic cones centered at each (z, #) with an uniform opening depending only on » and L.
Let r” — 0 in (5-8), we then get

I\Y
ﬁJ(rx,t)(Aj) < C(:—()) uniformly for (x,?) € BI,Dj, ND.

Therefore

lim  sup WA =0,
"0 (x.nes,DND

which finishes the proof.

Proof of (ii): Let xa, be the characteristic function of A, on d,D. Let g, be a sequence of nonnegative
continuous functions on d, D such that g, / xa,. Let u, be the solution to the heat equation in D with
boundary values g,. Then, by the maximum principle, u, (x, t) / oD (A,) for (x, 1) € D.

Now we estimate ﬁf”)(Af) + 9% (A7). Let u,:fr/ (x, t) be the solution to the heat equation in D
with boundary value equal to g, on BPD:C Nd,D and equal to ﬁf’”(A;’“) otherwise. Since z?f’t)(A:r) =
lim,»_, ¢ wj,(x”)(A:r) takes the boundary value x,+ on 8,,D:7 N9, D, then, by the maximum principle,
we have ul ,(x, 1) < 95°7(A)) for (x,1) € D}, Similarly, uy ,(x,1) < 0" (A]) for (x,1) € Dy.
Therefore, for (x,t) € D:C N D, and 0 < r’ < r sufficiently small, we have

W e uy 0,0 <080 AD) +900 (A0, (59)

Let r' N\ 0; then Drf N D, / D. By the comparison principle, there is a nonnegative function i, in W,
caloric in D, such that

u:’r,(x, 1) +u;r,(x, 1) Min(x,t) as r' \ O, (x,1) € D. (5-10)
By (i) just shown above and (5-9),

sup urf,/(x,t)—i- sup u, . (x,f) < sup z?frx’t)(A:r)—l— sup ﬂi’”)(Ar_)—>0 asr — 0,
a,DYND d,D,ND 9,DYND 9,D,ND
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hence it is not hard to see that i, takes the boundary value g, continuously on d,D. Hence, by the
maximum principle, i, = u, in D. This, combined with (5-9) and (5-10), gives

wu(x, 1) <0 (AF) + 050 (AD). (5-11)
Letting n — oo in (5-11), we obtain
o™ 0(A,) <98(AN) +950(A)).
By taking the approximation g, \ xa,, 0 < g, <2 and supp g, C N2,(Ey) N3, D, we obtain the

reverse inequality, and hence the equality.

Proof of (iii): We only show it for ¥, and assume additionally that A;'? #* J.
First, for 0 < r” <r’ < ry, by Lemma 1.1 in [Kemper 1972b], there exists C = C(n) > 0 such that

A (vs) N
a)lIJZ 1 (y,s)ND4 (Ar’) = C.

Applying the comparison principle in W,/ (y, s) N D4, we have

g0 Yah = c. (5-12)

Next, for 0 < r” <r’ < ry, applying the same induction arguments as in Lemma 4.5, we have
o (M%) < ot (AT) for (x.1) € D\ (U (3. 9)). (5-13)

where C = C(n, L) is independent of ’ and r”. The reason that C is uniform in r” is as follows. By
the maximum principle, it is enough to show (5-13) for (x, ) € d(V, (v, 5))+ N Dr+,,, which is contained
in D,. Hence, the same iteration procedure as in Lemma 4.5, but only on the D side, gives (5-13), and
the proof is uniform in r”. Therefore, letting r” — 0 in (5-13), we obtain

1+
9D (A < Colr OV (A,

Applying Lemma 4.4 and the maximum principle, we deduce (iii).

Proof of (iv): Applying (iii), (i1), the Harnack inequality and Lemma 4.4, we have that, for given
(v,s) € Ef\Gyand 0 <r <ry,

(.s)

pXD (A7) < o™ AD) < Co™ O (A) < Co™ D (a,) < CO ) B0 A < co®D (Al

for C = C(n, L, rg). The second-last inequality holds because

A3, (3.5)

1+
5 A, (.9
+ —

(A) =0 A)), (5-14)

which follows from the x,-symmetry of D and the comparison principle. Equation (5-14), together
with (ii) just shown above, yields the result. (I

Now we use ¥, and ¥_ to construct two linearly independent kernel functions at (y,s) € Ef\ G .

Theorem 5.3. For (y, s) € Ey\ Gy, there exist at least two linearly independent kernel functions at (y, s).
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Proof. Given (y, s) € Ey\ G, let rg be as in (5-2). For m > 1/rq, we consider the sequence

90 (AT, (5 9)
oA, 59)

vi(x, 1) = , (x,t)eD. (5-15)

By Proposition 5.2(iii) and the same arguments as in Section SA, we have, up to a subsequence, that

v (x, t) converges to a kernel function at (y, s) normalized at (X, T). We denote it by K+ (x, t; v, 5).
If we consider instead

DAL, (v, 9)
X.T) A — ’

9 E DAL, (5.9)

v, (x,1) = (x,1) e D, (5-16)
we will obtain another kernel function at (y, s), which we will denote K~ (x, t; y, ).

We now show that, for fixed (y,s), K*(-,-;y,s) and K~ (-,-; y,s) are linearly independent. In
fact, by Proposition 5.2(i), (5-15) and (5-16), we have Kt (x,t; y,s) — 0 as (x,1) — (y, s) from D_
and K~ (x,t;y,5) — 0as (x,t) — (y,s) from Dy. If KT(-,-;y,5) = K~ (-,-; v, 5), then we also
have K*(x,t;y,s) — 0 as (x,t) — (v, s) from D,, which will mean that K (x, t; y, s) is a caloric
function continuously vanishing on the whole of 9, D. By the maximum principle, K * will vanish in
the entire domain D, which contradicts the normalization condition K+ (X, T; y,s) = 1. Moreover,
since KT"(X,T;v,s) =K (X, T;y,s)=1,itis impossible that KY(-,-;v,8)=AK (-,-;vy,s) fora
constant A # 1. Hence K and K~ are linearly independent. ([

Remark 5.4. The nonuniqueness of the kernel functions at (y, s) shows that the parabolic Martin boundary
of D is not homeomorphic to the Euclidean parabolic boundary 0, D.

Next we show that K+ and K~ in fact span the space of all the kernel functions at (y, s). We use an
argument similar to the one in [Kemper 1972b].

Lemma 5.5. Let (y,s) € E¢\ Gy. There exists a positive constant C = C(n, L, ro) such that, if u is a
kernel function at (y, s) in D, we have either

u>CK" (5-17)
or
u>CK". (5-18)

Here K™, K~ are the kernel functions at (y, s) constructed from (5-15) and (5-16).

Proof. For 0 < r < rg, we consider u;t : Dri — R, where uf:(x, 1) = u(Fri(x, t)). The functions ujc are

caloric in Dri and continuous up to the boundary. Then, for (x, ¢) € Dri,

uy (x, 1) = / (2 h " (2, )
D

ap r

(x,1)
Z/ ufc(z,h)da)fE (z, h)
AF(y.5)

. (x,1)
> inf  uF@ el U (AE®, $)).
(@h)EAT (3,9)
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Note that the parabolic distance between Fri(Ari(y, s)) and 9, D is equivalent to r, and the time lag
between it and A*(y, s) is equivalent to 2; hence, by the Harnack inequality, there exists C = C(n, L)
such that

inf  uf(z, h) = Cu(AX(y,s)).
@MEAT (v.5)

Hence,
() = Cu(AE(y, )t (AE(y,s)) for (x,1) € DE. (5-19)

On the other hand, u is a kernel function at (y, s), and u vanishes on 9,D \ A,4(y, s) forany 0 <r < 1.
Applying Theorem 4.6, we obtain

u(x, 1) < C max{u(Af, (v, $), u(A7, (v, NP (A, (y,8) for (x,1) € D\ W,2(y, ). (5-20)

Case 1: u(Aj/z(y, 5)) > M(A;/z(y, $)) in (5-20).
By Proposition 5.2(ii) and the Harnack inequality,

u(x, 1) < Cu(AF (y, NE@E (AN + 9 (A7)),  (x,1) € D\ W, 0y, 5).

In particular,
L=u(X, T) < Cu(Af (y. D@ AH +05 D@0, (5-21)

Now (5-19) for u;", (5-21) and Proposition 5.2(iv) yield the existence of C; = Ci(n, L, r¢) such that, for
any 0 < r < ry,

+(XJ) + +(X,r) +
+ w, (Ar ) @, (Ar ) +
u (x,1)=C >C———, (x,n)eD/ . (5-22)
' o ah +o 0 an T et e '
Since, by the maximum principle in D;F,
o (AH =0 A - sup P, (5-23)
(z,h)ed, DS ND
then (5-22) can be written as
X0 A+ (zh) o A+
) A ) A
ut(x,1) = C (&T(: - su %) (x.t) € D (5-24)
19-!,- TAY) (z,h)ed, D ND 19.:,_ T(AY)

By Proposition 5.2(iii) and the Harnack inequality, there exists C» = C»(n, L, rg) such that, for (z, h) €
3,D; N D,
A}
pEah 9
o0 ah T e ah
Hence, (5-24) and (5-25) imply

90y < 0P A). (5-25)

X0 A+
#ED (A
+ (’)—cz sup z?ff’h)(A;;)), (x,1) € DT

+
u, (X, t) > Cl (?
975 (ah (z.h)€d, D ND
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Case 2: u(Aj/z(y, $)) < u(A;/z(y, 5)) in (5-20). Similarly,

(AT
X T)( r_) —Cy  sup ﬁ(z’h)(Ar_O)), (x,t) € D .
P (A (z.h)€d, Dy D

ur_(x,t) ZC1<

Note that as r N\ 0, ch /" D and u;t — u. Let r; — 0 be such that either Case 1 applies for all r;, or
Case 2 applies. Hence, over a subsequence, it follows by Proposition 5.2(i) and (5-15) that either

9D (AT)
(—’f C  sup ﬂf’h)(A:g)>:C1K+(x,t) for all (x, 1) € D,

u(x,t)>C; lim —
= X.T
DA (2.h)€d, Df;ND

rj%O
or
u(x,t)>C K (x,t) forall (x,t) e D. O

The next theorem says that K (-, -; y,s) and K~ (-, -; y, s) span the space of kernel functions at (y, s).

Theorem 5.6. If u is a kernel function at (y, s) € E {\G r normalized at (X, T), then there exists a constant
A €10, 11, which may depend on (y, s), such that u(-,-)=AK*(-,-;y,8)+(1—=AK (-,-;y,s)in D,
where K+ and K~ are kernel functions obtained from (5-15) and (5-16).

Proof. By Lemma 5.5, if u is a kernel function at (y, s), then either (i) u > CK™* or (ii) u > CK~ with
C=C(rg,n, L).
If (i) holds, let
A =sup{C :u(x,t) > CK™(x,t) forall (x,?) € D};

then we must have A < 1, because u(X,T) =K1 (X, T)=1. If A =1, then u(x, t) = K+ (x, t) for all
(x, 1) € D, by the strong maximum principle, and we are done. If A < 1, consider
ulx,t) —AK(x,1)

ui(x,t) = —x )

which is another kernel function at (y, s) satisfying either (i) or (ii). If (i) holds for u#; for some C > 0,
then u(x,t) > (C(1 —X)+ 1)Kt (x, t), with C(1 — L) + A > A, which contradicts the definition of A as a
supremum. Hence (ii) must be true for u;. Let

A =sup{C :u;(x,t) > CK (x,1) Y(x, 1) € D}.
The same reason as above gives A < 1. We claim A = 1.
Proof of the claim: If not, then A < 1. We get that

ui(x, 1) —AK=(x,1)
1—2

ur(x,t) =

is again a kernel function at (y, s). If u; satisfies (i) for some C > 0, then

ur(x, 1) > uy(x, 1) —AK (x, 1) > C(1—=MDKF(x,1),
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which implies
u(x, 1) = A+ C(1=NK" (x, 1),
again a contradiction to the definition of A. Hence, u; has to satisfy (ii) for some C > 0, and then we have
ur(x, 1) = (C(L =) + DK™ (x, 1),

but this contradicts the definition of A. This completes the proof of the claim.

The fact that A = 1 implies that u;(x, 1) = K~ (x, t) in D, by the strong maximum principle. Hence,
if (i) applies to u, we have u(x, 1) = AK*(x, 1) + (1 —A)K ~(x, t) with A € (0, 1]. If (ii) applies to u, we
get the equality with A € [0, 1). O

5C. Radon-Nikodym derivative as a kernel function. We first show that the kernel function at (y, s) €
Gyror(y,s)€d,D\Ey isunique. The proof for the uniqueness is similar to Lemma 1.6 and Theorem 1.7
in [Kemper 1972b]. More precisely, we will need the direction-shift operator F°:

F)(x,t) = (x", X1 +4nLr, x,, t +8r%), 0<r <1, (5-26)

DY ={(x,1)e D: F’(x,1) € D}.

Let @ denote the caloric measure for DY. Note that D? is also a cylindrical domain with a thin
Lipschitz complement.

Theorem 5.7. For all (y, s) € 3, D, the limit of (5-1) exists. If we denote the limit by Ko(-, -; y,s), i.e.,

(CHOFGN
Ko(x.1:y.s) = lim — ( l/"(y’s)),
n—00 XTI (Ay,(y, 5))

then:
(i) For (y,s) € Gyor(y,s) €d,D\ Ey, Ky is the unique kernel function at (y, s).
(i) If (y,s) € E¢\ Gy, then K is a kernel function at (y, s), and
Ko(x,t;y,5) = %KJF(x, t;y,s)+ %K_(x, 1y, s), (5-27)
where KT and K~ are kernel functions at (y, s) given by the limits of (5-15) and (5-16), respectively.

Proof. For (y, s) € Gy and r small enough, we denote Er (y,8) =", yu_1 +4nrL,0, s +4r?), which
is on {x, = 0} and has a time-lag 2r* above AX. Then, by the Harnack inequality,

WO (AL (y, 5)) < Cn, o™ (Ap(y,s))  forall 0<r <r.

Then one can proceed as in Lemma 1.6 of [ibid.] by using F°, DY, »° to show that any kernel function
u (at (y, s)) satisfies u > CKy for some C > 0. Then the uniqueness follows from Theorem 1.7 and
Remark 1.8 of [ibid.].

For (y,s) € 9,D\ E, for r sufficiently small one has either ¥, (y, s)ND C Dy or ¥, (y,s)ND C D_.
In either case, one can proceed as in Lemma 1.6, Theorem 1.7 and Remark 1.8 of [ibid.].
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For (y,s) € Ef\ G, by Theorem 5.6, Ko(x,;y,s) = AKY(x,t;9,8)+ (1 —A)K ™ (x,t;y,s) for
some A € [0, 1]. By Proposition 5.2(ii), the symmetry of the domain about x,,_; and the definitions of K+,
one has A = % (I

Remark 5.8. From Theorem 5.7, we can conclude that the Radon-Nikodym derivative dw™" /dw™:T)
exists at every (y, s) € d, D and it is the kernel function Ko(x, 7; y, s) with respect to (X, T).

The following corollary is an easy consequence of Theorems 5.6 and 5.7.

Corollary 5.9. For fixed (x,t) € D, the function (y, s) — Ko(x, t; y, s) is continuous on 9, D, where K
is given by the limit of (5-1).

Proof. Given (y, s) € 9, D, let (yu, sm) € 0,D with (y,,, s,n) — (y, 5) as m — o0.
If (y,s) € Gyord,D\ Ey, continuity follows from the uniqueness of the kernel function.
If (y,s) € Ef\ G, by Theorem 5.7(ii), for each m we have

KoCx, 15 Yo Sm) = 3K T (0, 15 Y ) + 5K (X, 15 Y, ). (5-28)

Given ¢ > 0, K™ (-, +; Y, Sm) is uniformly bounded and equicontinuous on D \ W, (y, s) for m large
enough. Hence, by a similar argument as in Section 5A, up to a subsequence, K (-, -; Y, Sm) —>
vT(-,-;y,s) uniformly on compact subsets, where vt (-,-;y,s) is some kernel function at (y, s).
Moreover, by Theorem 5.6, we have

v Py ) =AK Ty )+ (1=K (-, -1 y,5)  for some A € [0, 1]. (5-29)
By Proposition 5.2(i),

sup K+(x9t;ymasm)_)0 as r — 0,
(x,1)€d, D ND

which is uniform in m from the proof of the proposition. Hence, after m — oo, v satisfies

sup viP(x,t) >0 asr—0,
(x,1)€d, D} ND

which, combined with
K™ (x,t;y,8) /0 as (x,t) = (y,s), for (x,7) € D_,

gives A =1 in (5-29).

Similarly, up to a subsequence, K~ (x, t; Y, Sm) = K~ (x,1; y, 5).

Thus, along a subsequence, K (-, - ; Ym, Sm) = Ko(-, -; v, s) by (5-27). Since this holds for all the
convergent subsequences, then Ko(x, #; y, s) is continuous on d,, D for fixed (x, #). O

By using Corollary 5.9, Remark 5.8 and Theorem 4.6, we can prove some uniform behavior of Ky on
0, D, as in Lemmas 2.2 and 2.3 of [Kemper 1972b]. We state the results in the following two lemmas
and omit the proof of the first.
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Lemma 5.10. Let (y, s) € 9,D. Then, for0 <r < 41‘,
sup Ko(x,t;¥,8)—0 as (x,t) — (y,s)in D.
(y',s")€0, D\Ay(y,s)

The following lemma says that if D’ is a domain obtained by a perturbation of a portion of 9, D where
™" vanishes, then the caloric measure wyy is equivalent to wp on the common boundary of D’ and D.
We recall here that o? is the caloric measure with respect to the domain D? defined in (5-26), and w7 i
the caloric measure with respect to DrfE defined in (5-5).

Lemma 5.11. (i) Let 0O <r < i and (y,s) € Gy U(@,D\ Ey) withs > —1+ 4r2. Then there exist
oo =po(n, L) > 0and C = C(n, L) > 0 such that, for 0 < p < pgy, we have
O(X/ T)

(A (y,9) = CoX T)N(A(y, ), (X', T') € WX, T), (5-30)

provided also r < |y,| for (y,s) € 9,D\ Ey.

(ii) Let (y,s) € (N.(Ef)N03,D)\ G . Then there exists 8y = 8o(n, L) > 0, such that, for 0 < r' < &,
we have

x'\1") _ '\ _ 7 o
of (AT ) s (A (y,9) = 20T (AL, 5)) (5-31)

for (X', T") € W1,4(X, T) and 0 < r < ro, where rq is the constant defined in (5-2).

Proof. To show (5-31) we first argue similarly as in [Kemper 1972b] to show there exists §o = do(n, L) >0
such that, for any 0 < r’ < 8y,

W02 (AE(y, 5) = 10X T (aZ(y, 5)) (5-32)

for each A% (y, s) with 0 < r < ro. Then using Proposition 5.2(ii) we get the conclusion. (I

6. Backward boundary Harnack principle

In this section, we follow the lines of [Fabes et al. 1984] to build up a backward Harnack inequality for
nonnegative caloric functions in D. To prove this kind of inequality, we have to ask that these functions
vanish on the lateral boundary

S:=9d,DN{s > —1},

or at least a portion of it. This will allow to control the time-lag issue in the parabolic Harnack inequality.
Some of the proofs in this section follow the lines of the corresponding proofs in [ibid.]. For that
reason, we will omit the parts that don’t require modifications or additional arguments.
For (x, t) and (v, s) € D, denote by G(x, t; y, s) the Green’s function for the heat equation in the
domain D. Since D is a regular domain, the Green’s function can be written in the form

Gx,t;y,s)=T(x,t;y,5)—V(x,t;y,5),

where I'(-, - ; y, s) is the fundamental solution of the heat equation with pole at (y, s), and V (-, -; y,s)
is a caloric function in D that equals I'(-, -; y, s) on d, D. We note that, by the maximum principle, we
have G(x, t; v, s) = 0 whenever (x,t) € D with ¢t <s.
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In this section, similarly to Section 5, we will work under Convention 5.1. In particular, in Green’s func-
tion we will allow the pole (y, s) to be in D with s > 1. But in that case we simply have G (x, t; y,s) =0
for all (x,t) € D.

Lemma 6.1. LetO<r < 4—11 and (y, s) € S with s > —1+8r2. Then there exists a constant C = C(n, L) >0
such that, for (x,t) e DN{t > s+ 4r2}, we have

C™'r" max{G(x, t; A (y, )} < 0™ (A (v, 5)) < Cr" max{G(x, t; A (y, 5))}
if (v.5) € NL(Ep),  (6-1)

and
Cr"G(x,1; Ar(y,5) S0P (AL (3,5) <Cr'G(x, 1; Ar(y,5)) if (v,5) €N (Efp).  (6-2)
Proof. The proof uses Lemma 4.4 and Theorem 4.3, and is similar to that of Lemma 1 in [ibid.]. O

Theorem 6.2 (interior backward Harnack inequality). Let u be a positive caloric function in D vanishing
continuously on S. Then, for any compact K € D, there exists a constant C = C(n, L, dist,(K, d,D))
such that

maxu < C minu.
K K

Proof. The proof is similar to that of Theorem 1 in [ibid.], and uses Theorem 4.3 and the Harnack inequality.
O

Theorem 6.3 (local comparison theorem). Let 0 < r < %, (v,s) € Swiths > —1+18¢2, and u, v be
two positive caloric functions in V3, (y, s) N D vanishing continuously on A3, (v, s). Then there exists
C =C(n, L) > 0 such that, for (x,t) € ¥, 3(y, s) N D, we have

u(x, 1) - CmaX{u(Af(y,S)), u(A; (y,5)}
v(x, 1) —  min{v(A7 (v, 5)), v(A; (¥, )}

if (y,5) e Np(Ey), (6-3)

and _
ulx, 1) _ L u(Ar(y,5)
vix, 1) = v(Ar(y,s))

Proof. The proof is similar to that of Theorem 3 in [ibid.]. First, note that if W, 5(y, s) N Ey = &, we can

if(y,s) €N(Ey). (6-4)

consider the restrictions of # and v to D or D_ (which are Lipschitz cylinders) and apply the arguments
from [ibid.] directly there. Thus, we may assume that W, 3(y, s) N E ¢ # &. If we now argue as in the
proof of the localization property (Lemma 2.3) by replacing (y, s) and r with (¥, 5) € W3/8)-(y, ) N E,
we may further assume that (y, s) € E¢, and that W, (y, s) N D falls either into category (2) or (3) in
the localization property. For definiteness, we will assume category (3). To account for the possible
change in (y, 5), we then change the hypothesis to assume that # =0 on A, (y, s), and prove (6-3) for
(x,1) € ¥, 2(y,s)ND.

With this simplification in mind, we proceed as in the proof of Theorem 3 in [ibid.]. By using Lemma 6.1
and Theorem 4.6, we first show

o (@) < Co™"(B,).  (x.1) € ¥y p(y,5)ND, (6-3)
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where o, = 0,(V,(y,s) N D)\ S, B = 9,(¥,(y,s) N D)\ N-(S) with a small fixed u € (0, 1), and
where w, denotes the caloric measure with respect to W, (y, s) N D. Then by Theorem 4.3, the Harnack
inequality and the maximum principle, we obtain

u(x, 1) < Cmax{u(A’ (v, ), u(A; (v, )0 (),
v(x, 1) > Cmin{v(A; (v, 5)), v(A; (¥, )™ (B,),
which, combined with (6-5), completes the proof. (I

Theorem 6.4 (global comparison theorem). Let u, v be two positive caloric functions in D, vanishing
continuously on S, and let (xg, to) be a fixed point in D. If § > 0, then there exists C = C(n, L, 5) >0
such that

1 J

U0 _ (000 e e DA > —1 4 62). (6-6)
v(x, 1) v(xo, 1)

Proof. This is an easy consequence of Theorems 6.2 and 6.3. O

Now we show the doubling properties of the caloric measure at the lateral boundary points by using
the properties of the kernel functions we showed in Section 5. The idea of the proof is similar to that of
Lemma 2.2 in [Wu 1979], but with a more careful inspection of the different types of boundary points.

To proceed, we will need to define the time-invariant corkscrew points at (y, s) on the lateral boundary,
in addition to future and past corkscrew points. Namely, for (y, s) € S, we let

Ar(y,s) = =r),s) if W, (y,s)NEy =0,

AF ) = 0" ynt +1/2,Er/2,5) i U (p, )N Ey # 2.
Theorem 6.5 (doubling at the lateral boundary points). For 0 <r < % and (y, s) € S withs > —1 + 82,
there exist eg = gg(n, L) > 0 small and C = C(n, L) > 0 such that, for any r < &gy, we have:

() If (y,s) € Ef and Wy, (y, s) NGy # O, then
C'r"G(X, T; AF(y,5) <™ (A (y,5) <Cr"G(X, T; AE(y, 5)). (6-7)

(i) If (y,s) e N.(Ef)N3,D and Vo, (y,s) NGy = I, then

CT'r"G(X, T; Af (y,9) <9 XA (y,9) < Cr"G(X, T; Af (v, 9)), (6-8)
CTU"G(X, T; A7 (y,9) <0 (A (3, 5)) < Cr"G(X, T; A7 (3, 5)). (6-9)

(i) If (y,s) € 9,D\N,(Ey), then
CT"GX, T; Ar(y,9) =0 D(AL (3, 5)) < Cr"G(X, T; A (y, 5)).- (6-10)
Moreover, there is a constant C = C(n, L) > 0 such that:

e For (y,s) e SN{s > —1+8r2},

XD (A2:(y,9)) = Co™ D (A (v, $)ux, D). -1
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« For (y,s) e No(Ep)NSN{s > —1+8r%),
oA (v, ) < Co A S (v, ),
92X DAL (y,5)) < CoF (AT (y, 9)). (6-12)
Proof. We start by showing the estimates from above in (6-7) and (6-8).
Case 1: (y,s) € Ef and W>,(y, s) NGy # . By Lemma 2.3, there is (¥, §) € G s such that
W, (y,s)ND C Wy (¥,5)N D C Vs, (y,s) N D.

It is not hard to check, by (5-26), that Fr0 (A4 (3, 5)) C D. Moreover, the parabolic distance between
FrO(A4,()7, §)) and 9,D, and the t-coordinate distance from F,O(A4, (y,5)) down to A,i, are greater
than cr for some universal ¢ which only depends on n and L. Therefore, by the estimate of Green’s
function as in [Wu 1979], we have

G(x,t; AL (3, ) = Cln, L)r ™, (x,1) € FY (A4 (3, 5).

Applying the maximum principle to F*(D?), we have

_ Froil(x,t) -
G(x,t; AX(y,5) > C(n, L)r " (A4 (3, 5)).
In particular,
0—1
G(X,T; AX(y,s)) = Cn, Lyr "o?” " (A4 (5, 5)).

Let (X,, T,) := FO (X, T) and take (X', T") € D with T’ =T — }, X' = X, so that T’ > 1 + T, Then
we obtain, by the Harnack inequality, that

O(X/,T

G(X.T: A%(y, ) = C(n, Lyr "™ (A4 (5. 5)). (6-13)

By Lemma 5.11(1), for 0 < r < min{%, ,00}, there exists C = C(n, L), independent of r, such that

O(X/'T,)

o (A4 (5. 5) = Co™ T (A4 (5, 5)). (6-14)

By Theorem 5.7, for each (y,5) € G,

KTV AL(S. 5
r—0 X1 (A4 (3, 5))

l

and by Corollary 5.9, for (X', T’) fixed, Ko(X’, T'; -, -) is continuous on 9, D. Therefore, in the compact
set G f, there exists ¢ > 0, only depending on n, L, such that Ko(X', T'; ,§) > ¢ > 0 for any (3, 5) € G ¢.
Hence, by the Radon—-Nikodym theorem for 0 < r < min{%, o}, we have

(84 (5.5) 2 5057 (845, 5) 2 50X D (A 9)). (6-15)

Combining (6-13), (6-14) and (6-15), we obtain the estimate from above in (6-7) for Case 1.
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Case 2: (y,s) e N, (Ef)N9,D and Wy, (y,s) NGy = @.
In this case, Wy, (y, s) N D splits into the disjoint union of Wy, (y, s)N Dy. We use F" and F,~, defined
in (5-3) and (5-4), and apply the same arguments as in Case 1 in D;' and D, . Then

+(X.T)

w (AE(y,5) <Cr"G(X, T; AX(y, s)).

r

Taking 0 < r < §p, where 6y = do(n, L) is the constant in Lemma 5.11(ii), we have
95 (A () 200D (AL (3, ) < CF'G(X, T; AL (y, 9)).

Case 3: (y,s) € 3,D\ N, (Es). We argue similarly to Cases 1 and 2.

Taking g9 = min{po, 80, %}, we complete the proof of the estimates from above in (6-7)—(6-10).
The proof of the estimate from below in (6-7)—(6-10) is the same as in [Wu 1979]. For (6-7) it is
a consequence of Lemma 4.4 and the maximum principle. (6-8) and (6-9) follow from (5-12) and the
. .. . . . (x,1) (x,1)
maximum principle. The doubling properties of caloric measure and 6 are easy consequences
of (6-7)—(6-10) and Proposition 5.2(ii) for 0 < r < go/2. For r > &¢/2 we use Lemma 4.4 and (5-12). U

Theorem 6.5 implies the following backward Harnack principle.

Theorem 6.6 (backward boundary Harnack principle). Let u be a positive caloric function in D vanishing
continuously on S, and let § > 0. Then there exists a positive constant C = C(n, L, &) such that, for
(y,8)€dp,DN{s > -1+ 82} and for 0 < r < r(n, L, 8) sufficiently small, we have

CTlu(AF (0. 9) < u(Af (v, 5)) < Cu(Af (3, 5))

. if (y.5) € N, (E)
C (A7 (v, 5)) < u(A7 (v, 5)) < Cu(A7 (. 5)) !

and

Cu(Ar(y. 8)) Su(Ar(y.9) < Cu(Ar(y,5) if (v, 5) € N-(Ep). (6-16)

Proof. Once we have Theorem 6.5, which is an analogue of Lemma 2.2 in [Wu 1979], we can proceed as
in Theorem 4 in [Fabes et al. 1984] to show the backward Harnack principle. O

Remark 6.7. From (6-7), and using the same proof as in Theorem 6.6, we can conclude that, for any
positive caloric function u vanishing continuously on § and (y, s) € G, there exists C =C(n, L, ) >0
such that

CTu(A; (y,9)) <u(Af (3, 9) < Cu(A; (v, 9)),

C™u(A; (y,9)) <u(Af (v, ) < Cu(4; (3, 9).

7. Various versions of boundary Harnack

In the applications, it is very useful to have a local version of the backward Harnack for solutions vanishing
only on a portion of the lateral boundary S. For the parabolically Lipschitz domains this was proved in
[Athanasopoulos et al. 1996] as a consequence of the (global) backward Harnack principle.
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To state the results, we use the following corkscrew points associated with (y, s) € G: forO <r < l, let

Ar(y,8) = (", yo_1 +4nLr, 0, s +2r?),
Ar(y,s) =", ya_1 +4nLr,0,s —2r?),
Ar(y,s) =", yu—1 +4nLr,0,s).

When (y, s) = (0, 0), we simply write A,, A, and A,, in addition to W,, A,, A¥, A*.

Theorem 7.1. Let u be a nonnegative caloric function in D, vanishing continuously on Ey. Let m =
u(Ass4), M = supp u. Then there exists a constant C = C(n, L, M /m) such that, for any 0 <r < J—P
we have

u(A,;) < Cu(Ay). (7-1)

Proof. Using Theorems 6.6 and 6.5 and following the lines of Theorem 13.7 in [Caffarelli and Salsa
2005], we have

u(Ay) < Cu(4y), O<r<i,

for C =C(n, L, M/m). Then (7-1) follows from Theorem 6.6 and the observation that there is a Harnack
chain with constant u = w(n, L) and length N = N (n, L) joining A, to Z;t and A;tr to A,. O

.

Theorem 7.1 implies the boundary Holder-regularity of the quotient of two negative caloric functions
vanishing on E . The proof of the following corollary is the same as for Corollary 13.8 in [Caffarelli and
Salsa 2005], and is therefore omitted.

Theorem 7.2. Let uy, us be nonnegative caloric functions in D continuously vanishing on E;. Let
M; = supp u; and m; = u;(As4) withi =1, 2. Then we have
! uy(Aiq) - uy(x, 1) < Cul(A1/4)
uz(Ayja) — uz(x,t) uz(Aiy4)

where C = C(n, L, M{/m1, My/mj). Moreover, if u; and uy are symmetric in x,, then uy/u, extends

fOl" (x,0H)N \IJI/S ND, (7-2)

to a function in C*(Wy3) for some 0 < a < 1, where the exponent a and the C*-norm depend only on
n, L, M/mi, My/m;. U

Remark 7.3. The symmetry condition in the latter part of the theorem is important to guarantee the
continuous extension of u/u, to the Euclidean closure W = \m, since the limits at E¢\ G as
we approach from different sides may be different. Without the symmetry condition, one may still prove
that u /u; extends to a C* function on the completion (W3 \ E¢)* with respect to the inner metric.

For a more general application, we need to have a boundary Harnack inequality for u satisfying a
nonhomogeneous equation with bounded right-hand side, but additionally with a nondegeneracy condition.
The method we use here is similar to the one used in the elliptic case [Caffarelli et al. 2008].

Theorem 7.4. Let u be a nonnegative function in D, continuously vanishing on E ¢, and satisfying
|Au—ou| <Cy in D, (7-3)
u(x,r) > codist,((x,1), Ef)Y in D, (7-4)
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where 0 <y <2,c9 >0, Co > 0. Then there exists C = C(n, L, y, Co, co) > 0 such that, for 0 <r < 1

we have
u(x,1) < Cu(4,), (x,t)€W,. (7-5)

Moreover, if M = supp u, then there exists a constant C = C(n, L, y, Co, co, M) such that, for any

0<r<%,wehave

u(A,) < Cu(A,). (7-6)

Proof. Let u* be a solution to the heat equation in W, N D that is equal to u on 9,(W2, N D). Then, by
the Carleson estimate, we have u*(x, 1) < C(n, L)u*(A,) for (x,t) € ¥,
On the other hand, we have

u*(x, 1)+ C(|x|* —t —8r%) <u(x,t) ond,(Vy ND),
(A=), )+ C(x>—=1=8,2))>C2n—1) > (A —d)u(x,1) in W ND

for C > Co/(2n — 1). Hence, by the comparison principle, we have u* —u < Cr? in Wy, N D for
C = C(Cy, n). Similarly, u —u™ < Cr?, and hence |u — u*| < Cr? in W5, N D. Consequently,

u(x, 1) < C(n, LY(u(A,) + C(Co,m)r?), (x,1) € V. (7-7)
Next, note that, by the nondegeneracy condition (7-4),
u(A,) > cor’ >cor®, re(0,1). (7-8)

Thus, combining (7-7) and (7-8), we obtain (7-5).
The proof of (7-6) follows in a similar manner from Theorem 7.1 for u*. O

Remark 7.5. In fact, the nondegeneracy condition (7-4) is necessary. An easy counterexample is

u(x,t) =x>_,x2in ¥y and Ef = {(x, 1) : x,—1 < 0,x, =0} N W;. Then u(A,) = 0 for r € (0, 1), but

n
obviously u does not vanish in ¥, N D.

We next state a generalization of the local comparison theorem.
Theorem 7.6. Let uy, uy be nonnegative functions in D, continuously vanishing on E y, and satisfying
|[Au; — oui| <Co in D,
ui(x,t) > codist,((x,1), Ef)Y inD

fori=1,2, where 0 <y <2,c0 >0, Cop>0. Let M = max{supy, u1, supp uz2}. Then there exists a
constant C =C(n, L, y, Cy, co, M) > 0 such that

C_lul(Al/4) SMl(JC,t) Scul(Al/ét)’
uz(Ayyg) = uz(x, 1) uz(Ai4)

(x,1) € \111/8 N D. (7-9)

Moreover, if uy and uy are symmetric in x,, then u/us extends to a function in C*(¥3) for some
0 < «a < 1, with o and the C*-norm depending only onn, L, y, Cy, co, M.
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To prove this theorem, we will also need the following two lemmas, which are essentially Lemmas 11.5
and 11.8 in [Danielli et al. 2013]. The proofs are therefore omitted.

Lemma 7.7. Let A be a subset of R x (=00, 0], and h(x, t) a continuous function in V. Then, for
any 8§y > 0, there exists g9y > 0 depending only on 8o and n such that, if:

1) h=00n V¥ NA,

(i) (A —0)h <eggin V1 \ A,
@iii) h > —egg in ¥y,
(iv) h =80 in Wi N{lx,| = B}, B =1/(32v/n — 1),
then h > 0 in ¥y ». O
Lemma 7.8. For any 8y > 0, there exists eg > 0 and co > 0, depending only on 8o and n, such that, if h is
a continuous function on W1 N{0 < x, < B,}, B = 1/(32@), satisfying:

D) (A—=03)h <gyin¥N{0 < x, < B},

1) h=>=0in ¥ N{0 < x, < Bn},
(iii) h = 8o on Wi N{x, = By},
then

h(x,t) > cox, inWiN{0<x, <pB,}. U

Proof of Theorem 7.6. We first note that, arguing as in the proof of Theorem 7.4 and using Theorem 7.1,

we will have that
ui(x,1) < Cui(Ayjs), (x,1) €Wy, (7-10)

for C = C(n, L, vy, Coy,co, M). Next, dividing u; by u;(Ay/4), we can assume u;(Ay/4) = 1. Then
consider the rescalings

2
. , t )
uip(x,t)z—”’(p;yp ), pe©1),i=1,2.

It is immediate to verify that, for (x, 1) € W/, N D, the functions u;, satisfy

[(A = 0)uip (x, 1)| < Cop™ 7, (7-11)

Uip(x,t) > codist,((x, 1), Ef)7, (7-12)
C

Uip(x, 1) < — where C is the constant in (7-10), (7-13)
0

where f,(x", 1) = (1/p) f(px", p?t) is the scaling of f. By (7-12), there exists ¢, > 0 such that
uip(x,t) > cocp, (x,1) € Wi p) N{lxn| = Bal. (7-14)

Consider now the difference

h=us, —suyp
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for a small positive s, specified below. By (7-11), (7-14) and (7-13), one can choose a positive p =
pn,L,y,Co,co, M) < % and s = s(p, n, cg, C) > 0 such that

coCn
h(x,t) > cocp — - — > ,
pY 2

(x,1) € Wi/8p) N{l1xnl = Bul
C

h(x,t)Z—S'—yZ—Eo, (x,1) € Wi/8p)s
0

(A= 3)h(x, 1) < Cop™ ¥ <ep, (x,1) € Wyiysp)ND,

where &y = gy(cg, ¢u, n) is the constant in Lemma 11.5 of [Danielli et al. 2013]. Thus, by that result,
h > 01in Wy, N D, which implies

ui(x, 1) -

1
) = ;, (x,1)eV¥,,ND. (7-15)

By moving the origin to any (z, h) € Wy,3N E 7, we will therefore obtain the bound

ui(x, 1)
SC(”l,L, V’ CO’COv M) (7_16)
us(x, 1)

for any (x, 1) € W1,8NN,,2(E )N D. On the other hand, for (x, ) € W8\ N,/2(E ), the estimate (7-16)
will follow from (7-4) and (7-10). Hence, (7-16) holds for any (x, r) € W, N D, which gives the bound
from above in (7-9). Changing the roles of u; and u, we get the bound from below.

The proof of C*-regularity follows by iteration from (7-9), similarly to the proof of Corollary 13.8 in
[Caffarelli and Salsa 2005]; however, we need to make sure that at every step the nondegeneracy condition
is satisfied. We will only verify the Holder-continuity of u/u» at the origin, the rest being standard.

For k € N and A > 0 to be specified below, let

Then we know that 1/C <[ < Ly <C for A < %. Let also

~ ui(Azkga)

= e I, L¢].
uz(Ajk/a) o

Mk

Then there are two possibilities:

either Ly — x> S(Li— 1) or g —Ik > 2(Li — ).
For definiteness, assume that we are in the latter case, the former case being treated similarly. Then
consider the two functions

uy (W x, 22k8) — Leun (WFx, A%k 1) ur (M x, x%k¢)
vi(x, 1) = , b, )=————
ui(Aska) — lkuz(Azsq) uz(Axk;a)
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In W, \ Ey,, we will have

AL +1)Co
w1 (Asiya) =l (Aze )
22kCy
u2(Asisa)

[(A =3)vi(x, )| <

[(A = 3)va(x, )| <

To proceed, fix a small ng > 0, to be specified below. From the nondegeneracy of u,, we immediately have
(A = 3)wa(x, )] = CLETE < g9
if we take A small enough. For v;, we have a dichotomy:
either [(A—d)vi(x, 1) <mo or py—Il <CrA® Mk

In the latter case, we obtain
Li— I <2(u — ) < CABVK, (7-17)

In the former case, we notice that both functions v = vy, v, satisfy
v=0, v(Aia)=1 and [(A—-0d)v(x,7)|<no inWi\Ey,,

and that v vanishes continuously on W; N E . We next establish a nondegeneracy property for such v.
Indeed, first note that, by the parabolic Harnack inequality (see Theorems 6.17 and 6.18 in [Lieberman
1996])), for small enough 19, we will have that

v=c¢, On \Ijl/8m{|xn|213n/8}~
Then, by invoking Lemma 7.8, we will obtain that
v(x, 1) = calxn| in Wiji6\ Eg, . (7-18)

We further claim that
v(x, 1) > cdistp((x, 1), Efkk) in ‘-111/32 \ Efkk . (7-19)

To this end, for (x, 1) € W32\ Eg,, letd =sup{r : ¥, (x, )N Eg, = @}, and consider the box W, (x, t).
Without loss of generality, assume x,, > 0. Then let (xy, t,) = (x', x, +d, t — d*) e dpWy(x, ). From
(7-18), we have that

V(X 1) = Cp (X +d) > cpd,
and, applying the parabolic Harnack inequality, we obtain
VX, 1) = €0 (X, 1) — Cumod” = cd

provided ny is sufficiently small. Hence, (7-19) follows.
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Having the nondegeneracy, we also have the bound from above for the functions v; and v,. Indeed, by
Theorem 7.4 for v; and vy, we have

_ w1 (Asisg) — Leun (Asx ur(A L,—1
sup vy < Con(Ayjg) = C 1(Ask/4) — Lkuz (Ajks) - 2(Ayka) Ly — i ~c (7-20)
v, ui(Ayksa) — lkuz (Azsg) u2(Azksa) e — li

and

_ ur(A
supvy < Cvp(Ayg) = CM <

<c, (7-21)
W, uz(Ajskss)

where we have also invoked the second part of Theorem 7.4 for u5.

We have thus verified all conditions necessary for applying the estimate (7-9) to the functions v; and v,.
Particularly, the inequality from below, applied in Ws; \ E ¢, , will give
v Cvl(Azx) -

inf — > =
WAEr, v2  v2(Ag)

cA

for a small ¢ > 0, or equivalently

levr — e = ed(pr — l) > %(Lk — ).
Hence, we will have
List = It = Li— I — Gy =10 = (1= 5 ) (L =10, (7-22)
Summarizing, (7-17) and (7-22) give a dichotomy: for any k € N,
either Lp—I <CA % or Lyt —hat <1 —ex/2)(Li — ).

This clearly implies that
Ly —1; < CB* for some B € (0, 1),

for any k € N, which is nothing but the Holder-continuity of u;/u, at the origin. (I
We next want to prove a variant of Theorem 7.6, but with the W, replaced with their lower halves
O,=¥.N{r<0}.

Theorem 7.9. Let uy, uy be nonnegative functions in © \ Ey, continuously vanishing on ©1 N E,
and satisfying
[Au; — du;| <Co in®\Ey,
ui(x,t) >co distp((x, 1), Ef) in®p\ Ef
fori=1,2, for some co > 0, Co > 0. Let also M = max{sup, u1, supp uz}. If u1 and uy are symmetric

in x,, then ui/uy extends to a function in C“((:)l/g)for some 0 < a < 1, with o and C*-norm depending
onlyonn, L, vy, Cy,co, M.
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The idea is that the functions u; can be extended to Ws, for some § > 0, while still keeping the same
inequalities, including the nondegeneracy condition.

Lemma 7.10. Let u be a nonnegative continuous function on ©1 such that

u=20 in® NE;,
[(A —d)ul < Co in®\ Ey,
u(x,t) >codist,((x,1), Ef) in®\Ey,

for some Cy > 0, cg > 0. Then there exist positive § and ¢y, depending only on n, L, ¢y and Cy, and a

nonnegative extension u of u to Vg, such that

u=0 inWs;NEy,
[(A —3)ul < Co inWs\ Ey,
ﬁ(x,l‘)ZEodiStp((x,l‘),Ef) in \IJ(;\Ef.

Moreover, we will also have that supy, u < supg, u.

Proof. We first continuously extend the function u from the parabolic boundary 9,01,> to 3, ¥, by
keeping it nonnegative and bounded above by the same constant. Further, putu =0on EyN(W;,2\ ©1)2).
Then extend u to W/, by solving the Dirichlet problem for the heat equation in (W12 \ ©12) \ E ¢, with
already defined boundary values. We still denote the extended function by u.

Then it is easy to see that u is nonnegative in ¥y, SUpy, , < SUpg, U, U vanishes on W, N E ¢
and |[(A — 0)u| < Cp in Wi \ Ey. Note that we still have the nondegeneracy property u(x,t) >
codist,((x, 1), E¢) forin ®1,; \ E¢, so it remains to prove the nondegeneracy for > 0. We will be able
to do it in a small box Ws as a consequence of Lemma 7.8.

For0<§ < % consider the rescalings

u(x, 8%t)

us(x,t) = — (x,1) € Wy/0)-

Then we have

(A —0)us| < Cod inW\ Eg,

MS(X,I)ZCO|xn| in ®1’

where f5(x”,t) = (1/8) f(6x”, 8°t) is the rescaling of f. Then, by using the parabolic Harnack inequality
(see Theorems 6.17 and 6.18 in [Lieberman 1996]) in @i, we obtain that

us(x, 1) = cpco— CpCod > c1 on {|x,| = Bn/2} N1 2.
Further, choosing § small and applying Lemma 7.8, we deduce that

us(x, 1) > calxp| in Wyyy.
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Then, repeating the arguments based on the parabolic Harnack inequality, as for the inequality (7-19),
we obtain

ux,t) > Cdistp((x, 1), Efa) in \I—’l/g.

Scaling back, this gives
u(x,t) > Cdist,((x,1), Ef) in Wsg. O

Proof of Theorem 7.9. Extend the functions «; as in Lemma 7.10 and apply Theorem 7.6. If we repeat this
at every (y, s) € ®1,3N G, we will obtain the Holder-regularity of uy/us in N5/8(©1,8NG ) N{t <0}.
For the remaining part of ©1/g, we argue as in the proof of localization property Lemma 2.3, cases (1)
and (2), and use the corresponding results for parabolically Lipschitz domains. O

7A. Parabolic Signorini problem. In this subsection, we discuss an application of the boundary Harnack
principle to the parabolic Signorini problem. The idea of such applications goes back to [Athanasopoulos
and Caffarelli 1985]. The particular result that we will discuss here can be found also in [Danielli et al.
2013], with the same proof based on our Theorem 7.9.

In what follows, we will use H%¢/2, ¢ > 0, to denote the parabolic Holder classes, as defined for
instance in [LadyZenskaja et al. 1968].

For a given function ¢ € H%Y/ Z(Q’] ), £ > 2, known as the thin obstacle, we say that a function v solves
the parabolic Signorini problem if v € sz’1 (eHnHT0+0/2(0F) '« > 0, and

(A—9)v=0 in Q7, (7-23)
v>¢, —0,v>0, (v—¢)d,v=0 on Q). (7-24)

This kind of problem appears in many applications, such as thermics (boundary heat control), biochemistry
(semipermeable membranes and osmosis), and elastostatics (the original Signorini problem). We refer to
the book [Duvaut and Lions 1976] for the derivation of such models as well as for some basic existence
and uniqueness results.

The regularity that we impose on the solutions of (7-23)—(7-24) is also well known in the literature; see,
e.g., [Athanasopoulous 1982; Ural’tseva 1985; Arkhipova and Uraltseva 1996]. It was proved recently in
[Danielli et al. 2013] that one can actually take o = % in the regularity assumptions on v, which is the
optimal regularity, as can be seen from the explicit example

v(x, ) = Re(x,_1 +ix,)*?,

which solves the Signorini problem with ¢ = 0. One of the main objects of study in the Signorini problem
is the free boundary

G(v) =dg (fv > @} N O)),

where 9 is the boundary in the relative topology of 0.
As the initial step in the study, we make the following reduction. We observe that the difference

u(x,t) =v(x,t)— @', 1)
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will satisfy
(A=d)u=g inQf, (7-25)
u>0, —0yu>0, ud,u=0 onQ), (7-26)

where g = — (A — 8;)p € H™2=2/2 That is, one can make the thin obstacle equal to 0 at the expense
of getting a nonzero right-hand side in the equation for u#. For our purposes, this simple reduction will
be sufficient, however, to take the full advantage of the regularity of ¢. When ¢ > 2, one may need to
subtract an additional polynomial from u to guarantee the decay rate

lg(x, )| < M(|x|* +[t]) 272

near the origin; see Proposition 4.4 in [Danielli et al. 2013]. With the reduction above, the free boundary
G (v) becomes

G ) = dgy (fu > 0} N Q).

Further, it will be convenient to consider the even extension of u in the x,_; variable to the entire Oy,
i.e., by putting u(x’, x,,, t) = u(x’, —x,, t). Then, such an extended function will satisfy

(A=du=g in Q1\ Au),
where g has also been extended by even symmetry in x,, and where
A(u) = {u=0}NQ),

the so-called coincidence set.
As shown in [ibid.], a successful study of the properties of the free boundary near (xo, 19) € G(u)N Q) P
can be made by considering the rescalings

u(xo+rx, to+r’t
up (1) = a0 i, 1) = L0 0+
H ()12

for r > 0 and then studying the limits of u, as r = r; — 0+ (so-called blowups). Here

1 [
H0 (r) = — f / u(x, )*Y* (0T (o — x, 19 — 1) dx d,
r to_rZ n

where ¥ (x) = ¥ (|x]) is a cutoff function that equals 1 on B3/4. Then a point (xo, to) € G(u) N By, is
called regular if u, converges in the appropriate sense to

ug(x, 1) = ¢y Re(x,_1 +ix,)>?

as r =r; — 0+, after a possible rotation of coordinate axes in R"~!. See [ibid.] for more details. Let R (u)
be the set of regular points of u.
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Proposition 7.11 [Danielli et al. 2013]. Let u be a solution of the parabolic Signorini problem (7-25)—
(7-26) in QT with g € HI’I/Z(Q;F). Then the regular set R(u) is a relatively open subset of G(u).
Moreover, if (0, 0) € R(u), then there exists p = p, > 0 and a parabolically Lipschitz function f such that

GwNQ,=RhwNQ,=GrNQ,
AwNQ,=E;NQ,.

Furthermore, for any 0 < n < 1, we can find p > 0 such that
deu>0 inQ,
for any unit direction e € R~ such that e - e,_1 > n, and moreover
dett(x,1) > c dist,((x,1), Ef) in Q,
Jor some ¢ > 0. ([l
We next show that an application of Theorem 7.9 implies the following result.

Theorem 7.12. Let u be as in Proposition 7.11 and (0,0) € R(u). Then there exists § < p such that
V' fe H“’“/Z(Qg)for some a > 0, i.e., R(u) has Holder-continuous spatial normals in Q.

Proof. We will work in parabolic boxes ®5 = Ws N {t < 0} instead of cylinders Q5. For a small ¢ > 0, let
e = (cose)e,_1 + (sing)e; for some j =1,...,n —2, and consider the two functions

Uy =0.u and upy =209, ,u.

Then, by Proposition 7.11, the conditions of Theorem 7.9 are satisfied (after a rescaling), provided
cos e > 0. Thus, if we fix such ¢ > 0, we will have that for some § >0and 0 <o < 1,

Sell_ o paar2(@y).
O, U
This gives that
0p U 5 )
L e H**(@;), j=1,...,n—2.
Op, U

Hence the level surfaces {u = o'} N O are given as graphs
Xno1 = fox", 1), X" €@,
with estimate on ||V" /|| Hel2(@)) that is uniform in o > 0. Consequently, this implies that
V'f e H*2(@y),

and completes the proof of the theorem. U



1462 ARSHAK PETROSYAN AND WENHUI SHI

References

[Aikawa 2005] H. Aikawa, “Martin boundary and boundary Harnack principle for non-smooth domains”, pp. 33-55 in Selected
papers on differential equations and analysis, Amer. Math. Soc. Transl. Ser. 2 215, Amer. Math. Soc., Providence, RI, 2005.
MR 2186550 Zbl 1083.31010

[Aikawa et al. 2003] H. Aikawa, T. Lundh, and T. Mizutani, “Martin boundary of a fractal domain”, Potential Anal. 18:4 (2003),
311-357. MR 2004a:31002 Zbl 1021.31002

[Arkhipova and Uraltseva 1996] A. Arkhipova and N. Uraltseva, “Sharp estimates for solutions of a parabolic Signorini problem”,
Math. Nachr. 177 (1996), 11-29. MR 97a:35084 Zbl 0857.35073

[Athanasopoulos and Caffarelli 1985] 1. Athanasopoulos and L. A. Caffarelli, “A theorem of real analysis and its application to
free boundary problems”, Comm. Pure Appl. Math. 38:5 (1985), 499-502. MR 86j:49062 Zbl 0593.35084

[Athanasopoulos et al. 1996] 1. Athanasopoulos, L. Caffarelli, and S. Salsa, “Caloric functions in Lipschitz domains and the
regularity of solutions to phase transition problems”, Ann. of Math. (2) 143:3 (1996), 413-434. MR 97e:35074 Zbl 0853.35049

[Athanasopoulos et al. 2008] 1. Athanasopoulos, L. A. Caffarelli, and S. Salsa, “The structure of the free boundary for lower
dimensional obstacle problems”, Amer. J. Math. 130:2 (2008), 485-498. MR 2009g:35345 Zbl 1185.35339

[Athanasopoulous 1982] I. Athanasopoulous, “Regularity of the solution of an evolution problem with inequalities on the
boundary”, Comm. Partial Differential Equations 7:12 (1982), 1453-1465. MR 84m:35052 Zbl 0537.35043

[Caffarelli and Salsa 2005] L. Caffarelli and S. Salsa, A geometric approach to free boundary problems, Graduate Studies in
Mathematics 68, Amer. Math. Soc., Providence, RI, 2005. MR 2006k:35310 Zbl 1083.35001

[Caffarelli et al. 1981] L. Caftarelli, E. Fabes, S. Mortola, and S. Salsa, “Boundary behavior of nonnegative solutions of elliptic
operators in divergence form”, Indiana Univ. Math. J. 30:4 (1981), 621-640. MR 83c:35040 Zbl 0512.35038

[Caffarelli et al. 2008] L. A. Caffarelli, S. Salsa, and L. Silvestre, “Regularity estimates for the solution and the free boundary of
the obstacle problem for the fractional Laplacian”, Invent. Math. 171:2 (2008), 425-461. MR 2009g:35347 Zbl 1148.35097

[Dahlberg 1977] B. E.J. Dahlberg, “Estimates of harmonic measure”, Arch. Rational Mech. Anal. 65:3 (1977), 275-288. MR 57
#6470 Zbl 0406.28009

[Danielli et al. 2013] D. Danielli, N. Garofalo, A. Petrosyan, and T. To, “Optimal regularity and the free boundary in the
parabolic signorini problem”, preprint, 2013. arXiv 1306.5213

[Doob 1984] J. L. Doob, Classical potential theory and its probabilistic counterpart, Grundlehren der Mathematischen
Wissenschaften 262, Springer, New York, 1984. MR 85k:31001 Zbl 0549.31001

[Duvaut and Lions 1976] G. Duvaut and J.-L. Lions, Inequalities in mechanics and physics, Grundlehren der Mathematischen
Wissenschaften 219, Springer, Berlin-New York, 1976. MR 58 #25191 Zbl 0331.35002

[Evans and Gariepy 1982] L. C. Evans and R. F. Gariepy, “Wiener’s criterion for the heat equation”, Arch. Rational Mech. Anal.
78:4 (1982), 293-314. MR 83g:35047 Zbl 0508.35038

[Fabes et al. 1984] E. B. Fabes, N. Garofalo, and S. Salsa, “Comparison theorems for temperatures in noncylindrical domains”,
Atti Accad. Naz. Lincei Rend. CI. Sci. Fis. Mat. Natur. (8) 77:1-2 (1984), 1-12. MR 88i:35069 Zbl 0625.35007

[Fabes et al. 1986] E. B. Fabes, N. Garofalo, and S. Salsa, “A backward Harnack inequality and Fatou theorem for nonnegative
solutions of parabolic equations”, Illinois J. Math. 30:4 (1986), 536-565. MR 88d:35089 Zbl 0625.35006

[Hofmann et al. 2004] S. Hofmann, J. L. Lewis, and K. Nystrom, “Caloric measure in parabolic flat domains”, Duke Math. J.
122:2 (2004), 281-346. MR 2005¢:35092 Zbl 1074.35041

[Hunt and Wheeden 1970] R. A. Hunt and R. L. Wheeden, “Positive harmonic functions on Lipschitz domains”, Trans. Amer.
Math. Soc. 147 (1970), 507-527. MR 43 #547 Zbl 0193.39601

[Jerison and Kenig 1982] D. S. Jerison and C. E. Kenig, “Boundary behavior of harmonic functions in nontangentially accessible
domains”, Adv. in Math. 46:1 (1982), 80-147. MR 84d:31005b Zbl 0514.31003

[Kemper 1972a] J. T. Kemper, “A boundary Harnack principle for Lipschitz domains and the principle of positive singularities”,
Comm. Pure Appl. Math. 25 (1972), 247-255. MR 45 #2193 Zbl 0226.31007

[Kemper 1972b] J. T. Kemper, “Temperatures in several variables: Kernel functions, representations, and parabolic boundary
values”, Trans. Amer. Math. Soc. 167 (1972), 243-262. MR 45 #3971 Zbl 0238.35039


http://msp.org/idx/mr/2186550
http://msp.org/idx/zbl/1083.31010
http://dx.doi.org/10.1023/A:1021823023212
http://msp.org/idx/mr/2004a:31002
http://msp.org/idx/zbl/1021.31002
http://dx.doi.org/10.1002/mana.19961770103
http://msp.org/idx/mr/97a:35084
http://msp.org/idx/zbl/0857.35073
http://dx.doi.org/10.1002/cpa.3160380503
http://dx.doi.org/10.1002/cpa.3160380503
http://msp.org/idx/mr/86j:49062
http://msp.org/idx/zbl/0593.35084
http://dx.doi.org/10.2307/2118531
http://dx.doi.org/10.2307/2118531
http://msp.org/idx/mr/97e:35074
http://msp.org/idx/zbl/0853.35049
http://dx.doi.org/10.1353/ajm.2008.0016
http://dx.doi.org/10.1353/ajm.2008.0016
http://msp.org/idx/mr/2009g:35345
http://msp.org/idx/zbl/1185.35339
http://dx.doi.org/10.1080/03605308208820258
http://dx.doi.org/10.1080/03605308208820258
http://msp.org/idx/mr/84m:35052
http://msp.org/idx/zbl/0537.35043
http://msp.org/idx/mr/2006k:35310
http://msp.org/idx/zbl/1083.35001
http://dx.doi.org/10.1512/iumj.1981.30.30049
http://dx.doi.org/10.1512/iumj.1981.30.30049
http://msp.org/idx/mr/83c:35040
http://msp.org/idx/zbl/0512.35038
http://dx.doi.org/10.1007/s00222-007-0086-6
http://dx.doi.org/10.1007/s00222-007-0086-6
http://msp.org/idx/mr/2009g:35347
http://msp.org/idx/zbl/1148.35097
http://dx.doi.org/10.1007/BF00280445
http://msp.org/idx/mr/57:6470
http://msp.org/idx/mr/57:6470
http://msp.org/idx/zbl/0406.28009
http://msp.org/idx/arx/1306.5213
http://dx.doi.org/10.1007/978-1-4612-5208-5
http://msp.org/idx/mr/85k:31001
http://msp.org/idx/zbl/0549.31001
http://dx.doi.org/10.1007/978-3-642-66165-5
http://msp.org/idx/mr/58:25191
http://msp.org/idx/zbl/0331.35002
http://dx.doi.org/10.1007/BF00249583
http://msp.org/idx/mr/83g:35047
http://msp.org/idx/zbl/0508.35038
http://msp.org/idx/mr/88i:35069
http://msp.org/idx/zbl/0625.35007
http://projecteuclid.org/euclid.ijm/1256064230
http://projecteuclid.org/euclid.ijm/1256064230
http://msp.org/idx/mr/88d:35089
http://msp.org/idx/zbl/0625.35006
http://dx.doi.org/10.1215/S0012-7094-04-12222-5
http://msp.org/idx/mr/2005e:35092
http://msp.org/idx/zbl/1074.35041
http://dx.doi.org/10.2307/1995208
http://msp.org/idx/mr/43:547
http://msp.org/idx/zbl/0193.39601
http://dx.doi.org/10.1016/0001-8708(82)90055-X
http://dx.doi.org/10.1016/0001-8708(82)90055-X
http://msp.org/idx/mr/84d:31005b
http://msp.org/idx/zbl/0514.31003
http://dx.doi.org/10.1002/cpa.3160250303
http://msp.org/idx/mr/45:2193
http://msp.org/idx/zbl/0226.31007
http://dx.doi.org/10.2307/1996137
http://dx.doi.org/10.2307/1996137
http://msp.org/idx/mr/45:3971
http://msp.org/idx/zbl/0238.35039

PARABOLIC DOMAINS WITH THIN LIPSCHITZ COMPLEMENT 1463

[LadyZenskaja et al. 1968] O. A. LadyZenskaja, V. A. Solonnikov, and N. N. Ural’ceva, Linear and quasilinear equations of
parabolic type, Translations of Mathematical Monographs 23, Amer. Math. Soc., Providence, R.I., 1968. MR 39 #3159b
Zbl 0174.15403

[Lieberman 1996] G. M. Lieberman, Second order parabolic differential equations, World Scientific, River Edge, NJ, 1996.
MR 98k:35003 Zbl 0884.35001

[Salsa 1981] S. Salsa, “Some properties of nonnegative solutions of parabolic differential operators”, Ann. Mat. Pura Appl. (4)
128 (1981), 193-206. MR 83j:35078 Zbl 0477.35049

[Ural’tseva 1985] N. N. Ural’tseva, “Holder continuity of gradients of solutions of parabolic equations with boundary conditions
of Signorini type”, Dokl. Akad. Nauk SSSR 280:3 (1985), 563-565. In Russian; translated in Sov. Math. Dokl. 31 (1985),
135-138. MR 87b:35025 Zbl 0629.35047

[Wu 1978] J. M. G. Wu, “Comparisons of kernel functions, boundary Harnack principle and relative Fatou theorem on Lipschitz
domains”, Ann. Inst. Fourier (Grenoble) 28:4 (1978), 147-167. MR 80g:31005 Zbl 0368.31006

[Wu 1979] J. M. G. Wu, “On parabolic measures and subparabolic functions”, Trans. Amer. Math. Soc. 251 (1979), 171-185.
MR 82b:31019a Zbl 0426.35044

Received 8 Dec 2013. Accepted 27 Aug 2014.

ARSHAK PETROSYAN: arshak@math.purdue.edu
Department of Mathematics, Purdue University, West Lafayette, IN 47907, United States

WENHUI SHI: wenhui.shi@hcm.uni-bonn.de
Mathematisches Institut, Universitdt Bonn, Endenicher Allee 64, D-53115 Bonn, Germany

:'msp

mathematical sciences publishers


http://msp.org/idx/mr/39:3159b
http://msp.org/idx/zbl/0174.15403
http://dx.doi.org/10.1142/3302
http://msp.org/idx/mr/98k:35003
http://msp.org/idx/zbl/0884.35001
http://dx.doi.org/10.1007/BF01789473
http://msp.org/idx/mr/83j:35078
http://msp.org/idx/zbl/0477.35049
http://msp.org/idx/mr/87b:35025
http://msp.org/idx/zbl/0629.35047
http://dx.doi.org/10.5802/aif.719
http://dx.doi.org/10.5802/aif.719
http://msp.org/idx/mr/80g:31005
http://msp.org/idx/zbl/0368.31006
http://dx.doi.org/10.2307/1998688
http://msp.org/idx/mr/82b:31019a
http://msp.org/idx/zbl/0426.35044
mailto:arshak@math.purdue.edu
mailto:wenhui.shi@hcm.uni-bonn.de
http://msp.org

Nicolas Burq

Sun-Yung Alice Chang

Michael Christ

Charles Fefferman

Ursula Hamenstaedt

Vaughan Jones

Herbert Koch

Izabella Laba

Gilles Lebeau

Laszl6 Lempert

Richard B. Melrose

Frank Merle

William Minicozzi IT

‘Werner Miiller

Analysis & PDE
msp.org/apde

EDITORS

EDITOR-IN-CHIEF
Maciej Zworski
zworski @math.berkeley.edu

University of California
Berkeley, USA

BOARD OF EDITORS

Université Paris-Sud 11, France Yuval Peres

nicolas.burq@math.u-psud.fr

Princeton University, USA Gilles Pisier

chang@math.princeton.edu
University of California, Berkeley, USA Tristan Riviere

mchrist@math.berkeley.edu

Princeton University, USA Igor Rodnianski
cf@math.princeton.edu

Universitdt Bonn, Germany Wilhelm Schlag
ursula@math.uni-bonn.de

U.C. Berkeley & Vanderbilt University Sylvia Serfaty

vaughan.f.jones @vanderbilt.edu
Universitdt Bonn, Germany Yum-Tong Siu

koch@math.uni-bonn.de

University of British Columbia, Canada Terence Tao
ilaba@math.ubc.ca

Université de Nice Sophia Antipolis, France Michael E. Taylor
lebeau @unice.fr
Purdue University, USA

lempert@math.purdue.edu

Gunther Uhlmann

Massachussets Institute of Technology, USA
rbm @math.mit.edu

Andrds Vasy

Université de Cergy-Pontoise, France
Frank.Merle @u-cergy.fr

Johns Hopkins University, USA
minicozz@math.jhu.edu

Dan Virgil Voiculescu

Steven Zelditch

Universitit Bonn, Germany
mueller @math.uni-bonn.de

PRODUCTION
production @msp.org

Silvio Levy, Scientific Editor

University of California, Berkeley, USA
peres @stat.berkeley.edu

Texas A&M University, and Paris 6
pisier@math.tamu.edu

ETH, Switzerland

riviere @math.ethz.ch

Princeton University, USA

irod @math.princeton.edu

University of Chicago, USA

schlag @math.uchicago.edu

New York University, USA

serfaty @cims.nyu.edu

Harvard University, USA
siu@math.harvard.edu

University of California, Los Angeles, USA
tao@math.ucla.edu

Univ. of North Carolina, Chapel Hill, USA
met@math.unc.edu

University of Washington, USA
gunther @math.washington.edu
Stanford University, USA

andras @math.stanford.edu

University of California, Berkeley, USA
dvv@math.berkeley.edu

Northwestern University, USA
zelditch@math.northwestern.edu

See inside back cover or msp.org/apde for submission instructions.

The subscription price for 2014 is US $180/year for the electronic version, and $355/year (+$50, if shipping outside the US) for print and
electronic. Subscriptions, requests for back issues from the last three years and changes of subscribers address should be sent to MSP.

Analysis & PDE (ISSN 1948-206X electronic, 2157-5045 printed) at Mathematical Sciences Publishers, 798 Evans Hall #3840, c/o Uni-
versity of California, Berkeley, CA 94720-3840, is published continuously online. Periodical rate postage paid at Berkeley, CA 94704, and
additional mailing offices.

APDE peer review and production are managed by EditFLow® from MSP.

PUBLISHED BY
:I mathematical sciences publishers
nonprofit scientific publishing
http://msp.org/
© 2014 Mathematical Sciences Publishers


http://msp.org/apde
mailto:zworski@math.berkeley.edu
mailto:nicolas.burq@math.u-psud.fr
mailto:chang@math.princeton.edu
mailto:mchrist@math.berkeley.edu
mailto:cf@math.princeton.edu
mailto:ursula@math.uni-bonn.de
mailto:vaughan.f.jones@vanderbilt.edu
mailto:koch@math.uni-bonn.de
mailto:ilaba@math.ubc.ca
mailto:lebeau@unice.fr
mailto:lempert@math.purdue.edu
mailto:rbm@math.mit.edu
mailto:Frank.Merle@u-cergy.fr
mailto:minicozz@math.jhu.edu
mailto:mueller@math.uni-bonn.de
mailto:peres@stat.berkeley.edu
mailto:pisier@math.tamu.edu
mailto:riviere@math.ethz.ch
mailto:irod@math.princeton.edu
mailto:schlag@math.uchicago.edu
mailto:serfaty@cims.nyu.edu
mailto:siu@math.harvard.edu
mailto:tao@math.ucla.edu
mailto:met@math.unc.edu
mailto:gunther@math.washington.edu
mailto:andras@math.stanford.edu
mailto:dvv@math.berkeley.edu
mailto:zelditch@math.northwestern.edu
mailto:production@msp.org
http://msp.org/apde
http://msp.org/
http://msp.org/

ANALYSIS & PDE

Volume 7 No. 6 2014

Sharp constant for a k-plane transform inequality
ALEXIS DROUOT

Well-posedness of the Stokes—Coriolis system in the half-space over a rough surface
ANNE-LAURE DALIBARD and CHRISTOPHE PRANGE

Optimal control of singular Fourier multipliers by maximal operators
JONATHAN BENNETT

The Hartree equation for infinitely many particles, II: Dispersion and scattering in 2D
MATHIEU LEWIN and JULIEN SABIN

On the eigenvalues of Aharonov—Bohm operators with varying poles
V. BONNAILLIE-NOEL, B. NORIS, M. NYS and S. TERRACINI

On multiplicity bounds for Schrodinger eigenvalues on Riemannian surfaces
GERASIM KOKAREV

Parabolic boundary Harnack principles in domains with thin Lipschitz complement
ARSHAK PETROSYAN and WENHUI SHI

1237

1253

1317

1339

1365

1397

1421



	1. Introduction
	2. Notation and preliminaries
	2A. Basic notation
	2B. Domains with thin Lipschitz complement
	2C. Corkscrew points

	3. Regularity of D for the heat equation
	3A. PWB solutions
	3B. Regularity of D and barrier functions

	4. Forward boundary Harnack inequalities
	4A. Forward boundary Harnack principle

	5. Kernel functions
	5A. Existence of kernel functions
	5B. Nonuniqueness of kernel functions at EfGf
	5C. Radon–Nikodym derivative as a kernel function

	6. Backward boundary Harnack principle
	7. Various versions of boundary Harnack
	7A. Parabolic Signorini problem

	References
	
	

