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Abstract

Optimal pointwise estimates from above and below are obtained for iterated
(poly)harmonic Green functions corresponding to zero Dirichlet boundary con-
ditions. For second order elliptic operators these estimates hold true on bounded
CY! domains. For higher order elliptic operators we have to restrict ourselves to
the polyharmonic operator on balls. We will also consider applications to nonco-
operatively coupled elliptic systems and to the lifetime of conditioned Brownian
motion.

1 Introduction and main results

Roughly spoken the pointwise deflection of solutions of elliptic partial differential
equations in bounded smooth domains € C R™ with Dirichlet boundary conditions
is submitted to two opposite influences. A positive source terms locally ‘bends’ the
solution and hence urges it to increase globally while the zero boundary condition(s)
pulls in the opposite direction. As is well known in second order elliptic equations
such as —A the positive source term will dominate the sign of the solution everywhere
in the domain. Indeed, this result is a consequence of the maximum principle. For
higher order elliptic operators such a sign preserving property in general does not hold
except when considering e.g. the polyharmonic operator (—A)™ with zero Dirichlet
boundary conditions on a ball. These positivity preserving results are reflected in the
fact that the kernel of the solution operator is of fixed sign. Sharp pointwise estimates
of this Green function will show the balance between the two effects just mentioned.

For studying perturbations of those elliptic operators, both for second and for
higher order operators, it also becomes crucial to find optimal pointwise estimates for
the corresponding Green functions. And indeed, in recent years such estimates have
been developed. Motivated by Schrédinger operators Zhao ([21], see also [4]) was in
1986 the first to prove a sharp estimate from below for the Green function of the
Laplace operator. The estimate from above for the Laplacian had been proven earlier



Iterated Green Functions 2

in 1967 by Widman ([20], see also [7, Theorem 4.6.11]). In fact, due to a result of
Ancona [1], such estimates hold for quite general second order elliptic operators. For
the explicit formula of those estimates, both for n = 2 and n > 2, we refer to [18].

The need of having pointwise estimates for iterated Green functions of polyhar-
monic operators became first obvious to the authors when studying in [11] positivity
questions for perturbations of the polyharmonic Dirichlet problem on the (unit-) ball
Bin R":

{ (—A)"u=f in B,

- 1.1
u:%u:...:%u on 0B. (1)

In that paper sharp estimates from above and below for the Green function for (1.1)
were proven.

The main difficulty in [11] was to find the appropriate balance between the sin-
gularity in the Green function G (z,y) when z — y (a point mass source term) and
G (z,y) — 0 when z or y — 99 (the zero boundary condition). For more general
operators, but without the effect of the boundary condition, estimates from above for
the elliptic kernel are obtained by Krasovskii in [15]. The higher order ‘heat’-kernel
K (t,z,y) on R™ has been considered e.g. by Davies and Barbatis in [2] and [9]. There
for K(t,z,x), i.e. on the diagonal of R” x R™, they give even bounds from below. For
a survey on recent results on higher order elliptic equations with emphasis on spectral
theory we refer to [8].

1.1 Green function estimates

The starting point in [11] is an explicit expression for the Green function Gy, , of
(1.1), which was discovered by Boggio [3, p. 126] already at the beginning of the
twentieth century:

-1

B P (z,y) 2 m—1
Gm,n (x,y) = km,n |l‘ - y|2m / (Tldv (1'2)
1

where k,, , is a positive constant and

o1yl - i

2

Since ‘m|y| - %‘ —Jz—y) = (1 - |x|2) (1 - |y\2) > 0 one directly finds that
® (x,y) > 1 in B2. This result is singular in so far as for general higher order elliptic
boundary value problems the Green function is not positive in an arbitrary domain.
For a survey on positivity preserving properties of higher order elliptic equations we
refer to [12].

In order to develop a perturbation theory of positivity for Dirichlet problems like
(1.1) one uses Neumann series, the first term of which is the unperturbed Green
function for (1.1) itself. This term is the only one which one is sure to be positive
and which consequently has to dominate the other terms of the Neumann series.
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As a first step in [11] we derived from Boggio’s formula the following two-sided
estimate. There exists C,, , > 0 such that

CrntiHimn (2,9) € G (2,Y) < CopnHiyn (2, y) for all z,y € B, (1.3)

where

1

<|x - y|2) N (1 A d(m)d(y)> for m — in <0,

Hopn (2,y) = log (1 + (d(x)d(y))m) for m — $n =0, (1.4)

(d(z)d(y))™ " (1 A M) " form — in >0,

lo—yl®
with @ A b = min {a, b} and d denoting the distance to the boundary 0B :
d(z)=1—|z|. (1.5)

We also use the notation a V b = max{a, b}.

As we mentioned, these estimates are appropriate for the polyharmonic Dirichlet
problem on a ball. For second order elliptic equations, that is m = 1, one does not
have this restriction. On arbitrary bounded domains the maximum principle implies
a positivity preserving property and even the estimate in (1.3) holds in all bounded
C11-domains when d (z) is defined by

d(z) =d(z,0Q) =inf {Jx — 2*| ;2" € IQ}. (1.6)

Obviously one should replace C,, ,, in (1.3) by some constant Cy,, o. We just remark
that if n = 2 then for any polyharmonic operator also smooth domains may be
considered, which are sufficiently close to the disk in a suitable sense (depending on
the order of the operator), see [10].

Since our proofs do not distinguish between B (for m > 2) or a C''-domain (for
m = 1) we consider H,, ,, defined on Q? with d as in (1.6).

1.2 Boundary and internal behavior

The estimate (1.4) can be understood with help of distinguishing the cases |z — y| <

1(d(z)vd(y)) and |z —y| > L (d(z) v d(y)). For later use we will formulate it as a

lemma.
Lemma 1.1 Let d(.) be as in (1.5) or (1.6). If |z —y| < 3 (d(z) Vd(y)) then

d(zx)d(y)

1d(z) <d(y) < 2d(z) and 1< | z (1.7)
-y
Iflv =yl > 5 (d(z) Vd(y) then
d@) _, W) oy g @AWy (1.8)
lz—yl =7 |z —y| |z —y|? '
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Proof. Assume that |z —y| < 1 (d(z) V d(y)) and suppose d (y) < d (z) . Let y* € 0Q

such that d(y) = |y —y*|. Then d(z) < |z —y*| < |z —y| + d(y) < 3d(z) +d(y)
implying that d () < 2d (y) . The second case is immediate. O

In the first case both z and y are not as close to the boundary as to each other, and
the term, which describes the boundary behavior, may be neglected; the singularity
|z —y[>™"" (if n > 2m) is dominating. In the second case both z and y are closer
to the boundary than to each other, and the boundary behavior is described by the
term (d () d (y))™ |z —y|™".

1.3 Results

The second step in [11] in order to obtain perturbation results for positivity consists
in estimating the modulus of higher terms in the Neumann series mentioned above
by the first term. That means that we have to estimate iterated Green functions
from above by the Green function itself. The estimates as needed for this purpose
were derived in [11] without taking care e.g. of the fact that the singular character of
iterated Green functions becomes weaker and weaker when the number of iterations
increases.

A first goal of this paper is to derive precise estimates from above and below by
the same simple function for iterated Green functions. Below, after presenting the
main result we will also comment on a number of further applications.

For the iterated polyharmonic Dirichlet problem

(—A) ™ u=f in B,
UZ%UZ“':%U on 0B
_A)mu:%(—A)mu:“':%(—A)mu (1.9)
( A)(k*l)m uw = a% ( A)(k*l)m u — 387::;711 (_A)(kfl)m "

the Green function Gsylf)n satisfies
GS,’f)n (z,y) :/ - / G (T, 21) Grn (21, 22) - - G (261, y) d21 - . . dzi—1.
B B

Theorem 1.2 Let Gﬁ,’i% be the Green function above. Then there exists Ck pn > 0
such that for x,y € B

Cromm Hon (mk = $n;2,y) < G, (2,y) < Chromon Hyn (mhk — n52,y)  (1.10)

k,mn
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where
|z — y|29 (1 A dl(ﬁz(‘g)) for 6 <0,
d(z)d(y) " _
log (1 + ( lo—yl® ) ) for 86 =0,
0 m—0
Hp, (0;2,y) = (d(:r)d(y)) (1/\%) for 0 <0 < m,

(a@ )" tog (2 + gy ) Jor0=m.

(d(x)d(?/))m for 8 > m.

If m = 1 these estimates hold on bounded C''-domains Q0 with the obvious replace-
ments. There exists a positive constant Cy,1,0 such that for x,y € ()

CitoHi (k= may) <GV (2,y) < CrpaHi (k- Lnja,y). (1.11)

This theorem will be proved in Section 3.

As far as only estimates from above for the singular behaviour of iterated Green
functions are concerned, this partial result is well known and goes back to Hadamard
(see e.g. [17, p. 39]). Here the crucial point is to give twosided estimates in particular
for the boundary behaviour, resp. the interplay of singular and boundary behaviour.

Defining the operator G by

amm:ﬁamwwmm% (1.12)

and hence G*(f)(z) = [, G (,y) f(y)dy, we find the following scheme.

o (1+ (F25#)") @@ dw)™ o8 (24 i)
o=y (14 200" ‘ (d(@)d ()’ (11 222) " { (d(@)d(y)"
% D ge m g 0

g with 10m < n < 12m

Remark 1.3 The dependence of Ci mn (Tesp. Ck.mq) on k in Theorem 1.2 can be
made more explicit. Let ko be the smallest number such that mko — %n > m. Since
there exist constants 0 < c,, . < Cyp, . (see [5]) such that

CormP1m (T) < d(x)" < Cor mP1,m (T),
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where @1, 15 a suitably normalized positive first eigenfunction of (—A)™ under
Dirichlet boundary conditions, one concludes for k > ko from

G( / / G (2,21) G (21,22) -+ G (Zh—kg—15 Zh—kg ) X

(k — ko)-times X Ggrlfon) (Zk ko» y) dzi .. dzk—ko

that
Ct A (1@ d(y) ) < G, (@) < Crn Aok (d(@)dw))

C«m,m
mmn, -
7 Co1m

with Cpyp = Ch,

Remark 1.4 Let H,, (©;x,y) be as in Theorem 1.2. If © > 0 then there exists a
constant ¢§ € R* such that

H,, (0;z,y) < cg) H,, (0;2,y) foral x,y € Q. (1.13)
Moreover, if (1.13) holds for some constant c¢§ € RT, then § < © orm < ©.

As a first immediate consequence of Theorem 1.2 and the preceding remark we
have the so called ‘3-G-theorems’ from [11]:

Corollary 1.5 There exists a constant CA’myn > 0, such that for x,z € B

/ Gm,n(x7 y) Gm,n(y7 z) dy < Om,nGm,n(m7 Z)
B

In the remainder we will use the following symbols for the sake of notation.

Notation 1.6 Let f,g be nonnegative functions on Q0 (resp. Q2 Q3). We say f < g
on Q (resp. Q2, Q3) if there exists a constant ¢ > 0, such that

f(x) <cg(x) forallz € Q (resp. Q% Q3).
We say f~gonQif f<gandg=f onQ (resp. Q% Q3).

In what follows the constants in the estimates, which appear implicitly by the use of
the symbols ~ and =, depend on the space dimension n (resp. the domain ), the
order m of the differential operator and on the number k of iterations.

2 Applications

Another important motivation to find optimal estimates is the use of these estimates
in necessary and sufficient conditions for uniform anti-maximum-principles to hold.
The idea to use Green function estimates for anti-maximum-principles goes back to
a paper by Takéc [19].
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Anti-maximum-principles concern the resolvent for boundary value problems like
(1.9), when the resolvent parameter A is beyond the first eigenvalue. Usually for
sufficiently regular fixed right hand side f there exists a small A-interval where f > 0
implies u < 0. If this interval does not depend on f the anti-maximum-principle is
called uniform.

The estimates obtained here allow us to solve an open problem from [5]. This
application will be treated in a separate paper [13].

2.1 Application to coupled elliptic systems

As studied in [16], noncooperatively coupled elliptic systems may still satisfy some
positivity preserving property. For example for the system

~Au=f—-¢e*w inQ,
—Av=u in Q,
u=v=20 on 0f),

it holds true that f > 0 implies (u,v) > 0 when the operator G and G — G? are
positive and Y - (£G)"* converges. The result follows from v = Gu and

u= (I +¢eG) Z (€9) 4k —eG?) f. (2.1)
k=0

Here G is as in (1.12) with m = 1. In more involved systems, see [16, Theorem 6.3],
it was necessary for proving this sign preserving property to have for k large that

G (z,y) ~ G*D (z,y), (2.2)

where we denote G*)(z,y) = G(lkg)z(x y). Then, instead of considering an infinite
series in the solution operator for u, it is possible to restrict oneself to a finite number
of terms. Indeed in [16, page 272] it is proven that (2.2) holds for k& > k,, = ["TH] +1
with [-] the entier function. In fact it is shown that on Q x Q the following ‘ordering’
exists:

G=GP =Gl =... = gl = glkn) L GlhntD)  GEnt2)

It was conjectured in that paper that k, is optimal in the sense that Gn»—1)  Gkn),

This conjecture holds true since from Theorem 1.2 and Remark 1.4 it follows that
(2.2) holds if and only if k—Zn > 1. Notice that for k& € N this bound can be rewritten
as k > [”;r?] +1.

2.2 Application to Brownian motion

We assume that n > 2. Let y €  and let {X ()}, denote a G (-, y)-conditioned

Brownian motion in €\ {y} , normalized for A instead of £A. See [4, Chapter 5]. This
Brownian motion is conditioned to be killed at exiting Q\ {y}. Since z — G (z,y) is
harmonic in Q\ {y} with G (z,y) = 0 for z € 99 it will be killed almost surely at y.
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The lifetime is denoted by 7q\ 13- Denoting by P* and E* the probability respectively
expectation for Brownian motion starting at = € Q, that is P* [X (0) = z] = 1, the
expected lifetime Ey [TQ\{y}:I of the G (-, y)-conditioned Brownian motion equals

E; [rovgy] = By [ravwy] = —/: tdPy [To: 14y >t]

= / Py [To\ g} > 1] / / p(t,x,z) dzdt
t=0 t=0 zEQ

G(Z,y)/
= t,x,z) dtdz
cen G (o,9) Jig PO
G (z,y) G (z,y)
G(r,z)dz = ———=.
z€Q G (ZL', y) (x Z) ? G (l’, y)

Here p(t, z, z) is the kernel for the diffusion equation on  with Dirichlet boundary
conditions.
A similar expression holds for the expectation of the moments of 7o\ (,}-

Lemma 2.1 Denoting G (z,y) = G(k) (z,y) with Q as above one has:

GEY (x,y)
T k _ )
Ej | qy) = K Gl

Remark 2.2 Ej [Té\{y}] is the expectation of the kY moment of the lifetime of

G(.,y)—conditioned Brownian motion that starts in x and stays inside Q until it is
killed when reaching y.

Proof. For k = 1 it is just the result mentioned before. A repeated integration by
parts shows

E, {75\{11}] = - /t L t* Py [y > 1]

o0 o0 o0
= k!/ / .. / ngc [TQ\{y} > tk] dtidts . .. dty
t1= 0 to=t1 tk, tk 1
= k'/ / / / Zl’ (tk71‘721) le dtldtQ...dtk
tl 0 Jto= tl tr=tr_1 J2z1E0Q G
:7' pty+ta+ -+ g, x,21) X
G(m7y> /t;O /tzo /tkO /ZIGQ

X G (2’17 y) le dtldtz . dtk (23)
By Chapman-Kolmogorov one obtains
p(ti +to+ -+ ty,w, 21)

/ / P (th, , 21) P (tk—1, 2k, 2k—1) - .. P (t1, 22, 21) d2a ... dzp
ZkEQ ZZEQ
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and hence with Fubini-Tonelli

(2.3) = G (z,2r) G (2g, 2k—1) + X

G (‘r? y) /zkeﬂ o z1€EQ
X G (z2,21) G (z1,y) dz1dzg ... dz
(k+1)
_ & @y
G (z,y) O
As a consequence of Theorem 1.2 we obtain the following estimates for Ey [TS\ {y}] .

This result improves and optimizes related ones in [18].

Proposition 2.3 Let Q be a bounded C'-domain in R™ and let Ey {Tg\{y}] be as
above with k € N*.

L Ifn=3 then By [1h )] ~

forx,yeQ: forx e Q,yedN:
fork<"T_2: ---~|;E—y\2k N|$—y|2k
fork =232 oz —y"log (24 ,?jﬁz’) ~ o=y
fork=25Lc ooy (1 ABA) T g
U ™ d(x)d(y) 1
fork=7%: o=yl (14 25 ) o8 (24 i)
~ |z —y|" log(2+‘z yIQ)’
for k>4 -~-~|x—y\n<l+%> ~lz—y|"
— T k
2. If n =2 then Ej [TQ\{y}} ~
forxz,yeQ: forz e Q, yed:
log(2+%>
fork=1: RN (\xfy|2+d(x)d(y)) v y‘(ﬁjirid(y)
x)d(y
log(2—|— B y|2>
1
fork>1: ~~~(\xfy|2+d(x)d(y)) ol
log<2+ - 2))
lz—yl
~z -yl

The constants in the two-sided estimates denoted by ~ depend on Q and k.

Remark 2.4 Fory € 02 one recovers the Brownian motion in € that is conditioned
to exit 1 at y.
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Remark 2.5 The results in this proposition give local estimates for the lifetime with
the explicit dependence on d(x),d (y) and |z — y|. Global estimates have been studied
intensively. See the book by Chung and Zhao [4{]. For bounded Lipschitz domains
there exists Cq < oo such that for allz € Q andy € Q the estimate ]Efl [TQ\{y}} < Cq
holds. For n =2 Cranston and McConnell [6] even proved that Cq = C - m () with
C' an absolute constant and m () the Lebesgue measure of ).

Proof of Proposition 2.3. The proof is rather straightforward by using the expression
in Lemma 2.1, Lemma 3.4 below and the estimates for G*) (x,y) of Theorem 1.2.
Consider for example the case n > 3 and k = "T_l Then

G* (z,y) (d (fﬁ)d(y)f (1 A %)%
Gy o=l (10 5225
vl ()" (1 )
o eyt (14 )

where in the last step the cases % >1 and % < 1 were distinguished. [

3 Proofs

The main estimates that we need will be stated in the following lemmata. We will
split the estimates according to three types for G,,, = Gﬁ,{)n over three lemmata
which cover respectively the cases n > 2m, n = 2m and n < 2m. The principal terms
contain logarithms when 5~ = k and 5~ = k — 1, hence in dimensions n that are a
multiple of 2m.

Lemma 3.1 Let n,m € NT with 2m < n. Suppose that a,§ € NT with 1 < a <
n—2m and 1 < § < 2m. Then on Q? holds:

1. m m
[ o (1A 2y s (1 A22) " gy
veQ lz—yl ly—=
m
|z — 2> (1 A %) if a>2m,
~ ¢ log (1 + (%) ) if a=2m, (3.1)

(d (x)d(2) )m_%a (1 A d(m)d(z)) s if o< 2m.

lz—=]?

0 (1 A d(z)d(y))m7%5 ‘y - Z|2m—n (1 A d(y)d(z))mdy ~

lz—y[? ly—=|*

e
Mm
2
/N
ISH
—~
S
S~—
ISH
—~
S
N———
=

~ (d@)d () )m. (3.2)
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[ tom (1 (252" y = o (10 42220) "y
ye

~ (d (2)d(2) )m log (2 n m) . (3.3)

4- m m
1 2m— d)d(2)
/yEQ (d@)d ) 108 (2 4+ poyeamagy ) v — =" (10 242) " ay ~

~ (d (x)d(z))m. (3.4)

Lemma 3.2 Let n =2m € Nt. Then:

T (e (42 (1 (42)) -

~ (d (:L‘)d(Z))mlog (2_|_ m) .
2. /yeﬂ (4@1a)) " 10g (2+ sty ) tos (1+ (F242) )y ~
N <d(x)d(2))m' (3.6)

Lemma 3.3 Let m,n € NT with 2m > n. Suppose that § € Nt with 1 < § < 2m.
Then

/yeQ (cl(at:)d(y))%‘s (1 A %)m*%‘s (d(y)d(z))mi%n (1 A M)%ndy N

ly—=?
~ (d (x)d(z))m. (3.7)

Proof of Theorem 1.2. The results stated in Theorem 1.2 immediately follow from the
estimates in the lemmata above. Indeed if k = 1 the estimates follow for m,n € N
from (1.4) since H,, (m — %n; x, y) = Hp, n (x,y) . For k > 1 one should note that the
results of the previous three lemmata can be condensed to

/Hm 0;z,y) Hy, (m—%n;y,z) dy ~ Hpy, (0 +m;x, 2)
Q

for all bounded 6 of the form 6 = ¢m — %n, £ € N*. Repeating this step (k — 1) times
the statement of Theorem 1.2 follows. O

First we recall and modify some estimates from [11].
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Lemma 3.4 Let v € N*. For all z,y,z € Q the following holds:
- (z) d(y) ~ d(z)d(y)
i (1n ) (1a ) (10 i),

i, (1/\|I y‘) (1/\MA (9”)),

i

d(y) " lz—yl
. (1n ) (%) = (42,
' d@)d)\ d@)d) \" d(x)d(y)
" log (1+( ja—y]? ) ) (M |w—y\2) log (1+ E=TE )
ol
. log (1—|—( g2 ) ) ~ (1/\ d(f)d(‘g)> log (2+ \Z(I3|)
v
S S )

Remark 3.5 We will also use the obvious estimate (1As) = log(1+s) for s €
[0,00).

Proof. For i and ii, respectively iii see Lemma 3.2 and Lemma 4.3 of [11]. For the
last three we distinguish two cases according to Lemma 1.1. Assume that |z —y| <
1(d(z)vd(y)) and by using (1.7) and log(1+s) ~ log(2+4s) ~ log(1+s7) ~
log (2 + s7) for s € [1,00) the estimates iv, v and vi follow. Next assume that |2 — y| >
2 (d(z) v d(y)). Using (1.8) and log (1 + s) ~ s respectively log (2 +s) ~ 1 for s €
[0,47] we obtain the estimates iv, v and vi also in the latter case. O

The proofs of Lemmata 3.1, 3.2 and 3.3 will be split into two parts, the estimates
from above, respectively those from below.
3.1 Estimates from above

The lemmata will be proven in several steps. For the estimates from above we will
split the domain of integration 2 > y in three parts, 2 = O, U O, U R, which are
defined by

A similar distinction was made in [17, Lemma 4.1.1].
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3.1.1 On O,
Note that for y € O, we have

|z =yl ~ |z —al. (3-8)

e Lemma 3.1-1. Using Lemma 3.4.iii and (3.8) we find

/ |I _ y‘—a (1 A d(x)d(y)) ‘y _ Z|2m—n (1 A d(y)d(z)) dy <
y€O0,

le—y|? ly—=|°

< (12" [ eyl sy
yeO0,
m
N |Z—(E|2min (1/\%> / |x—y|*0‘dy
y€O,
o o o (18 Y
= 2P (1 A %) if o > 2m;
< m—}a 2
(0)" " (10 4242) ™ steom

e Lemma 3.1-2. Using Lemma 3.4.iii, i, ii and (3.8) we obtain

/ (d(x)d(y))%é (1/\M)m_%6|y*,2|2m*" (1/\M)mdy <
y€O0y

lz—y? ly—=[*

m—15 16
< d(@)? (1A SR g / a(y)? (14 9042) " gy
Y€z
15 d(z)d(z) m—38 2m—n 15 d(z) 39
< d(@)P (1A SREN) T ay)* (1A 2)" dy
Y€
15 d@)d(z)\ ™20 2m— 15 (a(z)) 20
< d (@) (1a G ”/ AW (5)

1 1 m—16
< d(@)* d(2)* (14 SR g
< (@)

e Lemma 3.1-3. First we need the following auxiliary result:

/ |z — y\ﬁ log (2 + ﬁ) dy < |z — z|ﬁ+" log (2 + ﬁ) , (3.9)
y€O0,
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for any s > 0 and § > —n. The constant in (3.9) only depends on 5+ n > 0. Indeed
one has with 7 > 0:

T | ) ot 1d rﬁ+nl ) T T 7,,,BJrnfl s J
o + E) PPy = 0 + 2 + ——ar
/r:o B (2+3) [6+n & ( T)}o /r:o B+n 2r+s

L (7 log (24 2) + r?)

S pm

(,B%n + (,3:271)2) T log (24 %) (3.10)

IN

Next we employ Lemma 3.4.v, iii, vi and (3.8)

[ g (1 (420) ")y o (10 422) " gy <
y€O,

- /yeoz <1 " %)m log (2 + |i(—z§\) ly —=*"" (1 A %)m dy
= (1 A %)m |z — 2" /yeom log (2 + |i(f;|> dy

= (1 A dﬁﬁiﬁg))m & — 2" log (2 - ‘i(fi‘)

< (le— 2P Ad@)d(z)) " log (24 (424)™)

=< (d(m)d(z))m.

In the last step we distinguished the cases as in Lemma 1.1.
e Lemma 3.1-4. By Lemma 3.4.i, d(y) < 1, again (3.8) and (3.9):

/yeom (4@) )" tog (24 gty ) == (10 G242 ) Ty <

PN

(4@ a) " e - z|’”—"/y | los (2+ 45)
(@ d()" o= 2" o — 2 log (24 )

=< (d(m)d(z))m.

IA

e Lemma 3.2-1. We have n = 2m. Suppose |z —z| < 1 (d (x) \/d(z)). Then
d(z) ~ d(z) and with (3.8) and (3.9)

d(@)d(y) \™ dy)d)\"
[ o (14 (4 o (14 (4242) )y 5
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A IA
—
0% S~
m
—
o S
—+ —
o —
8] |a >
e
E 8l
S~
M 3
S} —
— o
S} 0F]
o /~
— [N}
o+
+ BN
_ =
Sla J[E
e &~
~—_—

A TATA
=

(d(@)d(2) )m.

If [z — 2| > L (d(x)\/d(z)) then

[ o (1 (H20) ™ b (1 () ")y <
y€O, : :

j /
Y€
j /
y€O,
d(z
z

=

=

and using (3.10) we get

m

(3.11) < (lj@‘)m (d ()" log 6 + d ()™ |z — z\m) < (d (2)d (z)) .

e Lemma 3.2-2. By Lemma 3.4.v, d(y) =1, (3.8), (3.9) and |z — 2| < 1:

/yeoz (41 a )" 108 (24 i ) og (14 (4246) ™) ay <

d (z)™ /yeow log (2+ L) (é‘fg)m log (2+ L) dy
d(x)d(z) mlog (2 + ﬁ) |z —2|™ /yeoz log (2 + ﬁ) dy

(1@ )
(a@)d())" (1oe (2+ |x_1z‘2))2 P
(1))

PN

PN

PPN

15
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where we used that n — m =m > 0.
e Lemma 3.3. We have to estimate

o, (00) " (i 200) ™ ()™ (0520
d

(2)2° d ()" 2" x

x/ dy)" "2 (14 7‘1(””1“7’))7” & (1 d(y”(z))%n dy. (3.12)
y€O0,

lz—y|? ly—=|°

m\»—-

If § > n then Lemma 3.4.ii implies

m—215 in
18 m—%in m+3(5—n) (d(z) 2 d(z)\ 2
(312) < d(@)¥d() /yeo a(y) (H2)™ " (42) " ay

=

If § < n then

B12) < A@PaE [ a0 (4)"

y€Os
1(n—9¢) is 1(n-9¢)
d(z)d(y) \ 2 d(=)) 2° d(y)d(z) \ 2
x (1092 y|2) (d(y)) (10 f2) dy
m—1(n-9) 1(n-y9) 1(n—9¢)
< (tpae)" 0 [ (nt) 0 o gt
yeOy

m—3%(n—>5) 1(n—9) 1(n-9)
/ ld x) 2 ( ‘z(_zi‘ ) 2 dy
y€O0,

PN

IA
~~ ~/~
&.

A
~

3.1.2 On O,
Notice that y € O, implies
|z —y| ~ |z —2]. (3.13)

e Lemma 3.1-1. The proof is similar as on O,. Using Lemma 3.4.iii we find

/ |z —y| ™ (1 A M) ly — \2m " (1 A d‘(y)dz(é)> dy = (3.14)
yeO.

lz—y[?
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< (1 A d|§:3i(‘§)) / |{E _ ylfoc |y . Z|2mfn dy
yeO.,
~ |z — m|_0¢ (1 A dl(rmzci(é)) / |y _ Z|2m n y
yeO.
N __2m—a d(z)d(z) \™"
o =2 (1A 243 )

m
|z — 2| (1 A d(w)d(’z)> if « > 2m;

lz—=2[*

B (d(m)d(z))mi%a (mﬁfi(lz))%a if @ < 2m.

e Lemma 3.1-2. Using Lemma 3.4.iii, i and ii we conclude in an almost similar way
as for O,

o, (1400 (10 5280) ™y o (10 40280) " <

= @) (M E d(P m é6/yeoz Z|2m7n(353) dy
d@)d ()" (1a 42)" %5|x72\2m

(s ) (10 2259)

= (d(x)d(z)) .

e Lemma 3.1-3. Using Lemma 3.4.v and iii we obtain similarly as on O, using here
(3.13).

/ log (1 + (%) ) |y _ Z|2m n (1 A d‘(yy)(i(lz)) dy <
yeO.

< (1A dlgfj‘iﬁ?)mlog (2+ QQ‘) /e by — 2P dy
y
oo (252 )t
=< (d(x)d(z))m.
e Lemma 3.1-4. With (3.13) and d(y) <1

/yeoz (d(x)d(y))mbg (2 * m) ly— 2" (1 A %)mdfy =

m 1 m— n
10g(2+|x_2|2>/y€0 |y—z\

log (2 + ﬁ) ‘l‘ — Z‘m

PN

I A
S
—
>
o
B
2
&
=
n
N

A IA Ik
/N - ~
Qu QU QU
— — —
E s Z
S8 QU U
— —~ —~
o

3
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e Lemma 3.2-1. This statement is symmetric in « and z and hence the same result
as on O, holds.
e Lemma 3.2-2. Again we observe (3.13), (3.9) and |z — z|] <X 1:

—_— d(y)d(z) m)
/ueo d(@)dly ) log (2+ \I*y|2+d(:v)d(y)> log (H( ly—zI? ) dy <

(1)
= (d (2 ) log(“h« z|2)/yeoz ly — 2|~ log <2+Tizl)dy
= (d (2) ) (log <2+ = 2‘2))2|x_z|m
< (d@ae)"

e Lemma 3.3. Similarly as for O, we get

/ (d(x)d(y))%g (1/\%)1%—%5 y
yeo, (ot

x (d(y)d(z))m_% (md(y)d(”)%"dy < (3.15)

ly—=>

If § > n then Lemma 3.4.ii implies

"/yeoz d(y)m-&-%@—n) (%)m*%‘s (25;;) ndy

= (d@d@)" [ awr

NI
Nl

(3.15) =< d(2)®°d(z)™

y€O,

< (d@d@) -2 < (d@d)"

If 6 < n then by (3.13)
(3.15) < d(:c)“d(z)m‘i”/yeo d(y)"Ee (%)’"‘%"(lgglf‘"‘é)x
< ()7 ()™ ay

= (d@d@)" [ ey a0y
y€O,

< (a@ ()" -2 7E0 / (G- n=1 g,

< (a@d(z) - = (d@)d(2)

3.1.3 On R

Here we have |y — z| > 2 3 |z — 2| implying that |z —y| < |z — 2|+ |z —y| < 2|y — 2].
By symmetry |y — x| > 3 [ — 2| implies |y — 2| < 5 |z — y| and hence

[z =yl ~y— 2. (3.16)
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Let us denote
D = 2diam (). (3.17)

e Lemma 3.1-1. We have by (3.16)

m m
/ o= gl (1A Yy e (1 AN g <
yeER

lz—y? ly—z|°

o 2men—a d(x) m d(z) m
= /yeRkE yl (1hie) (1nsy)
b d(z)\™ d m
< / pammenl (1A L) (10 29 g, (3.18)
ja—|

Notice that we may replace 2 [z — z| by |z — z|, as D = 2diam (12).
Assuming that |z — z|> < d (z) d () we find

D

Vd(z)d(z) m
(3.18) < / p2m=o=ldp 4 (d (x)d (z)) / rm oy
|z—z| v d(z)d(z)
m—Lia
|z — 2™ + (d (z) d(z)) Yo 2m;
=< log 7W + 1 if a =2m;
m_%a m_%a .
(d (z)d (z)) + (d (x) d(z)) if oo < 2my;
|z — 2" (1/\%)7)1 if a > 2m;
< ] log (1 + (%) ) if o0 = 2m; (3.19)
m—1La 1o
(d (x)d (z)) ’ (1 A d(f‘)d(?) T ifa < 2m.
|z —2z]
If |2 — z|* > d () d(z) we estimate
m D
(3.18) = (d (z)d (z)) / rma=lgp
jo—s|

PN

(d@)d(2) )m o — 2|7 < (3.19).

e Lemma 3.1-2. By Lemma 3.4.i and ii we find, again using (3.16), that

o (0a0) (10420 b (0582

lz—y[?
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= d(z)éé/yeRd(y)é (1 A Ia( ;\)"“%5 = P (1 A |i(_zf,|)m_%6 (jg;;)%édy
< (o) [ (ns) T s (15
: (d (x)d(z))m/zD rldr = (d (w)d(z))m' (3.20)

| —2z]

e Lemma 3.1-3. With Lemma 3.4.i and v and (3.16)

/ log (1 + (%) ) |y _ |2m n (1 A d‘(yy)i(lg)> ay =
YyER

d) \™ A Y 1y 2 (10 4@\
< / (1 ) tom (24 ) b ol (10 )
yeER
D
< / (1A %2) " tog (24 22) 2=t (10 22) " g, (3.21)
2a—z|

Assuming that |z — z| < 3 (d (z) Vv d(z)) we may use as in (1.7) that d(z) ~ d(2)
to proceed by

v d(z)d(z)
(3.21) < / log (2 + dmd(Z)) r2m=tdr
la—z|
m D
+ (d (Jc)d(z)) / log (2 + Vd(ﬂd“) rLdr
Vd(@)d(z)
D
= (d (x) d(z)) / log (2 + 1) s*™1ds +/ 1A g1
0 1
= " D
= (d (x) d(z)) <1 + log ( d(z)d(z))>
" 1
< (4@)d()) 108 (2+ i) -
Iflz —2/>1 (d(x) \/d(z)) we have r = |z —y| > 2 |z — 2| > §d (z) and hence

D

(3.21) = (d(x)d(z))m/

2[o—z|

(d (x)d(z) )mlog (2 + m) .

e Lemma 3.1-4. With d(y) <1 and (3.16)

/yeR(d(@d(y))mlog(?eryHMJ) ly — 2)*"" ”(1/\%) dy <

e < (d(x)d(z)) log (37:25)

A
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(d (x)d(2) )m /ER log (2 + or ) |z —y|™ " dy

< (d@d)" / " log (24 1) rmldr
=< (d(a:)d(z))m.

e Lemma 3.2-1. We have n = 2m and need to estimate
d(@)d(y) \ " d(y)d()\"
/yeR log <1 * ( S ) >log (1 * ( ly—=|* ) )dy =
D
~< / (1 dm) log (2+ 422 (14 d<z>) log (2+ ) lar. (3.22)
|z—2]

Assuming that |z — 2] < 3 (d (x) \/d(z)) we take from (1.7) that d(z) ~ d(z) in
order to find

d(z)d(2) 2
(3.22) = / log <2 + d(?d(z)> =1

A

3lo—2|
m D o 2
F(a@ae)" [ (2 ) gy
gere)
__ Db
= (d ) (/ log 2+ ) 82m1d5+/\/m51d5>
1
__ D
< (d@d)" <1+10g< d@)d(z)))
" 1
< (d ) log(2+m).

If |z — 2| > § (d(x)vd(z)) we have as above |z — y| > 3d (z), |z — y| > 3d(z) and

consequently

(3.22) < (d(x)d(z))m /

Fle—z|

(d(a:)d(z))mlog (2+ m) .

e Lemma 3.2-2. Since 2m = n it follows that

/yeR (1@1aw)) 10 (2+ iy ) toe (1 (242 7) o =

(m)d(z))m/enlog (2+ o y‘z) ly — z| " log (2—1— - le)dy

Y

D

rldr < (d(x)d(z))mlog (% g”?Zl)

PN

PN
—
S

(log (2 + T%))z rm Ly

A
—

S

—

&

S

&
~—
3

3la—|

PN
/N

QU

—

&

S8

O
N——
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e Lemma 3.3. As in the first steps of the case on O, we have

/yeR <d (@)d(y) ) g (1 A %)mi%é (d (y)d(2) )mi%n (1 A %‘iﬁ)) gy <

1 1 1,01 m—26 in
jd(m)féd(z)m_fn/ d(y)" 2 tE0 (m d<x>) ? (1/\ d(z) ) dy. (3.23)
YyER

lz—y] ly—=|

If § > n then by Lemma 3.4.ii

1

1
i ds (d@) ™20 faez)) 2"
d(y)m sNT3 (m> (d(y)) dy

(10a)" [ _aw'~ay < (1@a)".

Y

(323) < d(z)d(z)m b /

YyeER

PN

If 6 < n then by Lemma 3.4.ii and (3.16) we also have

1 1 1 1 1(n—-9¢) m—=Lin
30 m—sn m—zn+356 [ d(s 2 d 2
(3.23) = d(2)*"d(z)""* /yeRd(y) st (4 ) (52)" 7 %

1(n—-9¢) is
(=) \ 2 d(z)) 2
X (I?ﬁd) (d(y)) dy

POl < (d (z)d(2) )m ’

< (awae)" [

|z—2]

which completes the proofs for the estimates from above.

3.2 Estimates from below

Let us start with the simplest estimates. Since H,, (0;z,y) = (d (x)d (y)) for all 6
we immediately find that

/ Hy, (0;2,y) Hy, (m — 4n3y, 2) dy
Q

= (100@)" [ a0 = (1@de)"

This implies the estimate from below for Lemma 3.1-2 and 4, Lemma 3.2-2 and
Lemma 3.3. In the remaining cases, i.e. for 8 < 0, we will exploit the following idea.
The fact that the H,, (8;x,y) are positive allows us to identify for each of these cases
a region R; C € such that

/ H,, (0;2z,y) Hp, (m - %n;y, z) dy = H,, (m+0;x,z2). (3.24)
R

The main difficulty will be to choose R; such that it is large enough to find (3.24)
but nice enough to simplify the formula.
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3.2.1 Some auxiliary geometrical results

We will start with some geometric properties of C''*'-domains. Let us first define a
family of cones for ¢ € (0,1) and e € R™\ {0} :

K(e,e) ={x e Rz -e>elx|l|e]}. (3.25)

Without proof we state a lemma related to a cone condition, observe that bounded
CY'-domains satisfy uniform interior sphere conditions.

Lemma 3.6 For cvery bounded CY'-domain Q and ¢ € (0,1) there is a constant
C=C(g,9Q) > 0 such that:

1. if © € 0Q and n, denotes the inward normal at x, then
x + (/C(anm) N Be (O)) c

2. if x € Q and x* € OQ is such that d(x) = |z — z*|, then
-+ (K(e,x—x*) N Be (0)) c Q.

All C (¢,9) satisfy C (¢,Q) < 3diam ().

Let x # z € Q and fix a closest point z* € 0€2. We take € = é7 set R = %C (%,Q)
and define
Ri=z+ (K(§.m2-)\K (3,2 —2)) N B (0). (3.26)

Two crucial estimates that hold true on these subsets are given in the next lemma.

::‘Eossible z-positions

R3

"'3R

5\/63\17—17*

Lemma 3.7 Let R be as above. Then there is a constant C; = C1 (Q, R) such that
for all x # 2z € Q and y € R% the following holds:

AWz Cr (le—yl+d(@) and |z=yl=Cr o —y|.
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Proof. We use the following definition of the distance between two sets A, B C R™:
d(A,B) =inf{la—b|;a € A, b€ B}. (3.27)

Let y € RZ. By Lemma 3.6 O := x + (IC (8,0 —2*) N Bag (0)) C Q. Sincey € O C
Q C R™ it follows that

d(y) > d(y,00) +d(0,99). (3.28)

The distance between O and 0f) satisfies

d(0,09) > min ( Bd(x), R) > min ( Bd(z),R o) ) > gd(m) , (3.29)
where we have set
D = 2diam (). (3.30)

To estimate d (y,00) let § € 9O be such that |y — §| = d (00, y) . One has either
§E€OBr(x)orged(z+K (%,x —z*)) . In the first case

ly—gl >z —gl—-ly—2|>22R-R=R> |z —y|.

In the second case let y, denote the projection of y on the hyperplane through x
perpendicular to x — x*, that is

=) ly=2)

o — 2+

Yp =Y — r—1x7),

and let g, denote the intersection of 0 (:v +K (%,x — x*)) with the line through y
and y,. Then

‘y_?ﬂ: \/%ly—ﬂp\

and
. . (v —a*) - (y — ) N
=0l > [y —ypl = lyp — Tyl = P — 5z =g
> qly—al—gly—z[=gly—=|
One concludes that
A (y,00) = |y — § = min (42, 1) o — g/, (3.31)

The first claim follows from (3.28), (3.29) and (3.31).
For the second claim notice that y ¢ « + K (%, z— x) implies

ly =2 +2(z - 2)- (z —y)

2
ly—z"+ 3|z — 2| |z — y

2 2
[z —yl” + |z — 2|

IN A

2 2 2
ly — 2" + ]z — 2" + 5 |z — |
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2 2
and hence = [z —y|” < |y — 2. O

The following two sets will be used:
Ri=Bij, .| (x). (3.32)
and
Ro = Ri\B%n—z\ (x). (3.33)

The first will only be considered under the assumption |z — z| < 1 (d (z) V d (2)) . We
will list some estimates for later use.

Case I Inequalities for y € Ry assuming that |z — z| < § (d (z) Vd(2)) :

i. by assumptions and (1.7): lz—y| <ilz—2<3(d(x)vd(2)) < id(z),
i. from the previous and (1.7): |y —z| <|v —yl+ |z — 2| < 3|z — 2| < 3d(2),
iii. since |y — x| < Lo — 2] ly—z| >z —2|— |z —y| >3]z —2],

iv. from @ d(y) >d(z)—lz—y|l >z —yl,
v. and from i, (1.7) and ii: d(y) >d(z)— |z —y| > Lid(z) > |z — 2| >
>3y -2l

A similar list for Ro :

Case II Inequalities for y € R :
i. by Lemma 3.7 d(y)>Cylz—1yl,
it.  and also: ly —z| > C1 |z —yl,
1. sincey%B%‘zle(x): ly—zl<|z—z[+|z—yl < (B +1) |z -y,
.  from i and i d(y)>Crlx—y| > ClDi;R ly — 2.

3.2.2 Integral estimates when |z —z| < 1 (d(z) Vd(2))

The estimates
1
id(x) <d(z) <2d(x) (3.34)

by Lemma 1.1 will be used throughout this section. First suppose that d(z) is
bounded from below by R. Hence d(z) > 1R by (3.34) and the proof of the es-
timates simplifies. The right hand sides of Lemma 3.1-1 for o < 2m, Lemma 3.1-%
and Lemma 3.2-1 reduce to (d (z)d (2))™“/? and (d(z)d (z))™ respectively. Left
over is the case Lemma 3.1-1 for n —2m > « > 2m. If @ > 2m then we integrate over
R1. By the inequalities iv and i of Case I we find (1 A %) ~ 1 and ii, v imply

(1 A %) ~ 1. These equivalence relations with ii, iii yield

/ o=y (1A 2y o (1 SIE  gy
YyER1

le—y|?
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S O T
YyER,

Ya—z]
~ |- z|2m_"/ PO e~ g — 2P
0

m
~ |z — 2 (1 A M) . (3.35)

o~z

If @ = 2m then integrating over R, yields with i, iv, ii and iii of Case II, as d(x), d(z)
are here assumed to be bounded from below:

m m
[ o= am (1A Ay s (18 4222)
YyER2
- /R =y (1A ) fy = 22 (18 2) " ay (3.36)
YER2

~ / |x—yr“\y—z|27”*”dz~/ &~y |o — g™ dz
Rz 7?~2

R m
~ / Pt 2m=ldr ~ log (7|w122\> ~ log (1 + (d‘(;flﬁzz)) ) .

T lz—z|

In the remaining part for the case |z — z| < 3 (d () V d (2)) we may restrict ourselves
tod(x),d(z) <R.
e Lemma 3.1-1. If @ > 2m, then we use again Ry = B%|I72| (x) and proceed
precisely as in (3.35).

If « < 2m, then we integrate on Ry. It follows from the definition of R that
£ < 1 see (3.30). Beginning as in (3.36) and using (3.34)

/ I L e e AV = RS
YER2

—a dz) \™ 2m—n dz) \™
~/ o=y (1A )y = P (1A 2 ) ay

2m
2m—a— d
~ /GR |z -yl e n(l/\u(f;‘) dy
Y 2

d(z) R d()
~ / r2measlge 4 d(a?)Qm/ rm oy = / r2m=a=lgr. (3.37)
Riz—z| d(z) i

D olz—=|

If a = 2m, then

(3.37) ~ log (%) + log ( d(z) ) ~ log (1 + d(x)d(z))

|z—2z| \w—z|2
- d()d(z) ™
log (1 + ( lo—2|? ) ) .

If o < 2m, then we use £ |z — z| < 1 d(z) and obtain

1
2

(337) ~ d(w)Z’”‘%(d(w)d(z))’"_%”%(d(x)d(z))”’%a (1 dic) >

|z —2*
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e Lemma 3.1-3. We will use the same set R from (3.33). By Lemma 3.4.v one
estimates

[ tog (14 (2220) ™)y - o (10 4242) gy
YER2 1

N/n (m%) 10g(2+‘$ >|y 22 "(m%) dy  (3.38)
YER2

find

(3.38)

Y

(1 A ) )m ly — 2> " (1 A A )mdy
/ye722 lz—yl ly—=|

2
El
!
<
T
:
3
/N
—_
>
HS
<
SN—
U
<

2

a(@)*" (1+10g 75 ) ~ d(2)"" log (2 + 75 )

~ (d(a:)d(z)) log(2+m)'

e Lemma 3.2-1. Here we have n = 2m. Again using the set Ry from (3.33) we
obtain by Lemma 3.4.v that

d(@)d(y) \ " d(y)d() \" N
/y,6722 log (1 + ( lz—y|? ) ) log (1 * ( ly—z[? ) ) dy
~ / (1 A M) log (2 + l,d,(j”)‘) (1 A d(”d(z)) log (2 + ld(j‘)l) dy. (3.39)
YER> z—y| Ty ly—=2| Y=z

We again continue with the estimates i, iv in Case II, (3.34), and ii, iii in Case II to

see that
m d(x) diz) \™ d(z)
) log (2 + = yl) (1 A yle> log (2 + ‘yiz‘) dy

(3.39) > /yem (
(1og (2 v ‘j(f;l)f dy

Y
QU
~—~ U
SN—
+
ISH
—
&
w
3
<}
0]
~~
a
A‘m
~—

~ (d(x)d(z))mlog (2+ m)
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3.2.3 Integral estimates when |z — z| > 1 (d(z) V d(2))

Now the second part of Lemma 1.1 applies and we find
d(z)<2|x—z| and d(2) < 2|z — z|.

Again we consider Ry = R;\Bglx%‘ (). In addition to the inequalities in Case II
we have that

d(x)§2|x—z|§%\x—y| andd(z)§2|x—z\§%|x—y|. (3.40)

in Case IT and finally (3.40) it follows that

m m
[ o= a (1A Ay 2 (10 4222)
YER2

m m
/ |x - y|7a (1 A ‘i(f)|) |y - Z|2min (1 A |d(j;|) dy
yERS Y Y

~ |$ _ y|27n—n—a (1 A i(_z) )m (1 A i(_z) mdy
/yGRQ lz—yl [ yl)
m —n—ao
~ (@@d@)" [ ey
YER2
m R
~ (d (z)d(2) ) / ridr
%|mfz|
~ (d (z) d(z)) |z —2|7%. (3.41)
Distinguishing the three cases of a we conclude by % =<1 that

ifa>2m: |z—z>""" (M) ~

lo—z|?

lz—2[%
oo (d@d) " d@)d(x)\"™ .
(3.41) ~ ¢ ifa=2m: ( o=z ) log (1 + ( ja—z]? ) ) ’

fa<om: (d@ae)" " (L)

|z—z|?
o) (t258)"

e Lemma 3.1-3. By similar steps as in the previous item we find

[ g (1 (42) ™)y o (10 4252 ay =
YER2
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(%) ~ (d (z)d(2) )mlog (2 + ﬁ) : (3.42)

Using again d (z) d (z) < |& — z|* we conclude that

(3.42) ~ (d(2)d (2) )m log (2+ ki ) (3.43)

e Lemma 3.2-1. Again by similar steps and as n = 2m

[0 (3280) o1 (329 o =
YER2

[ (e () s (1 (32) )
~ /yeR2 ()" ()" o

1Y

m B 1
~ (d(x)d(z)) [Slw—zlr o
~ (d(z)d(z)) log(2+m)'
O
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