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Abstract: We show that for a long range percolation model with exponentially de-
caying connections, the limit of critical values of any sequence of long range per-
colation models approaching the original model from below is the critical value for
the original long range percolation model As an interesting corollary, this implies
that if a long range percolation model with exponential connections is supercritical,
then it still percolates even if all long bonds are removed We also show that the
percolation probability is continuous (in a certain sense) in the supercritical regime
for long range percolation models with exponential connections.

1. Introduction

The purpose of this paper is to investigate the continuity from below of the critical
value for long range percolation models We begin with a description of long range
percolation We let Z¢ denote the standard d-dimensional cubic lattice with the usual
Ly norm given by |(x1,x2, ,xy)| = Z:{:] Ix;] If S and T are subsets of Z9, we
let d(S,T) = minyes er|s —t| be the L, distance between S and 7. If |x — y| =1,
we call v and y nearest neighbors We will also sometimes need the L. norm
given by [|(x1,x2, . ,x4)|| = max, |x,| Everything we will define in this paper will
implicitly depend on the dimension ¢ However, we will not mention this d, and all
our results will be valid for any ¢ = 2. Given a set R C Z¢, we let A" (R) = {x & R
|x — v| =1 for some v € R} and call this the vertex boundary of R We also let
AR) = {{x,v} xeR yd R, |x— y| =1} and call this the edge boundary of R

We now introduce probability into the setup For n = 1,2, , let p, € [0.1) be
such that

Z Ph < X
0fvez!

We picture edges or bonds {x, v} between all pairs x and v, vy, and declare
such an edge to be open with probability p, if |x — v| = n independently of all
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other edges (Formally an edge is a subset of Z¢ with two elements and the length
of an edge will be the L, distance between the two points comprising the edge.)
By Borel-Cantelli, the convergence of the above sum is cquivalent to every vertex
having a finite number of edges emanating from it as

We will sometimes write p(x) by which we will mean p;,; An open path is a
sequence of vertices xg,xy,. ,x,, where {x,x.} is open for i =0, ,n—1 Let
the origin be denoted by 0 and let

C={xeZ’ 3 an open path from 0 to x},
which we call the cluster of the origin and we let
0Cpr, p2. ) =P(|Cl =),

which we call the percolation function, which depends on py, p2,  (as well as on
d) If O(pr, p2, ) > 0, we say that there is percolation under p;, pa,

An interesting and historically important case is when p, =0 for i = 2 The
above percolation function then simply becomes a function of one variable, which
we write as 0“)(p). In this case, it had been known for a long time that for d > 2,
0““D(p) is 0 for p near 0 and positive for p near 1, the latter already making
things interesting In two dimensions, it was proved already in 1960 (see [7]) that
0®)(1/2) = 0 Building upon work of Russo, Seymour and Welsh, Kesten (sce [8])
proved that 0*)(p) > 0 for p > 1/2 Combining these two statements, we write
p.(2) = 1/2 and say that the critical value in two dimensions is 1/2 for ordinary
bond percolation, ordinary meaning that p, = p3 = =0

The usual approach to long range percolation in one dimension (see [9] and [2])
is that one fixes all the connection probabilities p», p3,  and then considers p; as
a parameter We will use this approach as well in which case it is then natural to
define the critical probability p (pa2, p3, ) as

pp2ps. ) =inf{p, O(p1, ps...) > 0},

noting of course that this depends on p,, p3s,  (as well as on d) It is nat-
ural to think of the cases p; > p(p2, ps, ). P1 < pAp2ps,. ) and p; =
p(p2, p3, ) as the supercritical, subcritical, and critical regimes respectively.

The main result of this paper is a suflicient condition under which the critical
value is continuous from below for long range percolation models To state this
result, we first state a condition which we will assume the model satisfies This
condition does not seem natural but we will sec afterwards that models with expo-
nentially decaying connections satisfy it. Before stating the condition, we need to
introduce some notation which comes from [6]

For each positive integer n, we let B(n) be the set

frez! |x| < n

We say that py, p5,  satisfies Condition C if for all p; € (0, 1), there exists ¢ > 0
such that for all n = 1, if R C B(n), 7 € B(n) and ;¢ RU A"(R), then

plx—7y)zc¢ > plx—=7).
\EAY(RIYNB(n) VE(RUAYR)NB(n)
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Remarks. 1 Note that this inequality implies that if ;¢ R U A“(R), then
X =) zc ¥ oplr=7)

YEAY(R) VERUAY(R)

This is clear if R is finite since we can then simply take n large enough in Condition
C Next, once we know this for finite R, a simple limiting argument proves this for
all R (using the fact that > . .. pj| < o)

2 The reader can check that if for some p; € (0, 1), there exists a ¢ with the
desired property, then the same is true for all p; € (0,1) (although the constant ¢
will of course depend on py)

3 Similarly, the reader can check that assuming p; = 0 implies that p;.; = 0,
then whether ps, ps, satisfies Condition C only depends on the tail of the
sequence

Theorem 1.1. Let d = 2 Assume that p,, p3,  satisfies Condition C, and that
Py, Py, are such that for all i =2 2 and n = 1, pf < p; and that for all i = 2,
lim, ., p! = p, Then

Jim p(pip )= ppapn ).

As an immediate corollary, we obtain the fact that a supercritical long range
model which satisfies Condition C percolates if we cut off all long edges

Corollary 1.2. Let d =2 Assume that p,, p3,  satisfies Condition C and let
p1 > ppaps, ) Then there exists some integer k so that there is percolation
under (py, pa, 5 pi,0,0, )

It is casy to show that in 1 dimension, if p,, p3, . satisfies Condition C and
p1 < 1, then the model does not percolate It follows that Theorem 1 1 is then
also true in 1 dimension since all the critical values involved are 1 However, in |
dimension, Theorem 1 1 cannot be true in general with the assumption of Condition
C removed, since in 1 dimension, long range percolation models can percolate (see
[9] and [2]) while finite range models cannot

The next result tells us that a long range model with exponential connections
satisfies Condition C. We do not believe that Condition C is much stronger than
having exponential connections but we find it convenient to have stated our results
in this way

Theorem 1.3. Let d = 2 Assume that {p,}55, is such that either

(i) the sequence { p,} is strictly positive up to a finite point and then becomes
identically O after that, or

(ii) the sequence {p,} is strictly positive and eventually exponential, meaning
that there exist o> 0, p € (0,1) and Ny = 2 so that p, = ap" for n = Ny Then
{pn}re, satisfies Condition C

We next mention an application of Theorem 11 whose proof uses a method
developed in [3] It says that if a sequence converges in L) to a supercritical model
which satisfies Condition C, then the percolation probabilities converge to that of
the limit It is also the case that if the sequence converges in L; from above,
then this is still true without either the supercriticality or Condition C assumption
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We note that any long range model pi, pa, can be viewed as a real valued
function on Z¢ by pi, ps, .(x) = Ph

Theorem 1.4. Let d = 2 Assume that p'l, py, pi,  converges to py, pa, p3, in
Ly of Z with counting measure (and hence pointwise) Assume also that for all
iz 1land n =21, p' = p; Then

Jim 0Cp1. i) = 0Cprpos )

Assume that p,, ps,  satisfies Condition C and that py > p.(pa, ps, ) Then
for all sequences pli, ph, pi,  which conveige to py, pa, ps, in Ly of Z¢ with
counting measure (and hence pointwise), it follows that

i11i1>];c ()(p]l]’ pIZI> ): ()(Pl, P2s - )

We end this section with a rough sketch of the mechanism used to prove
Theorem 11 Actually, it is a little clearer to concentrate on Corollary 1.2 at this
point The approach is based on the renormalization technique of Grimmett and
Marstrand ([6]) Consider a rectangular grid of large disjoint cubes with side length
N, say We order these boxes in some way and investigatc cach of these boxes
in the given order, declaring each of these boxes to be either occupied or vacant
according to some rule Three things will be important for this rule

(1) the probability for a new box to be occupied, conditioned on the past of the
procedure, should always be larger than, and uniformly bounded away from, the
critical probability for ordinary nearest neighbor independent site percolation,

(ii) the rule by which we declare boxes to be occupied or vacant should be
compatible with the underlying long range percolation in the sense that if there is a
nearest neighbor path of occupied boxes, then there must be a corresponding open
path in the underlying model, visiting all boxes in this open path,

(iii) the event that a certain box is occupied should depend on the state of a
uniformly bounded number of edges with a uniformly bounded length

The strategy is to show that if there is percolation in a certain long range model,
then we can find some large N and an appropriate rule with the properties mentioned
above In such a case, it follows that the renormalized model percolates as a nearest
neighbor model, which implies, using properties (ii) and (iii), that the underlying
model percolates using only edges up to a certain finite length It is clear that one
of the key steps is to define a suitable rule

The outline of the present paper is as follows In Sect 2, we will prove the
main lemma needed to obtain Theorem 1 1 This lemma is a long range analogue
of Lemma 26 in [6] Once this lemma is proved, we carry out in Sect 3 the
renormalization and show how it leads to a proof of Theorem 1 1 In Sect 4, we
will prove Theorem 14 as well as a number of other applications of Theorem 1.1
Finally, the proof of Theorem 1 3, which is intuitively obvious, will be given in
Sect 5

We end this section by mentioning the paper [1] which also contains results con-
cerning continuity (and strict monotonicity) of the critical value of certain models
Some of the systems considered there are certain percolation models and ferromag-
netic Ising models
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2. The Main Lemma

We begin this section with a certain amount of notation, and we will then state
Lemma A, the main result of this section With only this notation and Lemma A,
the reader can continue on to Sect 3 to read the proof of Theorem 1.1 After the
statement of Lemma A, this section will be devoted exclusively to its proof and
will not be needed otherwise

Il £ is a set of edges and V' is a set of vertices, we say E is contained in V
(E C V) if both endpoints (or elements) of all edges in £ are contained in ¥ We
also let £ NV denote the sct of edges in £ both of whose endpoints are in V' If
A and B are disjoint subsets of Z<, we write A4 «» B if there is an open path from
some point of 4 to some point of B If 4 and B arc as above with 4 U B C C, then
A < B( in C) will mean that there is an open path contained in C from some point
of 4 to some point in B Finally, we will allow ourselves to write 4 < B( in C)
even if 4 and/or B are not subsets of C' by which we will mean that the open path
between 4 and B is contained in C' as much as possible in the obvious sense For
example, if 4 C C but Bq C, then all vertices of the path are required to be in C
except for the last one. We also write 4 — o>c when there is an open path from
some point of 4 to oc

We introduce two further subsets of Z¢ Let T(n) be the set

x=(xn.x, x)eZ! x =n0=< x, <n forj=2,d},

which is a special subset of a face of B(n) For positive integers m and n with

2m < n, we also let
2m+1

T(mn)y= | {jer + T(n)},
st

where ¢, is the vector which is 1 in the /™ coordinate and 0 otherwise

Next, a translate of B(m) is called an open m-pad if each pair of vertices in this
set is connected by an open path in this set Finally, we let K(m,n) be the subset
of T(n) consisting of all vertices x which are such that there is an open edge from
x to x 4+ ¢; and x + ¢ is contained in an open m-pad which is contained in 7'(m,n)

It will turn out to be useful to introduce continuous uniform random variables
for the edges of length 1 which will allow us to simultancously couple all of the
processes as p; varies and with p, for i = 2 fixed. Let £, denote all edges of length
1 (or equivalently all subscts of 2 elements consisting of nearest neighbors), let £,
denote all edges of length larger than 1 and let Q = [0, 115 x {0,1}* equipped
with the usual g-algebra and with product measure P where each measure on [0, 1]
is uniform, and if e € E; has length & (= 2) then the marginal for e is p;d; + (1 —
pi)do (Of course, for e € £, 1 represents the edge being open.) For x € £} and
m € €, we let o(x) denote the value at x (which has a uniform distribution) We
say that x € £} is p-open if w(x) < p and that it is p-closed if w(x) = p. If we
look at the set of p-open edges of length 1 together with the open edges of length
larger than 1, we obtain a realization of long range percolation with parameters

£, P2, P3,
We can now state the main result of this section.

Lemma A. Let pa, p3, . satisfy Condition C, p € (0,1) and 0(p, p2, p3, ) > 0
and let ¢,0 > 0 Then there exists m and n such that 2m < n and such that
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i Bim) C RC B(n), (RUAR)YNT(n) =0 and if B . AR) N B(n) — [0,1 — ],
then P(G|H) > 1 — ¢, where
H = {Ve € A(RYN B(n).e is f(e)-closed}

and G is the event that there is a path 7 from R to K(m,n) in B(n), such that only
the first vertex is in R, the first edge e is of length 1 and is (f(e) + d)-open, and
all subsequent edges are open, the edges of length 1 after the first being p-open

For the rest of this section, we have a fixed pa, p3,. satisfying Condition C
and a p € (0,1) such that 0(p, p;, ) > 0 There therefore exists ¢ > 0 such that
forall n =2 1, if R C B(n), 7 € B(n) and 7 ¢ R U A"(R), then

plx—7y)=c¢ > plx=7) 21
YEA (R)NB(n) VE(RUAY(R))NB(n)

(where p(v)= pif |y|=1)

Remark  From a previous remark, this inequality implies that if R C Z¢ and
vé& RU AY(R), then

ooplx—=y)yzc Y plx—7)

YEA(R) VERUA'(R)

We start off with three elementary lemmas concerning independent 0,1-valued
random variables

Lemma 2.1. Let ¢ > 0 Let {X,},e; be independent 0,1 valued random variables
with p, = P(X, = 1) Let {Y;},cs be independent 0,1 valued random variables with
p, =P, =1) If X, pi = 3 ¢, pj then for all integers k and ¢ > 0, either

P(ZX, §k> <¢

iel

4 2k
Py = 4+
(,%:, 1=t 55:)

Proof If the second incquality fails, then E[Z/GJ Y]z % + % It follows by our
assumption that £[Y ., X;] = 3+ 2k, whence
i€l = i€l

p(icz/)(, §k>§P<
Var[ Y0, 0] E[YeX]

(£ [ZIGIXJ — k) = (£ [Zie X,] —ky

< M -4
< (’L[L’f"'])_ E[S,c X

or

liA

Z)(,E[ZX,H > F ZXJ —k)

1A

The first and fourth inequalities follow from the fact that £[> ", ; X;] = 2k and the
second incquality is Chebyshev’s inequality [
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Lemma 2.2. Given M and ¢ there exists L = L(M,¢) such that if X,,X5,... are
independent 0,1 valued random variables with p, = P(X; = 1) and Y. p, = M,
then for all subsets S C {1,2, }, we have

ZX31><5

€S

P(ZX, > L
1=1

Proof We can assume without loss of generality that p; > 0 for all / € S (oth-
erwise leave out the indices / for which p, = 0, the event on which we condition
remains the same) Conditioned on Z,ele > 1, the distribution of X;,i ¢ S is
unchanged and for / € S, X, = 1 with probability

12
1 - HIGS(] - p/)

We next show that the sum of the new p,’s (conditioned on > (X, = 1) is
bounded, uniformly in § To do this, we need only consider the sum over S which
is done as follows

ZicsP < Zics P < sup o x
=11t = p)) F—exp(=2",c6p)) — e I —exp(—x)

Finally an application of Markov’s inequality completes the proof. [

Lemma 2.3. Given b,y € (0,1) and N = 1, there exists o = o(b,,N) such that if
{X, }es are independent Bernoulli random variables with p, = P(X; = 1) < b for
all i and such that P(3-, ., Xi 2 1) =2 1 =0, then P(3_, ., X; 2 N) = 17

Proof Choose 2 = %(b) > 0 so that 1 —x = ¢~ for all x € [0,h] Let J be such
that —logd/x > 2N and 4%/ —logd < Then, a simple calculation shows that
P> ., X =z 1) =210 implies that )., p, = —logd/a which is in turn larger
than 2N Chebyshev’s inequality then gives

(e <) = (3] = 559
el el Gl
< Var (ZIG/X') 4 - 4y . .
f () D TeR T
2 =

Lemmas 24 and 2 5 below arc the key ideas we use to tame the fact that we have
long range percolation rather than finite range percolation Lemma 2 4 tells us that
if there are many open edges from a certain random set to a fixed set together with
its vertex boundary, then there are a fair number of open edges from this random
set to the vertex boundary of the fixed set with high probability Lemma 25 in
turn tells us that if there are many open edges from a certain random set to a fixed
set, then there are a fair number of vertices in the fixed set with an open edge to
this random set with high probability (Note that for finite range models, or more
generally, when there is an a priori bound on the degree of a vertex. this is obvious )
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Lemma 2.4. Let R C B(n) with (RUA"(R))NT(n) =10 Let S be a random subset
of (RUA'(R)) N B(n) which is measurable with respect to the edges contained in
(RUAY(R)) Let E be the set of open edges from S to AY(R) N B(n) and let F be
the set of open edyes from S to (RUA(R)) N B(n) Then for all integers k and
all ¢ > 0,

‘ 4 2k
PLIEISKIFIZ S+ <e
(% cE

where ¢ is as in (21) Also, if R C 29, S is a random subset of (R U A"(R)) which
is measurable with respect to the edges contained in (RU AY(R)), E is the set of
open edges from S to A"(R) and F is the set of open edges from S to RU A'(R),
then for all integers k and all ¢ > 0,

: 4 2k
P ]E|§/(,}F|§—2+— <g
ce ce

Proof We prove only the first case where R C B(n) with (RU A (R)YNT(n) =10
The second statement is proved identically using the remark after (2 1). By inde-
pendence of different edges, it suffices to show that

4 2k

Fl= — 4=
ce” cE

P =k

S:F>§s

for all I' C (RUAY(R)) NB(n) with P(S =1") > 0. To do this, it suflices by the
FKG inequality (see [5]) and the assumed measurability of S (with respect to the
cdges outside of R U 4"(R)) to show

4 2k
rie sus—r p(rz G2
CE cé

S:F>§z:

forall ' C(RUA(R)) NB(n) with P(S =1) > 0 Fix sucha I” By Lemma 2 1,
it suffices to show that

> plx—7)=c > plx—7)
\EAUR)NB(n). €T YE(RUA(R)NB). €T

By summing over y € I' last, this follows from (21) [

Lemma 2.5. Given ¢ and k, there exists a(k,¢) such that if S C 29, S, is a random
subset of Z\S) which is measw able with respect to the edges contained in Z4\S),
E is the set of open edges from Sy 10 Sy, and V is the set of vertices in Sy which
are an endpoint of an open edge to Sy, then

PV = kEl z alke)) = &

Proof 1t will be enough to show that for a(k,¢) sufficiently large,

P([V| =k |E

= a(k,e)) < ¢. (22)

For any vertex z € S, let D(z) be the number of open edges from z to Zd\Sl From
Lemma 2 2, it follows that for any ¢ > 0, there exists an L(¢) such that for any set
§ C Z9\S), the conditional probability that D(z) is at least L(¢) given there is an
open edge from z to some clement of S is at most ¢ We now let a(k, &) = kL(e/k).
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The left-hand side in (2.2) is bounded from above by

P <V| =k > D(z) = a(kJ:)) = > P < S D(z) = alk,e) |V :A> PV =4)
=€l =5 =€4
=k
It is therefore enough to show that for all sets 4 C S of size &, P(Z:64D(2) >
a(k,e)| V = A) is at most ¢ To prove this, we condition further on S, to obtain

P < SD(z) z alk,e)| V :A>

€4

= > P(ZD(Z) > (I(k,é2)|V=A,Sz=F> P(S, =TV =4),

1 CZ4\S, zc

and so we now need only show that for any subset I" of Z4\S, and any set 4 C S,
of size k,

<ZD(A)>a(ki)V A8 = )§8
z€4
However, conditioned on the event {V = 4,5, = I'} and using the mcasurability
of S, with respect to the edges of Z/\S, the random variables {D(z)}.c are
independent and by the way L(¢/k) was chosen, they each assume a value at least
L(¢/k) with probability at most ¢/k under the above conditioning Since

{ZD(z) ku(//c)j © Uipe) = b}

€4
the conditional probability that » __, D(z) = kL(¢/k) is at most ¢, as desired [

We now need to introduce some further notation. If n = m + 1, let W,,,, be the
set of vertices in B(n — 1) which are connected to B(m) in the box B(n — 1) Let
F,., be the set of open edges from W,,, to B(n— 1), E, , be the set of open
edges from W, , to A(B(n — 1)) and V,,, be the set of vertices in A'(B(n — 1))
which have an open edge to W, ,

Lemma 2.6. For all k and m = 1,

lim P(|F,. | < kB(m)— >x)=0

n—20C

Proof Fix k and m Fatou’s lemma tells us that

limsup P(|F,,.,| < k,B(m) —> ) < P <11m sup{|Fu.nl £ k B(m) — x})

n—o

We now argue that the latter event has probability 0 Let R, be the set of vertices in
B(in — 1) (possibly empty) which are the endpoint of an open edge in F,, Definc
(random) integers ny,n,,  inductively as follows Let ny =m + 1, ny = inf{i > n,

Ry C B — 1), |Fyil £k}, and n,py =inf{i >n, R, CBG—1).|F,| £k} In
addition, if R, =0, let n;.; = o If some n, = o, let all subsequent n,’s be >
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Letting, for r = 1,
E, = {n, < oc, there is an open edge between R, and Wy , |},

it is immediate that

lim sup{|F,,, 2l £ kB(m) — 0} C ﬂE, ,
=1

and so we need only show that the latter has probability 0 However, it is clear from
independence and the fact that [R,| < |F,. | that there exists « = %(k) < 1 such that
forall r = 1, P(E, (|E,NE N NE,) < o from which the above follows [

Lemma 2.7. For all k and m = 1,

lim P(|Vy.u| £ k,B(m) — x)=0

Proof Let kym = 1 and let ¢ > 0 Let ¢ be as in (21) and a(k,¢) be as in
Lemma 25 We then write

P(“/m ul é k,B(m) - %) § P(|Vm.n‘ § /\'»

Euu:i = (1(/\', ‘(:))
4 2a(k, ¢
+P< mu| = +‘£1( ’{)>

C {, cé

2a(k, ¢
<|an’ = 4+ ( )B( 1)4‘)@)
ce? ce

The first term is at most ¢ by Lemma 2 5 (with S} = A" (B(n — 1)) and S, = W, ,,),
the second term is at most ¢ by the second statement in Lemma 2 4 (with R = {z
d({z},B(n — 1)) = 2} and S = W,,, and noting that RU A" (R) = B(n — 1) and
AY(R) = AY(B(n — 1))) and the third term goes to 0 as 7 — > by Lemma 2 6. As
¢ > 0 is arbitrary, the result follows I

The next proposition is the analogue of Lemma 5 of [6] for long range per-
colation The main difficulty of extending their result to long range percolation is
guaranteeing that there are many points on the vertex boundary of B(n — 1) which
arc connected in B(n) to a smaller box B(m) assuming that {B(m) — ~}. This lat-
ter fact was established by Lemma 27 We will prove Lemma 2 8 below to make
this paper self contained but we mention that given Lemma 2 7 above, the proof
essentially follows that of Lemma 5 in [6]

Lemma 2.8. Let v > 0 Then there exists integers m and n such that 2m < n and
P(B(m) < K(m,n)(in B(n))) > 1 —u

Proof  The first step of the proof is to show that for all m and / > 1,
llmmfP(‘ . n| ; /) 2 1 — (P(B(ﬂl) 7L> C)Q))ﬁ N

where V,, , is the set of vertices in 7(n) which have an open edge to W, , To

do this, we note that there exists a group of symmetries of the cube, of order
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(2d)2/7" = d2¢, and with the following property if the elements of the group
transform 7'(n) into Ty(n)., T, (n), then

42!

A'(B(n 1) € UT(n)
=1

[t follows that
d€2!
N{Vnal < 7Y SVl < d297},
=1

where V), is the set of vertices in 7,(n) which have an open edge to W,,, The
FKG inequality gives us

€27 ,
PVl < d27) = TIP(V | < )= (PUV)l < /)7,
=1

which implies that
PUVul 2 0) 2 1= P( V| < d2'7)i
By Lemma 2 7, it follows that
lim sup P({ |V, | < d29/})

= limsup P({|Vy,| < d2//}.B(m) /A~ ~x) < P(B(m) 4 x))

n

We therefore obtain

liminf P( V.| = /) = 1 — (P(B(m) /> ))& .
as desired
Next, since 0( p, p2, p3, ) > 0, there exists m = m(d. p,~) so that

d2
P(B(m) — x) > 1 — <%7>

Next let ¢ be the probability that B(m) is an open m-pad and that there is an
open edge between each vertex of {x € B(m) x; = —m} and its unique nearest
neighbor whose first coordinate is —m — 1 Next choose M sufficiently large so
that at least one of M independent events cach with probability ¢ will occur with
probability greater than | — 2/2

Next, choose / so large that for any n# and for any subset S of 7'(n) of size / or
more, S will have the property that there will be M disjoint translates of B(m) in
T(m,n) each distance | from some point of S Next, by the first half of the proof,
choose 17 > 2m so large that
P()Vr;zuag/); lk%

Finally, the way / and M were chosen, it follows that
P(B(m) — K(m,n)(in B(n))) > 1 — =« ]

The next step is to prove that there are paths from A'(R) N B(n) to K(m,n) rather
than just from B(m) This is done in the next two lemmas
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Lemma 2.9. Let ¢ > 0 and / = 1 Then there exists m and n such that 2m < n
and such that if B(m) C R C B(n) with (RUAY(R))NT(n) =10, then if W is the
set

{xe (RUAR)) NB(n) x < K(m,n)(in B(n) N(RUA(R)))}
(which includes K(m,n) by convention) and F is the set of open edyes from (RU
AR N B(n) to W, then P([F| 2 /) =2 1 —¢

Proof In the notation of Lemma 2 3, we let b = sup, p, (where p; = p), » =¢/2
and N =/ and let o be as in the conclusion of that lemma, requiring also that
0 < ¢/2 By Lemma 2 8, we then choose integers m and » such that 2m < n and

P(B(m) « K(m,n)( in B(n))) > 1 — &

If we now have R satisfying B(m) C R C B(n) with (RU A“(R)) N T(n) = 0, it fol-
lows that
P((RU AY(R)) N B(n) < K(m,n)(in B(n))) > 1 — o>,

which tells us that P(JF| = 1) > 1 — %> It follows that there is a subset ¥’ C &
(where .7 is the set of all subsets of (R U A'(R)) N B(n)) such that P(|[F| = 1|W =
Syz1l—-dforall S € ¥ and P(W € .97) =2 1 — 0 From Lemma 2 3, the fact that
W is independent of the edges which have an endpoint in (R U A"(R)) N B(n), and
the definition of o it follows that if S € 97, then P(JF| Z /|W =S) =2 1 —¢/2
and hence (since P(W € "y =2 1 —=0)P(|[F| =2 /) = (1 —¢/2)(1 —0) = 1 —¢, as
desired [

Lemma 2.10. Let ¢ > 0 and k = 1 Then there exists m and n such that 2m < n
and such that if B(m) C R C B(n) with (RUAY(R))NT(n) =0, then if

V={xe A(R)NB(n) x < K(m,n)in B(n)N(RUA(R)))},
then P([V]| > k) > 1—¢

Proof. Let a = a(k,¢/2) be as in Lemma 25 Next choose m and n according to
Lemma 29 with ¢ replaced by ¢/4 and / replaced by ﬁ + ((2[14) Now let R
satisfy B(m) C R C B(n) with (RUAY(R))NT(n) =10 Let W be as in Lemma 2 9.
Then V' is the set of vertices in A'(R) N B(n) which have an open edge to W
Let £ be the set of open edges from A (R)N B(n) to W. By Lemma 25 (with
S =A(R)N B(n) and S, = W),

PV £ k) = PUVI S KIE| 2 @)+ PUE| < @) < 5 +P(E| < a).

and so it suffices to show P(|E| < a) < § Letting F be the sct of open edges from
(RUAR))N B(n) to W, we get

7 4 2a
P(E| < a) < P(IE <al|F| =z W+W>
4 2a £ I3
+P<‘F| < c(z;/4)2+m> RERES

where the last inequalitics follow respectively from the first statement in
Lemma 2.4 (with S = W) and Lemma 29 together with the way m and n were
chosen [
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Proof of Lemma A Choose ¢ such that (1 — 0)" < ¢/2 Choose m and n according
to Lemma 2 10 with 7 and ¢/2 playing the role of £ and ¢. Then if R satisfies
B(m) C R C B(n) with (RUAYR))NT(n) =10, V is as in Lemma 2 10, and f3
AY(RYN B(n) — [0,1 — 0], we have that P(|V| = t|H) = | — ¢/2, since the random
variable |V is independent of the event H. Next, each v € V' is adjacent to some @ €
R (if there is more than 1, we choose such a I € R according to some predetermined
nonrandom rule) Given V, let V= {f veV} By independence, the facts that
(1=90) <¢/2and P(|V]| =2 t|H) = 1 —¢/2 give us

P(|V| = t,(v,0) is (f(v,0) + 0)-open for some v € V|H) = <1 — %) (1 — %)

Finally, noting that
V] =z t,(v,0) is ((v, )+ d)-open for some v € V} C G

completes the proof [

3. The Renormalization

In this section we shall describe the renormalization anticipated ecarlier We shall
see that Lemma A of the previous section implies that this renormalized model
percolates and this in turn is easily seen to be enough to prove Theorem 1 1 The
geometry of the renormalization is almost the same as that of [6], and as such we
describe the procedure rather loosely referring to their paper for all missing details

Let m and n satisty 2m < n and set N =n+m+ 1. Let d = 2 and order the
edges between ncarest neighbors of Z¢ in some arbitrary way and consider boxes of
the form {4Nz + B(N) z € Z!} These boxes are called site boxes The translates
of B(N) which are exactly between two site boxes are called halfway boxes The
idea is now to examine the site boxes one by one, declaring each of them to be
either occupied or vacant according to certain rules to be specified The geometry of
the procedure is as follows. We write 7,(m.n) and T,(n) for the images of 7'(m,n)
and T(n) respectively under the “earliest” isometries (in some arbitrary ordering)
which preserve the origin and map the first coordinate direction onto the ;™. for
Jj=1,..2d We define K,(m,n) as K(m,n), replacing T(m,n) and T(n) by T,(m,n)
and T;(n) respectively in the definition We start with the site box at the origin and
call the site box B(N) occupied if and only if the following (1)—(3) are all satisfied

(1) B(m) is an open m-pad

(2) B(m) is connected (in B(n)) to K;(m,n) for j =1, ,2d The open m-pads
in the 7j(m,n)’s next to the K,(m.n)’s are called target open m-pads Note that for
any j, there can of course be more than one such open target m-pad In such a case,
we choose one according to a previously determined, nonrandom rule

(3) For all j, the target open m-pad in (2) in the ;™ direction (written as
b, + B(m)) is connected (in b, 4+ B(n)) to a vertex next (and connected) to an open
m-pad in b, + T7(m,n) in the halfway box next to B(N) in the j™ direction, where
T (m,n) is the image of T)(m,n) under the symmetry which fixes ¢; and sends, for
k=, the unit vector ¢; to —e; (We call this last m-pad again a target m-pad )

The reflections in (3) are necessary to make sure that the target open m-pads
in (3) are indeed in the appropriate halfway box and the use of such reflections is
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called a steering action Note that the first open m-pad B(m) is connected in two
steps to target open m-pads in the halfway boxes. Next we consider the earliest edge
starting at the origin in the ordering of the edges mentioned above, and we suppose
without loss of generality that this edge is e;, the unit vector in this direction We
call the site box B(N) + 4Ne, occupied if and only if the following (1’) and (2')
are satisfied

(1") The target open m-pad in (3) above in the first direction is connected, in
two steps which are analogues to the two steps described above, to a point next
(and connected) to an open m-pad in B(N)+ 4Ne; Here we use an appropriate
steering action to make sure that we end up in the correct site box

(2") The target open m-pad in (17) is in two steps connected to a point next
(and connected) to an open m-pad in all halfway boxes next to B(N) -+ 4Ne, which
are also next to a site box which has not yet been examined (In this case there are
2d — 1 such halfway boxes )

This procedure is continued Each time, we look for the “first” edge which
connects some occupied site box to a site box which has not yet been examined
and we decide whether or not the latter site box will be occupied or vacant Of
course, we need the appropriate “steering action” each time to make sure that the
target open m-pad ends up in the correct site box Again, details on this can be
found in [0]

It is well known (see ¢ g [6]) that if at cach step the conditional probability,
given the past of the procedure, that a new site box is occupied is at least ¢ as.
where ¢ is independent of the site box being examined and strictly larger than the
critical probability for independent nearest neighbor site percolation on Z9, then the
origin of the renormalized (nearest neighbor) model percolates with positive proba-
bility The construction is such that the renormalized model percolating implies that
the underlying long range model also percolates It is at this point where Lemma A
comes in We shall now show that if p € (0,1) is such that O(p, p», ) > 0,1i¢ the
underlying long range model percolates, and 5 is a small positive number then the
renormalized nearest neighbor model percolates under p + 5 for a suitable choice of
n and m (Here and in what follows, percolation under a certain parameter ¢ refers
to the fact that the probability for an edge of length one to be open is ¢.)

Fix p so that O(p, po, ) > 0 and let n > 0 Let

h

0= —
2d

and
o (.l__ p(site))
o 8d ’

where p (site) denotes the critical probability for independent nearest neighbor site
percolation on Z¢ Let m and n be as in Lemma A for this choice of p, « and & We
shall explain why the renormalized model with this choice of m and n percolates
for p+1p

First of all, the probability that B(m) is an open m-pad under p is positive It
doesn’t matter that this probability is in fact very small, it serves only as a starting
point for the procedure For inductive reasons, we write C; for the set of open edges
in B(m), where open is to be interpreted as p-open if the edge has length one To
estimate the probability under p that the event described in (2) above occurs, note
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that given the fact that B(m) is an open m-pad under p, we have no information
about edges in A°(B(m)) and so all we can say is that they are O-closed Now
Lemma A implies that with probability at least | — ¢ there is a path from B(m) to
K(m,n) via A°(B(m)) (in B(n)) such that the edge in A°(B(m)) is d-open and all
other edges are open (meaning p-open if the edge has length one) By symmetry it
follows that the event in (2) occurs under p with probability at least | — 2de Now
define

C,=CiUE,UF,,

where £} is the set of edges in A¢(B(m)) which are J-open and F; is the set
of open edges {x, v} contained in B(n) UU?ZI T;(m,n)\B(m) which are open (p-
open for edges of length onc) and such that there is an open path in B(n)U

Ufi] T,(m,n)\B(m) from v (and hence from y) to some point in A'(B(m)) which is
an endpoint of some edge in £; Assuming that the event in (2) above occurs, we
have the following information about the state of the edges outside C; which share
at least one endpoint with an edge of ¢, All edges in 4¢(B(m))\C> are d-closed,
and all other edges outside C; which share at least one endpoint with an edge in (;
and which are contained in B(n) U Ufi[ T(m,n)\B(m) are closed (meaning p-closed
if the edge has length one) We have no information about any other edges Next
we estimate the probability under p + 1 that all events in (3) above occur, given
the information just described For this we apply Lemma A 2d times, this time
“centered”™ at b, rather than at the origin Let R be the set of endpoints of edges
in (5 inside by + B(nn) For each edge ¢ in A°(R) we know that e is f(e)-closed,
where fi(e¢) is either 0, d or p The extra information about closed edges of length
at least two is irrelevant for the occurrence of the event G in Lemma A and will
also be irrelevant in the future of the procedure Hence we can apply Lemma A as
before and conclude that the (conditional) probability under p + o of the first of the
2d events in (3) is at least | — ¢ We repeat this procedure for the remaining cvents
in (3), noting that any particular edge is “updated” at most 2d + 1 times (We shall
see that this will be true for all edges in the future of the procedure ) This update
is by an amount ¢ at most 2d times and by an amount p at most once Hence the
open cluster we find is open under p + 2do = (p + 1) The probability that the site
box at the origin is occupied under p 4+ 1, given that B(m) is p-open is at least
(1 = 2de)(1 — ¢)* It is casy to check that by our choice of ¢ this probability is at
least _%(1 + pc(site)) which is strictly larger than p, (site)

It remains to show that also the events described in (1”) and (2') have sufficiently
high probability under p + 7 In principle this can be shown in the same way as
above We must be careful however, because it is very well possible that a certain
site box was declared to be vacant and this is negative information which can be
uscd against us However, the construction is such that any new target m-pad is
always unconditioned In fact, this is the rcason that we need the halfway boxes if
we tile the space with translated copies of B(N) and try to connect them up directly
without using halfway boxes, then the event that a certain site box is vacant has
the effect that a potential future open m-pad is less likely to be open Finally, we
observe that all r-open edges of length one which we use in the construction above
satisfy 7 < p+ 1 We have shown the following

Theorem 3.1. Consider a long range model p, py. ps,  on Z. d = 2 satisfr-
ing Condition C and suppose that p € (0,1) and 0(p, p2, p3, ) > 0 For any
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n > 0 there exist m and n such that the renormalized site percolation model with
underlying long range model p + 1, pa, p3, .. described above percolates as a near-
est neighbor model

Proof of Theorem 11 For all n we have p (p5, pi. ) = p(p2 ps, . ) We may
assume that p(ps. p3, ) < 1 Let, for all 2 >0, p* be defined by p*) =
p(pap3. )+ 2 For any ¢ > 0, we have that 0(p“?, p. p3, ) > 0, and it
then follows from Theorem 3 1 that for a suitable choice of the parameters, the
renormalized model based on the long range model p'“), pa, p3,  percolates The
key observation is that the event that a certain site box is occupicd depends on the
state of a uniformly bounded number of edges which are all of L;-length at most 4N,
where N is as in the construction of the renormalization We recall that the reason
that the renormalized model percolates is that the conditional probability that a new
site box is occupied, conditioned on the past of the procedure, is at least ¢ as for
some uniform ¢ > p (site) Note that in all applications of Lemma A, there can be
only finitely many different events we condition on It then follows from the point-
wise convergence of the models p'“), p4, p4, . and the key observation above that
for n sufficiently large, the conditional probability that a new site box is occupied in
the renormalization based on p“), ph. pt, is at least ¢’ for some ¢ > p (site) It
1

follows that for n large enough, p (p5. p5. ) = p(p2.p3,. )+¢ and the proof

is complete since ¢ > 0 was arbitrary [

4. Further Proofs and Applications

The first part of this section is devoted to a proof of Theorem 14 We start with
a lemma which is stronger than we actually need A part of the argument of this
lemma is a long range version of the argument in [3] for proving continuity from
the left of the percolation function in independent nearest neighbor percolation in
the supercritical regime

Lemma 4.1. Let py, ps,  be a long 1ange model and assume that we hate a
sequence of long range models (p5. py, . ), such that p! < p; for all n = 1 and
i =z 2 and lim,_~ pl = p; for all i = 2 Then the following two statements (i)
and (i1) are equivalent

() If pr > p(p2ps. ) and pl — py from below, then
lim 0(py, p5. ) =0(p1,pr, )
H—r2c

(i)
lim p(p5 p5. )= pdpapss )
n=--+
Proof  First we prove that (i) implies (ii) We clearly have that for all n = 1,

n

pps. Py )= pprps. ),

and so to prove (ii). it suffices to show that if p; > p.(p2, p3. ), then p; =
p(p5, p4. ) for n sufliciently large Now, letting p = p; for all n = 1, it follows
from (i) that

O(pr. ps ps, ) =0(pl. ps.ps. ) —0(pi,pa, ) > 0.
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and hence 0(py, pi, py, ) > 0 for n sufficiently large, whence
pr 2 ppspy, )

for all n large enough
Next we show that (ii) implies (i) We fix p; > p.(p2, p3, ), and a sequence
(p}) converging to p; from below It suffices to show that

O(pr, p2. ) < limint O(pY, ph, )
n—=2C

Using (i1), we have that for n large enough, p! > p (p5, p5, ) We can couple
all models (py, p2, ) and (pf.p5, ) on the same probability space similar to
the discussion preceding Lemma A for any two vertices 1 and 1 of Z‘, the edge
{x, v} is associated with a uniform-(0, 1) distributed random variable (x. 1) which
is independent of all other such random variables. The edge {x, v} is declared to be
open in (pf, pi, ) iff o(x, v) < p"’\f‘, , and similarly, {x, v} is open in (py, p2. )
T o(ev) < py

The model py. py,  1s supercritical by assumption and hence there is as a
unique infinite cluster, (see [4]) For all » sufficiently large, the model (pf, pj. )
is also supercritical and contains therefore (again by [4]) a unique infinite cluster
as In the coupling of the models described above, the unique infinite cluster in
these models has to be contained in the unique infinite cluster corresponding to
Pl P2,

Now suppose that the origin percolates in pi, po.. . and denote this event by
{0 — ~ in pj.pr. } The infinite cluster in p{. pj,  need not contain the origin,
but there must be a finite path from the origin to this cluster which is contained
in the infinite cluster of py. pa. Each edge {x, v} along this finite path has
0. v) < pj-y (note the strict inequality) and since p; — p, for all i, we have
shown that if the origin percolates in py, p», , then it also percolates in pf, pj,
for all n sufficiently large Writing {0 — ~x in pY, p5, } for these last cvents, we
have shown that in the coupling described above,

{0—n~c in py,pa.. } ClHminf{0 - > in pf, p5, },
n—2

and the result follows from an application of Fatou’s lemma I

In the next lemma we consider approximation from above This result is a long
range version of the well known right continuity of the percolation function for
ordinary percolation

Lemma 4.2. Consider the models pi, p>.  and p{.p5.  for n = 1 and view
them as functions from Z< into [0,1] Suppose that p! = p, for all i and n, and
suppose that pl, ph,  converges to py.py, in Ly of Z9 with counting measure
Then lim,_.~ 0(pY, py. )= 0(p1.pa, )

Proof  The assumption on the L;-convergence implies that

lim sup > p'(z)=0

M= -eB(m)

In particular, the probability that there is an open edge {rom the origin to B(m)
tends to zero uniformly in # when m — > We write P, for the probability measure
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corresponding 1o pi, pa,  and P, for the probability measurc corresponding to
PR Fix ¢ > 0 and take & so large that

P/)(O o B(k)( ) < ()(Ph P2, ) + 8,’/3

Next choose m so large that the probability that there is an edge with one endpoint
in B(k) and the other endpoint in B(m) is smaller than ¢/3, uniformly in all models
(This is possible since the probability of this event is bounded from above by (2k +
1)? times the probability that there is a direct connection from 0 to B(m — k) ) We
now write

0P} i ) = Ppl(0 — )

IA

< P,(0 < B(m)\B(k) in B(m)) + P,(3 edge from B(k) to B(m)")

1IN

Py (0 — B(m)\B(k) in B(m)) + /3

Note that the first event in the last line depends only on edges in B(m) and by the
pointwise convergence of the model we can take n so large that

Py (0 — B(m)\B(k) in B(m)) = P,(0 < B(m)\B(k) in B(m)) + ¢/3
It follows that
P,i(0 < B(m)\B(k) in B(m)) < P,(0 — B(k)' )+ ¢/3
< 0(pi,p2, )+2¢/3
Putting things together we find that for » sufficiently large,
0P ps ) = 0(propa )+,
and the proof is complete, noting that 0(pY, p3, ) = 0(py. p2. ) foralln O

Proof of Theorem 14 The first statement of Theorem 14 is Lemma 42 For
the sccond statement, we assume that ps, ps, satisfies Condition C and that
P> ppaps, ) I pl < p, for all n =1 and i = 2, then we have from
Theorem 1 1 that lim,_. p(p5, pi. )= p(p2,p3. ) If pi — p from below,
it follows from Lemma 4 1 that O(p!, p5. ) — 0(p1, p2,.. ) We thus have the
required convergence if the approximating models are such that p! < p; for all
nz1andall i 21 To complete the proof, given pY, pj,  which converges to
i, P2, (in Ly of Z¢ with counting measure) we “sandwich™ the approximating
models between two other models, one of which is above the limit and onec of which
is below More precisely, let Q7 = max{p’, p,} and ¢/ = min{p", p,} forall i > 1
and n = 1 A simple coupling argument shows that 0(¢{,¢5, ) < 0(p{.p5, ) =
Q. 05, ). Since pf, p5, converges in Ly to py, pa, , it follows that both

1,05, and ¢,q¢5, converge to py, pr, in Ly and the proof is complete [

Lemma A and the renormalization technique have further consequences Sec-
tion 5 in [6] contains some of these in the case of independent nearest neighbor
percolation on Z‘. Here, we give some analogues of their results for long range
percolation models Let F C Z! be an infinite set which is connected in the usual
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nearest neighbor structure of Z¢ The critical probability for independent nearest
neighbor site percolation on F is denoted by p/, and the critical probability for
the long range model p,, p3s,  on F, defined in the obvious way, is denoted by

pE(pa ps. )

Theorem 4.3. Let F C ZY be an infinite set, connected in the usual nearest neigh-
bor structure such that p' < 1 For any long range model ps, ps,  which satisfies
Condition C we have
. 2 +B(k

Jim p 0o, ps ) = p(papss )

h—>DC
If we take F to be the half space HY = {z € Z¢ z; = 0} for any d = 2, or the
slice S(k) ={z€Z! 0 <z <kj>2} for any d = 3, we immediatcly obtain
the following corollary

Corollary 4.4. For d = 2 and any long range model p,, ps, . which satisfies Con-
dition C, we have

Hzl
pe (p2,p3 )= p(pps, ).

For d = 3 and any long range model p,, p3,  which satisfies Condition C 1we

have

Y (paps )= pdpaps )

lim p

00
Proof of Theorem 4 3 In the renormalization, we consider site boxes one by one
according to a certain order of the edges in Z¢ The only thing that nceds to be
done now is to order the edges in F rather than in Z¢ and go from site box to
site box according to this order in the manner we did earlier The fact that p < 1
guarantees that if a long range model satisfying Condition C is supercritical, then
we can take the boxes in the renormalization so large that the renormalized model
also percolates (as a nearest neighbor site percolation model). In other words, the
long range percolation model percolates in 2kF + B(k) for k sufficiently large (see
[6] for more dctails). [

5. Proof of Theorem 1.3

In this section, we give the proof of Theorem 1 3

Proof of Theorem I3 Case (i) is trivial and left to the reader. We prove case
(i1) for d = 2 by induction on d (with py, p3.. fixed) Let p; € (0,1) For each
d = 2, we will prove the existence of a constant ¢, > 0 (depending on p;) so that
in d dimensions if R C B(n), 7 € B(n) and & RU A'(R), then

px—7) = e > px—7)
YEA(R)NB(n) YE(RUAY(R))NB(n)

We first prove this for d =2 We first claim that there exists a constant x > 0
such that for all n > 1,

pn =K Y, p(x) (5.1)

o =n
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It is casy to see that we need only find x > 0 so that (5 1) holds for large n
However, if n = Ny, we have

o o n
Yop) =3 2 it =ay p 3 o= ( )3 VM) .

= V=i EZL o= ez \EZ 1 - P

from which the existence of x follows
A similar computation shows that the above x can also be taken sufficiently
small so that for all (x;,x;)=(0,0) with x; = 0,

plvw)) =z 30 plla,x)) (52)

(a.\2).azvy

We will now for simplicity assume that 7 = 0, the more general case being proved
analogously
Let
t=min{m > 0.(0,m) € RUA(R)}

and
b =max{m < 0-(0,m) e RUA(R)},

which may be > or —oc respectively Equation (5 1) now gives us that

p((0.1)) =z « > px) (53)

VERUAYRY v~ =t

and
P(0.5)) = « > px) (5.4)
VERUAY(R)Y v Zh
To exhaust all points in R U AY(R), we next take an integer j € (b,t) (noting
that (0,/)d RU 4'(R)) and consider

rp=min{m >0 (m,j)e RUA(R)}

and
/,=max{m < 0 (m,j)e RUA(R)},

which again may be oc or —oc respectively. Equation (5 2) (together with its re-
flected version) gives us that

pUpj) = K > p(a.j)) (55)

(a.])ERUA(RY az1,

and
plj)z K > p(a,j)) (56)

(4. ))YERVA(R) . 0=/,

Of course, if 7,h or some 1, or /, is £oc, the relevant sum does not appear Next,
the union of the right-hand sides in (5 3), (54), (55) and (5 6) (with j varying over
(b, 1)) is RU A"(R) and the left-hand sides in the same equations all correspond to
different points in A°(R) N B(n) This proves the result for d = 2 with ¢; = x

For d = 3, we perform induction as follows Assume now that for i =2,
d — 1, there is a constant ¢, > 0, depending on p; such that in / dimensions if
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R C B(n), v € B(n) and ¢ RU A'(R), then
>oopx=pza 3 plx—=7)

YEAN(RYNB(i) VE(RUAY(R)NB(in)

Next note that (5 1) can easily be gencralized to give us a constant r, (depending
only on the dimension) such that for all n > 1,

Pn i Ky Z p(.\‘) (5 7)

X \y=n
As we did for d = 2, we let
t=min{m >0 (0, ,0.m)e RUA(R)}
and
b=max{m <0 (0, ,0,m)e€RUA(R)}.

which may again be oo or —oc respectively Equation (5 7) now gives that

PO, .0.1) = Ky > p(x) (58)

VERU I'(R) vy 2t

and that
p0,  ,0,b) = ry > p(x) (59)

VERUAY(R) NG =D

Now, for integers j € (b,¢), consider the hyperplane
=l x =)

Let R, = RN #, and view this (with a slight abuse of notation) as a subset of Z¢ !
Letting 4/(R)) ={x € #\R, |x—y|=1 for some v € R,} (which we think of as
the vertex boundary of R, within the hyperplane #;), we have that 4'(R,) C 4(R) N
#, (with possible proper containment) and so, by the induction assumption,

> p0. .0,/) = x) 2 ¢y > 0, ..0.7) —x)

VEA(R)NB() VE(R,UA (R, )NB(1)

(510)

Next, the conditions of our p,’s clearly imply the existence of two positive
constants " and C” so that for all positive integers u and v, we have that

Pue =2 C'p'p, and  p, = C"p"p,
This together with (5 10) implies that
g1 C’
plx) = <2 > p(x) (511)

cr
ve V(R,)NB(n) VE(R,UA(R,)NB(n)

As before, the right-hand sides of (5 8), (59) and (5 11) exhaust (R U A (R)) N B(n)

and the left-hand sides correspond to different points in A'(R) N B(n) Letting ¢, =

. e : -
min{xy, “~7—}. the result is proved [
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