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Abstract

We derive a lace expansion for the survival probability for critical spread-out oriented
percolation above 4+1 dimensions, i.e., the probability 6, that the origin is connected to the
hyperplane at time n, at the critical threshold p.. Our lace expansion leads to a nonlinear
recursion relation for 6,,, with coefficients that we bound via diagrammatic estimates. This
lace expansion is for point-to-plane connections and differs substantially from previous lace
expansions for point-to-point connections. In particular, to be able to deduce the asymptotics
of 6, for large n, we need to derive the recursion relation up to quadratic order.

The present paper is Part II in a series of two papers. In Part I, we use the recursion
relation and the diagrammatic estimates to prove that lim, ., né, = 1/B € (0,00), and also
deduce consequences of this asymptotics for the geometry of large critical clusters and for
the incipient infinite cluster.

1 Introduction and results

For oriented bond percolation on Z? x Z, with parameter p, the survival probability 6,, = 0, (p) at
time n € Z, is the probability that there exists an x € Z¢ such that (0,0) is connected to (x,n).
In the oriented setting, it is known that there is no percolation at the critical threshold p = p.
[2, 4], so that lim, . 0,(p.) = 0. Our goal is to study the manner in which 6,(p.) tends to zero
as n — oo when d > 4.

In the present paper, we derive a lace expansion for 6, (p), valid in all dimensions d > 1 and
for quite general models of oriented percolation. This lace expansion gives a nonlinear recursion
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relation for 0, (p). If the expansion is to be useful, then the coefficients in the recursion relation
need to be estimated. We prove estimates valid at p = p. in dimensions d > 4, for sufficiently
“spread-out” oriented bond percolation (defined below), with the degree to which connections are
spread out in space parameterized by a sufficiently large L € N.

In Part I [7], we have shown how these results can be used in an induction analysis for the
recursion relation to conclude that there is a constant B = B(d, L) such that, as n — oo,

1
0,(pe) — Ons1(pe) = B {1 +O0(n 'logn) + L_dO((Sn)} for d > 4 and L sufficiently large,
(1.1)

where
n~@=N21ogn (4 < d < 6),

6p=1{ n~tlog*n (d=6), (1.2)
n~tlogn (d > 6).

In other words, the critical extinction probability 6,,(p.) — 6,41(p.), which is the probability that
the cluster of the origin survives to time n but not to time n + 1, is asymptotic to 1/(Bn?) as
n — 0o, with accurate error bounds. By summing over n, we conclude that

0n(pe) = Bln {1 +O(ntlogn) + L_dO((Sn)} for d > 4 and L sufficiently large, (1.3)
which is the main conclusion of Part I. In terms of the critical exponent p, defined by the conjecture
that 6,(p.) behaves like n~!/? as n — oo, (1.3) implies that p exists and is equal to 1, for d > 4
and L sufficiently large.

Also in Part I, interesting consequences for the geometry of large critical clusters and for the
incipient infinite cluster were deduced from (1.3), using results from [8]. In particular, (1.3) implies
that two constructions for the incipient infinite cluster coincide and that, conditionally on survival
up to time n, the number of vertices to which the origin is connected at time n scales like n times
an exponential random variable.

1.1 The model

The spread-out oriented percolation model is defined as follows. Let Z, = {n € Z : n > 0}.
Consider the graph with vertices Z? x Z, and with directed bonds ((x,n), (y,n + 1)), for n € Z,
and z,y € Z%. Let D be a fixed function D: Z¢ — [0, 1], satisfying

> D(z)=1. (1.4)

x€Z4

The function D will be assumed to be invariant under the symmetries of Z? (permutation and
reflection of coordinates). Let p € [0, ] D|Z'], where || - ||.. denotes the supremum norm, so that
pD(x) <1 for all z € Z%. We associate to each directed bond ((z,n), (y,n + 1)) an independent
random variable taking the value 1 with probability pD(y — x) and the value 0 with probability
1 —pD(y — x). We say that a bond is occupied when the corresponding random variable is 1 and
vacant when it is 0. Note that p is not a probability. Rather, p is the average number of occupied
bonds from a given vertex. The joint probability distribution of the bond variables will be denoted

2



by P, and the corresponding expectation by E,, with the parameter p usually suppressed from the
notation.

For the diagrammatic estimates, we need to make further assumptions on D. We will refer to
the assumptions on D in the previous paragraph as the weak assumptions on D. We define the
spread-out model of oriented percolation to be the model in which D obeys the weak assumptions
together with Assumption D in [13, Section 1.2] (whose precise form is not important for the
present paper), and [14, Equation (1.2)]. Assumption D in [13, Section 1.2] involves a parameter
L € N, which serves to spread out the connections and which will be taken to be fixed and large.
A simple and basic example is

(1.5)

D) = {(2L+ Dt el < 2,
0 otherwise.
In this example, the bonds are given by ((z,n), (y,n + 1)) with ||z — y|l. < L, and a bond is
occupied with probability p(2L+1)~¢. Assumption D also allows for certain infinite range models.
For the spread-out model, we will use
p=L" (1.6)

as a small parameter. Assumption D implies that there is a finite positive constant C' such that

sup D(z) < Cp. (1.7)

x€Z4

We say that (x,n) is connected to (y, m), and write (z,n) — (y, m), if there is an oriented path
from (x,n) to (y, m) consisting of occupied bonds. Note that this is only possible when m > n.
By convention, (z,n) is connected to itself. We write

Ca,n) = {(y.m) € Z' x Ly : (x,n) — (y.m)} (18)

to denote the forward cluster of (x,n). We also write (z,n) — m to denote the event that there
is a y € Z% such that (z,n) — (y, m).

The event {(0,0) — oo} is the event that {(0,0) — n} occurs for all n. There is a critical
threshold p. € (0,00) such that the event {(0,0) — oo} has probability zero for p < p. and has
positive probability for p > p.. The parametrization we have chosen is convenient, since for the
spread-out model it is known that

pe=14+cL™ 4+ 0L as L — oo, (1.9)

for d > 4, with the positive constant ¢ given explicitly in terms of the Green function for the
random walk with step distribution D [10].
The survival probability at time n is defined by

0,,(p) = P,((0,0) — n). (1.10)

General results of [2, 4] imply that lim, .., 0,(p.) = 0. For the spread-out model in dimension
d > 4, with L sufficiently large, the same conclusion was shown in [1] to follow from the triangle
condition. The triangle condition was verified under the above hypotheses in [14, 16], yielding an
alternate proof that lim, ... 0,(p.) = 0 for d > 4, and L sufficiently large.
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1.2 Main theorem

Forn € Zy, x € Z4, and p € [0, ]| D]|Z!], we define the two-point function
() = By((0,0) — (z,m)). (111)

We write

T = Ta() (1.12)

zeZd

for the expected number of vertices in C(0,0) at time n. The lace expansion for the two-point
function [5] (see also [14]) yields a recursion relation for 7,,, which reads

n—1

Tn = Z TmPTn—m—1 + Tn, (113)

m=0

where (7,,,) are certain p-dependent coefficients. In fact, (1.13) uniquely defines (), but the lace
expansion provides a useful representation for (7). In [14, Proposition 2.2|, this representation
was used to prove that mg = 1,7 = 0 and that there exists a finite positive constant C; such that

Cxp

<
|7Tm| = (m+ 1)d/2

(p = Pe, M > 2)7 (114)

for the spread-out model in dimensions d > 4, with [ of (1.6) sufficiently small. In addition, under
the same assumptions, it is shown in [14, Equation (2.11)] that

S Tmpe = 1. (1.15)
m=0

In the present paper, we obtain a lace expansion for the survival probability 6,, with good
bounds valid for the spread-out model in dimensions d > 4 at p = p.. Our main result is the
following theorem. In its statement, we use the notation

n~=D21ogn (4 < d<6),
A, =< nllogn (d =6), (1.16)
n! (d > 6).

Theorem 1.1 (Lace expansion and diagrammatic estimates). (1) Ford > 1, p € [0, || D||Z!],
and n > 1, and under the weak assumption on D,

n—1 [n/2]  n
On(p) = Z—O T (P)POn—1-m(P) — Z—l ; Gy (P)On—my (P)On—ms () + €n(p), (1.17)

where () are as in (1.13), and (Gm,.m,) and (e,,) are given by explicit formulas (see Sections 4—
5).

(ii) For the spread-out model in dimensions d > 4, at the critical value p = p., there are finite
positive constants Cy, Ce, and [y such that, for 0 < 8 < [y, the coefficients (¢m, m,) and the error
terms (e,) satisfy the following estimates:



e d11(pe) = p2Y 4z D(x)(1 — D(z)) = 1[1 + O(B)] and, for my > my > 1 such that
<m17m2) 7é (17 1);

[Gmrams (De)| < CoB(my + 1) 22 (my —my 4+ 1)@/, (1.18)
o If0,,(p.) < Co(m+ 1)t for 0 <m < n and some Cy > 1, then

lens1(pe)| < CCH(n+1)72 [(n+ 1) 7! + BAw] - (1.19)

Note that the diagrammatic estimate (1.19) for e, 1, which is the error term in (1.17) for 6,1,
assumes a bound on 6, only for 0 < m < n. This is precisely what opens up the possibility of
the inductive analysis employed in Part 1. Namely, in Part I, (1.1) is deduced from Theorem 1.1
by applying an induction analysis to (1.17), which makes use of the bounds in (1.14), (1.18) and
(1.19) in order to moderate the coefficients of the recursion.

When we derive (1.17) in Sections 2-5, we will fix an arbitrary p € [0, ||D||Z!] and assume
only the weak assumption on D. In Sections 6-8, where we prove the diagrammatic estimates
(1.18)—(1.19), we will specialise to the spread-out model with d > 4, p = p,., and small .

We expect that Theorem 1.1 has implications also for the critical contact process in spatial
dimension d > 4. Indeed, it has been shown in [9] that the lace expansion for the two-point
function can be applied to the oriented percolation model resulting from time discretization of the
contact process. We expect that part (i) of the theorem can be applied similarly to study the
survival probability for the critical contact process, in conjunction with a suitable modification of
part (ii). This extension is taken up in [11, 12].

1.3 The constant B
It was shown in [7, Equation (1.36)] that the constant B in (1.3) is given by

B— 221:1 Z;.rjz:’ﬂh ¢m1,m2 (pc) ) (120)

L4 pe Yoo M (pe)
It follows from (1.9), (1.14) and (1.18) that B < oo for d > 4 and f sufficiently small, with
B=3+0(3)as 0. )
The survival probability 6,, of a Galton—Watson branching process whose offspring distribution
has mean 1, variance 62, and finite third moment, obeys the simple recursion relation

A &2 .

On = bp_1 — ?63,1 + &, (1.21)
where e, = O(@Af’hl). This leads to the conclusion that limy, .. n6, = 26~2. We sketch the proof
of these well-known facts in Part I. Consider the branching process with offspring distribution
> I, where the I, are independent Bernoulli random variables with parameter D(z). This
offspring distribution has mean 1, by the normalisation assumption for D, and has variance 62 =
Y. D()(1 — D(z)) = 1+ O(B), as L — oo in the spread-out model, by (1.7). We regard the
critical spread-out oriented percolation model in dimensions d > 4 as a small perturbation of this
critical branching process—the former allows at most one particle per vertex, whereas the latter
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allows multiple occupancy. The recursion relation (1.17) can be viewed as a perturbation of (1.21).
The fact that B = $[1 + O(8)] as L — oo shows that the solution to (1.17) for the spread-out
model remains close to the solution of (1.21), to leading order, for L large.

Let N,, denote the number of vertices in C'(0,0) at time n, when p = p., and define the constants
A and V by

1
A= lim E, [N,], V = lim ——E, [N7]. (1.22)

n—oo n—oo A3n,

It is part of the results in [14] that these constants exist when d > 4 and L is sufficiently large. It
is shown in [8] that, given n#,(p.) — 1/B (which follows from (1.3)),

_av
A

B (1.23)

It is shown in [14, Equations (2.12) and (2.49)] that

! V= i i ¢m1,m2(070)7 (1'24)

B Pe + D2 30—y MT (D) ’ m1=2 ma=2

where (@ml,m) are coefficients arising in the lace expansion for the critical three-point function

Tnlmz(xlvx?) = ]Ppc<<070) - (xlvnl)v (070) - (x27n2>>' (125)

It follows from (1.20) and (1.23)—(1.24) that

V= Z Z szl,mQ(O,O) = 2p. Z Z ¢m1,m2(PC)- (1.26)
mi1=2mo=2 mi1=1ma=m1

This implies that the coefficients (¢, m,) in our lace expansion for the survival probability are
related to those appearing in the lace expansion for the three-point function. However, our ap-
proach does not reveal an explicit relation between @Zml,mQ(O, 0) and @, m, for fixed my, my. In
[11], an alternate expansion for the three-point function is derived, which is quite different from
the expansion of [14] and closer in spirit to the expansion derived here for the survival probability.
The expansion of [11] leads to a direct proof that

[e.9]

V=2p. > i Drmyms (Pe)- (1.27)

mi1=1ma2=mi

1.4 Organisation

The remainder of the paper is devoted to the proof of Theorem 1.1. The proof is divided into two
main parts: (a) the derivation of the expansion (1.17) for 6,,, and (b) the proof of the diagrammatic
estimates (1.18)—(1.19) for the expansion coefficients. The basic steps in the proof of each part are
as follows.



(a) Derivation of the lace expansion (1.17). The starting point for the expansion is the
percolation lace expansion of [5] for the two-point function. This expansion was applied to oriented
percolation in [14], where a derivation of (1.13) can be found. We will extend this lace expansion for
the two-point function (a point-to-point expansion) to a lace expansion for the survival probability
(a point-to-plane expansion). There are alternate expansions for the two-point function of oriented
percolation, due to [16] and [17] (see [18] for a description of all three expansions), but we do not
know how to use these alternate expansions to obtain an expansion for the survival probability.

The expansion of [5] is based on a factorisation lemma, which we isolate in Section 2. In
Section 3, we extract the linear term in (1.17) using a relatively minor extension of the lace
expansion for the two-point function. This produces an equation

n—1

0, = Z TmPOn—1—m + Xns (1.28)
m=0
where the term y,, involves configurations with two connections to the hyperplane at time n. These
two connections lead to the quadratic term in (1.17), but two further expansions are required to
obtain the two factors 6,,_,, 0, _m, in (1.17).

The first of these expansions for y,, is the most delicate and novel part of our method. A crucial
role is played by a random set P, of bonds, which is defined in Section 4 for any fixed subset A of
72 x 7.,. Using Py, we extract a factor ,,_,,, from y, in Section 4, completing the first expansion
for x,,. Then, in Section 5, we perform a second expansion for x,, to extract the additional factor
On—m,- Our treatment of this second expansion is different in spirit than the expansion methods
used in [6, 14], and is simpler due to a careful use of independence that is due to the orientation.

This part of the argument applies for general p and d, and makes only the weak assumption
on D.

(b) The diagrammatic estimates (1.18)—(1.19). As is usual in lace expansion analyses, we will
prove (1.18)—(1.19) by bounding ¢, m, and e, 41 by diagrams of the same character as the Feynman
diagrams of physics, i.e., by sums of products of two-point functions and survival probabilities.
The two-point functions are bounded using estimates proved in [14], and the survival probabilities
are bounded using the assumption on 6,,(p.) given above (1.19).

The first step in this procedure is carried out in Section 6, where we generalise the bound on
mm of [14], stated above in (1.14), and prove related bounds on x,,. The bounds on ¢, ,,, and e,41
are in terms of diagrams that are built from the diagrams encountered in Section 6 using certain
diagrammatic constructions. Using these, in Section 7, we complete the proof of the bound (1.18)
O Oy my, and in Section 8, we complete the proof of the bound (1.19) on e,4;.

This part of the argument is for the spread-out model. It relies on d > 4 and small 3, and the
bounds we obtain apply at p = p..

2 The Factorisation Lemma

This section contains some preliminaries that will be crucial in the expansion for the survival
probability. The main result is the Factorisation Lemma stated in Lemma 2.2 below. Throughout
the rest of the paper, we write

AN=7'%x17,, (2.1)

7



and we use bold letters such as «,y, z for elements of A. To be able to state the Factorisation
Lemma, we need some definitions.

Definition 2.1. (i) Given a (deterministic or random) set of vertices A and a bond configura-
tion w, we define wy, the restriction of w to A, to be

N e 22)

otherwise,

for every @,y such that {x,y} is a bond. In other words, w4 is obtained from w by making
every bond that does not have both endpoints in A vacant.

(ii) Given a (deterministic or random) set of vertices A and an event E, we say that E occurs
in A, and write {E in A}, if wy € E. In other words, {F in A} means that E occurs on the
(possibly modified) configuration in which every bond that does not have both endpoints in
A is made vacant. We adopt the convenient convention that {& — @« in A} occurs if and
only if x € A.

(iii) Given a bond configuration and « € A, we define C(x) to be the set of vertices to which
@ is connected, i.e., C(x) = {y € A :  — y}. Given a bond configuration and a bond b,
we define C?(z) to be the set of vertices y € C(z) to which @ is connected in the (possibly
modified) configuration in which b is made vacant.

We will often use the following easily verified rules for occurs in:

{Ein B}Nn{F in B} ={ENF in B}, (2.3)
{F'in B}U{F in B} = {EUF in B}, (2.4)
{E in B} ={E°in B}. (2.5)

Equations (2.3)—(2.5) imply that “occurs in” is well behaved under set operations.

The following Factorisation Lemma lies at the heart of the expansion method.! We write I[E]
for the indicator function of an event E. The statement of the Factorisation Lemma is in terms of
two independent percolation configurations, whose laws are indicated by subscripts 0 and 1. We
use the same subscripts for random variables, to indicate which law describes their distribution.
Thus, the law of ééu’v) (y) is described by P,, with corresponding expectation E,.

Lemma 2.2 (Factorisation Lemma). Fiz p € [0, D|2}], a bond (u,v), a vertex y, a positive
integer n, and events E.,F which depend only on the status of bonds whose vertices have time
variables at most n. Then

E([[E in GOV (y), F in A\C’(“"’)(y)]> _E, (I[E in C4) ()|, (T[F in A\CY) (y)])). (2.6)

Moreover, when E C {u € CUV(y),vgCUV)(y)}, the event on the left-hand side of (2.6) is
independent of the occupation status of (u,v).

!Some versions of Lemma 2.2 published previously [5, 6, 14] contain non-essential errors. However, on each

occasion in these papers where the Factorisation Lemma has been applied, the claimed factorisation does in fact
hold.



Proof. Because of our assumption on the events E and F, we can replace the set C“V)(y) in
(2.6) by its restriction to vertices which are endpoints of bonds whose vertices have time variables
at most n (i.e., we set all other bonds to be vacant). We denote this restriction by C("V)(y),
and note that this is a finite set with probability 1 by (1.4). The proof proceeds by conditioning
on C“V(y). We emphasize that C“V)(y) is a set of vertices. Thus, C“V)(y) = S does not
determine the occupation status of all the bonds b with both vertices in S. The left-hand side of
(2.6) equals

ZP({E in S} N {F in A\S}C4Y(y) = s)w(é;wv) (y) = S). (2.7)

where the sum over S is over finite subsets of A containing y.

By Definition 2.1(ii), the event {E in S} depends only on bonds with both endpoints in S,
while the event {F in A\S} depends only on bonds with both endpoints in A\S. The latter is
equivalent to saying that {F in A\S} depends only on bonds that have no endpoints in S. Thus,
by the independence of the bond variables, we obtain that

IP’({E in S} N {F in A\S}COY(y) = s) (2.8)
=P(E in S|C*V)(y) = S)P(F in A\S|C*V)(y) = ).

Moreover, the event {C("V)(y) = S} depends only on bonds that have at least one endpoint in S.
Therefore, for fixed S, the events {F in A\S} and {C(“V)(y) = S} are independent, and hence

P(F in A\S|C"Y)(y) = S) = P(F in A\S). (2.9)

Thus, we obtain
IP({E in S} N {F in A\S}H|CW) (y) = s) = B,(E in 8|C8V(y) = S)B,(F in A\S),  (2.10)

where we have added subscripts to the probabilities on the right-hand side to distinguish the
different expectations. We substitute (2.10) into (2.7), perform the sum over S, and replace C, by
C, to get (2.6).

Finally, when E C {u € C“V)(y),vgCU V) (y)}, the event on the left-hand side of (2.6) is
independent of the occupation status of the bond (w,wv). For {E in CUV)(y)}, this is because
vgCUV)(y), and, for {F in A\C“V)(y)}, it is because u € C“Y)(y). O

Although we do not need it here, we note that Lemma 2.2 also applies (both for oriented and
unoriented percolation) to arbitrary events E and F, if we replace the assumption that £ and F’
are determined by bonds lying below n by the assumption that P,(|C(0)] = c0) = 0.

We will refer to a bond (u,v) to which we can effectively apply Lemma 2.2 as a cutting bond.
In the nested expectation on the right-hand side of (2.6), the set éé“”)(y) is random with respect
to the outer expectation, but deterministic with respect to the inner expectation. We have added
a subscript “0” to C~’(§U7V)(y) and subscripts “0” and “1” to the expectations on the right-hand side
of (2.6) to emphasize this distinction. The inner expectation on the right-hand side effectively
introduces a second ?ercolatlon model on a second lattice, which is coupled to the first percolation
model via the set C3"
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Figure 1: Schematic representation of the event 0 — n as a string of sausages.

3 The linear term

In this section, we prove (1.28) by expanding the survival probability to linear order. In Section 3.1,
we define pivotal bonds, and rewrite events dealing with pivotal bonds using Definition 2.1. In
Section 3.2, we perform a first expansion step making crucial use of the Factorisation Lemma,
Lemma 2.2. The first expansion is virtually identical to the expansion for the two-point function
performed in [5] and [14]. In Section 3.3, we iterate this expansion step indefinitely to obtain
(1.28).

3.1 Pivotal bonds

Definition 3.1. (i) Given a bond configuration, we say that « is doubly connected to y, written
x — vy, if there are at least two bond-disjoint paths from « to y consisting of occupied
bonds. By convention, we say that = « for all . Similarly, we say that y is doubly
connected to n, and write y = n, if there exist z1,2o € Z¢ (possibly equal) and two
bond-disjoint paths from y to (x1,n) and (x2,n).

(ii) Given a bond configuration, we say that a bond is pivotal for x — y if € — y in the (possibly
modified) configuration in which the bond is made occupied, whereas @ is not connected to
y in the (possibly modified) configuration in which the bond is made vacant. Similarly, we
say that a bond is pivotal for y — n if y — n in the (possibly modified) configuration in
which the bond is made occupied, whereas y is not connected to n in the (possibly modified)
configuration in which the bond is made vacant.

The set of pivotal bonds for x — y or y — n is ordered in time, which allows us to speak
about the first pivotal bond having a certain property. We can visualize a configuration where
0 — n as consisting of a string of sausages, the strings representing the pivotal bonds, and the
sausages the parts of the cluster of 0 that are separated by the pivotal bonds. See Figure 1 for a
schematic representation of the event 0 — n as a string of sausages.

In terms of Definitions 2.1 and 3.1, we have a characterization of a pivotal bond for v — y as

{(u',v") pivotal for v — y} = {’U — u' in C’(”/’Vl)(v)} N {v’ — y in A\C’(”/’Vl)('v)}. (3.1)
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Similarly, we have a characterization of a pivotal bond for v — n as

{(w',v") pivotal for v — n} = {{v —u'}N{v —n}in C’(“/’Vl)(v)} N {v’ — n in A\C’(“/’V/)(v)}.
(3.2)

The right-hand sides of (3.1)—(3.2) are convenient for application of the Factorisation Lemma 2.2.

3.2 The first expansion step

We will successively expand the survival probability using the notion of pivotal bonds defined in
Section 3.1, the rewrite in (3.2) and the Factorisation Lemma 2.2. It turns out that in the process
of deriving the expansion for #,, we encounter a modification of the survival probability that we
call the generalised survival probability, and it is most convenient to work with this generalised
quantity right from the start. The following definition will be used to define the generalised survival
probability.

Definition 3.2. Given a bond configuration and a set A C A, we say that y is connected to x
through A, and write y EiN x, if every occupied path connecting y to & has at least one bond with
an endpoint in A. By convention, x 4 2 holds if and only if @ € A. Similarly, we say that y is

connected to n through A, and write y LN n, if every occupied path connecting y to a vertex in
Z% x {n} has at least one bond with an endpoint in A, or if y € (Z¢ x {n}) N A.

It will be convenient to expand not only 6,,, but also the generalised survival probability P(v A,
n) for a fixed vertex v and set of vertices A. We note that, with 0 = (0,0), we have

P % ) =9, (3.3)
To analyze P(v 2 n), we define the events

E'(v,x; A) = {v 2 )} N {# pivotal bond (v, v') for v — @ such that v 2 '}, (3.4)
Fl'(v;A) = {v 2 n} N {7 pivotal bond (v, v') for v — n such that v 2 o'}, (3.5)

which are depicted schematically in Figure 2.
Given a configuration in which v A n, the cutting bond (u',v’) is defined to be the first
occupied and pivotal bond for v — n such that v Al Tt s possible that no such bond exists.

By partitioning {v EiN n} according to the location of the cutting bond (or the lack of a cutting
bond), we obtain the decomposition given in the following lemma. Here and elsewhere, we write
U for a disjoint union.

Lemma 3.3 (The partition). For anyv € A,AC A;n >0,

{v 3 n}=F (v;A) U U [E’(v,u'; A) N {(u,v") occupied and pivotal for v — n}} (3.6)

(w,v")

11



v

Figure 2: (a) Schematic representation of the event E'(v,x; A). The intersection of A with the
fourth sausage is optional, while the intersection with the sixth is required. (b) Schematic repre-
sentation of the event F) (v; A). The intersection of A with the third sausage is optional, while the
other intersection is required.

Proof. We decompose the event {v 4 n} depending on whether there is a cutting bond or not.
The event F)(v; A) is the contribution where such a cutting bond does not exist. Otherwise, let

(u/,v') be the cutting bond. Then, (', v') is occupied and pivotal for v — n and {v 4, u'} holds.
Moreover, there cannot be a previous pivotal bond satisfying the same requirements. The latter
is equivalent to the statement that, for all b that are occupied and pivotal for v — o/, the event

{v 4 b} cannot hold. Therefore, E'(v,u’; A) holds. O

Define
7 (v; A) = P(F, (v; A)). (3.7)

Then (3.6) implies that

P(v 2 n) =9 (v; A) + > P(E'(v,u'; A) N {(u/,v') occupied and pivotal for v — n}). (3.8)

(u,v)

We next note that the event that b is pivotal for v — n is independent of the occupation status
of the bond b. Moreover, also E'(v,u'; A) is independent of the occupation status of the bond
(u',v’), due to the orientation. Therefore, (3.8) becomes

P(v 5 n)=> JuvP(E'(v,u; A)N{(v,v') pivotal for v — n}) + 7 (v; A), (3.9)

(u’'v)
where we make the abbreviation
Jwm) (o) = PD(V = ©)0nms1- (3.10)

We note that, by the orientation of the bonds, the event E’(v,u’; A) is independent of the
bonds above u’, so that

E'(v,u'; A) = {E'(v,u; A) in OV (v)}. (3.11)

12



We use (3.2), together with (3.11) and (2.3), to rewrite the event on the right-hand side of (3.9)
as

E'(v,u’; A) N {(v/,v") pivotal for v — n} (3.12)
= {{E’(v, u; A)N{v — n}c} in C’(“/’V')('v)} N{v' — nin A\CYV)(v)}.

Using Lemma 2.2, we obtain from (3.9) and (3.12) the important rewrite

P(v A n) = Z Jur v (I[E,(’Ua s A)N{v —n}in (j(gu',v’)(v)]

(w,v")

X P, (’U’ —n in A\C’éu/’vl)(v)>> + 79 (v; A). (3.13)

We next use the inclusion-exclusion relation
I{v —n}]=1—-I[{v — n}, (3.14)

which brings us to

Podn)= I JuwE (I[E’(v, o' AP, (v = n in A\C’é“"vl)(v)))
(u’,v')
+ 7 (v A) = p) (03 A), (3.15)

n

where

P A= Y unEo( T (0w 4) 0 {o = in GV @)y (0" = in MEHY(w)) ).

(u,v)
(3.16)
We have omitted “in CN’éu/’vl)(’v)” in the sum in (3.15), which is possible due to (3.11).
Finally, let 6,,(v) = P(v — n). Then, for every A C A,
P(v — n in A\A) = 6,(v) — P(v 2 n). (3.17)
If we define
(v, m; A) = P(E' (v, @; A)), (3.18)
then (3.15) and (3.17) yield the identity
P(v 5 n) =70 (v;4) — o (0, A) + > Juw® (v, u'; A),(v)
(u',v')
/ / / é(()UI’VI)(V)
Y JunE <[[E (v, s AP, (v L2, n)) (3.19)

(u,v')

This completes the first expansion step.
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3.3 Iteration

In the right-hand side of (3.19), we again see a term of the form P, (v 4, n), but now with

A= C*éu,’vl)(v) and with v replaced by v’. Thus, we can iterate (3.19). To write down this
iteration, we first define, for any random variable X,

M(l)

Syea(X) =By (T[E' (v, 3 A))X). (3.20)

For N > 2, we define M. ,(X) recursively by

MGy a(X) = > Juy_swnyaMyur 2A(]\4\(/1;_273/;@%2(X)), (3.21)

(Un_2,VN_2)

where, for 7 > 0, we make the abbreviation C = C (U5v) (vj_1), with v_, = v, and where the

expectation occurring in M\(llli yiC ( ) is labelled N — 1. For example, when N =2, X =1,
v =0, and A = {0},

Mgy 10y (1 Z s By (11E'(0, uo; {O})]E, (11E' (vo, y; C)]) ) (3.22)
Note that, by (3.4),
E'(0,u,;{0}) = {0 = u,}. (3.23)

According to [14, Equation (3.25)], the coefficients of the lace expansion for the two-point function
in (1.13) are given in terms of the above notation by

T = Y (=1)"m), (3.24)
N=0
with, for N > 0,
T =2 T W) T (W) = Moy 0y (1) (3:25)

yeZ?

Note that here we adopt the convention that 7{%(y) = P(0 = (y, m)), rather than the convention
70 (y) =P(0 = (y,m)) — do,mdo,y used in [14].
We define, for N > 1,

V@A) =D Jun v M0y (0 (0ni Ca)) (3.26)

(UN-1,VN-1)
with 7 (v; A) defined in (3.7), and, for N > 1,
TN (v, 23 A) = MY (1), (3.27)
P Wi A) = 3 Tuy v M (0 (01 C)), (3.28)

(Un—1,VN-1)
with 7 (v, x; A) and p!?(v; A) defined in (3.18) and (3.16). We let
Xo (03 A) = 7,7 (v; A) = pi (v; A). (3.29)

14



7O (x) 70 (x)

0 0

Figure 3: Schematic representations of 7™ (x) for N = 0,1. For 7V (), the bold and thin lines
correspond to the different expectations.

n n

0 1
Yy Y

Figure 4: Schematic representation of 7™ for N = 0, 1. For 4", the bold and thin lines correspond

n
to different expectations.

We omit the superscript “(/V)” to denote the alternating sum over N, e.g.,

(v, x; A) = Nf: (—1)Na ™M (v, 2; A), (3.30)
(o) = X ()Y (i 4), (331

In the special case v = 0 and A = {0}, we omit the variables v and A and write

7T(£I:) = 7T(0, ZT; {0})’ Xn = Xn(o; {0})7 Tn = /Vn(O; {0})’ Pn = ,On(O; {0})7 (332)

and similarly for 7 (x), x(V, 7" and pi™. In particular, v = P(0 = n). A schematic
representation of 7 (x) for N = 0,1 is depicted in Figure 3, and schematic representations of
Y and pM) for N = 0,1 are depicted in Figures 4 and 5.

The result of the first expansion is given in the following proposition. Recall that 6,(v) was
defined above (3.17).

Proposition 3.4 (The linear term). For allve A, ACA, n>1,

Plo2n)= 3 w(v,u; A)Juybn(v') + xn(v; A). (3.33)

(u,v)
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fececccccaaaa

0 (1
p,(n> pn>

0 0

Figure 5: Schematic representation of p{™ for N = 0, 1. For p!? there are two distinct expectations,
and for p{" there are three.

Proof. The identity (3.19) can be rewritten, using (3.20), (3.27), and (3.29), as

Plo2n) = 3 Jugwe My (D)6 (v0) + X (v; A)

(Uo,Vvo)

Z JUO,VOM\(IIEJO A(Pl('vo ﬂ’ n)) (3.34)

(uo,Vvo)

Recalling (3.27), we see that the first line on the right-hand side of (3.34) is equal to the N =0
contribution to the right-hand side of (3.33). We will iterate (3.34) to obtain (3.33). For this, it
is useful to note that a shift of indices in (3.21) gives

S Junwn M (M (X)) = MDA, (3.35)

VN-1,UN;CN_1
(UnN—1,VN_1)

For N > 1, it follows from (3.34)—(3.35), together with (3.26)—(3.29) and the linearity of X —
MG, a(X), that

V,Un_

Cn-1
Z JUN71,VN 1M\(/Nu)N 1 A(]P)N<’UN71 == n)) (3.36)

(Uun—1,VN_1)

= D Juywn ™ (0, Uy A)n(0n) + x5 (03 A)

(un,vN)

Z JUN,VNM\(/NJ;) (PN+1 ('UN C—N> n))

(uN)VN)

We use (3.36) in (3.34) repeatedly until the last term vanishes. This must happen before N = n+1,
because the time variable of v is strictly larger than the time variable of v_,, and the last term
in (3.36) is zero when the time variable of v, exceeds n. O

We finally complete the proof of (1.28) using Proposition 3.4. According to (3.25) and (3.27),

7(y) is equal to the coefficient m,,(y) of the lace expansion for the two-point function, where
y = (y,m). We use the notation m,,(y) and 7, = >°, 7 (y) when we wish to emphasize the role
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of the time variable. Since 6,(y,m) = 0,,_,, for every y € Z¢, and since ¥, Jur\» = p by (3.10),
(3.33) reduces in this special case to to

n—1

en = Z meenflfm + Xn- (337)

m=0

This proves (1.28), and we have extracted the linear term in the expansion for 6,. Recall the
schematic representations of 7" (x) for N = 0,1 in Figure 3, and of 7" and p{¥’ for N =0, 1 in
Figures 4 and 5.

Finally, for future reference, we prove the recursion relation

M\(/AQ—%)(X) = Z JUN 1LYN-— 1M\(/Nu)N 1A(M\(,IZ)_17y;éN_1<X)>, (3.38)

(Un—-1,VN_1)

valid for M, N > 1. The proof is by induction on M. We first note that (3.38) holds for all N > 1
when M = 1, since in this case it is identical to (3.35). We assume as induction hypothesis that

MO = > Juyawna My a (M0 (Y), (3.39)

VN-1,UN;CN—1
(Un—1,VN_1)

holds for all N > 1. To advance the induction, we substitute

V= > Juywa M (X) (3.40)

vayiCn
(un,vN)

into (3.39). By (3.35), the left-hand side equals M{\ 73" (X), while the right-hand side equals the

right-hand side of (3.38). This advances the induction hypothesis, and proves (3.38).

4 The quadratic term: The first expansion for Y,

In (3.37), we have established the identity

n—1

= Z 7Tmp(gnflfm + Xn- (41)

m=0
To prove the identity (1.17) of Theorem 1.1(i), we will show that

[n/2] n
X == 30 D O e Onems Y, (4.2)

mi1=1ma2=m1

where ¢{)) . are certain expansion coefficients, and ¢{;"’ is an error term. The desired result (1.17)

then follows from (4.1)—(4.2), with

en=>_(=1)"e, Sz = Y (=1)V O, (4.3)
N=0 N=0
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In this section, we will go part way to proving (4.2), by showing that

[n/2]
X' == D0 Kooy + €7 (1) +67(2) + €7 (3). (4.4)
mi1=1
The coefficients «{;) and the error terms (" (1), e (2), e (3) are defined in Section 4.2 below.
The proof of (4. 2) Wlll then be completed in Section 5, via an expansion for V)

mi,n°

Recall from (3.29) that x(™ = A — pi™ | where 4V and p{" are defined in terms of
and p® in (3.26) and (3.28). We begin in Section 4.1 with an analysis of p{}’, and continue in

n )

Section 4.2 with v{". Section 4.3 contains the proof of a key proposition involving an important
set P4 introduced in Section 4.2. Finally, in Section 4.4, we prepare for an analysis of error terms.

4.1 The first expansion for p,
For A, B C A, we define

KO0 AB) = Y Juowe 0(1 [E'(v,u5; B) N {v 2 n} in G (6u(v,) — Py (v, 2 n))>, (4.5)

UO Vo

where as usual C, = C‘éuo’v‘))(v). By (3.16)—(3.17), and the facts that {v ™, n} ={v — n} and
{v'gC V) ()} = {{v'2CM™ ™) (v)} in V) (v)}, we have

o (0 A) = K0 (v; {0}, A). (4.6)

We write m,, for the time coordinate of a vertex v, and define

I, (v; A) = dmmy — P Y 7(v, (y,m — 1); A), (4.7)
yezd
K (0 A, B) = 37 JugwoBa (T1E' (0,10 B) N {v % n} in ColTL(v,; C)), (4.8)
(uo,vo)
e (v; A,B) = — Y Jueve ( [E' (v, uo; B) N {v 2 n} in Cylxn(ve: éo)) (4.9)
(Uo,Vvo)

Lemma 4.1. Forn>1,v € A and A, B C A,

kY (v; A, B) Z KO (v; A, B)0y—m, + e (v; A, B). (4.10)

mi,n
mi=1

Proof. We use Proposition 3.4 to extract one factor of ,,_,,, from the factor 6,(v,) — P, (v, Lo, n)
in kK (v; A, B). Explicitly,

‘gn(vo) - ]P)l('vo &) n) 0 ZJul v Tl UO7 U, O )Hn(’lJl) - Xn('vo; éo)

(u1,v1)

= Z Hm1 (Uo; C’O)en—nu - Xn(vo; éo)a (411)
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using (4.7) in the second equality. Substitution into (4.5) gives (4.10). O

We use the abbreviations
ki (A) = k1) (0, A,{0}),  e’(A) =e(0; A,{0}), (4.12)

and, for N > 1, we define

R#LV)n(A) = Z JuN 1LVN- 1M(()Nu)N 1{0}( 5%>n(vwflsz4, CN1)>7 (4.13)

(Un—1,VN_1)

(M) = Y JuN o Moy (ejf)(le;A,é’Nl)). (4.14)

(Un—1,VN_1)

An abuse of notation: It will be convenient in what follows to make an abuse of notation in which
we write, e.g., k) ({vy_,}) to denote the result of setting A = {vy_,} in (4.13). The variable

mi,n
vy_, is the summation index, so that x{,)  ({vy_.}) does not actually depend on vy_,. Also, we

will use the convention .
v_, =0, C_, ={0}. (4.15)
With the above abuse of notation, the following proposition gives the first expansion for p{V.

Proposition 4.2 (The first expansion for p,). Forn>1 and N > 0,

P = Z KN (o D) Onemy + e ({on 1) (4.16)
mi=1
Proof. By (4.6) and Lemma 4.1, we obtain
Z o n(UVs{v}, A)0n i, + € (v; {v}, A). (4.17)
mi—1
The identity (4.16) then follows by substitution of (4.17) into (3.28), using (4.13)—(4.14) with the

abuse of notation. O]

For N > 1, we note for future reference that

EOA) = 3 Juwwn MY (I[UN_l A in Gy (v Cm), (4.18)
(uNVVN)

E(A) = = 3 Juyww ME 0y (J[UN_l A nin Cy)xa(vy; Cm), (4.19)
(un,VN)

where, in the last equality, we have used (4.9) (with (uy,vy) instead of (u,,v,)), (3.20), and
(3.35). In addition, we have repeated our abuse of notation, since the variable vy_, is summed
over in the definition of Mg, "), (see (3.21)). For N = 0, recalling (4.8)(4.9), (4.12), and (3.20),
we see that the equalities in (4.18) and (4.19) also hold, using the convention (4.15).
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4.2 The first expansion for 7,

In this section, we derive the first expansion for 7,. This requires a new concept: the important
set P,. We start by giving an informal explanation of this set by comparing and contrasting with
the expansion performed in Section 3.

Crucial in the expansion that extracts the linear term is the identification of the cutting bond.
In this section, we will describe the first cutting bond for 4 (v; A). In the expansion that extracts
the linear term, we have made essential use of properties of this cutting bond. In particular, it
allows for a use of the Factorisation Lemma 2.2, and, when it exists, it is unique. By the latter
property, the union over the cutting bonds can be replaced by a sum, which is then analysed in
detail (see e.g., (3.8)). Finally, the cutting bond is after the connection through the set A has
taken place, so that the dependence on A has been taken care of and does not influence later
connections.

In the event F)(v;A) that defines 7" (v; A) (recall (3.7) and (3.26)), after the connection
through the set A has taken place there must be at least two connections to n (see (3.5)). Each
of these connections should give rise to a possible cutting bond, so that the cutting bond is not
unique. The set P, will consist of all appropriate cutting bonds. The non-uniqueness makes it
harder to go to a sum over cutting bonds, since this number is in fact random. However, we will
argue now that the main contribution to 7(0)(1) A) comes from configurations where the number
of appropriate cutting bonds is equal to two, and, thus, up to leading order, we can replace the
union over cutting bonds by a sum if we account for the multiplicity by dividing by 2 (see (4.21)
below). Indeed, when there are fewer than two cutting bonds, then one of the disjoint connections
to n will in fact have to be a double connection to a point (z,n) for some x € Z?, which should
lead to an error term. When, on the other hand, there are at least three cutting bonds, then there
are three disjoint connections to n, which should also lead to an error term. This explains the
strategy of the proof. We now turn to the details.

Throughout the remainder of the paper, given a bond b = ((z,n), (y,n + 1)), we will write
b = (y,n+ 1) for its “top” and b = (z,n) for its “bottom.” Given a vertex v, a non-negative
integer n, and a subset A C A, we define the random set of bonds P, by

P = {bonds b ‘ (v,b; A) N {b occupied} N {b — n in A\C®(v )}} (4.20)

Thus P, consists of those occupied bonds b such that E’(v,b; A) occurs (see Figure 2(a)) and
the top of b is connected to n in the complement of C?(v). If we compare this definition of the
cutting bond to the properties of the cutting bond in the expansion extracting the linear term in
Lemma 3.3 and (3.12), then we see that both definitions have the occurrence of E'(v,b; A) and the
connection b — n in A\C®(v) in common. Thus, we can think of the bonds in P, as generalisations
of the cutting bond in the linear expansion. Section 4 is primarily devoted to the investigation of
the set of bonds P,.
By decomposing the event F!(v; A) according to the size of P,, and using (3.7), we obtain

7 (v; A) = P(F, (v; A))

NgE

=P(F(v; A)n{P = 2})+ Y 3 Y P(Fi(v; A)n{b e Y n{|R| =1})

b
(

_ ;ZP(F;L(U;A) N{bePY) + e (v: A), (4.21)
b

1
l

~

1
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where

e (v; A) = P(FL(v; A) N {Py = 2}) + S

=1

N‘H

; (Fé(v; A)n{be RIn{|R| = l}). (4.22)

We will show that e”(v; A) gives rise to an error term, thus making precise the claim that the
main contribution to 4 (v; A) comes from configurations where |P,| = 2.
We further define, for N > 1,

e, (1) = ,”(0;{0}) ) (4.23)

e, (1) = > Juyiva- 1M(<)NJN 1{0}( %>(”N—1SCN—1)>~ (4.24)

(Un—1,VN—-1)

The following proposition, whose proof is deferred to Section 4.3, is a crucial ingredient in the
first expansion for ,. Proposition 4.3 derives its name “the first cutting bond” from the fact that
the bond b in P, will serve as the cutting bond in Proposition 4.4.

Proposition 4.3 (The first cutting bond). For ACA, ve A, n>1 andd,

Fy(v; A)n{be B} = {E'(v,b; A)n{v S n} in C'(v)} N {b oce.} N {b— n in A\C*(v)}.
(4.25)

Proposition 4.3 shows that the definition of the cutting bonds in (4.20) allows us to rewrite
the event F!(v;A) N {b € B} in terms of Definition 2.1, which, in turn, allows us to use the
Factorisation Lemma 2.2. Because of this, Proposition 4.3 is the key to our expansion of the
survival probability.

The following proposition, whose proof uses Proposition 4.3, gives the result of the first expan-
sion for 7,. On the right-hand side of (4.26), there is again an abuse of notation: when we put
A= Cy_, in (4.13)(4.14), the quantities £ o (Cy_,) and e (Cy_,) do not actually depend on

Cy_. (this random set is integrated over).

Proposition 4.4 (The first expansion for ~,). Forn>1 and N > 0,

(N) —— Z k) C en—ml 1 <N>(CN 1)+€7(1N)(1). (4.26)

mln n
m1 1 2

Proof. By (4.21), Proposition 4.3, and the independence stated in Lemma 2.2,

YO ZJUO Vo ( I[E' (v, u0; A) N {v 2 n} in C)I[v, — n in A\C‘O]) (4.27)
(Uo Vo)
+ eV (v; A).
By Lemma 2.2, (3.17), and (4.5), this implies that
1
0 A) = LR 4, 4) + e 1 4). (128)

By Lemma 4.1, (4.15) and (3.32), this proves (4.26) for N = 0. For N > 1, we substitute (4.28)
for 7 (vy_1;Cy_y) in (3.26). The desired result then follows from (4.13)—(4.14) and (4.24). O
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Figure 6: Schematic representation of the event F/(v; A) N {b € P,}.

To combine the expansions for p,, and ~, given in Propositions 4.2 and 4.4 into a first expansion
for x{™, we introduce the following notation. Let

Finn = Fmn({Un_1}) — 5/@%(%_1), (4.29)
1 -
e)(2) = 5@2“(0%1) — e ({vn-a}), (4.30)
eMB)=— > Km0, - (4.31)
mi=|n/2]+1

Corollary 4.5 (The first expansion for x,). Forn >0 and N > 0,

[n/2]
X == 3 K € (1) 4 6 (2) + € (3). (4.32)
mi1=1

Proof. Since M =~ — piN) by (3.29), we can combine the conclusions of Propositions 4.2 and

4.4 with (4.29)—(4.30) to arrive at

X = Z Kimy Oy + €57 (1) 4+ elY(2). (4.33)

mi=1

Then (4.32) follows from (4.31). O

4.3 Proof of Proposition 4.3

The proof is divided into 2 steps. See Figure 6 for a schematic representation of the event F (v; A)N

{be Pt}

Step 1: The left-hand side of (4.25) is a subset of the right-hand side of (4.25). Suppose
that the left-hand side of (4.25) occurs. It is clear from (4.20) that all the events on the right-hand

side of (4.25) occur, apart from the event {v A4 nin Ct(v)}. To see that {v A4 nin Ct(v)}
occurs, note from (3.5) that F) (v; A) implies that {v 4, n}. Also, by (4.20), b — b — n on the
left-hand side of (4.25). Since F)(v; A) occurs and v A, b, it follows from (3.5) that b cannot be

22



pivotal for v — n. Thus {v — n in C®(v)} must occur. Since v 4, n, every occupied path v — n

must contain an element in A, in particular the paths in C*(v). We conclude that {v A4 nin
C®(v)}. This proves that the left-hand side of (4.25) is a subset of the right-hand side.

Step 2: The right-hand side of (4.25) is a subset of the left-hand side of (4.25). Suppose
that the right-hand side of (4.25) occurs. Then b € P, by the definition of P, in (4.20). It remains
to check that F)(v; A) occurs. To achieve this, we need to verify that (a) v A n, and (b) the “no
previous pivotal” condition in (3.5) holds (i.e., there does not exists a b’ which is occupied and

pivotal for v — n such that v 4, o).

For (a), we note that since v <> n in C*(v), all connections that do not use the bond b are
through A. Thus, we need only investigate the connections that do use the bond b. But (3.11)

implies that v LN b, so the connections using the bond b are indeed through A, and hence v A .

We are left to check (b). We first note that if b’ is pivotal for v — n on the right-hand side of
(4.25), then ¥’ is also pivotal for v — b. Indeed, suppose that after removal of ¥, the connection
v — b still occurs. The bond &’ cannot equal b since v — n in C’b(v), so that b is not pivotal for
v — n, whereas b’ is. Thus, since b’ is pivotal for v — n, the removal of ¥ must destroy both
connections v — n in C®(v) and b — n in A\C?(v), which is impossible.

To prove (b), we need to show that if o’ is pivotal for v — n, then v is not connected to b’
through A. Let o' be pivotal for v — n. Then, as noted above, b’ is also pivotal for v — b. By
(3.11) and the second event in (3.4), {v SN b'}¢ must occur. This proves (b) and completes the
proof of Proposition 4.3.

4.4 Preparation for bounds on e (v; A)

In this section, we set the stage for the diagrammatic estimates of Section 8, by proving estimates
for the error term e!” (v; A) of (4.22). We begin by making the decomposition

e, (v A) = e (v; A1) + € (v; 4;2) + ¢, (v; 4;3), (4.34)
where
1
e (v; A; 1) = P(F)(v; A) N {PA = 2}) + 5IED(F?;(v; A)n{|Rl=1}), (4.35)
eO(v; A;2) = Y Z T = SP(Ey(v; A)n{be BYN{|R|=1}), (4.36)
b>|2 J+1l 3 2
1
eO(v; A;3) = S -3 P(F(v; A)n{be RYN{|[R|=1}), (4.37)
b<| 2] 1= 3
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and where we abuse notation by writing b < m for the sum over bonds b such that m;, < m (recall
that my, denotes the temporal component of b). Then

e (v; 4; 1)] < P(F,(v: A) N {IR] < 1}), (4.38)
69 (v 4;2)] <+ P(E'(v,b; A) N {b— n}), (4.39)
2b2[§j+1
1
e (v As3) < 5 > P(Fi(viA)n {be RN {IP| = 3}). (4.40)
b<| 5]

using Proposition 4.3 in (4.39). We consider these three quantities in sequence in Sections 4.4.1—
4.4.3.

4.4.1 Estimate for e”(v; A;1)
To prove that e{”(v; A; 1) produces an error term, we will use the following proposition.

Proposition 4.6. Forv e A, ACA andn > 1,

Fiw; A)n{IR] < 1} € J E'(v, (x.n); A). (4.41)

xeZ4

Proof. By partitioning (3.5) according to the last pivotal bond for the connection v — n, we may
write

Fl(v;A) = {v =2 n} U U ({b occ. and piv. for v — n} N {v 2 b} N {b =2 n}), (4.42)

where {v SN n}={v 4, n} N{v = n}. We define v’ by setting v’ = v when the first event on
the right-hand side of (4.42) occurs, and v’ = b otherwise.

Suppose that F)(v; A) N {|P| < 1} occurs. There must be x,y such that v’ is disjointly
connected through A to (z,n) and (y,n). Due to these disjoint connections, no pivotal bond for
v’ — (x,n) can also be pivotal for v" — (y,n). Since |P,| < 1, we may therefore assume without
loss of generality that among the pivotal bonds for v' — (x,n) (if there are any) there is no element
of P,.

According to (3.4), it suffices to show that there is no pivotal bond b for v — (x,n) such
that v < ¥, since this implies that E’ (v, (z,n); A) occurs. We will establish that this sufficient
condition holds, by arguing by contradiction.

Suppose that ¥’ is pivotal for v — (z,n) and that v LN V. Then there must be a first such
pivotal bond, which, we claim, is an element of P,. Indeed, since ¥ is pivotal for v — (z,n), it
follows from (3.1) that ¥ is occupied, E'(v,b'; A) occurs, and b — (z,n) occurs in A\C®(v). This
shows that b’ € P,.

By definition of v’, the pivotal bonds for v — (z,n) include the pivotal bonds for v/ — (x,n).
The latter include no element of P,, so ¥’ must lie below v’ (and hence v" # v). This then implies

that b’ is occupied and pivotal for v — v’. However, by (4.42), the latter implies that {v 4 b'}e

occurs. This contradicts the assumption that v 4, V', and completes the proof. O
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4.4.2 Estimate for e!”(v; A;2)

The right-hand side of (4.39) is already simple and nothing more is required at this stage.

4.4.3 Estimate for e{”(v; A; 3)

We prove three lemmas, Lemmas 4.7-4.9 below, before proving the main estimate in Proposi-
tion 4.10 below.

Lemma 4.7. If b € P,, then there exists an v € Z% such that b is occupied and pivotal for
v — (x,n).

Proof. The definition of P, in (4.20) implies that v — b occurs in Ct(v), while b — n occurs in
A\C?(v). Therefore, there exists an z € Z? for which b — (z,n) occurs in A\C®(v). By (3.1), this
proves the claim. O

For two bonds b and ', we write b < V' when their temporal components obey my, < my .

Lemma 4.8. Forbt' <b andt/ # b,
(b, e P} C {{V/ € B} in C*°(v)}. (4.43)

Proof. We first note that if b and b’ are distinct elements of P, then it is not possible that b = b
Indeed, by Lemma 4.7 there is an x such that b is pivotal for v — (z,n). But if b =D then it
follows from the fact that b’ € P, that there is a connection from v to b via b’ that persists after
b is made vacant, and this means that b cannot be pivotal for v — (x,n). Thus we may assume
that b £ b .

Since b € P,, we have that (a) {§' is occupied} occurs, (b) E'(v:b'; A) occurs, and (¢) {b — n
in A\C"(v)} occurs. The event {b' is occupied} also occurs in C?(v) since b # ', and the event
E'(v;; A) also occurs in C?(v) since b < b and b+ b'. It remains to show that the event

{{b’ —nin A\CY(v)} in éb(v)} (4.44)

occurs. We show that (4.44) occurs by intersecting with the events (i) {b — b in A\C? (v)}¢, and
(i) {b' — b in A\C? (v)}, which we refer to as cases (i) and (ii).
On the event (i),

{{b’ —nin A\CY(v)} in éb(v)} — I = nin N\C¥(v)], (4.45)

since making b vacant does not change C(5') N (A\C? (v)), and b — n in A\C? (v) is determined
by C(8) N (A\C? (v)). But the right-hand side of (4.45) occurs by (c) above, and hence (4.44)
occurs.

We complete the proof by showing that case (ii) is empty, arguing by contradiction. Suppose
that b,b' € P, and that b — b occurs in A\C?(v). Then E'(v;b; A) occurs since b € P,, and
v b’ occurs since V' € P,. Since E'(v;b; A) N {v 4, b’} occurs, V' cannot be pivotal for v — b.
Since v — b, we conclude that b € C? (v). However, when b — b in A\C? (v), cither b € A\C? (v)
or b = b. In the latter case, since b’ € P,, it follows from Proposition 4.3 that b = 5’¢éb’(v).
Therefore b € A\C? (v) in either case, which contradicts b € C”(v) and completes the proof. [
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Lemma 4.9. Forve A, ACA, n>0,
{v 3 nn{|P| > 2} C F (v A). (4.46)
Proof. By Lemma 3.3,
{v 2 n}n{R] > 2} = (Fi(v;A) N {|R] > 2}) (4.47)

Ul {E’(v,b; A) N {b occ. and piv. for v — n} N{|P| > 2}}
b

It suffices to show that the contribution from the union over b is empty. For this, it suffices to
show that if E'(v,b; A) N {b occ. and piv. for v — n} occurs, then P, = {b}.

To prove the latter statement, assume that E’(v,b; A) N {b occ. and piv. for v — n} occurs.
Then clearly b € P,, since all the events in (4.20) occur by (3.2). Also, if &’ € P,, then the event
E'(v,b'; A) occurs, and, by Lemma 4.7, V' is occupied and pivotal for v — (x,n) for some x € Z<.
Therefore, O is the first occupied and pivotal bond for v — (x,n) for which v 4, b'. However,
since E’'(v,b; A) N {b occ. and piv. for v — n} occurs, b is the first occupied and pivotal bond for

v — (x,n) such that v A b for all x € Z4 for which v — (z,n). Therefore, b’ = b. O

To formulate the next proposition, we define
PP ={be P, : 3y, by € P, \ {b} such that by # by, by, by < b}. (4.48)

In words, P is the subset of bonds b € P, for which there are at least two distinct elements in
P, with time variables smaller than or equal to b. Note that if |P,| > 3 then P* # @&. Therefore,
writing O’ < b to mean both ¥’ < b and b’ # b, we have

(bePYN{|P|>3) = <{b ePUIn J{V e 7>A}> U ( U ePoin{be 73A}>. (4.49)

v<b b>b

We recall (4.40) and conclude from (4.49) that

(v A3) < 3 Y P(EL(w;A) n{ € RN {be PV}, (4.50)

y<[n] b2t

where we replace b < [ 3] by ' < | 3] for the contribution due to the first event in the right-hand
side of (4.49), and the roles of b and ¥’ are interchanged for the contribution due to the second
event.

The following proposition gives an estimate on the event appearing in the right-hand side
of (4.50). In the right-hand side of (4.51) below, three connections to n are apparent. One is
due to {b — n in A\C®(v)}, and the other two are due to the event {F!(v;A) in C®(v)}. The
advantage of the right-hand side of (4.51) is that it is well suited for application of the Factorisation
Lemma 2.2. In Section 8.7, we will exploit this formula to prove that e (v; A;3) gives an error
term.
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Proposition 4.10 (Factorisation for three cutting bonds). For AC A, v e A, n > 1 and
V<o,
F (v;A)n{t e B}n{be P} (4.51)
C {E'(v,b;A) N F)(v; A) N {t' € B} in C*(v)} 0 {b oce.} 0 {b — n in A\C*(v)}.
Proof. By Lemma 4.8,
(W ePIN{beP = {bePIn{l e PN ( U e 73A}> (4.52)
b/’ <b:

b”;é_b,b’

C{he Py {{¥ e P} in Ch(w)}n ( U {{er}m éb(v)})

b/ <b:

bbb/

={beP}n {{ U V.0 € P}}in éb(v)}
b’ <b:
b £b,b

c {{t e R} N{|P| =2} in C'(v)},

where we used (2.3)-(2.4) in the third line. Now we use Proposition 4.3, (4.52), (2.3), and
Lemma 4.9 to arrive at

Fl(v;A)n{t e Py {be P} (4.53)
= (Fi(v; A)n{be R})n ({ e B}n{be P™})
C{E'(w,b;4) n{v S n}in C'(v)} N{boce} N {b—nin A\C(v)}
" {{b’ ePIN{|P|>2} in éb(m}
={E' AN {v S n}n{|R]>2}n{t € R} in C'(v)}
N{boce}n{b—nin A\C"(v)}
C {E'(v,b;A) N F)(v; A) N {t' € B} in C*(v)} N {b oce.} N {b— n in A\C*(v)},

which is the desired result. O

5 The quadratic term: The second expansion for Yy,

In this section, we complete the proof of Theorem 1.1(i) by proving (4.2). To do so, we will

determine coefficients ¢()) —and dy,) , such that

n
Fmin = 2. D mabn-ma = din . (5.1)

ma=m1

Then (4.2) follows from (4.32), with

[n/2]
0 = e (1) + () + 60 (3) Y AN b (52)

mi1=1
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We will also prove the first statement of Theorem 1.1(ii), namely that ¢, = $p2 3", D(z)(1—D(z)).
By (1.4), (1.7) and (1.9), this implies that ¢, = 1 + O(3).

5.1 The second cutting bond for y,

To prove (5.1), we will define a second cutting bond for

Riﬁ{n(vwfl, A, CN 1 Z JuN vN ( E (UNA;uN; CYNA) N {/UN—l i n} in CYN]HTI’L(/UN; CN))
(Un,vN)

(5.3)

(see (4.8)), which is the argument of M((,JL)NA;{O} appearing in (4.13). The set Cy_, can be any

deterministic set in (5.3), but we write it in this form with (4.13) in mind. The definition of the

second cutting bond will be simpler than the definition of the first cutting bond in Proposition 4.3,

due to the fact that we have already extracted a factor of #,,_,,, and any remaining contribution
with a double connection to n will be an error term.

We first rewrite s, (vy_1; 4, C’N_l) in a more convenient form. Let Py be the conditional

probability P given that (uy,vy) is vacant, and let IEN be expectation with respect to @N. Since

Cy = Cx(vy_y) holds Py-a.s, and since the event E'(vy_i,uy; C’N,l) N{vy_, A4, n} only depends
on forward connections from vy_, to later vertices, it follows that

K (x5 A Ch) = S JuywnBEn (1B (n 1,1 Cuoy) N {5 n}]ln (0, Cy)). (5.4)

(Un,vN)
The second cutting bond is defined as follows.

Definition 5.1. (i) For m > 0, the m-cutting bond for vy_, 4, n, if it exists, is the first occupied
and pivotal bond b for vy_, — n for which m; > m and vy, 4, b. Similarly, for y € A, the
m-cutting bond for vy_, EN y, if it exists, is the first occupied and pivotal bond b for vy_, — y
for which m; > m and vy_, 4, b. We use the abbreviation “b is m-cutting for vy_, A 17 for the
statement that “b is the m-cutting bond for vy_, A
(i) The second cutting bond for (5.4) is the m-cutting bond for vy_, <> n.

Note that, under Py, the event that b is an m-~cutting bond implies that b # (uy,vy), since b

must be occupied whereas (uy,vy) is vacant.
Several definitions are required to formulate the result of the second expansion. Let

Hp(v,y: A) = {v 2 y} N {# m-cutting bond for v 2 y}, (5.5)
Hpn(v; A) = {v EN n} N {# m-cutting bond for v 4, n}. (5.6)

Recall our convention (4.15) that v_; = 0 and C_; = {0}. For N > 0, let

eﬁjf’iz(él; A) = Ey (][E,(’UN—u Uy C'N_l) N Hyppn(Oy_1; A) L (v C’N)), (5.7)
e (5 A) == 3 B (T[E (0nos, i Covos) N Hon(wa s, b A) X (55 CH) T (v Ci ) ),
bAUNVN)
(5.8)
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where C% = C’JZ’V(UN,l). For j =4,5 and N > 1, let

ds;)l,n(] A Z‘]UO VO m1 n(j A) (59)
(Uo,vo)
d(nj;ll)n(ij> - Z JUN 1,VN-1 Z JUN VN (()]\GN 13 {O}( (Tr]:]:[)n(j A)) (5]‘0)
(UN—1,VN_1) (CIAYS

For N > 1, we also define

M) oo (X) = By (T[{0 = u,}]X), (5.11)

M((LT;,BN)(X> - Z ‘]UN717VN 1M(()]\3N 1{0}<I~E (I[E/(’UN—U’U’N;ON—l)]X)>' (5'12)

(Un—1,VN_1)

Finally, for N > 0 we define

Pl = 3 oy 3 T ([ (w3155 ALy (B C2) L, (033 Cr))- (5.13)

(un,vN)
(un,vN) b#(UN,VN)

Now we are ready to state the result of the second expansion.
Proposition 5.2 (The second expansion for x,). Forn,m >0, N >0 and A C A,

n

R (A) = D2 G, (A)0n—my — [d;7, (4 A) + di0, (5: A)]. (5.14)

m,n m,mso
mo=m

The proof of Proposition 5.2 is given below in Section 5.3. Let

A0 (A) = d) (4; A) + dS0, (5 A), (5.15)
i = Qd%((f ) +d ({vxd), (5.16)

and
moma = —*% ma (Covt) + 00 1, ({va i }). (5.17)

Then (5.1) follows immediately from Proposition 5.2 and (4.29). As noted below (5.1), this in turn
completes the proof of Theorem 1.1(i).
For j = 4,5, we define

[n/2] 1 3
()= [~ idfﬁfn(y;av_l)+d$ﬁ,n<j;{vN_1})}9n_m1. (5.18)
mi1=1

Then (5.2) can be rewritten as
e, = e, (1) +6,7(2) +,7(3) + e, (4) + €, (5). (5.19)

Our proof of (1.19) in Section 8 is based on the decomposition (5.19).
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5.2 Identification of ¢

We now prove the first statement of Theorem 1.1(ii), namely that ¢, = 3p2 >, D(z)(1 — D()).
By (1.4), (1.7) and (1.9), it then follows that ¢1; = 3 + O(8). According to (5.13) and (4.15),
ﬂ)(A) = 0 unless N = 0. Also, by (5.17) and (4.15), ¢11 = %gb(lo)l({O}) Thus, it suffices to show
that ¢y1({0}) = p2 3>, D(2)(1 — D(x)).
For this, we use (5.13). Note that IT; (b; éf)’) = 5m3,1 and IT; (v,; éo) = Oy, .1, DY (4.7). Therefore,
by (4.15), we have Hy(vy_,b;{0}) = H1(0,0;{0}), which is the trivial event by (5.5). Also, since
my, = 1, u, must be 0, so that {0 = u,} in (5.11) is trivially satisfied. We conclude that

M) o (T[Hom, (0,55 {O})]TL (B; CO)TI (v, Cy) ) = 1. (5.20)

(ug,vop)

It then follows from (5.13) that

P1({03) =D Jowe D Joz =p: > D(x)(1 - D(x)), (5.21)

E;AVO

as required.

5.3 Proof of Proposition 5.2
To simplify the notation, for N > 0, we write
E, = E'(vy_,,uy; Cy_y). (5.22)

In particular, according to (3.23) and the convention (4.15), E] = {0 = u,}. For the second
expansion, the following proposition plays the role that was played for the first expansion by
Proposition 4.3.

Proposition 5.3 (The second cutting bond). For all AC A, N >0, m>0,n>1, and for
all bonds b,

E'. N {b is m-cutting for vy_, 2> n} (5.23)
= {E]’V N Hpy(vy_yi,b; A) in C']I’V(UN,l)} N{b occ.} N {B —n in A\é’f’v(vN,l)}.

Proof. By (3.2), it suffices to prove that

E'. N {bis m-cutting for vy_, 2 n}

= {Ej\, N Hy(vy_y,b; A) in C’fﬁ,(vN,l)} N {b occ. and piv. for vy_, — n}. (5.24)

Since my > m, and since £’ depends only on the occupation status of bonds below my, <m—1,
we have

E, = {E, in C%(vy_,)}. (5.25)
Also, for b such that mj; > m, we have

{b is m-cutting for vy_, <> n} = {b occ. and piv. for vy, — n} N {vy_, 2 b} (5.26)

N {3 previous m-cutting bond for vy_, 4, n}.
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Since the pivotal bonds for vy_, — n are ordered, any previous m-cutting bond for v,_, A
must be pivotal for vy_, — b. Therefore,

{# previous m-cutting bond for v,_, 4, n} (5.27)
= {# m-cutting bond for v,_, 4, b}
= {{ﬂ m-cutting bond for vy, = b} in C'Jbv(vN,l)},

where the last equality again follows from the orientation. Since
{vy b ={vy, Dbin Co(vy )}, (5.28)
we conclude from (5.5) that
{vy_s 4, b} {3 previous m-cutting bond for vy, 2> n} = {Hp(vy_1, b A) in C%(vy_)}.  (5.29)
Then (5.24) follows from (2.3) and (5.29), and the proof is complete. O
Proof of Proposition 5.2. We will show that
Ex (T[Ef 0 {vys = n}ILu(vy; Cy))

= Z Z Jb,EIE'N ([[EJ/V N Hm(,vala b? A)}ng (Ba Z)Hm(vNa CN))Qn—mg
mz=m b;é(uN,vN) N

+ e (45 A) + e, (55 A). (5.30)
This suffices, since substitution of (5.30) into (5.4) gives

Klﬁin(vz\f 1;A CN’N 1)

= Z Jun vy Z Z ijfEN (][E;\r N Hm('UN—h b; A)]ng (Ba éjl:r)Hm<vN; CN))‘gn—mg

(un,VN) mo= mbyé(uN Vy)
Y Juwwn e (45 A) + 00 (5 A)], (5.31)

(Un,VN)

and substitution of (5.31) into (4.13), together with (5.13) and (5.9)—(5.10), gives the desired result
(5.14).
To prove (5.30), we use the partition

{vy ., B0l = Hpn(vy_i; A) U U ({b is m-cutting for vy_, = n}) (5.32)
b
By (5.32) and (5.7),
IEN(J[E’ N {wys 5 0}l (v, Cy) (5.33)

e (4 A) + ZE ( I[E', N {b is m-cutting for vy_, <> n}IL,(vy; C’N))
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Let . .
Cym={x € Cy:mx <m}. (5.34)

Then R R
Hm(’UN; CN) = Hm('vNQ ON,m—l)a (535)

since the first term in (4.7) does not depend on C\, while the second only depends on Cy up to
time m — 1. Conditioning on the set Cy ,,,—; then gives

B (I[Ef N {vys 2 nHILu(vy; C)) (5.36)
= e (4 A4) + D T, (va; C)Py (E]’V N {b is m-cutting for vyx_, 2 n} N {Cym_1 = C’})
b C

We again write C% = C%(vy_,). Since m < my,
{Crym=C}={{Cym1=C}inCh. (5.37)
By Proposition 5.3 and the independence stated in Lemma 2.2, for b # (uy,vy), it follows that

Py (E]'v N {b is m-cutting for vy, 2 n} N {Clym_1 = C’}) (5.38)
= JyiPs ({Ey N Hpp (v, b5 A) N {Cly oy = C} in CL} 0 {b — nin A\CE}).

(Note that, according to the comment below Definition 5.1, the left-hand side of (5.38) is zero
if b = (uy,vy), but the right-hand side need not be zero.) Next we apply Lemma 2.2 to the
right-hand side to obtain, for b # (uy,vy),

Py (E]'V N {b is m-cutting for vy , 2> n} N {Cym1 = C’}) (5.39)

— J, i (f[E;V A Hon(0s 1,5 A) 0 {Comt = Y (60(B) — P (bS5 n))),

where we have used (3.17) and the fact that {E} N H,,(vy_,,b;4) N {Cym1 = CYin CL} =
E. N Hpy(vy,0;A) N {Cym-1 = C}, again due to the orientation. We conclude from (5.36) and
(5.39) that

Ey(I[Ey N vy = n}n(vy; Cy)) — e, (45 4) (5.40)
=Y Y Ul (v O)R, (I[E;V A Hon(0 1,55 A) 1 {Covn 1 = CH(0(B) — Po, (5 m))
C b£(un,VN)

. . _ _ e
= Y JyfEs (I[E’N A Hn (031355 )T (03 Cont) (80 (5) — Py (6 n)))
b#(quvN)
_ b
Finally, we rewrite Py (b O, n) using Proposition 3.4, as in (4.11). The subscript on Py, indicates
the arrival of a new oriented percolation model, coupled to Py via the set C%. With (5.8) and
(5.35), this gives (5.30), and thus completes the proof. Il
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6 Diagrammatic estimates: Bounds for 7 and y

In this section, we begin to set the stage for the proof of the bounds on ¢,,, m, and e, stated
in Theorem 1.1(ii). In Section 6.1, we prove bounds on 7(v,y; A), and in Section 6.2, we prove
bounds on x,(v; A). These bounds are in terms of certain Feynman diagrams P™ (v, y; A), which
are closely related to diagrams appearing in [14, Section 4]. These diagrams are defined recursively,
which is natural given that 7™ is defined in terms of the recursively defined M™*Y (see (3.25)).
Later, the recursive nature of the diagrams will be instrumental in bounding the diagrams.

The discussion in this section applies for arbitrary p and d, under the weak assumption on D.

6.1 Bounds on 7

In this section, we obtain bounds on the function 7(v,y; A) defined in (3.27). For the special case
in which v = 0 and A = {0}, the function 7(0,y;{0}) is identical to the function 7 (y) of [14,
Equation (3.25)], apart from the minor change that we have 7(0) = 1 whereas [14] has 7(0) = 0
(recall the comment below (3.25)). It is proved in [14, Equation (4.10)] and [14, Equation (4.29)]
that for N > 0 and m > 0,

T (y) < P (y). (6.1)

Here, P\ (y) = P™(y) (for y = (y,m)) is a sum of diagrams which, for p = p., d > 4 and [
sufficiently small, obey the bound

ST PN (y) < Smodno + (CBNYH(m + 1) 792 (6.2)
)

Together, these estimates give (1.14).

Our goal now is to generalise (6.1) to m(v,y; A). The generalisation is in terms of Feynman
diagrams P™ (v, y; A) which are defined as follows. We start with N = 0, and, keeping the bond
orientation in mind, define

PO v,y;a) = ZT(t —v)r(a—t)7(y —a)r(y — t), (6.3)

t

PO(v,y; A) => Ila € AJP(v,y;a). (6.4)

We refer to the two-point functions appearing in the right-hand side of (6.3) as lines. In the diagram
PO (v,y; a), we declare the lines 7(t —v) and 7(y —t) appearing in (6.3) to be 0-admissible (below
this is generalised to N-admissibility). We also define

Plu,z,y) => 7(w— 2)Juy PO (v,y;w), (6.5)

W,V

where Jyy is given by (3.10), and where we continue to regard the lines 7(¢t — v) and 7(y — ¢t)
appearing in P (v,y;w) in (6.5) as 0-admissible. See Figure 7 for depictions of (6.3) and (6.5).

Definition 6.1. (i) Given a diagram and any line A of the diagram, Construction 1*(y) is the
operation in which a new vertex y is inserted in line A. Explicitly, this means that the two-point
function 7(v — u) corresponding to line \ is replaced by 7(v — y)7(y — u).

(ii) Given a diagram F'(v,y) with two vertices carrying labels v,y and any line \ of the diagram,
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v

Figure 7: Diagrams for P (v,y;a), P(u,z,y), and examples of diagrams that contribute to
PY(v,y;a), P?(v,y;a). The N-admissible lines are shown in bold.

we write F(v,y;1*(2z)) for the diagram where Construction 1*(z) is performed to the diagram
F(v,y).

(iii) Construction 1*(I) is the operation in which Construction 1*(y,1) is performed followed by
summation over y with [ fixed. Explicitly, this means that 7;_;(v — u) corresponding to line X is
replaced by >, 7;_;(v — y)7i—i(y — w). We also write Construction 1(/) for the operation in which
Construction 1*(I) is performed, and then a sum over all lines A in the diagram is performed
(resulting in a sum of diagrams).

For N > 1, given PV (v,y;a) with its set of admissible lines, we define P (v,y;a) with
its set of admissible lines recursively, as follows. First, let P®~Y(v,y;a,1*(z)) denote the result
of applying Construction 1*(2) to P(N*I)('U y;a). Then, for N > 1, let

P v, yia) =YY PV V(v,w;a,1(2))P(w, 2,y), (6.6)

A ZW

where the sum over A runs over the (N — 1)-admissible lines, and where the N-admissible lines
are by definition the 0-admissible lines in the factor P(w, z,y) appearing in (6.6). See Figure 7.
We also define, for N > 0,

P,y A) = S Tlac APV(v.yia),  PUy) = PY0.y:{0) (6.7)

The P™)(y) appearing in (6.7) is identical to the right-hand side of (6.1), when y = (y,m). By
(6.5), we can alternatively write, for N > 1,

PMw,y;A)=> > > Juyawvn PV V(0 uy 15 A, 1*(2))7(w — 2) PO (vy_y, y; w).
A ZW (uny_1,VN-1)
(6.8)
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An identical formula holds for P (v, y; a), where A on both sides is replaced by a.

Remark 6.2. When P®(v,y;a,1*(z)) appears inside a sum over )\, our convention is that \ is
summed over the M-admissible lines.

The following proposition gives our main bound on 7™ (v, y; A), and generalises (6.1).

Proposition 6.3. For N >0, v,y € A, and A C A,
T (v,y; A) < PV (v, y; A). (6.9)
Proof. We will prove the two statements

MYy (1) < P (v, y; A), (6.10)

\%

M € C) < 3237 P (0,3 4, 137w = 2), (6.11)

simultaneously, using induction on N (recall Remark 6.2). The first immediately gives (6.9), by
(3.27).
To verify (6.10) for N = 0, we first recall (3.4) and observe that

E'w,y;A) CEw,y;A)= |J (w—t)o(t—a)o(a—y)o(t—y), (6.12)

acAteA

where, for events F' and G, F' o G denotes disjoint occurrence of I’ and G. By the BK inequality
(see [3]), this gives

MY A1) =P(E'(w,y;4)) < Y r(t—v)r(a—t)r(y —a)r(y —t)

acA teA

= Ila € A]P”(v,y;a), (6.13)

which is (6.10) for N = 0.
To verify (6.11) for N = 0, we use the standard fact (see [5, Lemma 2.5] or [15, Lemma 5.5.8]
for details) that

E(I[E'(v,y; Allw e C) < Y 7(w—2)r(y—a)r(a—1) (6.14)

x (1t = v)r(z = )r(y — 2) + 7(z — v)7(t — 2)7(y — 1)).

The right-hand side of (6.14) is the same as the right-hand side of (6.11) for N = 0, where the
two terms in (6.14) correspond to the two terms in the sum over admissible lines in (6.11).

To advance the induction, we fix N > 1 and assume that (6.10)-(6.11) hold for N — 1. The
recursion relation (3.35) implies that

MNAW) = 3 Juy i MO0 a(ME s (1) (6.15)

(Un—1,VN_1)
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Application of (6.13) gives
Mf,i;“ ) < Z > Junwve MG, 1A( [w e ON_I])P‘O)(UN_I,y;w). (6.16)

W (uny_1,VN_1)

We use (6.11) for N — 1 to estimate the right-hand side (using Cy_, € Cy_,), and use (6.8) to
complete the advancement of (6.10).
Similarly, for (6.11), we have

MR e C) = > Juywn MO, a (M o (TTw € Cy)). (6.17)

VN-1,Y;CN-1
(Un—1,VN_1)

Substitution of the bound (6.11) for N = 0 (again using Cy_, € Cy_,) leads to
M\(/A)]/-a)( w € C < Z Z Z JUN 1,VYN— 1M(Nle 1;A(I[w/ S CN—l]) (6-18)

A ZW/ (LIN 1,VN— )
X PO(vy_,,y;w', 12 (2))7(w — 2),

where the sum over A runs over the N-admissible lines. We use the induction hypothesis (6.11)
for N —1 to bound My, .4(I[w' € Cy_,]), and then rewrite the resulting bound noting that by
(6.8),

P™ (v, y;A4,1(2)) (6.19)

= Z Z Z JUN—17VN—1P(N71)(/U7 Un-1; A> 1)\,(z/))7—<wl - z/)P(O)(valj Y; w/7 1/\(z>>7

ANz’ wW (Un_1,VN—_1)

where the sum over X’ runs over the (N 1)-admissible lines (recall Remark 6.2). This leads to

MR I[w e Cy]) <305 PN (v,y; A, 17 (2))m(w — 2), (6.20)
A z
which completes the advancement of (6.11). O

Later, we will use the recursion formula, for M > 1 and N > 0,

Z Z Z Juy v P (wy; Mw))1(a — w)PYM Y (vy, y;a) = PN (y). (6.21)

A w,a (UN,VN)

To prove (6.21), we apply induction on M. For M = 1, the claim follows from (6.8). To advance
the induction, we note from (6.7)—(6.8) that

PN () =357 ST Juy PO (v, y; £) PV (s 1Y (2))7(8 — 2). (6.22)

Aozt (uv)

An application of the induction hypothesis yields that

PO (i 1¥(2)) = 303 30 Juwn PV (i N(w))r(@ — w) PO (0y, s a, 1 (2)).
A Wa (uy,vy)
(6.23)

We substitute (6.23) into (6.22), and use the fact that

SN v PO(v, y; ) PY (v, usa, 1Y (2))7(8 — 2) = PY Y (v, g5 a). (6.24)
Aozt (uv)

This then advances the induction and proves the claim in (6.21).
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6.2 Bounds on Y,

In this section, we prove bounds on x,. The proof will use the following lemmas and definition.
Recall the definitions of F (v; A) and P, in (3.5) and (4.20).

Lemma 6.4. For ACA, veA, andn >0,

F(v; A) € |J E'(v,y;4)0 ((v — n) o (y —n)). (6.25)

yeA
Proof. Suppose that F) (v; A) occurs. When P, = &, the claim follows from Proposition 4.6, which
says that then there exists x for which E’'(v, (x,n); A) = E'(v, (z,n); A)N (('v —n)o((x,n) — n))
holds, and this is a subset of the event on the right-hand side of (6.25). Thus, we are left to prove
that, for every bond b, {b € P,} N F}(v; A) is a subset of the right-hand side of (6.25). For this we

use Proposition 4.3 to see that this event is a subset of the event in the right-hand side of (6.25)
with y = b. O

The following definition introduces a construction that adds a connection to n in a diagram.

Definition 6.5. (a) Given a diagram F'(u) with a vertex carrying label u, Construction 6,(u) is
the diagram obtained by multiplying F'(w) by 0,
(b) Given a diagram, the result of applying Construction 6, is the diagram obtained by Construc-
tion 1*(u) followed by Construction 6, (u) and a summation over u and over all lines A in the
diagram. Explicitly, this means that the two-point function 7(v — w) associated with line A is
replaced by >, 7(v — u)7(u — w)d,(u), followed by a sum over \.

We write P™(v,y;a,0,) for the result of an application of Construction 6,, to P™(v,y;a),
and P™M(v,y; A,0,) =Yal[la € AJP™NM(v,y;a,0,).

Lemma 6.6. For ACA, N>0, v,uy € A andn >0,

MO a(Tox = n]) < PO(0,uy; A,0,), (6.26)

\" UN
where we recall the abuse of notation above (4.15), and, for N =0, we set v_, = v and C,= {v}.

Proof. This is a minor modification of the bound on M\(,NJ;) (I['w € C’N]) in (6.11), using the
inequality

Py (El('vzvfu Uy, C~1N71) N {/UN—l — n}) < P© (IUN—la Uy; Oy, en) (6-27)
instead of (6.14), and we omit the details. O

The following proposition gives an upper bound for y,(v; A) that is written as a minimum. In
its statement, we write P™ (v,y; A) = P'Y)(v,y; A), when v = (v,m) and y = (y, k). Later we

m K
will make use of both alternatives in the minimum, depending on the index k in (6.28).

Proposition 6.7. For ACA, N>0,v=(v,m) €A andn >0,

XM (v; A)| zn: (( > P (v, A, 0, ) ( > P (v A ))(1 V )b p_1, (6.28)

k=m yeZ? yeZ?

where, by convention, we set 0_1 =
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Proof. By (3.29), x\V(v; A) = 4™ (v; A) — piN(v; A). Since these two terms have opposite sign,
it suffices to prove that YN (v; A) and p{M (v; A) are each bounded above by the right-hand side
of (6.28).

We start with p{™(v; A), which is defined in (3.28). We write vy = (z,k + 1) and use

Py.i(vy — nin A\Cy) < 01 (6.29)
and . 3
I{vy_y = n}N{vy_ €Cy} in Cy] < Ivy_, — n]. (6.30)
Performing the sum over vy in (3.28), we get (recall also (3.16))
P (vy A) < Z MO A (Tox - = 1)) POy - (6.31)

One alternative in the upper bound then follows from (6.26). On the other hand, by (6.10),
M (T = nl) < ML) < PY (0,0 A), (6:32)

which gives the other alternative and completes the proof for p™(v; A).
We proceed with v{V(v; A), which is defined in (3.26). Since

U E @y A)n(w—noy—n)=U (E@yA)n(w—n)oly—n), (633
yeA yEA
it follows from Lemma 6.4 and the BKR inequality (see [3, Theorem 2.19]) that
P(F)(v; A)) < 3" P(E(w,y: A) 1 (0 — 1) )u(y). (6.34)
yeA

Substitution of the above bound into (3.26) yields (recall also (3.20) and (6.15))

(i A) = Y Jun e My, 1A(P (Fylz('UN—MCN—l))

(Un—1,VN_1)

<SS duiwe MO (P (B @r 93 Ca ) 0 (0a s — 1) )8(y)

YEA (UN_1,VN_1)

= > M (Ivy- = n]) Oy (6.35)
yeA

The right-hand side of (6.35) is identical to the right-hand side of (6.31), apart from the fact that
On—my in (6.35) is replaced by pb,_,,—1 in (6.31). Since 0,_p,, < 0,_p,—1 (using the convention
below (6.28) when my = n), the desired estimate for 7{V)(v; A) follows. This completes the
proof. n

7 Diagrammatic estimates: Bounds for ¢

In this section, we prove the bound on ¢, ., stated in (1.18). We have already proved the
statement above (1.18), that ¢11(pe) = $p2 Y peze D(x)(1 — D(z)), in Section 5.2. Henceforth, we
simplify the notation by writing

MM (X) = Mgy 10 (X). (7.1)
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7.1 The main estimate

The following proposition gives the main estimate needed to prove (1.18). In its statement, we use
the notation
by ms = 1[mn < mo](my +1)79 22 (my —my + 1)~ (272, (7.2)

Recall from (5.17) that

mimz = gy ({Vn1}) = *dJiéVf my (Cv-1), (7.3)
with ¢{))  (A) given by (5.13). Also, according to (4.3),
¢M1,m2 = Z<_1)N ’57]:71),777,2' (74)
N=0

Proposition 7.1 (The bounds on ¢™). Let p = p., d > 4, for the spread-out model with (3
sufficiently small. For mg > mqy > 1 and N > 1,

|¢§7’Xf,m2({vw D <ACB) Y by s (7.5)
1657 10 (Cov-)| < (CB)YN by ms- 7.6

Also, ¢ ({vy 1}) = ¢{Y(Cx1) =0 for N > 1, and

| <
| <

P2 Yoweza D(@)(1 = D(x))  if (m1,ma) = (1,1)
O(Bbimy,ms) if (m1,ma) # (1,1).
(7.7)

The case (my,my) = (1,1) in (7.7) has been proved already in Section 5.2. The remainder of
Section 7 is devoted to the proof of Proposition 7.1. Before proceeding with the proof, we note
that it implies (1.18).

Proof of (1.18). By (7.5)—(7.7), the contributions when (mq, ms) # (1,1) sum up to O(Bbm, m,)-
This is precisely the assertion of (1.18). O

0 e ((01}) = 09, (C1) = 00, ({0)) = {

The proof of Proposition 7.1 consists of two main steps: (i) bounds on ¢{))  (A) by certain
Feynman diagrams, and (ii) bounds on the Feynman diagrams. We describe these two steps in the

next section, and show that they are sufficient to prove Proposition 7.1.

7.2 Reduction of proof of the main estimate

We carry out step (i) (mentioned above) in Section 7.2.1 and step (ii) in Section 7.2.2. In Sec-
tion 7.2.3, we show that these steps are sufficient to prove Proposition 7.1 subject to Proposi-
tions 7.6-7.7 below. The latter are proved in Sections 7.3-7.4.
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7.2.1 Diagrams for ¢!

mi,ma2

The results of this section apply for general p and d under the weak assumption on D.

We will use several constructions to define the diagrams needed to bound ¢3,) ...

Definition 7.2. (i) Given a diagram and any line A of the diagram, Construction ¢*(y) is the
operation in which a line to y is inserted into line A. Explicitly, this means that the two-point
function 7(v — w) corresponding to line A is replaced by >, 7(v — 2)7(z — u)7(y — z). We omit
the superscript A, and write Construction £(y), when we perform Construction ¢*(y) followed by
a sum over all possible lines \. We write F'(v, y; {(x)) for the diagram where Construction ¢(x) is
performed on the diagram F(v,y).

(i) Similarly, for ¥ = (y,,...,y;), Construction ¢(g) is the repeated application of Constructions
€(y;), - -, €(y;). Note that the order of application of the different Constructions £(y) is irrelevant.

For example, it follows directly from (6.11) that

MM (Ia € Cy) <3 PN (y; 0 (a)), (7.8)

where the sum over A runs over the N-admissible lines for PV (y) (recall Remark 6.2).

Definition 7.3. (i) Given a diagram F'(u) with two vertices carrying labels 0 and w and with a
certain set of admissible lines indexed by A, Construction 2{9(w) and 2{}(w), applied to F(u),
respectively produce the diagrams

FO>w) =33 Fu; 1 (2))7(w — u)m(w — 2), (7.9)

A Uz

FO( Z Z Jun F(w; 1M(2))7(w — 2)7(w — v), (7.10)

A (uv),z

where the sum over A runs over the admissible lines.
(ii) Given a diagram F'(v,y) with two vertices carrying labels v and y and with a certain set of
admissible lines indexed by A, Construction Ey(w) produces the diagram

=33 F(v,y;1)(2)) P(u, z,w)

A Yz

_ZZ > Juowe F(v,u0; (a)) PO (v, w; a), (7.11)

& (uo,vo)

where the sum over A runs over the admissible lines, and we recall (6.5).

Construction Ey(w) is the same as Construction 2{’ (w) followed by Construction 2 (y), where
the unique admissible line prior to the application of Construction 2{(y) is the line from v to w
added to the diagram in the application of Construction 2}’(w) in (7.10).

Remark 7.4. By (6.6), the diagram P™) (v, y; A) is obtained by performing N Constructions F
to the diagram P (v,y; A).
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Yo

Figure 8: Examples of diagrams that contribute to R® (y,,y,) and Q® (y,, y,).

Definition 7.5. Given a diagram F'(y,) with two vertices carrying labels 0 and y,, Construc-
tion V,,(y,) and Construction &,,(y,) produce the diagrams

F(yy; Vin(y,)) = Z: F(y;((v), 1(2))7(y, — v)7(y, — 2), (7.12)
F(y;;En(ys) =D _Z F(yy;1(2),(a) PO (z,yy; a). (7.13)

Let
MO(v; A) = Gy, T0(0; A) =p 3 7D —1); A), (7.14)

so that, by (4.7),

o0

IL,(v; A) = > (=1)MIL" (v A). (7.15)

%elnote by ¢4 (A) the contribution to ;fzvl)mQ(A) in (5.13) of II(;! (vy; Cy) and 155 (b o).
en

MK 0

The lowest order contributions to ¢{) . namely, ¢:5" ({vy_.}) and ¢§jj1”fng)( _,), are treated

in the following proposition. For its statement, we define

R™(yy,ys) = Py Viny, (92) =D > P™(y;;0(v),1(2))7(yy — v)7(yy — 2), (7.17)

Z Vimy=my,

Q™ (Y1, y2) = PV (Y1iEmy, (y2)) =D D P™(y131(2),l(a)) P (2,95 a). (7.18)

zZ a: ma>my1

See Figure 8.
We denote by RN (4 ) the result of K applications of Construction E to the second

mi,m2

argument of Riy " (y1,v) (thus, R actually only depends on N + M and K). Similarly, we
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denote by QU5 (yy y,) the result of K applications of Construction E to the second argument

mi,m2

of Q;,fjl” “(y;,v). The diagrammatic bounds for ¢ are given in the following proposition, whose

proof is deferred to Section 7.4.

Proposition 7.6 (Diagrammatic bounds for ¢"). Let p and d be arbitrary and assume the
weak assumption on D. For ms > mq > 1 and N,M, K > 0,

G ({on 1 }) < P° D0 R, 1 (v, ). (7.19)
Y1,Y2

Formo>mqy>1and N >1, M,K >0,

s (Cwa) <9737 R (yn,v2) +0° D Qa1 (v, 42). (7.20)
Y1,Y2 Y1,Y2
Also, for p = p. and d > 4, for the spread-out model with (3 sufficiently small, if (mq,ms) # (1,1),
then o0, ({0}) = O(Bbm, ms)-

(N)
mi,m2

7.2.2 Bounds on diagrams for ¢

The following proposition gives bounds on the Feynman diagrams that were used above to estimate
®my.ms- 1ts proof is deferred to Section 7.3.

Proposition 7.7 (Bounds on R™W™* and QW™")). Let p = p. and d > 4, for the spread-out
model with § sufficiently small. For mo > mq >0 and N,M,K > 0,

S R (g, o) < COB)N MK . (7.21)
Y1,Y2
Formo>mqy >0and N > 1, M, K >0,
> QW (y1,y2) < (CHYNV MKl . (7.22)
Y1,Y2

7.2.3 Proof of Proposition 7.1

We now prove Proposition 7.1, subject to Propositions 7.6-7.7. Let p = p., d > 4, for the
spread-out model with § sufficiently small. Let A denote either {vy_,} or Cy_,. By (7.16) and
Proposition 7.6,

| 57];[1)77%2(‘/4 Z Z R;TIZMlK#lQ 1 yl;y? +pc Z Z ;Tjjllle’riIQ 1 yl’y2) (723)

MK 0 Y1,Y2 M,K=0Y1,y2

By Proposition 7.7, each of the sums on the right-hand side of (7.23) is at most C'(C8)Y by, —1.ms—1-
Since by —1.my—1 < Cbyy iy, for mq, mg > 1, this proves (7.5)—(7.6).

The first two equalities in (7.7) follow from the convention (4.15). We have already noted
in Section 5.2 that ¢{"}({0}) = p?, and that ¢{"/(A) = 0 if N > 1, so it remains only to prove
(7.7) when (mq,my) # (1,1). For the remainder of the proof we assume that (mq,ms) # (1,1).
By (7.21)—(7.22), the contributions to ¢ 5 ({0}) with M + K > 1 contain at least one factor

mi,ma2

B, so it suffices to prove that ¢ ({0}) = O(Bbm, m,). But this is the final statement of

mi,ma2

Proposition 7.6. O
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7.3 Proof of Proposition 7.7

In this section, we prove Proposition 7.7. We begin in Section 7.3.1 with some general techniques
for extending bounds on simple diagrams to bounds on more complicated ones, and we use these
techniques in Section 7.3.2 to prove the proposition.

7.3.1 Convolution bounds

In this section, we prove three lemmas which provide bounds on a diagram after a Construction
has been performed on it, given a bound on the original diagram. In the proofs of the lemmas, we
will use the following bounds on the two-point function, which follow from [14, Theorem 1.1]:

Y T(z) < K, 17l < {Kﬁ(m+ D (m 2 1), (7.24)

Km+1)"%2  (m>0).

We use the first bound on ||7;,]|. when a line is guaranteed to have length m > 1, and use the
second bound on ||7,,||. otherwise.

We say that a diagram has at most L lines at any fized time when, for every m, the number of
factors (v — u) with my < m and m, > m is at most L. For example, it is a simple consequence
of the construction of P™(y) that it has at most 4 lines at any fixed time.

Lemma 7.8. Let 0 < | < k with k > 1, and assume (7.24). Let G and Fy(x) be diagrams
such that G and Y, Fi.(x) can be bounded by B and B(k + 1)=%2, respectively, by associating I'-
and [*°-norms to diagram lines and by using (7.24) to estimate these norms. Then the following
statements hold.

(a) Application of Construction 1) () (recall Definition 6.1) to G produces a diagram that is bounded
by 22K B where K is the constant of (7.24).

(b) Suppose that the diagram Fy(u) has at most L lines at any fized time, and that all diagram
lines have time variables at most k. If ¥, Fx(u) < BB(k + 1)~%2, then (recall Definition 7.2)

3" Fi(uib(v,m)) < CLB(k + 1)~ @=2/2, (7.25)

with C' independent of F', B, k, m and L.
In each of (a)-(b), the bound on the new diagram is obtained by associating I*- and [*°-norms to
diagram lines and by using (7.24) to estimate these norms.

Proof. (a) This is [14, Lemma 4.6(a)].
(b) By definition,
Fro(u; 0(z,m)) =Y Fio(u; 120) Tmai(z — 2), (7.26)
(2:0)

and hence
k

ZFkufxm Z(ZFkulzl )(ZTmll’—Z) (7.27)

The second factor is at most K, by (7.24). The first factor is bounded uniformly in 0 <[ < k by
CLB(k+1)~%2 by part (a). Finally, the sum over [ gives rise to a factor k + 1. ]
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Lemma 7.9. Let d > 4 and p < C. Suppose that a diagram F,, m,(y1,y2) satisfies the inequal-
WY D e Foyms (W1, y2) < Crbmym,, with this bound obtained by associating I'- and [*®-norms
to diagram lines and by using (7.24) to estimate these norms. Then application of Construc-
tion 2227k)(y2,m2) to Foy k(y1,v), followed by summation over yi, and ys, produces a diagram
that is bounded by C’ﬁiC’Fbml’mw with C' independent of F' and Cp. The bound on the new di-
agram is obtained by associating I'- and [*°-norms to diagram lines and by using (7.24) to esti-
mate these norms. As a consequence, application of Construction E to a diagram which obeys
PO Foyms (W1, Y2) < Crbyy my, produces a new diagram that is bounded by CBC by, m,, with C
independent of F' and C.

Proof. For m > 0, let

T (2) = T (@), ch W) Tm—1(x —u)I[m > 1]. (7.28)

Let E%  (y1,y2) be the diagram obtained by application of Construction 2@ p(Y2,m2) to the

mi,mso

diagram F,, x(y1,v). By definition,

Z F7<7;)1 ma y17y2 >~ Z Z Zlek Y1, V5 1(2]))7—”12 J(yQ _Z) mz k(y2 —U) (729)

Y1,y2 Y1,Y2,V,2 k=my j=0

It follows from (7.24) that >, 79 (z) < pK < CK, and that

ZTmz_j(yg —z T,(nL w(Ya —v) < CB'(my—j+ 1)_d/2, (7.30)

since j < my for ¢ = 1. This leads to

mo k
D Ema (w2) £ 37 373 Foy e, 03 1)) O (ma — j + 1)~ 42, (7.31)
Y1,Y2 Y1,V,2 k=mq j=0

By Lemma 7.8(a),
Y Fuk(yn, 0310 ) < CCrbpy i (7.32)

Y1,v,2

holds uniformly in 0 < 5 < k. Therefore,

mo k
Z FT<n)1 m2(y17y2) S CCF/B’L Z bml,k Z(m2 . j + 1)7d/2

Y1,Y2 k=my 7=0
m2
< COWB" Y by (mg —k +1)7@2/2
k=m1

m2
= CCWfB (my +1)" D2 3" (k—my +1)7 @D/ 2 (my — |+ 1)~ (272

k=m1

S CCFﬁibmtha (733)

where we used [7, Lemma 2.6(i)] and d > 4 in the last step.
The statement concerning Construction F then follows from the comment under Definition 7.3.
O
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Lemma 7.10. Let d > 2 and assume that ms > my. Suppose that the diagram F,,(y) satisfies
>y Fn(y) < Cr(m + 1)=%2 with this bound obtained by associating I'- and [®-norms to diagram
lines and by using (7.24) to estimate these norms. For mg > my, let

le meo yh y? Z Z le y17 Z j) (w7 k))Tm2—k(y2 - U})Tm2_j(y2 - Z) (734)
k,j=0 z,w
Then N
Z le,mz (y17y2) S CCFﬁbml,mgu (735)
Y1,Y2

with C independent of F and Cr, and with the bound obtained by associating I*- and [*°-norms to
diagram lines and by using (7.24) to estimate these norms.

Proof. By the symmetry between k and j,

mi1 mi

le ma2 y17y2 < 22227—7%2 k )Tmz ](y2 )Fm1(y1§1(zuj)>1(wak))' (736)

zw k=0 j=k

Therefore, by (7.24) and the fact that mgy > my > j,

mi mi

D2 Funa(y1,92) <237 37 K2 B(my — b+ 1)772 37 B, (315 1(k), 1(7))- (7.37)
Y1,Y2 k=0 j=k Y1
It follows from Lemma 7.8(a) that
S By (y15 1(k), 1(5)) < CCr(my + 1)7%2 (7.38)
1
uniformly in k, j. Since mgy > mq, we conclude that
> ﬁml,mQ (y1,12) < CCRB(my 4 1)72 > (me—k+ 1)~2 (7.39)
Y1,Y2 k=0 j=k
mi
< CCWB(my + 1) "IN (my — b+ 1)79/2
k=0

S CCFﬁbml,mg .

7.3.2 Proof of Proposition 7.7

Now we prove Proposition 7.7. According to the definitions below (7.18), it suffices to prove that,
for N >0,

Z R’%,Vl) ma yl?y2) S C<C/6>mel,m27 (740)
Y1,Y2

and that for N > 1,
Z (T;LV1> m2 (y17 y2) S (Cﬁ>N+1bm1,m27 (741)
Y1,Y2
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since (7.21)—(7.22) then follow from Lemma 7.9.
We start with the proof of (7.40). Let

Sirama W1, y2) = Prb (y15 €(y2, m1)) Oy s - (7.42)
By (7.17), R . (y1,y2) is obtained from S, (y1,v) by applying Construction 28{,{) (y2, ma).
Therefore, by Lemma 7.9, to prove (7.40) it suffices to show that
> S s W1,42) < C(CB)N by - (7.43)
Y1,92

Lemma 7.8(b), together with (6.2) and the fact that P (y) has £ < 4 (as noted above Lemma 7.8),
gives the desired result that

> SO a1 92) = D7 B (15 (Y2, m1)) oy am (7.44)

Y1,Y2 Y1,y2

< C(OB)N (my + 1) 225, 10, = CLOB) b Oy e

Next, we prove (7.41). In (7.18), a factor 7(a —w) P (z, y,; a) arises, where w is the location
where Construction ¢(a) is applied. We write a = (a, m) and y; = (y1, m1), and note that (7.18)
requires that m > m;. We regard 7(a — w)P”(z,y,; a) as the result of Construction 2 (y,)
applied to 7(a — w)7(a — z), where the unique admissible line is 7(a — z). Let

S0 (i, a) = > POy (2, 5), H(w, k) Tmi(a — w)To—j(a — 2). (7.45)
k,j=0
Then Q) ., (y1,y2) arises from an application of Construction 23 (y,) to the second argument of
S’ﬁrjl,\rl)m<y17 a). By Lemma 7.9, it suffices to prove that if m > m;, then
> S m(yr,a) < (CB)V by - (7.46)
Yy1,a

The bound (7.46) follows from Lemma 7.10 and (6.2), and this completes the proof of (7.41).

7.4 Proof of Proposition 7.6

In this section, we prove Proposition 7.6. We begin in Section 7.4.1 with some key estimates for the
proof. In Section 7.4.2, we prove (7.19)—(7.20) for the case K = 0, and we extend these inequalities
to K > 1 in Section 7.4.3. In Section 7.4.4, we prove the final statement of Proposition 7.6.
7.4.1 Key estimates for proof of Proposition 7.6

For v, & and m > 0 such that my, < m < my, let

Vi (v, ) = U {v—2z= =z}, (7.47)
Em(v,x; A) U U w—2)o(z—x)o(z—a)o(a— ). (7.48)

acAz:mz>m

46



xr O- acA

v v
Figure 9: Schematic representations of the events (a) V,,(v, ) and (b) &, (v, x; A).

The events V,,,(v, x) and &, (v, x; A) are depicted in Figure 9. By (6.12),
E(w,x; A) =&, (v, z; A). (7.49)
Also, for later use, we note that

Vi(v,z) € U (v—2) ((fv—>t)o(t—>a:)o(z—>a:)). (7.50)

z:mz<m tmg=m

To prove (7.50), we observe that if m, < m < my, then

(z=z)= |J (z—=t)o(t—>z)o(z— z), (7.51)

tme=m

and hence, by (7.47),

Vi(v,z) = | U v — Z) ((z—>t)o(t—>m)o(z—>az))

Zz:mz<m time=

c YU U w—=2) ((’v—>t)o(t—>w)o(z—>w)). (7.52)

z:mz<m ttmg=m

The following proposition provides the key estimates for the proof of Proposition 7.6.

Proposition 7.11. Let p and d be arbitrary and assume the weak assumption on D. For N, M > 0,
my > 1, and a,y, € A,

> Tun e MG (TVi 1 (0n s yo) TR (05 Cn) ) < p YRV ((y1,ma = 1), 95), (7.53)

(Un,VN) Y1

> Junon MG (I[Vi -1 (01, o)l [a € Cy TS (w5 )

(Un,vN)

<pY R7((y1,m1 — 1), 4,3 l(a)), (7.54)

1

> Juay o MG (1Emy (W3 1,23 O DI (035 Cr)) < p 32 QY (1,1 = 1),), (7.55)

(quvN)
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Z JUNyvNMlS]jV+1) ([[Sml (UNfu Yo; CN,l)][[a € éN]H;ﬁ?(UNS éN))

(Un,VN)

<pY_ QUM ((yr,m1 — 1),y5;l(a)). (7.56)

Y1

The proof of Proposition 7.11 relies on three lemmas which we state and prove before proving
the proposition. Lemmas 7.12-7.13 are used to prove (7.53)—(7.54), and Lemma 7.14 is used to
prove (7.55)—(7.56).

Lemma 7.12. Let p and d be arbitrary and assume the weak assumption on D. For N > 0,
my > 1, vy 1, Un,Yy €A, and & with 0, 1 or 2 components in A,

Py (E' (01, tn; Coy) 0 Vi, 1 (05, 92) N {E € Co}) (7.57)
< Z P© (UN—17 UnN; CYNflv g/\(i)a le—l(yg))7
A

where Construction (*(Z) is obtained by performing Construction (*(x1) followed by Construc-
tions ((x;) for all other components x; with i > 1, and the sum over X\ follows the convention of
Remark 6.2.

Proof. By (6.12) and (6.3)—(6.4), the event E'(vy_,, uy; Cy_,) implies that the disjoint connections
necessary to obtain an upper bound P (v,_,, uy; Cy_,) are present. The additional connections
implied by {& € éN} can be accounted for in an upper bound by an application of Construc-
tion (A (&) to PO (vy_1, Uy; C’N,l). To understand the effect of the event V,,,, _1(vy_1,¥y5), we use
(7.50). The connection vy_, — t = (t,m; — 1) in (7.50) can be accounted for by an application of
Construction ¢(t), and the remaining connections in (7.50) can then be accounted for by an appli-
cation of Construction 2" (y,). By the equivalent definition of Construction V,,, (y,) formulated
below Definition 7.5, this completes the proof. m

Lemma 7.13. Under the same conditions as in Lemma 7.12,

MG (Vi1 (00, yo)H[# € Cu) < 37 P (wn; &), Viny—1(9))- (7.58)

Proof. For N = 0, we must bound M (I[le_l(O, Yo% € éo]) For N > 1, (3.35) gives
MG (Vi1 (v, o) 1[E € Cy]) (7.59)

-y JUN_INN_IML(;L)_I(M(D (I[le1(vN1,y2)][[a_:’€éN])>.

VN717UN§C~'N71
(Un—1,VN_-1)

The statement of Lemma 7.12 can be rewritten as

MW (Vi1 (n -1, g ))& € Cu) <30 P (v, th; O, &), Viny 1(w2)) . (7:60)
A

VN-1,UN;CN—1

With (4.15) and (6.4), this proves (7.58) for N = 0. For N > 1, we substitute (7.60) into (7.59)

to obtain
MG (1 Vs 1 (0n-1, 92)|[E € C]) (7.61)
<Y Y Junawn MG (T € Ol ) PO (vms, wns W, @), Viny 1(w12))-

A W (Un_1,VN_1)
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Application of (6.11) then gives
MG 1V, -1 (vx-1, o)) [E € C)) (7.62)
S ZZ Z ‘]UN71:VN71P(N_1)(’U’N—1;EX(w,))P(O)(’UN_l"U’N;wlugk(:ﬁ)?Vm1—1(y2))

AN W (Un-—1,VN-1)

<3P (un; @), Vin, 1 (91)),
A

where we have used a slight extension of (6.21) in the last inequality. This proves (7.58). ]

Lemma 7.14. Under the same conditions as in Lemma 7.12, and with the additional assumption
that mx,, mu, < my

Mg (I[Eml(vN,l,yQ;éN,l)]I[a? € CN]) < ZP<N>(uN;€A(:c1),8ml(y2),€(zc2)). (7.63)

Proof. For N = 0 and my > 1, the event &, (Vy_y, Yo; Cni) = Em, (0,9,; {0}) is empty, so we
may assume that N > 1. For N = 1, we must bound M (I[Sml(vl,yQ;Co)][[i € Cl]). For
N > 2, it follows from (3.38) that

MG (1Em, (a1, y5; Cu)/[E € Ci) (7.64)
= 5 s MG (M (1 @y yai Cu ) € C) ).
(UnN—2,VN_2)
We will show below that if my,, my, < mi, then
M e (T (0 s Cu ) € C))
<Y PO (W, th; Crvoay (1), Emy (42), L(2) ). (7.65)
By

Then (7.63) follows from (7.65), as in (7.61)—(7.62).
It remains to prove (7.65). For simplicity, we consider in detail the case & = x;. By (3.35),

M‘<’21\)772 un;Cn_2 (][gml (’UN*“ Yo CVN*I)]][a:l S C’ND (766)
Z Juy 1w \(,113, o Un 10N 2<PN(E/(UN17UN§ON1)

(Un—1,VN_1)

ﬂc‘/’ml(’UN 17y2a - ) {wl € C }>>
v (7.48),

( UN 17'“/1\77 N— 1) ﬁgml('UN 1,y2,CN 1) ﬂ{ml S C }) (767)
<Y Y Py(Ewyun Oy n{zm € Gy} n{(z — w)o (2 — y,) 0 (w — y,)}).

Z:mz>m1 WECN 1
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Using (6.14), the Markov property, the fact that my,, mu, < mz, and the BK inequality, we
obtain

Py (E' (01, un; Cya) N{z,@1 € Oy} N{(z — w) o (2 — yy) o (w — 1,)}) (7.68)
=Py (E’('UN,l,uN; Cyv_)N{z,x, € éN})]P)N((Z —w)o(z—y,) o (w— y2))
< z)\: P© (vN_l, Uy, ~N_1,€’\(a:1),€(z))7(w — 2)7(yy — 2)7(y, — w).

Also, it is a straightforward extension of (6.14) that

M A (Il — w, v — w']) <3 PO(v,5 A, " (w), ((w')). (7.69)
)\l

We substitute (7.68) into (7.67) and substitute the result into (7.66). This gives

M (T1m, (V-1,Y5; Cua)) [y € C]) (7.70)

VN _2,UuN;CN_2

S Z JUNfl,VN—l Z M\(,I;,_%UN_N@N_Q <I[w7 w/ € CN’Nl])

(Un—1,VN_1) W,W’ Z:mz>m1

X ZP(O) ('UN—17 Uy, w’)fA(ml),g(Z))T(w - z)T(y2 - Z)T(yQ - w)
A
< Z Z JUN—1,VN—1 z P (’UNfzaUN71§C~(N72>€X(wl)a€(w)>
AN (Uy-—1,VN—1) W,W/ Z:mz>m1
x P© (/UN717UN§ w’,g/\(ml),f(z))T('w - Z)T(’y2 - Z)T<y2 - ’LU),

where we have used (7.69) in the second inequality. It can then be concluded from (7.13), (6.21)
and (6.3), by drawing the picture, that

M\</21\)7—27UN§C’N—2 (I[Snu (UN—la Yo, CN—I)]I[wl S ON]) < Z pPY (IUN—Qa Uy, C(me g)\(aH), gm1 (yQ))-
A
(7.71)

Finally, if & has an additional element x5, then this can be accounted for in an upper bound by a
final application of Construction ¢(x;), leading to (7.65). O

Proof of Proposition 7.11. We first prove (7.53). For M = 0, the left-hand side of (7.53) is equal
to

Z JUN,VNMSYVH) (I[le—l(vz\r—n yz)]) 5m17mvN < pz P(N)((yla my — 1); Vm1—1(y2>)
) Y1

(un, vy

=pY)_ R ((yr,m1 — 1), 95), (7.72)

Y1

with R™ defined in (7.17). For M > 1, we use (4.7) and (6.9) to obtain

M0 (vy; Oy) < S Tfw € Cylp Y PY D (vy, (y1,m1 — 1); w). (7.73)
w

Y1
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By (7.58), the left-hand side of (7.53) is at most

pZZ > Juywn P (w; (W), Viny —1(y2)) Y- PY 0 (v, (y1,ma = 1);w) (7.74)

(UN VN) Y1
<pd P ((y1,my —1); Vi —1(y2)) = p > R ((y1, ma — 1), y5),
Y1 Y1

where the inequality has used (6.21) together with the observation that in the application of
Construction V,,_1(y,) to PN (y;;my; — 1) there are more available lines than if Construc-
tion V,,,_1(yy) is applied only to the factor P™ (wuy; (w), Vin, —1(y,)). This proves (7.53).

The proof for (7.54) is the same as the proof of (7.53), with the observation that in (7.57) the
order of application of the constructions can be interchanged on the right-hand side.

For (7.55), consider first the case M = 0. In this case, the left-hand side of (7.55) is equal to

Z JuN vy M, NH) (I[(c:ml (/UN717 Yo; CYNA)]) 5m1,mvN < pz Q(m((yla mi — 1)7 yQ)a (7-75)
Y1

(un,vN)

y (7.63) (note that my, = m;—1 < my as required), and with R defined in (7.18). For M > 1,

b
by (7.73), the left-hand side of (7.55) is at most

P2 3 v MY (1 (031,923 O )M w € C]) 3P (w1, = s w).

(UN VN Y1

(7.76)

The factor P™~Y(vy, (y1,m; — 1); w) guarantees that m; — 1 > my, my,, and (7.63) can now be
applied to complete the proof of (7.55) as in the proof of (7.53). The proof of (7.56) is similar. [

7.4.2 Proof of (7.19)—(7.20) for K =0

We begin with the following lemma. Recall the definitions of the events H,, and V,, in (5.5) and
(7.47).

Lemma 7.15. For v,y € A with my <m < my,

Hy(v,y;{v}) € Vinr (v, ). (7.77)

Proof. Let b denote the last pivotal bond for v — y, if it exists. The contribution where such
a pivotal bond does not exist is equal to {v = y} C V,,_1(v,y), since my < m — 1. Thus, it
suffices to show that

H,.(v,y;{v}) N {b last occ. and piv. bond for v — y} (7.78)

is a subset of V,,_1(v,y) for every b. When H,,(v,y;{v}) occurs, b cannot be an m-cutting bond
for v — y. Therefore, mjz < m — 1. Since b = y, this proves that V,,_1(v,y) occurs with z in
(7.47) given by z = b. [

Recall that I@N is the conditional law given that (uy,vy) is vacant. We also use the following
lemma.
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Lemma 7.16. Let F' be an increasing event, and let X be a non-negative random variable which
is independent of the occupation status of the bond (uy,vy). Then

Ey(XI[F]) < Ey(XI[F)). (7.79)

Proof. We condition on (uy,vy) to see that

Ey(XI[F]) = Jupy unEn(XI[F]|(uy,vy) occupied) + (1 — Jyy uy ) Ex(XI[F]|(wy,vy) vacant).

(7.80)

By assumption,
Ex(XI[F)|(uy,vy) occupied) > Ey(XI[F]|(uy,vy) vacant), (7.81)
and the claim follows. O

Proof of (7.19) for K = 0. To estimate ¢{}"%%9({vy_,}), we first note that by definition (recall
(5.13) and (7.14)—(7.15)),

OMOA) = > a2 DpMOED (T Hom, (a1, b A0 (0,5 C) )y (7:82)

(un,vN)
(un,vn) b#(UN,VN)

We are concerned here with A = {vy_,}. By Lemma 7.15,
Hm1(/UN717b; {/UNfl}) g vml—l(/UNflab)- (783)

The event V,,,, —1(vn_s, b) is increasing, and the event E}, = E'(vy_,, uy; C~’N,1) does not depend on

the occupation status of (uy,vy). Also, the random variable II}" (vy; Cy) is independent of the

occupation status of (uy,vy), since Cy = ~1(VUN’VN)('UN_1) is. Therefore, by Lemma 7.16, the Ey
expectation in M)’ Nfi,)N) implicit in (7.82) can be bounded above by the corresponding expectation
without the tilde, i.e.,

1

Ex (1[E O Viny 1 (01, DTG (0 C) ) < B (1[E)y 0 Viny 1 (a0, DT (0,3 C)). - (7.84)
Omitting the restriction b # (uy, vy), it follows that

O {wna D) <D s 2 Junewn MET (1Vimy 1 (a1, DI (035 Ch) )y (785)
b

(Un,vy)

- pz Z JquvNMl(,I]LJrl)([[lefl(Ivah (y27m2 - 1))]1_[%?(1)]\7; éN)) ,

Y2 (UN,VN)
where we have written b = (ya, m2 — 1) and have used 335 J,5 = p. The bound (7.19) for K =0
now follows from (7.53). - O

Next, we prepare for the proof of (7.20) for K = 0. Let N > 1. To partition the event
H,,(vy_1,b;Cy_y) occurring in (7.82) (for A = Cy_,), we define

1) N mel<'vN717é>7 (786)
1) N Vm—1<’vN717b>C-

Gfr# (’UN,l, b) - Hm(IUNfla

Q; C~VNf
Gﬁf}(vN,l,b) = Hyp(vn_1, b C’N7

o)
|
N—
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In terms of these events, H,,(vy_i,b; C~’N,1) is given by the disjoint union
Hp(0y_1,0;Cxy) = GY(vy 1, b) U GP(vy_y,b). (7.88)

Clearly,
G (Un-1,b) C Vipoa (v, b). (7.89)

For G (vy_,,b), we will use the following lemma. Recall that the event &, was defined in (7.48).

Lemma 7.17. For vy_,,y, € A and m > 1 such that my,_, <m < my,,

G;?('UN—hyz) g gm(vN—MyQ;é’N—l)- (790)
Proof. Suppose that G (vy_,,y,) occurs. It cannot be the case that vy_, = y,, since this
contributes instead to G (vy_,,y,). Thus there is at least one occupied pivotal bond for vy_, —
Yy, and we denote the last such bond by b. Then {vy_, — b = y,}. It must be the case that
my > m — 1, since otherwise G)(vy_,,¥y,) occurs. By the definition of H,,(vy_,,b;Cy_,) in (5.5),

. Cn-1 Cn-1 . Cn_1
b cannot be m-cutting for vy_, —— vy,, and hence {vy_, —— b}° occurs. Since vy_, — Y,

occurs by (5.5), we conclude that b O, Y,. Therefore, &, (vy_y, ys; Cy_,) occurs, with z = b in
(7.48). O

Proof of (7.20) for K = 0. Let N > 1. We estimate (7.82) for A = C_,, using the partition
(7.88) for the event H,,(vy_y,b; Cy_,).

Consider first the contribution due to G (vx_y,b). The inclusion (7.89) plays a role identical
to the inclusion (7.83), and the analysis of (7.84)—(7.85) then applies in an identical fashion to
give the first term on the right-hand side of (7.20) as an upper bound for this contribution.

It remains to show that the contribution to (7.82) due to G'7) (vy_,,b), namely

S s 3 o MO (TG, (0 DI (03 Co) )y (7.91)
b (UN,VN)
is bounded by the second term on the right-hand side of (7.20). By Lemma 7.17,
I[G;Z)l (Vn_1,0)] < T[Emy (Vs b; C~'N—l)}- (7.92)

Since En, (Vx_1,b; C’N,l) is increasing, we may apply Lemma 7.16 as before to conclude that the

Ey expectation in M{'1Y | implicit in (7.91) obeys

Ex (I[Ey N G20y, TS (0y; Cn)) < By (I[Ef 0 Emy (vy-1, b Co )G (04 C ), (7.93)

1 1

and hence

MO (TG, (0, DTG (045 C)) < MY (1[Em, (vn-1, b Co )T (05 C)). - (7.94)

(Un,VN) 1

It follows that the contribution to (7.82) due to G is bounded above by
YT Y Junwy MG (][Sml (Vn-1, b3 O ) TIE (w5 ON))cSmQ,m, (7.95)
b

b
(un,vN)

= pz Z JuN,vNMSX,H) (I[gml ('UNA; <y27 mg — 1)5 éNﬂ)]Hg?('vN; éN)) )
)

Y2 (un,Vvn

where we have written b = (y2, m2 — 1) and have used Y35 J, 3 = p. The bound (7.20) now follows
from Proposition 7.11. B O
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7.4.3 Proof of (7.19)—(7.20) for K > 1
We first prove (7.19) for K = 1. For this, we note that

(A ZJMZJUNVN M) (T Hom, (v, b AN, (5 CEIG0 (05 Cy ). (7.96)

(UN,VN)

By (6.9) and (7.14),

H(” ) < pZP“” (y2,mo — 1); C’f’v) = pZI[a € C‘ﬁ,] ZP(O)(B, (y2, mg — 1);@).  (7.97)

a Y2

It then follows from (7.83), Lemma 7.16 and (7.54) that

i ({onoa}) < p? > ZZJ RN (g, my — 1), 0, 0(a))PO(b, (ya,me — 1);a).  (7.98)
Yi,y2 a
By (7.11), Construction {(a) followed by multiplication by J, 5P (b, (y2, ms — 1); @) and by sum-
mation over a and b is equivalent to Construction E. This shows that

s {owoa}) <07 30 R, 1 (v we), (7.99)
yL.Y2

which proves (7.19) for K = 1. o

To extend the proof of (7.19) to K > 1, we estimate II{)(b;C?%) using (6.9) and (7.14).
According to Remark 7.4, the resulting bound on II{) (b; C?) is the same as K — 1 applications of
Construction E to p¥, P (b, (z,my — 1); C%). Therefore, by definition of RO (Y1, 102), (7.19)
for K > 1 follows from (7.19) for K = 1.

The proof of (7.20) proceeds similarly, with (7.56) used in place of (7.54).

7.4.4 Proof of final statement of Proposition 7.6
Finally, we suppose that (my,ms) # (1,1), and show that in this case ¢{°%% ({0}) < C B, my-

mi,m2

We have already seen in (7.19) and (7.21) that ¢%% ({0}) < Cbyyy.m,, and the only issue is to

mi,m2
establish that a factor § can be inserted into this upper bound. A factor [ arises in diagrammatic

estimates when the bound (7.24) is used to estimate ||7,,,||.. with m > 1. According to (7.17), the
diagrammatic upper bound p? >, . Ry} -1 (y1,y2) on ¢©09 ({0}) given by (7.19) is equal to

Y1,Yy2 my,ma2

ZZ Py (s 0o, my — 1), 1(2)) Tang—my (Y2 — 0)Ting—1-my (2 — 2). (7.100)

When (mq,my) # (1,1), there is at least one line with length greater than zero, and a factor
then results from standard estimates.

8 Diagrammatic estimates: Bounds for ¢,
In this section, we prove the bound (1.19) on e,1(p.). We assume throughout that

Orn(pe) < Co(m+1)"" forall 0 <m <, (8.1)
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which is a hypothesis of Theorem 1.1(ii). Throughout this section, we fix d > 4, p = p., and
consider the spread-out model with § sufficiently small, although some of our arguments apply
more generally. Note that we can extend (8.1) to m = n + 1 by conditioning on a vertex at time
1 and using the Markov property and (1.9) to obtain

Oni1(pe) < Z PeD ()0, (D) = Debn(pe) < 2Cp(n+ 1)1 < 4Cy(n +2)7 " (8.2)

vEZA

We absorb the constant 4 into Cy and regard (8.1) as applying also when m = n + 1 in what
follows.

In Section 8.1, we reduce (1.19) to bounds on €7, (1),...,e\";(5). In Section 8.2, we provide
some preliminary convolution bounds. Then we estimate the five error terms in order of increasing
difficulty, namely e (3), eirt1(5), eiy1(2), eh1(4), elY1(1), in Sections 8.3-8.7, respectively.

8.1 Reduction of proof of (1.19)

Let
(n+1)6-9/2 (4 < d < 6),
A=< logn (d =6), (8.3)
1 (d > 6).

The following proposition will be proved in Sections 8.3-8.7.

Proposition 8.1 (Bounds on error terms). Let d > 4, p = p,, for the spread-out model with (3
sufficiently small. Letn > 1 and N > 0, and assume that 0,,(p.) < Co(m+1)"1 for all0 < m < n.
Then

ey (1)] < CC3(n + 1) P0xg + CHCBN(n+ 1) logn + (n + 1) A, |, (8.4)
e (2)] < CCH(n +1)Poxo + CHCHN [(n+ 1) logn + (n+ 1) *AL, |, (8.5)
leni1(3)] < CC(CHN (n+ 1)~ logn, (8.6)
le1(4)] < CCR(n+ 1) on g+ CHCBN [(n +1)™logn + (n+ 1) ° A, (8.7)
1 (5)] < CCJ(n +1)0n g+ CHCB)M [(n+ 1) " logn + (n+ 1) AL, | (8.8)

Proof of (1.19) subject to Proposition 8.1. It follows from (5.19) that |e,41| is bounded above
by the sum of the right-hand sides of (8.4)—(8.8). The elementary inequalities (n 4+ 1)3A/ ;| <
(n+1)"2A,41 and (n+1)"%%logn < (n 4 1)72A,.4; then yield (1.19) (recall (1.16)). O

8.2 Convolution bounds

This section contains several convolution bounds to be used in Sections 8.3-8.7.
Lemma 8.2. Let d > 1 and suppose that F,, obeys F,, < Cr(m +1)"%2. If (8.1) holds, then

n+1
S Fubniim < CCoCr(n+1)"*logn, (8.9)
m={(n+1)/2]+1

where C' is a constant that only depends on d.
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Proof. We use the two assumptions to obtain the upper bound

n+1 n+l
> Cr(m +1)"2Cy(n —m 4 2)71 < CCyCr(n + 1)"4? > n—m+2)7!
m=[(n+1)/2]+1 m=|(n+1)/2]+1
< CCyCr(n +1)""?1ogn. (8.10)

m

Let F,(0y41, 0,41) denote the result of two applications of Construction 6,41 to F,. (According

to Definition 6.5, each of the two added connections to n is added to lines originally in F,,, i.e.,
the second added connection to n cannot be attached to the first added connection to n.)

Lemma 8.3. Let d > 4 and suppose that F, is a diagram such that F,, < Cp(m+1)"%2. Suppose
that F,, contains at most L lines at any fixed time, that the largest time coordinate of a vertex in
F,, is m, and assume (8.1). Then

[n/2]
Z F(Oni1,0n41)0n—m < CCRCLA(n+ 1) AL, (8.11)

where C' 1s a constant that only depends on d.

Proof. Each factor 6 appearing in F, (6,41, 0511)0n—m has subscript at least n — |n/2|. Therefore,
by (8.1),

[n/2] [n/2] m

Z Frn(0ps1,0541)0n—m < CCoin+1)7° Y Y Fu(1(h), (k). (8.12)

m=0 l1 ,12 =0

By Lemma 7.8(a), for each Iy, 5, we have

EFo(1(l),1(ly)) < CCRL(m + 1)~ (8.13)
Therefore,
ln/2] [n/2]
Z Fo(Oni1s O 1)0nom < CCHC LA+ 1)73 > (m 4 1)~@4/2, (8.14)
m=0
Performing the sum gives
LHZ/ZJ(m +1)" <AL, (8.15)
m=0
and this completes the proof. ]

Corollary 8.4. Let d > 4 and suppose that F,, is a diagram such that F,, < Cr(m + 1)_d/2.
Suppose that F,, contains at most L lines at any fixed time, that the largest time coordinate of a
vertez in F,, is m, and assume (8.1). Then

> [Fn(Onrr, 1) A )0 < CCIC[ L2+ 1) P AL + (n+ 1) logn), (8.16)

m=0

where C' 1s a constant that only depends on d.
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Proof. For m < | %] we use Lemma 8.3, and for m > [§] + 1 we use Lemma 8.2. Adding the two
contributions proves the claim (we assume that Cp > 1). O

Let F,,(0,41) denote the result of an application of Construction 6,1 to F,.

Lemma 8.5. Let d > 4 and suppose that F, is a diagram such that F,, < Cp(m+1)"%2. Suppose
that F), contains at most L lines at any fived time, that the largest time coordinate of a vertez in
F,, is m, and assume (8.1). Then

[n/2]
Z Frn(0,1)02 , < CC3CL(n+1)72, (8.17)
where C' is a constant that only depends on d.

Proof. The proof is a straightforward adaptation of the proof of Lemma 8.3. Each factor 6 ap-
pearing in F,(0,,1)02_,, has subscript at least n — |n/2|. Therefore, by (8.1),

[n/2] LN/QJ m
Z Fn(0p41)02_,, <CCon+1)7° Y > F,(1 (8.18)
m=0 [;=0
By Lemma 7.8(a),
Z Fn(1(lh)) < CCRL(m 4 1)~ 4-2/2, (8.19)
11=0
and the claim follows from (8.15). O

Lemma 8.6. Let d > 4 and suppose that F,,, m, s a diagram such that Fp, m, < Cpbmyom,-
Suppose that Fy,, m, contains at most L lines at any fived time, that the largest time coordinate of
a vertex in Fp,, m, 15 M1V ma, and assume (8.1). Then

[(n+1)/2] n+1
Z Z {Frm m2 m1 m2 (en—&-l)} 9n+1—m1 en-‘rl—mz

m1=0 m2=m1

< Cogcpc[(n +1)7logn + (n+1)°A ], (8.20)
where C'is a constant that only depends on d.

Proof. Since my < [(n +1)/2], (8.1) implies that 0,11, < CCy(n + 1)~ We divide the sum
over my according to whether [3n/4| +1 <my <n+1or m; <my < [3n/4j.
Suppose first that |3n/4] +1 < mg < n+ 1. In this case,

by my < C(my +1)7@2/2( 4 1)=(d=2/2, (8.21)

We bound the minimum in (8.20) by F,, m, to see that this case contributes at most

L(n+1)/2] n+1
CC3C(n+1)""% 3 (my+1)"422 N (n+2—my)™
m1=0 mo=|3n/4]+1
< CCCH(n+1)"?logn (8.22)
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to the left-hand side of (8.20).
In the remaining case, we have m; < my < [3n/4], and hence 0,41 _,, < CCy(n + 1)71. We
bound the minimum in (8.20) by F,,, m,(0ns1) to see that this case contributes at most

[(n+1)/2] [3n/4] [(n+1)/2] [3n/4]
Z Z Fm17m2 (9n+1)‘9n+1—m1 9n+1—m2 < 0092 (n + 1)_2 Z Z Fm1,m2 (en-i-l)' (8-23)
m1=0 ma2=m m1=0 ma2=m

By Lemma 7.8(a) and the fact that my < [3n/4],

m2

Fryms (On1) =D Frymo (1(1)0n121 < CCy(n + 1) L(ma + 1)Crbimy - (8.24)
1=0
Therefore,
L(n+1)/2] [3n/4] [(n+1)/2] [3n/4]
Z Z Fm1,m2 (Qn—&-l)Qn—f—l—mlgn—l—l—mg S CC;’OF»C(TL + ]-)_3 Z Z m2 + 1 mi,mse-
m1=0 ma2=m m1=0 ma=mg
(8.25)
It follows from (8.15) that
[(n+1)/2] [3n/4] L(n+1)/2] [3n/4]
Z (ma 4+ 1)bimy m, < Z Z { my+ 1)+ (mg —my + 1)}bml,m2 < CAJ L, (8.26)
m1=0 ma2=mg m1=0 ma2=m
and this completes the proof. Il

It is a consequence of their definitions in (7.17)—(7.18) and the fact that P™(y) has at most 4
lines at any fixed time that the diagrams R (y,,y,) and Q" (y,,y,) have at most £ = 6 lines
at any fixed time. Also, RN X (y,, y,) and Q™5 (y,,y,) have £ = 7. For this reason, factors
of £ will be unimportant in our applications of the above lemmas.

8.3 Bound on e}}(3)
Proof of (8.6). Fix N > 0. It is an immediate consequence of (4.31) and (4.29) that
n+1 5
e ®I< > e {ova DI 150 st (Cao) | el me- (8:27)

mi=|(n+1)/2|+1

In the definition (4.18) of k& .1 (A), we estimate the indicator function by 1 to obtain

m1 n+1

i1 (A)] < Z ZJuNVNMSL*“(H%%W;@N)), (8.28)

(UN VN

for all A C A. For M = 0, it follows from (7.14) that

Z JUN VN ml 'vNa CN’N) = pcémuN,mlfl' (829)
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For M > 1, we use (3.27), (7.14) and (3.38) to rewrite the right-hand side of (8.28). This gives

7(7]"\0]1) n+1 | < Pe Z ZW%\T_]\{) (830)

M=0 y
The combination of (8.27), (8.30) and (6.9) gives

n+1

lenh (3)] < 2p7 Z > DY e (1) [ (8.31)

M=0m;=|(n4+1)/2|+1 ¥

It now follows from Lemma 8.2 and (6.2) that if 5 is sufficiently small, then

N1 (3)] < CCy - (CRWNHIVI(n 4+ 1)~ logn < CCy(CB)N!(n + 1) logn, (8.32)

M=0

as required. Il

8.4 Bound on ¢} (5)

Proof of (8.8). The error term ey}, (5) is defined in (5.18) in terms of the quantities given in (5.8)-
(5.10). Let e;y7""(5) denote the contribution to e}y (5) due to I (vy; Cy) and x9,(b;C%) in
(5.8), so that

o

)< Y [eliO)), (8.33)
M,K=0

Apart from the sum over m; and factor 0,41, in (5.18), €, (5) has the same form as ¢, .

(defined in (5.17) and (5.13)), except that the factor y,.1 in (5.8) for e}y, (5) is replaced by IL,,,
n (5.13) for ¢ . We will estimate e} (5) by determining the effect of this replacement. Let

mi,msa
TN (1, y0) = RO (g1, 1) + QA0 (y1, o) (8.34)
and
T, = P Z Y Do i1 (Y1, v2). (8.35)
KM 0 Y1,Y2

For N > 0, it follows from (7.16) and Propositions 7.6-7.7 that
) | ST < C(CB)N by ms- (8.36)

mi,m2 mi,m2

If the factor x\¥(b; C%) appearing in (5.9)~(5.10) were replaced by T4 (b ~%), then we would

have as upper bound
L(n+1)/2]

S TN Bt (8.37)

mi=1
The upper bound on Yy,, +1(b Cb) in Proposition 6.7 is given explicitly in terms of the diagrams
used to bound I1%)(b; C%). The appropriate modification for e, (5) is thus

N 2L(n+1)/2j n+1
G <2 Y Y (T Bnid) AT )ty Ot s (8.33)

mi=1 m2=my
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It then follows from (8.36) and Lemma 8.6 that
1 (5) < CCHCAN (n+ 1) [ALy + (n+ 1) logn) . (8.39)

When N = 0, the only contribution without a positive power of 3 arises when m; = my = 1 in
(8.38), and this contribution is bounded above by CC3(n + 1)~3. Therefore,

en1(5)] < CCHn+1)7 [on o+ (CB)M™ [ALyy + (n+ 1) logn]|, (8.40)

which completes the proof of (8.8). O

8.5 Bound on ¢}}(2)
(N)

We prove a lemma before proving the bound (8.5) on e,,\);(2). The lemma generalises (6.21). Note
that the order in which constructions are applied can be important, since, e.g., P™ (y; *(a), 0,11)
is not equal to P™ (y;0,.1,0(a)).

Lemma 8.7. For NNM >0,y € A, and n > 0,

S5 S Juwn PO (s (@), 0 1) PO (0, 95 @, 01) < PO (56,40, 6,01), (841)
A a

(uszN)

where the sum over X is over the N-admissible lines for P™).

Proof. Equation (8.41) is similar to (6.21), but now with two extra Constructions 6, performed.
The equality in (6.21) is replaced by an upper bound in (8.41), since on the right-hand side there
are more possibilities for the lines on which the two Constructions 6,1 can be performed. O

Proof of (8.5). The error term e, (2) is defined in (4.30) and (4.19). For A = Cy_, or A = {vy_, },
we use )
Iv S n+1inCy) <Iv—n+1] (8.42)

to obtain

lent1 21 <20 > ugwn MG (I[UN—l — n+ 1 Xnt1(vn; C’N)D

(Un,VN)

<2 > Juywn MG ([[UNA — 1+ 1][xp 41 (v éN)D (8.43)

M=0 (uy,vN)

We use Proposition 6.7 to bound [x'';(vy;Cy)|, using the second alternative for the minimum
in (6.28) when k& > |n/2| + 1, and the first alternative in (6.28) when k& < [n/2]|. Denote the
contribution due to k > |n/2] + 1 by e(}1(2,1), and the contribution due to k < [n/2]| by
e41(2,2), so that

e (2)] <2 (eh(2,1) + e (2,2)) . (8.44)
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For e{™;(2,1), we use (6.28) and (7.8) to obtain

[e'e) 5 n+1
e (2,) < D3 S Juywa MY Ila € CV)) Y. YD PM(wy, (3, k) a)pebni  (8.45)
M=0 & (uy,vn) k=|n/2]+1 yezd

[e’s) n+1

< Z Z Z ZZ Z ‘]UNNNP(N)(U’N;KA(GDP(M)(vNa (ya k);a’)pcen—ka

M=0k=|n/2|+1yezZd X @ (un,vy)

where we recall Remark 6.2. By (6.21), (6.2) and Lemma 8.2,

oo n+1 00
e, < Y Y S P Y)pbay < CCq Y (CR)WTMVE (4 1)" 2 logn
M=0 k=[n/2)+1 yezd M=0
< CCy(CHNE(n 4+ 1)~ ogn. (8.46)
For e{)1(2,2), we use the minor extension of (7.8) that, for N >0, a,y € A and n > 0,
MM (I[a € Cy, vy —n+1]) <> PY(y; 0)(a), On41)- (8.47)
A

By (8.47) and (6.28),

oo [n/2]
;ﬁi-)l 2 2 < Z Z ZZ Z ‘]UN VNP(N) uN’E)\( en-l-l) Z P(M)(UN7 (y, k);aaen—&—l)pcen—k‘
M=0 k=0 X a (UNVN) yEZd
(8.48)
It then follows from Lemma 8.7, Lemma 8.3 and (6.2) that
o |[n/2]
enr1(2, Z Z Z B (Y O, Oy 1) Db (8.49)

M=0 k=0 yezd
<CCP S (OO M (n+ 1) AL, < COHCH) ¥ (n+ 1),
M=0

When N = 0, the only contribution without a positive power of 3 arises when k = 0 in (8.49). This
requires that y = 0 and M = 0, and contributes at most CCjy(n + 1)~3. With this observation, we
can improve (8.49) to

e1(2,2) < CCH(n+ 1) oo + (CHN' AL, (8.50)
Substitution of (8.46) and (8.50) into (8.44) then gives (8.5). O

8.6 Bound on ¢!, (4)

In this section, we prove the bound (8.7) on the error term e}, (4). By (5.18),

[(n+1)/2 1 ~
511\-,{-)1 < Z ‘d%\? n+1 4 {/UNfl})l + iydgjf,n-‘rl(ll; CN71>|}67L+1*WL1' (851)
mi1=1
We denote the contribution due to din,,1(4; {vx_1}) by €4¥1(4,1) and the contribution due to
A 1 (4;Cy_y) by eiN1(4,2). We prove bounds on e!Y;(4,1) in Sections 8.6.1-8.6.2, and on

mi,n+1

5111)1 (4,2) in Section 8.6.3. The proof of (8.7) is completed at the end of Section 8.6.3.
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8.6.1 Preliminaries for e}, (4,1)

Our bound on €},};(4,1) uses the following two lemmas.

Lemma 8.8. Let vy ,,y € A and let m; < my <n. Let F' = F(y) be an event that depends only
on bonds with time variables at most my. Then

By (HF @) {(vx - — ) o (y = )L (0.5 Cn) (5.52)
< B (TP (s — mIG0 (0,5 C) ) ().

Proof. Let Cy(v) = {x € C(v) : mx = my}. By the Markov property,

Ex (I (0a s = m) o (y = )T (05C)) (8.53)
= Cg Ey (I[F(y))[Cy(vx_) = CI )T (v, ém)wo —n)o(y—mn))

since H% '(vy; Cy) is independent of bonds with time variables exceeding my because my > my —1.
By the BK inequality,

Px((C—mn)o(y —n)) <Py(C = n)bu(y). (8.54)
The inequality (8.52) can then be concluded from substitution of (8.54) into (8.53) followed by
summation over C. [

For my < m < n, we define

Vin(v) = | {v—2z=n} (8.55)
Zz:mz<m
For later use, we note that it follows from (8.55) that
Vin(0) = U {v—y}tn{ly—>n)o(v—n)} (8.56)
yimy=m

The following lemma is reminiscent of Lemma 7.15.

Lemma 8.9. For vy , € A and m,n > 1 such that my,_, <m <n,

Hyn(on i {vn 1)) € Visin(vn ). (8.57)

Proof. When H,, ,(vy_1;{vy_1}) occurs, there is no m-cutting bond for vy_, — n. Let b be the
last pivotal bond for vy_, — n, if it exists. If such a bond does not exist, then vy_, = n, which is
a subset of V},,_1 ,(vy_,). On the other hand, if there is such a bond b, then b = n, and therefore
my < m — 1, since otherwise b would be the m-cutting bond for vy, — n. Thus, V,,_1,(vx_1)
occurs. ]

We also use the minor modification of (8.47) that for every a,y € A, N >0, and n > 0,
MG (H(0ay = @) O (v = ) 0 (030 = n)]) < 5PV (i a). Ly).0), (559
)
where the sum over A again runs over the N-admissible lines for P™ (wy).
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8.6.2 Bound on €\, (4,1)

In this section, we prove that

lenta (4, )] < CHCB)N (n+1)7°. (8.59)
The definitions (5.9%(5.10) and (5.7) imply that
A (5 A) = 3 Jugwoon (TH{0 = wo} N Hop, (05 A), (00 Cy)), (8.60)
(Uo,vo)
while, for N > 1,
di;lm\rl),n+1<4;A> = Z JUN 1,VN-1 Z JUN VN (861)
(UN 1,VN— 1) (UN VN

MSZ]) L <]EN <-[[E,(’UN—17 Uy; C’N—l) N Hml,n(’UN—l; A)]Hml ('UN; éN)))
We denote by din-"; (4; A) the contribution due to I (v,; Cy) in (8.60)—(8.61), so that

(45 A)] < i AN (4 A). (8.62)

mi,n+1 m1,n+1
Using Lemma 8.9, (8.56) and Lemmas 7.16 and 8.8, we obtain

By (T[E' (vx 1, G 1) O Hynyon (013 ALY (05 C*N)) (8.63)

< . Z _]?N ([[E’(UN,l, uy; v ) [(vx1 = yo)l[(vw 1 — 1) o (yy — )] (vn; éN))

< Z Ey ([[E'(’UN,l, Uy; O[T [(Unoy = Yo) N (Vyoy — n)]H%)(’UN? C’N)>9n(y2).

Yoimy,=mi1—1

Using (7.14) and (6.9), it follows that, for M > 1,
En (T1E' (0x 1, G ) O Hynyon (035 ALY (0, C*N)> (8.64)
<ZZE ( 'UN 17uN7CN 1)“{’01\7 1_>a’}m{/UN 1—>(y2,m1—1)}ﬂ{vN 1_>n}]

X ZPCP(M 1)(’01\,, (ybml - 1)7 a’>0n(y2>‘
9

When M = 0, a similar bound holds with both the sum over a and the indicator that vy_, — a
removed, and with p.P™~Y(vy, (y1,m1 — 1);a) replaced by dm, m,, - This causes only minor
modifications, and in the remainder of the proof of (8.59) we consider only the case M > 1
explicitly.

Now we specialise to A = {vy_,}, as in the definition of €\;;(4,1). For N = 0, we use the
convention (4.15) and apply (8.64) and (8.58) to obtain

Ao (401 <303 S Juewe O PO (uo; (@), £(ya, my — 1), 0,41) (8.65)

Y2 X (uo,Vvo) a

X chP(Mil)(’UO, (ylaml - 1)7 a)9n+1(3/27m1 - 1)
Y
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For N > 1, we substitute (8.64) into (8.61), use the recursion (3.35) in the form

Z JuNfl,VN IML(J];IV) 1<EN<I[E/(UN_1,UN;0N_1)

(Un—1,VN_1)

{31 = @) N (O3 = 92) N (030 = )} )
= M (T — @) (v — ) (0 — ) (8.66)
and apply (8.58), to obtain

;’12111\;[1:_1(4 {'UN 1} < ZZ Z ']UNVN ZP(N uN7 )\ >7€<y27m1 - 1)70n+1) (8'67>

Y2 A (LINVN

X ch (M 1)(UN7 (yl)ml - 1);a)0n+1(y27m1 - ]-)
Y1
Thus, the bounds for N = 0 and N > 1 in (8.65) and (8.67) agree, and we can henceforth treat

all N > 0 simultaneously.
By (8.67) and a slight generalisation of (6.21) (similar to Lemma 8.7),

d%]\lel(‘h {ovai}) <pe Z P(N+M)(y1a U(y2,m1 — 1), 0n11)0n11(y2, M1 — 1). (8.68)
Y1,Yy2
Let
BOHM = SO PV (- (o, m)). (8.69)
Y1,Y2

By the definition of €} (4, 1) below (8.51), we therefore obtain

oo [(n+1)/2]
lenai (4 DI <pe D > BtV (0n)0n - (8.70)
M=0 mi=1
By (6.2) and Lemma 7.8(b),
By < (CHNTM (m 4 1) D2, (8.71)

so it follows from (8.70) and Lemma 8.5 that

o0

e, (4, Z SOB)NTM(n+ 1) = CHCB)N(n+1)73, (8.72)

This proves (8.59).

8.6.3 Bound on ¢\ (4,2)

In this section, we prove that

e1(4,2)] < CCE(n+ 1) 3n 0 + Ca(CB)NV! [(n + 1) logn + (n+ 1)~ 3A’n+1} : (8.73)
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Similarly to (7.86)—(7.88), we define

G%{n( ) =Hp, n(UNA; C(Nfl) N Vm—l,n('UN71>7 (874)

Gii{n( ) = H,, n(UNA; C(Nq) N mel,n(lvN71>c7 (875)
so that .

Honn (031 Ca) = G0, () U G2 (0 ). (8.76)

For the contribution due to Gj(vy_,,uy), we recall the argument beginning with (8.63) to see
that the inclusion G, (vy_,) g Vin—1n(vy_,) implies that this term obeys the same bound as
™)

leny1(4,1)[. Thus, it remains to bound the contribution due to G, (vy_,). Note that, by (4.15),
C_, = {v_,} = {0}, so that, by Lemma 8.9 and (8.75), GP . (v_,) = @. Thus, we consider only
N > 1 in the following.

Let e},}; (4, 3) denote the contribution to e},};(4,2) (defined below (8.51)) due to G, 41 (vy 1),
Le.,

. 1 Lt 1)/2] N
;-5—)1(4 3) 5 Z dinf n+1(4 C1N 173)pc€n+1—m17 (877)
mi1=1
where, as in (8.61), for N > 1,
A 1 (4Cy 1,3) = > Juy v D Junw (8.78)
(Un—1,VN—_1) (un,vN)

Mlgfpl(EN(f[E(vN Lt G 1) 0 Ggln(le)]Hml(vN;cN))).

It remains to estimate el (4,3) for N > 1. The following analogue of Lemma 7.17 will be useful
for this. Recall that the event &, was defined in (7.48).

Lemma 8.10. Forvy_, € A and m,n > 1,
GO (vy_,) C U( (Vs 192 C 1) 1 (g — m) 0 (v, — m)). (8.79)

Proof. Suppose that G\, (vy_,) occurs. It cannot be the case that vy_, = n, since this con-
tributes instead to G, (vy_,). Thus there is at least one occupied pivotal bond for vy_, — n,
and we denote the last such bond by b. Then {vy_, — b = n} occurs. It must be the case
that my > m — 1, since otherwise G, (vy_,) occurs. By the definition of H,n(vy_i; C~’N_1) in

Cn Cn-
(5.6), b cannot be an m-cutting bond for vy_, —— n, and hence {vy_, —— b} occurs. Since

Uy .y e n occurs by (5.6), we conclude that b e n

Fix w such that b — (w,n) (such a w must exist since b — n). Let & be the first occupied pivotal

bond for b — (w, n), if it exists, such that b O, . If b does not exist, then &y, (vy_,, (w,n); Cy_,)
occurs, which is contained in the right-hand side of (8.79) with y, = (w,n). On the other hand,
if b" does exist, then, since my > m — 1, the event

(v s — BN E B0 ) N ((b’ o n)o (Vg — n)) (8.80)
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occurs, which implies that the event on the right-hand side of (8.79) occurs with y, = . Il
In view of Lemma 8.10 and (8.78), it is useful to estimate, for N > 1 and M > 0,

S B (1[0 15 Cor ) 0 o (01,951 Co ) 1 (31— 1) 0 (0 = ) [T (003 C)).
Y2

(8.81)
By Lemmas 7.16 and 8.8,

Ey (I[Ez,v N Emy (Vy-1, Yo C’N,l)]f[(yz — n)o (vxy — 0D (v éN)) (8.82)
<Ey ([[E;V N (c/,ml(lvah Yo, CNYNfl) N (IUN—I — n)]HS:?(UN; ON)>6n(y2)'
The recursion relation (3.38) implies that

Z JUN—l:VN—lMl(J]X/),l (EN (I[Ez/v N Emy (Vno1, Yoi C~'N_1) N (Vyoy — n)]H%)(UNQ ON)))

(Un-1,VN_1)

= ML(J]X,H) ([[grm (,UNfla Yos éNfl) N (UN,l — n)]H%) (’UN; éN)>, (8.83)
Let
i = 22 QW (y1,ma), (ya, m2)). (8.84)
Y1,Y2

If we simply ignore the indicator that vy_, — n, then it follows from Proposition 7.11 that

5 o MG (11 (03109 Co D05 = mIT (035 C))

(un,vN)

< chQ(N+M)((ylam1 - 1)7y) (885)

Y1

On the other hand, it is a minor extension of Proposition 7.11 that the extra connection to n
can be accounted for by an application of Construction 6, so that the upper bound of (8.85) can
alternately be replaced by the upper bound p. >, Q""" ((y1, m1 —1),y;0,). Therefore, replacing
n by n+1,

[(n+1)/2]  n (

1 o0
AT EET SD SD

(N+M) (N+M)
s 1O A QY 1) Ot (330
M=0 mi=1 ma2=m1

By (7.41),
iglﬁijmg—l < (Cﬁ>N+Mbm1*1,m2*1 < C(Cﬁ>N+Mbm1,m2' (887)

Finally, by Lemma 8.6, for N > 1 we have
€1 (4,3) < CHCBN [(n+ 1) logn + (n+1)72A ] (8.88)
The combination of (8.59) and (8.88) then gives the bound (8.73) on e, (4, 2).

Proof of (8.7). This immediately follows from summation of (8.59) and (8.73). O
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8.7 Bound on ¢\ (1)

In this section, we prove the bound (8.4) on the error term e\ (1), which is defined in (4.22)—(4.24).
Recall (4.35)—(4.37). For j =1,2,3, let

enii(1,7) = €31(0;{0}; ), (8.89)

and, for N > 1,

(N)(l ]) Z JUNfl,VN 1MIE|]X;) 1( (O)(UN 1,éN_1;j)>. (890)
(UnN-1,VN_1)
It follows from (4.34) and (4.23)—(4.24) that
€0, (1) = (1, 1) + €02 (1,2) 1 ey (1,3). (391)

We estimate e} (1,1) and e} (1,2) in Sections 8.7.1 and 8.7.2. The more delicate (1, 3) is
estimated in Section 8.7.3. The proof of (8.4) is given at the beginning of Section 8.7.3.

8.7.1 Bound on €?,(1,1)

The error term el (1,1) is nonnegative by definition. For N = 0,

e (1,1) < P(F(0 {0}>m{|P{o}|<1})<ZP(E' (z,n+1);{0})) (8.92)
>omih(e) < 3 Pih(@) < OB+ 1),

by (4.38), Proposition 4.6, (6.9) and (6.2). For N > 1,

n+1(1 1) Z JUN—hVN 1MI<JJXr) 1<ZP<E/(’UN17 ([L’,ﬂ—l— 1);éN1))>

(Un—1,VN-1)

= M, y(1) Zml ) < ngia < (CHN(n+1)"", (8.93)
by (8.90), Proposition 4.6, (6.9) and (6.2).

8.7.2 Bound on €,/ (1,2)
For N =0, we use (4.39) to see that

lemia(L2)) < >0 P(E'(0,4:{0}))0n11(y)- (8.94)
yimy>|3]+1

Therefore,
n+1 n+1
e (L2)] < > Y alWnim < Do > PR ni1—m < CB(n+ 1) logn,
m=[2]+1 ¥ m=[2]+1 ¥

(8.95)
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by (6.9), (6.2), and Lemma 8.2. For N > 1,

0D Y MG (X P(E 9 Cn) ) (y)

(UN—1,VN-1) yimy>[2]+1
n+1
= Z M)(/N+1)(1>9n+1(y) = Z ZW(N) n+1—m
yimy >[5 ]+1 lz)+1 ¥
n+1
< Y S P (i < (CH (n+ 1) logn, (8.96)
m=[g|+1 ¥
by (8.90), (4.39), (6.9), (6.2) and Lemma 8.2.
8.7.3 Bound on €,/,(1,3)
In this section, we prove that, for N > 1,
€01 (1,3)] < CCH[(n + 1) + B(n + 1)~21ogn + B(n + 1)°AL,,]. (8.97)
[e1(1,3)] < CCHCB)N [(n + 1) logn + (n +1) A, ]. (8.98)

Proof of (8.4). For N = 0, (8.4) follows from (8.91), (8.92), (8.95) and (8.97). For N > 1, (8.4)
follows from (8.91)(8.93), (8.96) and (8.98). O

To prove (8.97)-(8.98), in view of (8.89)(8.90) and (4.15), we start with e (vy_,;Cy_.;3).
According to (4.50),

69, (v; A; 3)| < Z Z (F(o; A)n{y e By {be BP}). (8.99)
b < Bk | b2Y
Let
F, . (v,z,V;A) = E'(v,z; A) N F, ,,(v; A) N {V' € B} (8.100)
It follows from (8.99), Proposition 4.10, Lemma 2.2, and the inequality
P(b — n+1in A\C®(})) < 0,41(D) (8.101)
that
e (v 4;3) < Y LiP(Fria (0,065 A) in C*(0)) 0,41 (D) (8.102)
b<| ndt ) b2d

= Z Z Jb be( n+1 v, D, b/§A))0n+1(6)7

< >

where P denotes P conditioned on b being vacant. By Proposition 4.3,

Fla;A)n{t e B} CE' @ An{(w—n+1)o({occ}N(® —n+1)}, (8103
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since, on the right-hand side of (4.25), (v — n + 1) occurs in C* (v), and therefore (v — n + 1)
occurs disjointly from {0’ occ.} N (B — n +1). Then (6.12), (8.100) and (8.103) imply that
Fly(v,b,0; 4) € B'(0,0; A)nE(v, b A)n{(v = n+1)o ({t oce} N (5 —n+1))}. (8.104)

The event &€(v,b; A)N{(v — n+ 1) o ({t occ.} N (6 — n+1))} is increasing, and, for ¥’ < b, the
event E'(v,b'; A) is independent of the occupation status of b. Therefore, by Lemma 7.16,

e (0 A3) < >0 S JP(E (0,0 A) N E(v, b A) (8.105)

b<| 2] b2y
N{(w—n+1)o({t occ} N @ —n+1))})0nis(D).

In particular, by (8.89) and (3.20),
SN o) Z Ly (1[E (0. (o)) (8.106)
p<| 2| b2d

N {O—=n+1)0({¥ occ}n(® —n+ 1))}])0n+1(b).

Also, by (8.90), (8.105), (3.20) and (3.35), for N > 1,

e (L3S > D D Juvavwah Mffpl(P(E’(vN_l,b’;éN_J (8.107)

y<| 2L 62 (UN—1,VN 1)

NEWy_1,b;Cyx ) N {('UN_1 —n+1)o ({b’ occ.yN (@ —n+ 1))}))9n+1(b)

N {('UN_1 —mn+1)o ({b' oce.yN (B — n+ 1)) }:|>0n+1(b).

We insert
1=1[1 — b+ I[(b — b)] (8.108)

in the right-hand sides of (8.106)—(8.107). We denote the contribution to (8.106) due to the first
and second terms of (8.108) by e'}1(1,3,1) and ely},(1,3,2), respectively. Similarly, for N > 1,
we denote the contribution to (8.107) due to the first and second terms of (8.108) by e\, (1,3,1)
and eY(1,3,2), respectively.

To estimate Mé,l) and M,E,N“) in (8.106)—(8.107), we will use the following proposition, whose
proof is deferred to the end of the section. Its statement involves a small modification of P (y),
in which the last Construction E can be applied to all diagram lines rather than only to the
(N — 1)-admissible lines. We denote this modification by P (y). The methods in [14] easily

adapt to show that the bound (6.2) extends to P (y), namely

> PY(y) < Smobno + (CB)NY (m+ 1)~ (8.109)
Y

69



Proposition 8.11. (a) For all bonds b, y € A with my > my, N >0, and n > 0,

M (1 [E@x1y: Cr) N (B = )N (ay = n) o ({b oce.} N (B — n)))}) (8.110)
([R“V’( y) + QY (L, y)] A [RY (D, y;0,) + Q™ (b, y; Gn)])Jg,ﬁn(B)’

where, by convention, Q® = 0.
(b) Forye A, N >0, andn > 0,

SO M (1 [Eox 1 y: Cu ) 16— ) N ((vx s — )0 ({b oce.} N (B — n)))D (8.111)
b
< PO (y) A PN (y:6,,,6,).

Before proving Proposition 8.11, we first prove (8.97)—(8.98).

Proof of (8.97). By the definition below (8.108), e%’;(1,3) = elvi1(1,3,1) + eli1(1,3,2). By
(8.106) and Proposition 8.11(a) (with N =0, and y and b in (8.110) equal to b and ¥’ in (8.106)),

LD Y S Sy [ROW0) A RO, 5:0,00) ] (B)ria (D) (8.112)

b/SL"HJ b>v’
[n/2]  n
= pc Z Z |: mi,msa A R;(;)l mo (enJrl)} 0n7m1 6’”7’”’7,27

m1=0 ma2=m1

where R() =3, ., B . (y1,42). By Proposition 7.7 (with additional attention paid to the
power of [3),
R imy < Ciny 0050 + CBbiny ms- (8.113)

The contribution due to (mq, ms) = (0,0) gives rise to at most CC3(n+1)~3. For the contribution
due to (mqy,my) # (0,0), we apply Lemma 8.6 to obtain a bound

CC3B|(n+1)""logn + (n+ 1) A, . (8.114)
Adding the two contributions yields
e (1,3,1)] < CCs [(n + D)3+ 8(n+1)"Y?logn + B(n+ 1)~ 3A;+1} (8.115)

Similarly, by Proposition 8.11(b) (with N =0, y = b = (y2,m2), and the summation index b
in (8.111) equal to &' in (8.106)),

eh1(1,3,2) < 32 Jy5 [ PO ) A PO (b3 Os1,0n1) |01 (B) (8.116)
b

n

= Pc Z {ﬁr(rg A ﬁ,{g; <0n+1a en—l—l)} Hn—mza

mo=0

where we write ]57511; = ﬁg;(yg) By (8.109) and Corollary 8.4, we therefore obtain

e 1(1,3,2)| < chﬁ[(n +1)BALL 4 B+ 1) 1og n} (8.117)
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Addition of (8.115) and (8.117) gives (8.97). 0

Proof of (8.98). By (8.107) and Proposition 8.11(a),

L n
’eg\j’-)l(]‘? 37 1)| S pg Z ([R;]’:jf,mg + Qirllvf,mg] /\ [R;I’:?,mg (6n+1) + Q'ﬁrjjl)ymg <9n+1)])9n7m10n7m2-
0 ma2=my

N3
[y

(8.118)
By Proposition 7.7 and Lemma 8.6, it follows that
e1(1,3,1) < CCHCRN [(n+ 1) logn + (n +1)*AL,, . (8.119)

Similarly, by Proposition 8.11(b) (with y = b = (y2,m2), and the summation index b in (8.111)
equal to b in (8.107)),

n

e (1,3,2) < pe 3o [P AP Oni1, Ons) | Oy (8.120)

mo=0

It then follows from (8.109) and Corollary 8.4 that
€0(1,3,2)] < COHCHN [(n+ 1) logn + (n+ 1)°A),,]. (8.121)
Addition of (8.119) and (8.121) gives (8.98). O

It remains to prove Proposition 8.11. For this, we will use the following lemma.

Lemma 8.12. For any bond b, v,y € A, ACA, n>0,

E(w,y; A)N (6= y)° N (v —n) o ({b occ.} N (b—n))) (8.122)
C (5(v,y; A)N(v— n)) o ({b occ.} N (b — n)),
E(w,y; A)N(b— y) N {b occ.} (8.123)

C (({b oce} N (b —y))o (v — 1)) U ({b occ} N E(D,y; A)).
Proof. To prove (8.122), we note that
E(v,y; A)N (b — y)* N {boce} N (b—n) CEw,y; A)o ({boce}n(b—n)), (8.124)

since, when (b — )¢ occurs, b and the connections from b cannot be required in the event
E(v,y; A). Therefore,

E(v,y;A)N (b — )" N ((v—n)o ({bocc.} N (b—n))) (8.125)
(5(v,y;A) A (B —y)°N{bocc)n (B — n)> N ((’u —n)o ({bocc.}n (b — n)))

E(v,y; A) o ({b occ.} N (b — n))) N (('v —n)o ({b occ.} N (b— n))) N(b—y)e
(5(1}, y; A)N (v — n)) o ({b occ.} N (b — n)),

N

N
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where, in the last step, we used (b — y)¢ to conclude that the occupied path from b to n that is
disjoint from (v — n) is also disjoint from a set of paths realizing £(v,y; A). This proves (8.122).

Next, we prove (8.123). If there is no pivotal bond for v — y, then v = y, and thus
({bocc.} N (b — y))o (v — y) occurs. This leaves the case where there is a pivotal bond for
v — vy, and in this case, we let b' denote the last pivotal bond. If the left-hand side of (8.123)
occurs and b — ¥, then b is occupied and £ (b, y; A) occurs (since there is a vertex in A on one of
the paths from b’ to y). If, on the other hand, the left-hand side of (8.123) and (b — b')° both
occur, then ({b occ.} N (b — y)) o (v — y) oceurs, since ({b occ.} N (b — y)) o (5 — y) occurs
as in the case of no pivotal bond and since the connection from v to b must also be disjoint from
({b occ.} N (b — y)). This proves (8.123). O

Proof of Proposition 8.11. (a) By (8.122) and (3.35),

M (1[E0n 193 Ca ) N B ) 0 (03— o (fpoce}nb—m)]) (3126
< MQ(N+1)([|:(8(UN717 Y; C'N71) N (’U — n)) o ({b OCC.} N (B N n))})

= Z JUN—hVN—lMl(JNN)_l (P(EI(UNza b; CNYNfz)

(Un—1,VN_1)

A ((E@r oy Ca )N s =) o (b oce) 1 G- m))) ).

where we assume for convenience in this paragraph that N > 1 (the case N = 0 is similar). Due
to the orientation of the bonds, the events on the right-hand side of (8.126) can be rewritten as

E'(vy-5,b; Cr2) N (E(wa1, 3 o) N (0sy = m)) o ({b oce.} N (b — n)) (8.127)
= (E’(UN,Z,Q; Cyos) NEWN_1,y; Cry_y) N (Vg — n)) o ({b oce.} N (b — n))

By the BKR inequality,

IP’((E’('UNQ,IJ; C’N,Q) NE(vy_1,Y; CN’N,l) N(vy_, — n)) o ({b oce.} N (b — n))> (8.128)
< P(E'(0y-2,b; Coya) N E(0y 1,y Coa) N (0y-y = 1)), 560n(0).
We then substitute (8.128) into (8.126), and again use (3.35), to see that
MY (1|E Wy, 43 Cya) N (b= y)° N (0o — n) o ({boce.} Nb — n)))) (8.129)
< M (TE a1,y Crs) N (vy s = 1)]) T, 5600 (D).

Since my > my, we can use the definitions in (6.12) and (7.47)—(7.48) to see that

[[g(UNflu Yy CNA)] < [[Vmé(lvah y)] + [[8m2+1 (Ivah Y; CN—I)]J (8-130)

where, for N = 0, the second contribution is identically zero. If we bound I[(vy_, — n)] by 1 in
(8.129), it then follows from Lemma 7.13 that the contribution due to I[V,,, (vy_,, y)] is bounded by
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P™(b; Vin, (y)) = R™ (b, y). Also, by Lemma 7.14, the contribution due to I[€,+1(vx- Ly Oy
is bounded by P™(b; &,y 41(y)) = QW (D, ) Addlng these, we obtain

MV (IE(Wy-y,y;Cua)]) < RV(by) + QW (b, y), (8.131)
which gives the upper bound [R™ (b, y) + Q(M( ,Y)]J,50n(b) of (8.110). Also, the bounds
M (1[Vin, (-1, 93 C )

MQ(NH) (I[gmg+1 (UN—M Yy C )

(vys — n)]) < RY(b,y;0), (8.132)
(ox1 = n)]) < Q™ (b,y:0,) (8.133)

are minor adaptations of (7.58) and (7.63). This proves (a).
(b) We bound the contributions to (8.111) due to both terms in (8.123) separately. Using (3.35),
the contribution to (8.111) due to the first term on the right-hand side of (8.123) is

MY (1[(({b oce.} N (b= y)) o vy — 4)) N ((vy_, —n)o (b— n))D (8.134)

= 5 e MG (M) e (T oce} 1 (B ) o (0 = w)

(Un—1,VN_1)

N
N

((0ss =)o B—n))])).
We temporarily omit the two connections to n inside the above expression, and observe that
; MO o (T{boce} N (b= y)) o (vn-s — y)]) (8.135)
< POvy_y, b éNfla 2(91)(y>) < PY(vy_1,y; C(Nfl)-
Thus, once we take into account the two connections to n, we obtain
zb: M\(/lji,l,g;éN,l (I[(({b occ.} N (b—y))o (vy_, — y)) N (('UN_1 —n)o(b— n))D

< POy 1, Y Ox1y 00, 0,) A PO (vy_y, y; Cyly). (8.136)
We substitute (8.136) into the summation of equation (8.134) over b. With (6.11) and (6.21), this
gives

§b: MY (1 [E(vn 1 y: G ) N {boce} N (5 — ) N (v — )0 (b— m)]) (8.137)

< Z JUN_l,VN_lMl(J]]\i])—l (P(1>(UN17 Y; C~¢1\1717 On 0n) N P(D(,Uth Y; éNl))

(Un-1,VN_1)

< PO (g 6,.,60,) A PO (),

The obvious inequality PN+ < P™+) completes the analysis for the first term in (8.123).
For the contribution to (8.111) due to second term in (8.123), (3.35) gives

MY (I[é’(b, y; Cy_) N {bocc.} N ((vy_, —n)o(b— n))]) (8.138)

= 5 T MO (MY e (TEGy:Can) 1 b oce} 0 (wy 1 = m) o (5= m))]) ).

(un—1,VN_1)

73



By (6.13),

M® (71 (b, y; C-s) N {b oce.} N ((vy-y — ) o (b — n))]) (8.139)

VN-1,5CNn_1

< P(E(Wyo1,bCyy) N {b oce.} NED, g5 Cyoa) N ((vy — ) 0 (b))

We again temporarily omit the two connections to n inside the above expression, and observe that,
by the Markov property,

P(£(v,b; A) N {boce.} NE(D,y; A)) = J, ;PO (v, b; A) PO (b,y; A), (8.140)
which leads to an upper bound

S Y Tunciun MG (B(E(vy b O )N b o NEB s o 1)) < PY*0(y). (8.141)

b (Un—1,VN_1)

Note that P@+Y occurs, rather than PY+Y, due to the fact that the two events E(vy_1,b; C’N,l) and
E(b,y; Cy_,) depend on the same set of vertices Cyy_,, whereas, for P+ the event £(b, y; Cy_,)
would be replaced by & (b, y; C®(vy_,)). This change can be bounded by letting the last Construc-
tion E be applied to all lines, rather than only the N-admissible lines. It is not difficult to see

that if we now take into account the two connections to n, then we obtain

S M (1E @ 1y: Ca) 1 {boce} 1= 9) O (o =)o B—m)]) (5142
< p(zvm(y;gmgn) /\f’(N“)(y).

Together, (8.137) and (8.142) prove (8.111). O
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