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Abstract

Recently, Holmes and Perkins identified conditions which ensure that for a class of
critical lattice models the scaling limit of the range is the range of super-Brownian
motion. One of their conditions is an estimate on a spatial moment of order higher
than four, which they verified for the sixth moment for spread-out lattice trees in
dimensions d > 8. Chen and Sakai have proved the required moment estimate for
spread-out critical oriented percolation in dimensions d +1 > 4 + 1. We use the
lace expansion to prove estimates on all moments for the spread-out critical contact
process in dimensions d > 4, which in particular fulfills the spatial moment condition
of Holmes and Perkins. Our method of proof is relatively simple, and, as we show, it
applies also to oriented percolation and lattice trees. Via the convergence results of
Holmes and Perkins, the upper bounds on the spatial moments can in fact be promoted
to asymptotic formulas with explicit constants.
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1 Introduction and results

1.1 Introduction

It is by now well established that super-Brownian motion arises as the scaling limit
in a number of critical lattice models above the upper critical dimension, including the
voter model, the contact process, oriented percolation, percolation, and lattice trees
(see, e.g., [6,8,13,27,28]). There are various ways, of differing strengths, of stating such
convergence results. A particularly strong statement is that the scaling limit of the range
of the critical lattice model is the range of super-Brownian motion, with the convergence
with respect to the Hausdorff metric on the set of compact subsets of R?. Recently,
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Spatial moments for critical lattice models

Holmes and Perkins [22, 23] have identified conditions which imply this strong form of
convergence. These conditions also imply an asymptotic formula for the probability of
exiting a large ball, i.e., for the extrinsic one-arm probability.

One of the substantial conditions of [22] is an estimate on a spatial moment of degree
higher than four. Holmes and Perkins have proved the required bound on the sixth
moment for spread-out lattice trees in dimensions d > 8, and Chen and Sakai have
proved asymptotic formulas for all spatial moments for spread-out critical oriented
percolation in dimensions d + 1 > 4 4 1 (their case a = oo, see [5, p.510]). These results
are sufficient to establish the spatial moment condition of Holmes and Perkins in these
contexts.

In this paper, we prove, in a unified and relatively simple fashion, estimates on all
spatial moments for critical spread-out models of the contact process in dimensions d > 4,
oriented percolation in dimensions d+1 > 441, and lattice trees in dimensions d > 8. Our
results for the contact process are new, and, together with the other conditions verified
in [22, 23], yield the conclusions of Holmes and Perkins. As one of their conclusions,
Holmes and Perkins have shown that the upper bounds on the spatial moments can be
promoted to asymptotic formulas. We discuss this last point in detail in Section 1.5.

Our method of proof simplifies the bound of [22] on the sixth moment for lattice
trees and extends it to all moments. It also provides a simpler approach to bounding
the moments for oriented percolation than the method of [5] (who however did obtain
asymptotic formulas for the moments). Our proof is based on the lace expansion, which
has been applied to study critical models of the contact process (e.g., [15, 17, 26]),
oriented percolation (e.g., [3-5,19, 24, 25]) and lattice trees (e.g., [7,12,20,21]). We
emphasise the contact process throughout the paper, because it is the greatest novelty
in our work, and because it is the most delicate of the three models to analyse.

Our spread-out models are formulated in terms of a probability measure D on
7, which is defined as follows. Let h : R? — [0,00) be bounded, continuous almost
everywhere, invariant under the symmetries of Z?, and such that

/h(m) dlz =1, /|x|”h(x) d’z < oo (neN). (1.1)

Given L > 1, we define D : Z¢ — [0,1] by

h(z/L)
D(z) = { 2yeza oy My/L) (1.2)
0 (x =0).

It follows that, for any n € NN,

D]l = O(L™%), Sup |z[*D(z) = O(L"~9), > lz[*D@@) =0(L").  (1.3)
z€Zd T€Z?

We use big-O notation in the standard way: f(¢) = O(g(t)) means that there is a constant
M such that |f(t)] < Mg(t).

We focus in this paper on spread-out models because we rely for diagrammatic
estimates on the results of the inductive approach to the lace expansion [14, 18], which
has only been developed for spread-out models. The spread-out models also have the
advantage that they can be analysed using our methods for all dimensions above the
upper critical dimension (4 for oriented percolation and the contact process, 8 for lattice
trees). We believe that our results could be extended, with more effort, to nearest-
neighbour models in sufficiently high dimensions, but we do not pursue that here.
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1.2 Oriented percolation

We begin with oriented percolation, which also serves as a discretisation of the
contact process. We will use this discretisation to analyse the contact process.

The spread-out oriented percolation model is defined on the graph with vertex set
74 x {0,1,2,...} and directed bonds ((x,n), (y,n + 1)), for z,y € Z? and n > 0. To the
directed bonds ((z,n), (y,n + 1)), we associate independent random variables taking the
value 1 with probability pD(y — x) and 0 with probability 1 — pD(y — ). We say a bond
is occupied when its random variable takes the value 1, and vacant when its random
variable is 0. The parameter p € [0, | D||%!] is the expected number of occupied bonds
per vertex (it is not a probability). The joint probability distribution of the bond variables
is IP,,, with expectation denoted I,

We say that (z,n) is connected to (y,m), and write (z,n) — (y,m), if there is an
oriented path from (z,n) to (y,m) consisting of occupied bonds, or if (y, m) = (x,n). This
requires that n < m. Let C(z,n) denote the set of sites (y, m) such that (z,n) — (y,m);
its cardinality is denoted by |C(z,n)|. The critical point p. is defined to be the supremum
of the set of p € [0, || D||}] for which E,|C(0,0)| < co. It is known that p. = 1 + O(L™%)
(and more) [16], for d > 4. Let

(@) = Py ((0,0) — (2,n)). (1.4)

Our main result for oriented percolation is the following theorem.

Theorem 1.1. Let d > 4. There is an Ly = Lo(d) such that for L. > Ly, and for any s > 0,
there is a constant c; = c¢4(L) such that

> lafr(z) < en®?. (1.5)

IY/AS

Stronger results than Theorem 1.1 have been proved previously. For s = 0,2, the
existence of the limit
Ay = lim n=%/? Z || * T (2) (1.6)

n—oo
€74

was proved in [25, Theorem 3] and also in [19, Theorem 1.1], and this was extended to
general s > 0 in [5] in the case where |x|® is replaced by |z1]®.

1.3 Contact process

The contact process is a continuous-time Markov process with state space {0, 1}Zd,
with d > 1. The state of the contact process is determined by a variable &, € {0, 1}, for
each z € Z%. When ¢, = 0, then z is healthy, and when ¢, = 1, then z is infected. An
infected particle spontaneously becomes healthy at rate 1, and, given p > 0, a healthy
particle at z becomes infected atrate p ), .74 & D(z — y).

We assume that at time zero there is a single infected individual at the origin, with all
others healthy. Let C; denote the set of infected particles at time ¢t > 0. The susceptibility
is defined by

x(p) = Z /Ooo P,(z € Cy)dt. (1.7)

T€Z2

The critical point is defined by p. = sup{p : x(p) < co}. It is known that p. = 1 + O(L~%)
(and more) [16], for d > 4. The following theorem is our main result for the contact
process.
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Theorem 1.2. Let d > 4. There is an Ly = Lo(d) such that for L. > Ly, and for any s > 0,
there is a constant ¢; = ¢,(L) such that

>zl Py (z € C) < g x (1.8)

z€Z4

/2 (t>1)
1 (t<1).

The dichotomy in (1.8) does not arise for integer-time models such as oriented
percolation and lattice trees. For s = 0, 2, the existence of the limit

A, = tli)rgot_sm Zd |z|*P,, (z € Cy) (1.9)
T€Z

was proved in [15, Theorem 1.1].

It is well known that the contact process can be approximated by an oriented perco-
lation model (see, e.g., [1,2,15,17,26]). For this, we replace the time interval [0, co) by
eZ, ={0,¢,2¢,3¢,...}, and define an oriented percolation model on Z? x £Z, , as follows.
Bonds have the form ((z,t), (y,t+¢)) with t € eZ, and z,y € Z%. A bond is occupied with
probability 1 — ¢ if z = y, and with probability epD(y — z) if  # y. Bonds with z = y are
called temporal and bonds with x # y are called spatial. Let P; denote the probability
measure for the oriented percolation model on Z? x 7, . Then P} converges weakly as
e — 07 to the contact process measure P, and the critical value p¢ of the discretised
model converges to the critical value p. of the contact process [2,26] (see also [29]). In
particular,

el—i>%1+ IP;i ((0,0) — (z, Lt/sje)) =P, (x €C), (1.10)
where |-| denotes the floor function. In order to deal with all models simultaneously, we
adopt the notational convenience

() = P ((0,0) — (2, ne)). (1.11)

1.4 Lattice trees

For lattice trees, we assume that h(z) = 0 if ||z|| > 1, so that D of (1.2) is supported
on [—£,L]4 Let B be the set of bonds {z,y} in Z¢ with 0 < ||z — y|| < L. A lattice tree
is a finite connected set of bonds in B with no cycles. Let 7y denote the set of N-bond

lattice trees containing the origin 0, let B(T") denote the set of bonds in T € Ty, and let

=3 I Dpa-w. (1.12)

TeTN {z,y}eB(T)

For z € Z4, let Tn n(x) denote the set of lattice trees T' € Ty which contain z and for
which the unique path in 7" connecting 0 and = consists of n bonds. Let

P @n) = Y [I bpe-v. (1.13)

TeTNn(z) {z,y}€B(T)

A standard subadditivity argument implies that there exists p. > 0 such that the 1-point
function g, = vaozo tg\l,) p™ has radius of convergence p..

Critical exponents and the scaling limit of lattice trees in dimensions d > 8 are
discussed in, e.g., [7,20,28]. Here, we rely on results from [20]. Our assumption that
D has finite range is to conform with [20]; we expect that this restriction is actually
unnecessary. It is known that p. = 1+ O(L~%) and 1 < g,, < 4, if d > 8 and if L is large
enough [11]. Let

o0
2
Ta(z) = >t (@ n)p, (1.14)
N=0
EJP 24 (2019), paper 65. http://www.imstat.org/ejp/
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which is finite since t%) (z;n) < t%). The following theorem is our main result for lattice

trees.

Theorem 1.3. Let d > 8. There is an Ly = Lo(d) such that for L > Ly, and for any s > 0,
there is a constant ¢, = ¢,(L) such that

Z 2570 () < con®/?. (1.15)
z€Z4

For s = 0, 2, the existence of the limit

As znlgngon s/2 Z || * T () (1.16)
T€Z
was proved in [20, Theorem 3.7], under the assumptions of Theorem 1.3. The cases
s =0,2,4,6 of (1.15) are proved in detail in [22]. Our method of proof is simpler than
that of [22], and it applies to all s > 0.

1.5 Asymptotic formulas

According to [23, Remark 2.8], the conclusions of Holmes and Perkins include the
promotion of the upper bounds on the spatial moments, once they have been established,
to precise asymptotic formulas. For oriented percolation and lattice trees obeying the
hypotheses of Theorems 1.1 and 1.3, this implies existence of the limits

R T —s/2 s
As = nh_}rréon Z |z|*Th(z)  forall s > 0. (1.17)
z€Z4
Similarly, for the contact process obeying the hypotheses of Theorem 1.2, we have
existence of the limits

A, = tlggofsﬂ > |zl°Py (z € Cy)  foralls >0. (1.18)
reZ4
The limits A, of course depend on the model. However, in each case, they can be
expressed in terms of Ay, A> and the dimension d as

Ay = Ag(As/(Agd))*/?E[|Z|*]  forall s >0, (1.19)

where Z is a d-dimensional vector whose components are each standard normal random
variables. For the contact process and oriented percolation, the amplitudes Ag, A> obey
Ag =1+ 0O(L~%) and Ay = 02[1 + O(L~%)], where o2 is the variance of the probability
distribution D of (1.2) [15,19]. For lattice trees, Ag is within a factor [1 + O(L_d/z)] of
the critical 1-point function, and A; = Ago?[1 + O(L~%?)] [20, Theorem 3.7].

If we instead consider moments where |z|® is replaced by |z1|?, then, as pointed out
in [23], the formula (1.19) holds instead for Z a 1-dimensional standard normal, which
obeys E[|Z|*] =T(s + 1)/[['(§ + 1)2°/2]. Using the notation for oriented percolation and
lattice trees, this gives the limiting value

Ay \*PT(s+1)
: —s/2 s _ 2
A ZEZd 211" (w) = Ao (2dAO> Iz +1) (1.20)

and similarly for the contact process. To compare this with the results of [5] for oriented
percolation, we recall from [5, (1.6)] and [5, (1.9)] that there exist positive C}, Cy; such
that

1% (@
lim Z Tn(m) =C, lim Za;eZd | 1| n( )
e zeZd n—oo n®/ erZd Tn(2)

= (Crvse)? TEESIL (1.21)

where v, = 02/(2d) (see [5, (1.2)]). This is consistent with (1.20), with Ay = C; and
A2 = CICHO'Q.
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2 Sufficient condition on generating function
For any one of the three models under consideration, let
t.(x) = ZTn(:v)z”. (2.1)
n=0

The Fourier transform of an absolutely summable function f : Z% — R is defined by

f(k) = Z fx)e*® (k= (k... kq) € [-m, @]%). (2.2)
z€Z4
We use the Fourier-Laplace transform

t.(k) = ifn(k)z”. (2.3)

n=0

Let A = Zle 5—]:_2. Then, for |z] < 1and r € NN,

ATE(0) =) dz" with d) = (1) > [2* 7 (x). (2.4)
n=0 rEeZd

A key element of our proof is the following minor extension of [7, Lemma 3.2(i)],
which is a kind of Tauberian theorem (see also [9]).

Lemma 2.1. Suppose that, for N > 1 and for u; > 1, v; > 0, the power series f(z) =
>0 o an2" has radius of convergence at least 1 and obeys

N C.
[f(2)] < e — ([ <) (2.5)
E} [T — 2% (1 — [2))"
Then there is a constant ¢ depending only on u1,...,uy such that
a wimh o (uy > 1
jan) <> Cpmti x T (uj > 1) (2.6)
e logn (u; =1).

Proof. Let I',, denote the circle of radius r, = 1 — % centred at the origin and with

counterclockwise orientation. By the Cauchy Integral Formula,

1 dz 1 (" o oo d
an = 5— . f(Z)W ) f(rne)e o (2.7)

Therefore, by hypothesis, and since (1 —1/n)~" is bounded above by a universal constant
K,

N
K 4 A
jan] < o > Cjn”’/ 11— rpei| %5 dp. (2.8)
i=1 -

The integral on the right-hand side is analysed in the proof of [7, Lemma 3.2(i)], where
it is shown to be bounded by n“~! if u; > 1, or by logn if u; = 1, times a constant
depending only on u;. This completes the proof. O

We will prove the following proposition for the discretised contact process. The
proposition also applies for oriented percolation for d > 4 and lattice trees for d > 8,
with the parameter ¢ given simply by ¢ = 1.
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Proposition 2.2. Let d > 4 and p = p%. There is an c-independent Ly > 0 such that for
L > Ly and for all r € IN there is an e-independent constant Cs, = Cs,.(L) such that

ry i S Ej
|AE,(0)] < TRE Z B (Jz| < 1). (2.9)
J

By Lemma 2.1, Proposition 2.2 implies that there is an e-independent constant ¢},
such that, forall ,n € NN,

T

> larra(z) <, Y (ne). (2.10)

€7 Jj=1

When ¢ = 1 this gives a bound cy,.n" and proves Theorems 1.1 and 1.3 for even integer
powers. For the contact process, the bound becomes

> 2P ((0,0) = (2,ne)) < ch,r((ne) V (ne)"). (2.11)
VAl

By (1.10), this implies the conclusion of Theorem 1.2 for even integer powers.

In fact, it suffices to prove Theorems 1.1 and 1.3 for s a non-negative even integer,
since the general case then follows by Holder’s inequality (using the known results for
the zeroth moment). In detail, if s is not an even integer then let r be the smallest integer
such that s < 2r. Let a = 2r/s > 1 and define b by % + % = 1. Then sa = 2r is an even
integer and, for oriented percolation and lattice trees (¢ = 1),

D lalPra(@) = Y felma (@) (2)

TEZ4 TE€Z?
1/a 1/b
(T ernw) (X nw)
z€Z4 T€Z2
< (cQT,nT)l/acé/b = con®/2. (2.12)

For the contact process, the above argument gives instead, by using (2.11) for the (2r)™
moment, the upper bound (with ¢ = ne)

(chyr(t V)%t = ey (#3/7 v 19/2), (2.13)

For ¢t < 1, the right-hand side is O(1), consistent with (1.8). For ¢ > 1, since s/2r < s/2
the right-hand side is O(ts/ 2), which is again consistent with (1.8). Thus, for Theorem 1.2
it also suffices to consider even integer powers s.

3 Oriented percolation: proof of Theorems 1.1-1.2

We fix d > 4, L sufficiently large, and p = p{ throughout this section. We are generally
not concerned with the L-dependence of constants, and usually allow them to depend
on L. As discussed above, we can restrict to even integer powers s, and since the cases
s = 0,2 are already well established in previous papers, we can restrict attention to even
integers s > 4.

3.1 Lace expansion for oriented percolation

The proof uses the lace expansion, which provides a formula for the coefficients 7, ()
in the convolution equation

Toi1(2) = (@ 70) (@) + D (T * % Ty (@) + Tpa (@) (02 0), (3.1)

m=2
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with the convention that an empty sum is zero. Here (f * g)(z) = >_, cza f(y)9(z — v),
mo(x) = m1(x) = 0 for all z, and

q(z) = (1 —¢€)do,z +epiD(z). (3.2)

By [15, (2.30) & (2.34)] (and [19, (1.12)] for ¢ = 1), p5 = 1+ O(L~%). There are
three different versions of the lace expansion for oriented percolation, which provide
different representations for 7, (x) [10, 24, 26]. See [28] for a discussion of these three
representations. We require few details here.

The following proposition is proved in [15] (see also [19,25] for ¢ = 1, and note that the
amplitudes A(f)7 v in [15, Propositions 2.1 & 2.3] are controlled in [15, Proposition 2.6]).
We will extend Proposition 3.1 to arbitrary integers » > 0.

Proposition 3.1. [15, Propositions 2.1 & 2.3] Let d > 4 and p = p:. There is an Ly > 0
and a finite C, both independent of ¢, such that for . > Ly and forn > 0,

> |z ra(z) < C(LPne)” (r=0,1), (3.3)
zeZa
sup [2]27 70 (z) < (1 — )" + C(L*(1 +ne)) (r=0,1), (3.4)
VA
3 P (@)] < 2C(L3(1 + ne)) 2 (r=0,1,2). (3.5)
r€Zd

We use the Fourier-Laplace transforms, for complex z and for k € [—, 7T]d,

(k) = i F(k)z", IL (k) = i Fn(k)2". (3.6)
n=0 n=2

We will also have use for the definitions
G(k) =1 —e+epsD(k), D, (k) = z4(k) (1 +I1.(k)). (3.7)

By (3.3) with r = 0, the power series . (k) converges in the open unit disk |z| < 1 in the
complex plane. It is known that the limit A = lim,,_,o, 7,(0) = 1 + O(L~?) exists for d > 4
and L sufficiently large [15, 19]. Since, by the Markov property, 7,4, (0) < 7, (0)7,(0),
by Fekete’s Lemma the limit x4 = lim,, %n(O)l/” also exists and 7,,(0) > p™ for all n. It
follows that ¢ must be 1 and that £,(0) > >°>° 2" = (1 — 2z)~! for 2 € [0,1). In particular,
fl(O) = 00. On the other hand, the following corollary to Proposition 3.1 shows that ﬂz
and some of its derivatives remain bounded on the closed disk |z| < 1.

Corollary 3.2. Under the hypotheses of Proposition 3.1, uniformly in |z| < 1,

L.(0)] < O(L™%), (3.8)
10:11.(0)] < O(L™%), (3.9)
|ATL(0)] < O(L*~%), (3.10)
|A®,(0)] < O(L3%). (3.11)
Proof. Let |z| < 1. By (3.5) with r =0, 1,

L) <> > |m(z) SOL™) 2> (1 4ne)~2 < O(L™ %), (3.12)

n=2 xczZd n=2
DIL0) <D ) nlma(@) SOL™) e Y (1 +ne) =42 <OL™), (3.13)

n=2 xczZd n=2

|ATL(0)] < i Szl (z)] < OL*?) €2 ia + )72 <O(L* ). (3.14)

n=2 xcZd n=2

EJP 24 (2019), paper 65. http://www.imstat.org/ejp/
Page 8/18


https://doi.org/10.1214/19-EJP327
http://www.imstat.org/ejp/

Spatial moments for critical lattice models

Also, by (1.3),
[A6.(0)] = J21]d(0) AL (0) + (1 + I1..(0))2pEAD(0)| = O(L3%), (3.15)
This completes the proof. O

The Fourier-Laplace transform converts the spatio-temporal convolutions in (3.1) into
products, which leads to the following lemma.

Lemma 3.3. For |z| < 1 and k € [-, 7%,

. . . L+ IL(k)

t.(k) =1+ 11(k) + @, (k)t.(k) = o0 (3.16)

Proof. We take the Fourier transform of (3.1), multiply by 2"t and sum over n > 0, to
obtain

oo oo oo n oo
Z Frp12" T = 24 Z a2 + 2§ Z Z T2 Fnem 2™ ™ + Z Fny12™ L. (3.17)
n=0 n=0 n=0

n=0m=2

The left-hand side is ¢, — 1, and the first and last terms on the right-hand side are
respectively zjt, and I, (recall that 7, = 0 for n = 0, 1). After interchange of summation,
the middle term on the right-hand side becomes z{t.II.. Thus we have

t, =1+ 24(1 +I1,)E, + 11, (3.18)

as required.
Finally, there can be no division by zero on the right-hand side of (3.16), since fz(k)
converges for |z| < 1, and the numerator is close to 1 by (3.8). O

Since lim.4, £.(0) = co (as argued above Corollary 3.2) and since 1T, (0) = O(L~%), it
follows from (3.16) that
®1(0) = 1. (3.19)

By (3.16) and (3.7), we can therefore rewrite fz(O) as

£.(0) = = L +ﬂi(0) = }+ﬂ2(0) . . . (3.20)
$1(0) = ©.(0)  G(0)((1 — 2)(1 +11,(0)) + 2(IL (0) — I1.(0)))

It then follows from (3.8)-(3.9) that

i) < 20

(lz] < 1). (3.21)

To bound the second moment A, (0), we differentiate (3.16) using the quotient rule
and apply (3.10)-(3.11). Since VD(0) = 0 due to the symmetry of D, and similarly for IT
and P, this gives (with L-dependent constant)

|AL(0)| = ‘1;%0) (Aﬁz(o) + iz(O)Acﬁz(o)) ‘
_ o) e\ _ O .
|1—z|(€+1— >|1_z|2 (Jz] < 1). (3.22)

Note that the bounds (3.21)-(3.22) are better than those naively obtained by multiplying
|z|™ on both sides of (3.3) and then summing over nonnegative integers n, which results
in inverse powers of (1 — |z|) instead of |1 — z|.
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3.2 Induction

The proof of Proposition 2.2 is by induction on » € IN. The case r = 1 is provided by
(3.22). To advance the induction, we first observe that, by Holder’s inequality,

d r d 1-1/r , d 1/r\ " d
() < (%) (B4) ) cexa e
=1 =1 =1 =1
Then, for a Z?symmetric nonnegative function f on Z¢, we have
d
oAl f@) < Y i) <d YD Y al fa) =dn Y At fw). (3.24)
zeZ? z€Z? z€Z j=1 z€Z?

Therefore, to prove Proposition 2.2, it suffices to show (2.9) for a single component, i.e.,

. 0O r—1 j
|8%Tt2(0)| S |1 _(€)|2 Z (1 . (‘Z| < 1)7 (325)

2 ~Tely

where 0, is an abbreviation for %.
By applying Leibniz’s rule to the first equality in (3.16) and using the spatial symmetry,
we obtain

2r
9

OFE(0) = 02T (0) + 3 ( J)af%z@ 5223, (0)
=0

S <af’”ﬁz(0) +) <27f> 97 d.(0) af?“‘Qj{z(O)) (reNN). (3.26)
1-,(0) T\ZJ
(This reproduces the first equality of (3.22) when r = 1.) The right-hand side of (3.26)
only involves lower-order derivatives of ¢ than the left-hand side. This opens up the
possibility of an inductive proof, though we must deal with the fact that the right-hand
side does involve 812Tf[z. The idea is similar to that of [5], where for oriented percolation
an asymptotic formula for ) .. |z1]°t,(z) is derived for any s > 0. We only prove upper
bounds in this paper, and can be less careful in dealing with the recursion relation (3.26).
The next lemma shows that ¢; estimates on |z|%7,(z) imply corresponding ¢, esti-
mates.

Lemma 3.4. Assume the same setting as Proposition 2.2, and let ¢ € IN. Suppose there is
an e-independent constant C such that y_, . |2|97,(z) < C(1+ne)?/? holds for all n > 0.
Then there is an c-independent constant C’ such that sup,cya |2|97,(z) < O/ (1+ne)a=4/2
also holds for all n > 0.

Proof. We write m = |n/2|. Since (a + b)? < 27(a? + b?) for any a,b > 0, and since
() <32, Tm(Y)Tn—m(z — y), we have

2|97 (2) < 27|70 mlloe D [¥]9Tm (¥) + 290 Timllse D 2 = Y| —m(z — y). (3.27)
Yy Yy

By hypothesis, each of the two sums is bounded by C(1 + ns)Q/z. By (3.4) for r = 0,
each /., norm is bounded above by a multiple of (1 4+ ne)~%2 (we use (1 — )" < e "¢ <
¢(1 + ne)~%? with ¢ independent of ¢). This completes the proof. O

The next lemma is a key step in advancing the induction. It shows that a bound on

the (2r)* moment of 7,, implies a bound on the (2r + 2)'" moment of 7,,. The proof uses
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¢ x|

(0,0) (0,0)

Figure 1: Allocation of |z|? and |x|?" to a diagram bounding 7"’ (z) for oriented percola-
tion (left) and the contact process (right).

standard diagrammatic estimates on 7,, which are explained in detail in [15, (4.26)]
(and [19, (4.10)] for € = 1). Figure 1 illustrates the diagrams for 7"’ (z), which is one
contribution to m,(z). The oriented percolation case ¢ = 1 (left figure) needs less care,
as compared to the contact process case ¢ < 1 (right figure). For the latter, correct
factors of € must be extracted. Those factors can be obtained by noting that, at each
intersection of two bond-disjoint paths, at least one must use a spatial bond (red arrows)
to leave or enter that point. Summation over the temporal location of the two middle
red bonds consumes their ¢ factors to form a Riemann sum, leaving the two ¢ factors
from the top and bottom red bonds; these are responsible for the factor ¢? in the bound
(3.5) on 7, (z). In the diagrammatic estimates of [15,19], it was also necessary to extract
an inverse power of L for each diagram loop in order to guarantee convergence of the
sum over diagrams with increasing complexity. Once that work has been done, it is
not necessary for us to consider L-dependence here, since our operations modify the
estimates essentially only in a single loop.

Lemma 3.5. Assume the same setting as Proposition 2.2, and let r € IN. Suppose there
is an e-independent constant C' such that }_ ;. |x|*"7,(z) < C(1 + ne)" holds for all
n > 0. Then there is an e-independent constant C' such that Y . |z[*"*2|m, ()| <
C'e?(1 + ne)™+1~4/2 also holds for all n > 0.

Proof. We make the split |z|>"*2 = |z|?|2|?" and multiply |z|? on the left side and |x|?" to
the right side of the diagrams bounding 7,, (see Figure 1 for an example of a diagram).
Then we use the triangle inequality to decompose |z|? along the left side of the diagram
and |z|*" along the right side of the diagram. The proof of the r = 1 case of (3.5)
uses the ¢, and /., estimates (3.3)-(3.4) for r = 0,1 to obtain an upper bound of order
£2(1 4 ne)'=%/2, where £ arises from the occupied spatial bonds at (0, 0) and (z, ne). By
Lemma 3.4 and the hypothesis, we also have sup, |z|>"7,(z) < C’'(1 + ne)"~%/2. If the
same bounds as in the proof of the » = 1 case of (3.5) are applied with one line having
weight |z|?", then our assumption tells us that this line contributes an additional factor
(1 4+ me)" where me is the temporal displacement of the line. Since m < n, we obtain an
upper bound of order (1 + ne)"*'~%2, as required. O

Example 3.6. We illustrate the diagrammatic estimate underlying the proof of Lemma
3.5 with an example for ¢ = 1 and r = 2. Suppose that >__ |z|*7,,(z) < O(n?), and consider
the left diagram in Figure 1 weighted with |z|® and summed over =, which is a prototype
for a contribution to Y |z|%|7,(z)|. We write |z|® = |z|?|z|* and decompose each factor
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along the two sides of the diagram using the triangle inequality. One contribution that
results is

X, = Z Z |z — ul*|z — 27 (W) T (V) T —1 (v — ) Ty (T — W) Ty (z — v).  (3.28)

I<m<n u,v,x

By hypothesis and Lemma 3.4, sup, |z|*7,,(z) < O(n?~%/2). Therefore, by (3.3),

X, <c Z 2:7'l(u)m*d/2 Z Tm—1(v —u)(n — l)27d/2 Z | — 11|27'n_m(:r —0)

I<m<n u

Z m—d/2 )2 d/2( m)

1<m<n
n—1 m
< 'n? Z m /2 Z(n — l)_d/z. (3.29)
The elementary verification that the sum on the right-hand side decays like n~%? is
carried out in detail in [19, Example 4.4]. This gives an overall bound n?~%? and

illustrates the origin of the bound in the conclusion of Lemma 3.5. Note that the factor
n? in the overall bound results from the inequalities (n — [)? < n? and n — m < n used
above to estimate the factors arising from the spatial moments.

The next lemma promotes the bounds of Lemma 3.5 to bounds on generating func-
tions.

Lemma 3.7. Assume the same setting as Proposition 2.2, and let r € IN. Suppose there
is an e-independent constant C such that Y |z|*"7,,(z) < C(1+ ne)" holds for alln > 0.
Then, uniformly in ¢,

o O(e2 O(er+3—d/2
|07 211,(0)| < 1 E z)| + ﬂ-r+1>d/2(1_(|z|)r+2_3/2 (2] < 1). (3.30)

Proof. We drop the argument “0” from II.,(0), and write a = r + 1 — d/2. As a first step,
observe that

927211, | = sz”” < ZZW”% )|z|™. (3.31)
n=2 x n=2 x
Therefore, by hypothesis and Lemma 3.5
1677211, | < O(e?) Z(l + ne)?|z|™. (3.32)
n=2

The case r + 1 < d/2 readily follows from (1 + ne)* < 1.
Suppose 7 + 1 > d/2, so that a > 0. Since (1 + z)* < 2%(1 4 2%) and |z| < e~ (1*D, we
find that

oo

027211 | < O(e? lel"+0 Z e)e (I, (3.33)

The first term is bounded by O(¢2)(1 — |z|)~!. For the second term, we write § = 1 — |z|
and use Riemann sum approximation to see that, as 6 | 0,

o0
Z G =071 " O(nb) e ~ 07 'T(a+ 1), (3.34)
n=1 teOIN
to complete the proof. O
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Lemma 3.8. Suppose that the bound (3.30) holds for all » + 1 < R + 1. Then, for
2<j<R+1,

N 0(£?) O(€j+27d/2) Jj—1 O(€i+37d/2)
27 N\ ) . N ) N )
‘81 éz(o)‘ < 0(5) + 1— |Z| + ]l]>d/2 (1 — |Z|)j+1_d/2 Z (1 — |Z|)i+1_d/2
i=|d/2]+1

(3.35)

Proof. We again drop the argument “0” from the transforms. We use the fact that
97§ =0(e) for j > 1 (but § = O(1)). For 2 < j < d/2,

67, < |1+ L]0 | + 07 L|q + Z ( 7)o o=
O(e?
=0(e) + 5 E Iz)' (3.36)
For j > d/2, (3.36) needs to be modified as
i s O(g?) O(e7+2-4/2) = 2j
27 27 25 —21 A
008.1 < 0) + 11 + o > (o) erar g
i=|d/2]+1
0(52) O(€j+2_d/2) J—1 O(€1+3—d/2)
=0(e) + ‘ + Y (3.37)
_ _ Fi-d/2 — 2[)i+1—d/2
T T (A= Jaly ) =D
This completes the proof. O

Proof of Proposition 2.2. We again drop the argument “0.” We use induction on r € IN to
prove (3.25), which asserts that

1927, < |2 Z ‘Z| (r>1). (3.38)

By (3.22), the initial case r =1 is already confirmed.
Suppose that (3.38) holds for all positive integers » < R. By Lemma 2.1, there are
e-independent constants C. such that, for all nonnegative integers n,

ZW’“TTL < Cr(1+ne). (3.39)

By Lemma 3.7, this provides the estimate (3.30) on §?""2II, for all » < R.
Suppose first that R+ 1 < d/2. By (3.26) withr = R+ 1,

R+1
ez = 1 (a”mn +> <2R i 2) 07 ®, 07 > (3.40)
1-d, o\
By Corollary 3.2 and Lemmas 3.7-3.8, followed by application of the induction hypothesis,

O(1 . R R
o2 < PO (108730 + 02| 8|

R
1Y 100 |92 4 |32 |£z)
=2

o(1) g2 N 2w
T2\ L=z =2 g (U 2]

e? € Ry g g2 1
+ e+ —— 4+ e+ — . (3.41)
< 1—Z|)|1—Z|QZ. (1 —1z]) ( 1—|Z|)|1—Z|>
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It is then an exercise in bookkeeping to verify that this implies that, as required,

. O(s) & gl
2RY2; |
< T E.: T (3.42)

Suppose finally that R 4+ 1 > d/2. Then (3.41) is modified due to the extra terms in
(3.30) and (3.35). The contribution due to the extra term in 6%R+2HZ can be estimated by

0(1) cR+3—d/2 O(E) c cR+1-d/2 343
1= 2] (1= 2242 ~ [T — 2|1 |2] (1= [o])Bri-d/2" (3.43)

The above is of the correct form to advance the induction if d > 4 is even. If instead d is
odd (in which case R+1 > (d+1)/2), thenwe use 1 < 2~ /2422 forz = (1 —|z)~* > 0
to see that

cR+1-d/2 cR+1—(d+1)/2 cR+1-(d—1)/2

(1 — |z[)ftt—d/2 : (A= zpFr-@nz T - ppyRr-@ e

(3.44)

and we obtain a result of the correct form to advance the induction also in this case. We
write the absolute value of the additional term in (3.35) as X;. It contributes to the last
two terms of the first line of (3.41) an amount

o) < 2R+2-2;57 -
-] Y Xlo |+ Xpyalts] | - (3.45)
Jj=ld/2]+1
The Xg.1 term is bounded by
O(e) gfit2-d/2 cit2—d/2
1— 2|2 _ 5|\ R+2-d/2 + Z 1= |zit1i-a2 (3.46)
122 |\ (1-z)) o (=D

If d > 4 is even, then this is bounded by the right-hand side of (3.42). If d is odd, then
we again apply (3.44) to obtain an estimate that is appropriate to advance the induction.
Finally, for the sum in (3.45), we use the induction hypothesis to obtain an upper bound

o) ¢ XR: ciH1-d/2 . Z Li+2-d/2 RZJ
|1—Z|2\1—Z| (1= [z])7t1-d72 (1= [z])irt=d/2 1—|Z\
—ld/2)+1 i=d/2]+1 =0

This again has the correct form to advance the induction, again with the distinction
between even and odd d > 4. For example, the 57 = R term in the first term in the first
sum, and the / = R — j term in the last sum, combine to give a contribution

O(E) € ER+1_d/2

3.48
2Pl 2 (1 )Rz (3.48)

which is bounded above by the first term in (3.46) and we have seen that this bound is
acceptable. This completes the proof. O
4 Lattice trees: proof of Theorem 1.3

We sketch the proof, and only point out where it differs from the proof of Theorem 1.1.
We assume henceforth that d > 8 and L is sufficiently large.
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Recall the definitions of Section 1.4, and, as in (2.1), let

t.(z) = ZTn(x)z" (lz] < 1). 4.1)
n=0
The lace expansion gives (see, e.g., [7, (4.7)-(4.9)])
R h. (k)
t, (k) = ————, 4.2
with R R R R R
h.(k) = gp. +11.(k), O, (k) = zp.D(k)h, (k). (4.3)

The critical 1-point function g,_ is a constant in the interval [1,4] [11], and the coefficients
of the power series II, (x) are given by

I, (z) = f: ()2, (4.4)

n=0

The following proposition plays the role of Proposition 3.1; note that the power n”~%/2

of (3.5) is replaced by n"~(4=4)/2 for lattice trees. This reflects the increase in the upper
critical dimension from 4 for oriented percolation to 8 for lattice trees.

Proposition 4.1. Let d > 8 and fix any 6 > 0. There is an Ly > 0 and finite C (indepen-
dent of L) and Cy, (dependent on L) such that for L > Lq and forn > 1,

Z |z*" 7, (z) < Cpn”, sup |z|? " (z) < Cpn~%? (r=0,1), (4.5)
ez zezZd
>zl (x)| < CLA TN (= 0,1, 2). (4.6)
€74

Proof. The bound (4.6) is given in [20, Proposition 5.1]. The bounds on the sum in
(4.5) follow from [20, Theorem 3.7], and then the bounds on the supremum follow from
Lemma 3.4 (which applies equally well to lattice trees). O

By (4.6), |IL.(k)| and |AIL (k)| are uniformly bounded in |z| < 1. The bound on the
1-point function mentioned above then gives a bound on 4. (k) in the same closed disk.

By the bound on 1 — ®,(0) provided by [7, Lemma 5.3(ii)] (their ¢ is our z), as in (3.21)
we obtain

. C

t,(0)] < ——— <1); 4.7

| ()\_‘1_2‘ (Jzl < 1) (4.7)
in fact much more is known (see [7, (2.5)]). We have already noted that Lemma 3.4
applies to lattice trees. Lemma 3.5 is replaced by the following lemma, whose proof we

discuss below.

Lemma 4.2. Assume the same setting as Proposition 4.1, and let r € IN. Suppose there
is a finite C' such that }. .. |%|*"m,(z) < Cn" holds for all n > 1. Then there is a finite
C’ such that 3", _a x> 2|m, (2)] < C'n"+1=(=9/2 holds for all n > 1.

The conclusion of Lemma 3.7 is then replaced by

SN 2P @) 2" < O((L - [y @AY (2 < 1) (4.8)
n=1geZzd
The proof of Proposition 2.2 is essentially the same but is simpler because now we can
set € = 1, and it applies also to prove Theorem 1.3. It remains only to discuss the proof
of Lemma 4.2. This is carried out in detail for » = 1 in the proof of [20, Proposition 5.1],
and for » = 2 in the proof of [22, (9.32)]. The same method applies more generally to
handle higher values of r. Briefly, the proof goes as follows.
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Figure 2: Allocation of |z|? and |z|*"~2 to a diagram bounding 7{*) (x) for lattice trees.
The backbone is represented by the sequence of bold lines (in red).

Proof of Lemma 4.2. The diagrammatic estimate in the proof of Lemma 3.5 must be
replaced by an estimate for the diagrams that arise for lattice trees (the diagrams
are discussed in [22, Section 9.2] — see, in particular, [22, Figure 2]). We divide
|z|>"+2 as |x|?|x|?"~2|x|?, distribute one |z|? factor along the top of a diagram via the
triangle inequality, and distribute the other |z|? factor along the bottom of the diagram
(see Figure 2 for an example of a 3-loop diagram). This leads to terms with one line
on the top of the diagram weighted with the displacement squared, and one line on
the bottom similarly weighted. The factor |z|?>"~2 is distributed along the backbone,
which includes lines on top and bottom of the diagram, which may or may not be
already weighted with the displacement squared. Thus, altogether, we have one line
weighted with |y|? and a different line (which must lie on the backbone) weighted with
ly|?|y|> =2 = |y|*", or we have two lines weighted with |y|? and a third line (which must lie
on the backbone) weighted with |y|2"~2. The case r = 1 is handled in [20, Proposition 5.11]
by using the bounds (4.5) on the backbone lines. For r» > 1, we first apply Holder’s
inequality (as in (2.12)) to see that the hypothesis on the (2r)" moment of 7,, implies
> peza [T/ 21 (2) = O(n"~1). With Lemma 3.4, these bounds on the (2r)™ and (2r —2)™
moments of 7,, imply corresponding /., bounds. Together, these imply that the estimate
for the (2r + 2)™" moment of 7,, will be at most n"~! times larger than the fourth moment
estimate of (4.6), i.e.,

Z ‘LL'|2T+2|7Tn($)| < nr—lO(n2—(d—4)/2) _ O(nr—i-l—(d—4)/2)7 (4.9)
z€Z4

as required. O
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