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We give a sufficient condition for tightness for convergence of
rescaled critical spatial structures to the canonical measure of super-
Brownian motion. This condition is formulated in terms of the r-point
functions for r = 2,...,5. The r-point functions describe the expected
number of particles at given times and spatial locations, and have
been investigated in the literature for many high-dimensional statis-
tical physics models, such as oriented percolation and the contact
process above 4 dimensions and lattice trees above 8 dimensions. In
these settings, convergence of the finite-dimensional distributions is
known through an analysis of the r-point functions, but the lack of
tightness has been an obstruction to proving convergence on path
space.

We apply our tightness condition first to critical branching random
walk to illustrate the method as tightness here is well-known. We
then use it to prove tightness for sufficiently spread-out lattice trees
above 8 dimensions, thus proving that the measure-valued process
describing the distribution of mass as a function of time converges
in distribution to the canonical measure of super-Brownian motion.
We conjecture that the criterion will also apply to other statistical
physics models.

CONTENTS

1. Introduction and main results. In the past twenty years, many critical high-
dimensional spatial branching models have been conjectured or proved to converge to super-
Brownian motion (SBM). Perhaps the earliest were Rick Durrett’s conjecture on long-range
contact processes in 1 dimension converging to super-Brownian motion with logistic growth
(see Section 1 in [46]) and David Aldous’s conjecture on lattice trees above 8 dimensions
converging to Integrated Super-Brownian Excursion (see Section 4.2 in [1]). Attempts to
understand the large-scale behaviour of lattice trees in high dimensions date back even
further [44, 40].

Significant progress has been made in a number of settings, including (i) lattice trees (LT)
above 8 dimensions [18, 12, 13, 34], (ii) oriented percolation (OP) above 4 spatial dimensions
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[33] (see also [3, 47, 48]), (iii) the contact process (CP) above 4 spatial dimensions in [29, 30]
(see also [2]), (iv) the contact process in lower dimensions when the range of the process
increases with the rescaling [7], (v) the voter model in 2 or more dimensions [8, 5, 9], and (vi)
the Lotka-Volterra model [10]. These results suggest that SBM is a universal scaling limit
of critical interacting particle systems above a critical dimension. See [11, 49] for detailed
surveys of super-processes and convergence towards them, and [14, 15, 43] for introductions
to super-processes and continuous-state branching processes.

In each of the cases (i)-(iii) above, what has been proved is the rescaled convergence
for large dimensions of the (Fourier-transforms of the) so-called r-point functions, which
describe the expected number of particles at given times and spatial locations. Together
with the results in [35] and the identification of the survival probability in high-dimensions
in [25] (see also [23, 24] for sharper results in the context of oriented percolation), these
results prove the convergence of the finite-dimensional distributions to those of the canonical
measure of super-Brownian motion (CSBM), thus showing that CSBM is the only possible
limiting cadlag process in these models. Proving tightness and hence a full statement of
weak convergence on path space in these settings has remained a major open problem. For
example, in the setting (i) of lattice trees, see the discussion in Section 1 of [34], and in the
setting (ii) of oriented percolation see the discussion following Corollary 1.3 in [33]. Verifying
tightness in these limit theorems for random mass distributions at criticality has remained
open due to the lack of any general method to bound higher moments of increments of
the rescaled discrete processes. In (iv) the weaker (i.e. long range) setting makes the issue
easier to handle, and for the approximate voter model settings (v, vi), the coalescing random
walk dual allows one to resolve the problem. In the case of self-avoiding walk, tightness was
established using sub-additivity (see Lemma 6.6.3 and (6.6.42) in [45]). The convergence of
the finite-dimensional distributions in settings (i) to (iii) relies on subtle cancellations. It
was not even clear that such cancellations are valid uniformly in time and hence at least
one of us believed tightness would fail in some settings.

In this paper we resolve this issue. We give conditions for tightness of the rescaled em-
pirical measures of a general class of discrete time particle systems on the space of cadlag
measure-valued paths, and hence establish convergence to CSBM on path space if con-
vergence of finite-dimensional distributions is known as in the cases above. This involves
formulating an expansion (with bounds) for moment measures which leads to control of the
moments of the increments of the Fourier transforms of the rescaled empirical measures of
our discrete mass distributions (Conditions 3.1 and 3.2 in Section 3.) The key condition is
formulated in terms of the r-point functions for r < 5.

As a test case we first verify the conditions for critical branching random walk, reproving
the fact that branching random walk converges on path space to CSBM (see e.g., [49]). We
then go on to show that lattice trees above 8 spatial dimensions also satisfy our conditions,
hence giving the first example of a high-dimensional “self-interacting” model in (i)-(iii)
above for which convergence to CSBM on the space of cadlag paths is proved. We expect
that the general method developed herein can also be used to prove convergence on path
space for (ii) and that an appropriate continuous-time modification of it should enable a
corresponding proof in the case of (iii).
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CONVERGENCE ON PATH SPACE 3

1.1. General setting. We work with general discrete-space particle systems/models in
statistical mechanics. Each particle v in the system has an associated spatial location ¢(«) €
Z% and temporal component || € Z. (For the processes we will study, the labels a will take
values in a finite rooted tree.) Let N, (x) be the number of particles alive at time n located
at position z, and N,, denote the total population at time n, i.e.,

(1.1) Np(z) = #{:¢(a) =z,|a| =n}, and N, = > Ny(z).

xeZd
Let P and E denote the probability measure describing the law of the model and its ex-
pectation, respectively. We start from a single initial particle located at the origin o, and
assume that once the total population reaches 0 it remains at 0 thereafter, i.e.

(1.2)
Ny = No(o) =1, and N, =0 for all n> S =inf{m >0: N, =0}, P-almost surely.

For critical models of branching random walk, lattice trees, oriented percolation and the
contact process (for sufficiently spread-out kernels above the respective critical dimensions),
it is known (see e.g. [49, 25]) that there exist model dependent positive constants A and V'
so that the survival probabilities satisfy

2
(13) ’I’Z]P)(Nn > O) —> N, as n — oo.

We will in fact assume such a convergence in general for our tightness result (see (2.3)
below). The r-point functions for r > 2, Z € Z4~1) and 7 € Z7! are defined by

r—1
(14) t5(@) = E[ [T Nos (@) ]

Models such as lattice trees and oriented percolation have single occupancy, i.e. N, () €

{0,1} for every z € Z? and n € Z,, P-almost surely. In such cases, letting {o N x} =
{N,(z) > 0} be the event that there exists a connection to vertex x at time n, we recover
the following expression that typically appears in the lace-expansion literature

(1.5) t0(2) =P(o —5> a;¥i=1,...,r - 1).

This includes some degeneracy, such as té‘;)’n)(as,x) =t (x).

Let Mr(F) be the space of finite measures on a Polish space E, equipped with the
topology of weak convergence. Define a sequence of M (R?)-valued processes {Xt(n)}tzo,
for n e N, by

1
(n) _
(16) Xt () = A2Vn wédNnt(x)(sx/\/vn(')a

where v > 0 is another model-dependent constant, and Nj: = N|,,;). The scaling of time

and space by n and n~1/2

to Brownian motion. The scaling of the measure by n~

respectively is the scaling under which random walk converges
L occurs since typically (see [25])
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4 R. V. D. HOFSTAD, M. HOLMES, AND E.PERKINS

if the population is alive at time n, it is of size n. However, since the population survives
until time n with probability of order 1/n by (1.3), we would see nothing at time ¢ = 1
in the limit as n — oo. Therefore to get a non-trivial scaling limit we define a sequence
of finite (but non-probability) measures p,, on the Skorokhod space D(Mz(R?)) of cadlag
M (R%)-valued paths {X;}ss0 by

(L.7) () = nAVB({X{"}0 € ).

Clearly this sequence of measures cannot converge to a finite measure. For X = {X;}4>0 €
D(Mp(R?)), let S = S(X) =inf{t > 0: X; = 057}, denote the extinction time of the process,
where 0j; is the zero-measure. We let Ny be the canonical measure of super-Brownian
motion as defined in Section II.7 of [49] with the branching parameter v = 1 and the
underlying spatial motion there being standard (variance parameter is 1) d-dimensional
Brownian motion. Recall that Ny is a o-finite measure on D(M(R?)) supported by the
set of continuous paths X starting at 0p; which stick at 07 after the extinction time S >0
and such that No(S > ¢) = 2/e for all € > 0. Then, for the critical branching random walk
model starting from a single particle at the origin, there are A, V, v (specified in Section 1.2.1
below) so that

(1.8) (S >¢e) —> No(-, 8 >¢e)  on D(Mp(RY)) for every € > 0,

where the convergence is weak convergence of finite measures. See, for example [49, Theo-
rem I1.7.3(a)] (the argument given there for branching Brownian motion is easy to adapt to
branching random walk) or Theorem 1.1 below. In general we abbreviate (1.8) as i, — No.

1.2. Specific models. In each case below the model is defined in terms of a symmetric
random walk kernel D:Z? — [0,1] satisfying ¥,cz¢ D(z) = 1. Although the results hold
slightly more generally, let us assume that D is uniform on a box of radius L in Z¢, i.e.,

(1.9) D(z) = Ljoefofmsry/((2L +1)* - 1).
Throughout the paper we use |x| to denote the Euclidean norm of a vector . Let

(1.10) 0% = |z[’D(x) < oo,

xeZd

so that the covariance matrix of D is (02/d)I . In both of our models the random branching
objects can be defined in terms of pairs (T, ¢), where T is a finite abstract tree (see Sec-
tion 1.2.1 below) and ¢ : T — Z% is an embedding of the vertices of that tree. For a vertex
a € T we let |a| denote the distance of « from the root in T. Edges in T will be denoted by
aca’ where ' is a child of « in the tree.

The two models differ markedly in the probabilities assigned to different (T, ¢).
1.2.1. Branching random walk. We follow the construction in [4] and [20]. Let W =

U2 0{0} x N™ be the set of finite words starting with a 0. If & = Ocy---v,, € W N {0}, the
parent of « is () = 0---cvp—1 € W. A (finite) rooted tree T is a finite subset of W such that
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CONVERGENCE ON PATH SPACE 5

(i) 0 €T (call O the root of T) and,
(ii) If & = 0aq--ay € T, then () € T and {0--ap-17:j <ap}cT.

If « =0-a, €T, Tnn!(a) are the children of a and |a| = n is the generation of a and,
as noted above, is also the graph distance in T between a and the root. We say 5 € T is
a descendant of « € T, or « is an ancestor of 3, if |3| > |a| =n and 0815, = . Let a A 8
be the most recent common ancestor of a and f3 (i.e., |a A 8| is maximal). We write T to
denote the set all (finite) rooted trees.

Next we introduce a probability law on T to construct the critical Galton-Watson tree
with a critical offspring distribution (p,)mso satisfying

(1.11) > mpy, =1, V=> m(m-1)pny < oo.

m>0 m>0

To avoid the trivial offspring law §; we assume that py > 0. We will also assume that

(1.12) Z m’pm < oo for all natural numbers ,

m>0

although for the tightness part of our arguments ¢ = 4 suffices in the above. We begin with
a single individual whose offspring distribution is given by (pm,)mso0. Each of the offspring
then independently has offspring of its own, with the same critical distribution (P, )ms0-
Mathematically this leads to a probability on T given by

(1.13) P(T) =[] pe., for TeT,
aeT

where &, = £,(T) € Z, is the number of children of « in T. In this case N,, = #{a € T :
|o| =n} is the size of the nth generation, and Kolmogorov [41] showed that (1.3) holds with
A=1and V asin (1.11) (see, e.g. [49, Theorem II.1.1]).

We define a random embedding ¢ of T into Z? to be a mapping from the vertices of T
into Z% such that the root is mapped to the origin and, given that « is mapped to z € Z¢,
each child o’ of « is mapped to y € Z¢ with probability D(y-x), independently of the other
children. Branching random walk is then defined to be the random configuration (T, ¢)
with probability law

(1.14) P(T,¢) = P(T) [] D(é(a’) - ().

aa’eT

Recall that aa’ € T means that o is a child of « in the tree T. In particular, the path in
Z% from the origin to ¢(a), where o = Oajasz...ay, € T is a random walk path of length
|a| = m with transition probabilities given by D. The counting process N, (x) associated
with (T, ) is now given by (1.1). For this model we take v = 2d™! in (1.6), and re-prove
the following well-known result:

THEOREM 1.1.  For critical branching random walk, i, N Ng.

This result has a long history, for which we refer the reader to [49] and the references
therein. We include the proof in Section 4 to illustrate our convergence criterion in a less
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6 R. V. D. HOFSTAD, M. HOLMES, AND E.PERKINS

technical setting. The additional moment condition (1.12) that we have imposed on the
offspring distribution is not needed for the convergence result above (see [49]), but as our
general approach is based on convergence of mean moment measures this seems unavoidable
without additional truncation arguments.

1.2.2. Lattice trees. A lattice tree T in Z% is a finite connected set of lattice edges za’
(and their associated end vertices z,z") containing no cycles. We write xz’ € T (resp. z € T)
if zz' is a edge in T (resp.  is a vertex in 7). Here x and ' denote vertices in Z¢. We
will choose a random lattice tree according to a weight function on the embedded objects,
defined by

(1.15) W.(T)= [] 2D(a" -=),

zx'eT
and we define the two-point function by p.(x) = Y75, W2(T). A subadditivity argument
shows that the radius of convergence z. of Y., .74 p-(x) is finite [40]. Let W (-) = W,_(-) and
p = pz.(0). We define a probability measure on the (countable) set of lattice trees containing
the origin by P(7) = p'W(T).

Let us now describe the model in terms of embeddings of abstract rooted trees, for
comparison with the branching random walk situation. If T is a finite rooted tree, an
injection ¢ : T — Z% is an embedding of a lattice tree 7 iff it maps the root of T to the
origin, has range T, and aa’ € T iff ¢p(a)p(a’) € T. We call (T, ¢) a tree embedding. Two
tree embeddings, (T, ¢) and (T’,¢’), of the same lattice tree T are equivalent in the space
of all tree embeddings. Clearly we may identify the lattice tree 7 with the equivalence
class [T, ] of all its tree embeddings. The weight (1.15) of a lattice tree 7 can then
be expressed in terms of any tree embedding (T, ¢) in its equivalence class as W,(T) =
Hawer 2D(6(a") = $(a)), and thus P([T,¢]) = p~ 2" Mawer D(6(a’) - ¢(a)). Note also
that Ny (z) = #{aeT:¢(a) =z, |a| =n} € {0,1} is invariant under equivalence of (T, ¢).

Our main result for lattice trees is the following:

THEOREM 1.2.  For the lattice trees model with d > 8 and step distribution (1.9), for
sufficiently large L, depending on d, there are positive constants A,V,v such that uy = No.

1.3. Some applications and open problems. Let {X;}t>o denote a canonical path in
D(M(R?)). Weak convergence on path space implies weak convergence of such real-valued
functionals as supy.; (X;) and [;¥(X;)ds where I is a bounded interval of non-negative
reals and v : M F(]Rd) — R is bounded and continuous. We give a pair of typical applications,
the first of which uses a continuity property of the limiting super-Brownian motion.

COROLLARY 1.3.  Assume piy, 5 No. Let I be a bounded interval of non-negative reals
and E c RY have Lebesgue null boundary. Then

,u,n(supX;")(E) €, > 6) = Ng(sust(E) €, > 6), for all e > 0.

sel sel

PRrROOF. It is sufficient to show that X is a continuity point of X ~ sup,; X¢(F) for
Np-a.a. X. Let E° and FE be the interior and closure of E, respectively. It follows easily
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CONVERGENCE ON PATH SPACE 7
from [49, Theorem IIL.5.1] that
(1.16) X (OE) =0 Vt>0, and t » X;(F) is continuous Ny - a.a.X.

Hence it suffices to choose a continuous X € D(M(R?)) satisfying the properties in (1.16)
and show that if X™ - X in D(M(R?)), then

(1.17) lim sup X\ (E) = sup X;(E).

N—=>00 teJ tel
We first show that

(1.18) limsupsup X" (E) < sup X;(E).

n—oo  tel
Choose t,, € I so that X;:)(E) > sup;; X{(E) - L. We can find a subsequence {ny}ren
for which the left-hand side of (1.18) is the limit through the subsequence, and so that
tn, = t€l. Since X is continuous, we have Xt(::) - X3 in Mp(R?). It follows that

limsup sup X" (E) = hm sup X."¥(E) <hmsupX( ’“)(E)

n—oo  tel k—oo e

< Xi(E) <sup Xy(E) = SUpXt(E)
tel

where the continuity of ¢ = X;(E) is used in the last equality. An even simpler argument,
left for the reader, shows that

(1.19) hmmfsupX(")(E ) > supXt(E ).

(If e > 0, start by choosing tg € I so that sup,.; X¢(E°) < Xy, (E°)+¢). Now use (1.18), (1.19)
and the fact that X;(E°) = X (&) for all ¢, to derive (1.17) and so complete the proof. m

The second application can often be obtained without tightness, but becomes relatively
straightforward in the presence of tightness.

COROLLARY 1.4. Assume u, - Ny, and

(1.20) sup E, [X{M(1)]<C

neN,1>s>0

Then
o _/Oong")(l)ds > t) - No( fow X(1)ds 2 t) =\/2/(xt). for allt>0,

REMARK 1.5.  The conclusion of Corollary 1.4 is equivalent to \/nP(Xjs0 Nk > n) —
V2/(Vr). The condition (1.20) will hold in all of the models we have in mind. It is a
consequence of Condition 3.1(a) below and (1.2). See the discussion after Condition 3.1 for
the references showing that it holds for a range of models including lattice trees (it is trivial
for branching random walk).
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8 R. V. D. HOFSTAD, M. HOLMES, AND E.PERKINS

PROOF. The equality for the limiting measure is a consequence of the well-known connec-
tion between the canonical measure of super-Brownian motion and It6’s excursion measure
(see Chapter IIT of [43]). It also can be derived from Theorem 1.1 and the exact asymptotics
for the total progeny of a Galton-Watson process (see Theorem 1.13.1 of [16]).

Next, we show that ,un( Joo XM(1)ds>t,5 < 8) vanishes uniformly in n when ¢ | 0. For
this, we note that, by the Markov inequality and (1.20) for ¢ < 1,

(1.21) pin fom X (1)ds 21,8 <) < pn foaXs(")(l)ds > 1)
£t‘1Eun[f0€X§")(1)ds]
<Ctle.

Further by (1.8)

(1.22) 1imsupun( AmXén)(l)ds >t,8> 1/8) <limsup p, (S > 1/e) =No(S > 1/e) = O(e),

the last, e.g. by Remark I1.7.4 of [49]. Since fol/e Xs(1)ds is a continuous functional of the
path we have (by differencing (1.8)),

(1.23) un(fol/exgma)dse.,sqg, 1/5])&No(fol/sxsu)dse.,sE(5,1/5]).

As the limiting distribution has no atoms (this follows easily from the fact that [, Xs(1)ds
has no atoms under Ny by the equality of the limit already noted) the above implies that
(1.24)

pin fo X (V)ds 21,8 € (2,1/2]) - No fo Xy(1)ds 21,5 € (¢,1/¢]) for all £ > 0.
Putting the pieces together, and using that (see the above argument)

(1.25) No fow X(1)ds 21,5 € [2,1/2]) = No f0°° X(1)ds 2 1) + O(e),

we may complete the proof. [

For some applications the weak topology on the space of finite measures on R? is too weak.
For example weak convergence of measures does not imply convergence of their supports as
the support functional is only lower semi-continuous. To illustrate this issue consider the
“one-arm probabilities” which have attracted considerable attention recently, particularly
in the context of percolation. For lattice trees, let || 7| = max{|z|:z € T}, and let B, be the
open Euclidean ball of radius r, centred at the origin in R?. For a measure-valued process
X = {Xi}is0, let | X = sup{r : Upo{X(BE) > 0} + @}. We make the following conjecture
about the asymptotics of the extrinsic one-arm probability P(|| 7| > r) for lattice trees.

CONJECTURE 1.6 (Extrinsic one-arm probability). For d > 8 and sufficiently large L,

(1.26) lim P2B(IT > r) = —No(1X] > 1).
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CONVERGENCE ON PATH SPACE 9

See [42] for a proof that the extrinsic one-arm probability for percolation above 6 dimen-
sions decays like 1/r? (although the precise constant in the asymptotics is not identified
there).

While (1.26) does not follow from the weak convergence result — Ny established
in this paper, the lower bound in the following corollary (proved in Section 5.2) is almost
immediate:

COROLLARY 1.7 (Extrinsic one-arm lower bound). Let d > 8. Then for sufficiently large
L,

(1.27) liminf r2P(|T] > r) 2 AU—VNO(HXH > 1).

In Section 2 we discuss the relationship between convergence of the r-point functions and
weak convergence of the finite-dimensional distributions. We then give convenient general
abstract conditions, notably bounds on the fourth moments of the increments of their Fourier
transforms, for weak convergence to CSBM on path space (Theorem 2.2). This result is
proved in Section 5 along with Corollary 1.7. In Section 3 we state the two conditions on
the r-point functions (Conditions 3.1 and 3.2) and formulate our general tightness result,
Theorem 3.3, for general discrete time models. Condition 3.1 consists of bounds on the 2-
point function that are known to hold for both lattice trees and oriented percolation in high
dimensions—see the discussion in Section 3, and Lemma 3.5. Theorem 3.3 is then proved in
Section 6 by verifying the conditions of Theorem 2.2. In Section 6 we prove Theorem 1.2
by verifying Condition 3.2 for lattice trees (with d > 8 and L sufficiently large) through lace
expansion techniques. The proof here relies on certain diagrammatic bounds for coefficients
arising in the lace expansion, Proposition 7.3, which in turn is established in Appendix A
by modifying the arguments in [34].

Application to other models:. For oriented percolation and the contact process above 4
dimensions, convergence of the finite-dimensional distributions has been proved, due to the
survival probability and r-point function asymptotics provided in [25, 23, 24] and [33, 28, 30]
respectively. Tightness remains an open problem in each case.

CONJECTURE 1.8 (Convergence for oriented percolation). Condition 3.2, and hence

Ln N Ny, s valid for oriented percolation when d >4 and L is sufficiently large.

By the above discussion this reduces to the verification of Condition 3.2, which would
be through a lace expansion analysis. We believe that a similar approach can be used to
prove weak convergence to super-Brownian motion for the contact process as well, but one
first needs versions of the tightness criterion given in Section 3 that are appropriate for
continuous-time processes.

The picture is much less complete in the case of ordinary (non-oriented) percolation and
d > 6, where even convergence of the r-point functions (hence finite-dimensional distribu-
tions) and validity of Condition 3.1 below is not yet known.
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10 R. V. D. HOFSTAD, M. HOLMES, AND E.PERKINS

2. Weak convergence of measure-valued processes. We work in the general frame-
work of Section 1.1. Let D = D(M(R?)) be the (Polish) space of cadlag M, (R?)-valued
processes { X} }+>0 equipped with the Skorokhod topology. The space M (D) is also Polish.
For X; € M(R%), f:R? > C and k € R?, define

(2.1) Xi(f) = fR f(@)Xi(dz), and Xi(k) = /R P X (da),

Recall the definition (1.8) of weak convergence to the canonical measure Ny. Much is
known about Ny, for example, by [49, Theorem I1.7.2(iii)], for every & > 0,

(2.2)
No (Xc(1) e GN{0p}) = (g)2 v[Ge%xdx, and therefore Ny(S >¢) = No(X(1)>0) = g

For each fixed ¢, (1.8) is a statement about convergence of a sequence of finite measures
on a Polish space. By considering the test function 1, (1.8) implies that for each € > 0,

(2.3) pn(S >e) = Ng(S >e).

In other words, convergence of the survival probabilities is necessary for weak convergence.
It is easy to check from the definitions (notably (1.6) and (1.7)) and (2.2) that (2.3) for
any fixed £ > 0 is equivalent to (1.3) which in turn is equivalent to (2.3) for all £ > 0.
Convergence of the survival probabilities for branching random walk reduces to a statement
about Galton-Watson branching processes and is a well-known result due to Kolmogorov
[41] (see [16, Section I1.10] or [49, Theorem II.1.1]). The corresponding property (2.3) for
lattice trees, oriented percolation, and the contact process is a very recent result [23, 24, 25].
Due to this fact, the weak convergence in (1.8) can easily be translated into a statement
about convergence of the corresponding (conditional) probability measures on the Polish
space D,

(2.4) PSP for all & > 0,
n 0

where P(-) = pun(-|S >¢€) = pin (-, S > €)/pn(S > €), and Bg () =No(-[S > ¢).

Let I>1,and = (t,...,%) € [0,00)!. We use D - M (R to denote the projection
map satisfying (X)) = (Xy,,... Xy,). The finite-dimensional distributions (f.d.d) of v e
M (D) are the measures v; € Mp(Mp(R)!) given by

vi(H) =v ({X:mg(X) e H}),  HeBMg(R?)"),

where B(FE) denotes the Borel sets of E.

The probability measure £ on D is uniquely determined by its finite-dimensional distri-
butions. By [35, Proposition 2.4], convergence of the finite-dimensional distributions follows
from convergence of the survival probabilities and convergence of the mean moment mea-
sures

r=1 r=1 ) )
25 B, [H Xt(f)(ki)] ~ Eivg [H Xti(ki)] , forr22,7e[0,00) ke RUY,
=1 i=1
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CONVERGENCE ON PATH SPACE 11

Again note that under (2.3), the convergence of the f.d.d. of the normalized or unnormalized

) fdd fdd . .
measures (written P? — F, for each ¢ > 0, and p,, — Ny, respectively) are equivalent.
Using the lace expansion, the limits (2.5) have been established for LT, OP, and CP in terms
of asymptotic formulae for the Fourier transforms of the r-point functions (1.4). See Section
3 for more details and Section 1 for references. Thus weak convergence in (2.4) would follow
from relative (sequential) compactness of the sequence of probability measures P<.

For a Polish space E, let D(FE) be the space of cadlag functions from R, to E with the
Skorokhod topology, and recall that D = D(M (R?)).

DEFINITION 2.1 (C-relatively compact). A set of probabilities {Py}aer on D(E) is C-
relatively compact on D(E) if it is relatively compact (every sequence has a convergent
subsequence) and every weak limit point P satisfies Po (C¢) = 0 where C is the set of
continuous functions in D(E).

Our first result reduces the C-relative compactness of the probabilities P: to a fourth
moment condition for increments of the processes. The proof is given in Section 5.1. Recall
that we are in the general setting of Section 1.1.

THEOREM 2.2.  Suppose that (2.3) holds for some € >0, and that the following hold:

() sup 0t Y peza |tPE[Na(2)] < oo,
ne

(ii) there exist ¢ >0, n >0 such that for each T >0 and k € R? there exists Cr,r > 0 with
SUD||<y Ok, < 00 for each T, such that for all n €N,
(2.6)

1+¢
l-
n [‘X(")(k) X(")(k)‘ ] < Ck,T(| - |) ,  for all j,l € Z, satisfying j,l <nT.

Then the probability measures { Pt }pen are C-relatively compact on D for all € > 0.

If, in addition, (2.5) holds, then p, —> No.

3. The r-point functions and a general criterion for tightness. In this section,
we continue to work in the general setting of Section 1.1 and replace the tightness condition
(2.6) by a criterion in terms of the Fourier transforms of the r-point functions (1.4). Firstly
note that

o (1 ]- ik-
B X0 = [ Y N0 (d) = e ¥ Ny (@)

zeZd zeZd
Therefore
r—1 R AV r—1
B | T X (k )]— R N, ()
) o I | )
1 ko
(3.2) 3 elmxtgg(f).

B A(A2vn)r_2 TeZd(r-1)
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12 R. V. D. HOFSTAD, M. HOLMES, AND E.PERKINS
Defining

(3.3) 1(R) = 3 F 0 (),

we see that

r=1 1 ) ];
3.4 E XM (k)| = £ .
( ) Hn [H t; ( )] A(AQVn)T_Q nt (\/ﬁ)

When r > 3, ff;{) includes a small contribution from degenerate cases arising from some of

the z; being equal. We assume the following bounds on the increments fﬁ)l(k) —L?;.Z)(k) and

on the second spatial moments ¥,z |[2[*t® ():
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CONVERGENCE ON PATH SPACE 13

CoNDITION 3.1 (Two-point function assumptions).

(a) There is a constant a > 1 so that for any K' >0 there is a K so that for all integers
j>0
(3.5) for all K[> < K'j1, 2, (k) = (k)| < K((+1)7% + [k[*).

7+1

(b) Theorem 2.2(i) holds, that is, there is a constant K >0 so that

(3.6) 3 |at? (z) < Kn, for allm> 1.

xeZd

The above bounds are important players in the inductive approach to the lace expansion,
as studied in various guises in [21, 26, 28, 31]. Lemma 3.5 below verifies that Condition 3.1
holds for both lattice trees and oriented percolation in high dimensions.

Our next condition involves various lace expansions for the r-point function for r =
3,4,5, and forms the heart of our analysis. It is a technical condition which will likely be
difficult to digest upon first reading. Its verification for branching random walk in Section 4
below should help, and its relation with other expansions in the literature, especially in
the context of lattice trees, is discussed in Section 7.1 below. In its statement, for a vector
n=(ni,...,nr—1), 7 denotes the largest coordinate of 7i, and n the smallest coordinate of
n.Icd. ={1,...,r=1}, let fif = (n;)ies, and for me Z, let i—-m = (ny—m...,ny._1 —m).
Finally, define

(3.7) mi amg = (m1Vvmy)—(myAme)+1=|mg—me|+1.

CoNDITION 3.2 (Lace expansion and its bounds). There exist X3 mQ(IEIO,l%Il,lj.:IQ),

X;rQL)l,mQ;nl(]::IO’l;Il7]%[2) Xi?z)l mg,nl,ng(k107k11’kl2) ’%(”(k); Af—fi(k% A;‘:)(k): and constants
a>1 and pe[0,1) such that, for r € {3,4,5} and all i e N'71 k e RO-D4,

(3.8)
i0E= ¥ SR (g Fay B (BB (R, RS (R),

Io,I1,I2 1<mi<ny, ,1<ma<ny,

where the sum over Iy, I, Iz is over all partitions of {1,...,r — 1} such that 1 € I, Is + &

and io =min{i € {1,...,r =1} N Iy} € I. The lace expansion coefficients satisfy the bounds
(3.9) RS R <C kPR <On, RS (R) < C(Jn-nf* +27),

and, uniformly in I, Iy, Iy (with (mvn), =mqVvmgVvn, in (3.11) and (mvn),, =my Vv
MoV Ny V., in (3.12)),

(3.10) X6 oy (B)] < C(my 2 ma) ™,
(3.11) X2 g, (B)] € C(my & ma)™ ((my & ma) + (mvn)?),
(3.12) X2 e (F) € C(m v n),.(m1 s mg) ™ ((m1 2 ma) + (mvn)P,).
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14 R. V. D. HOFSTAD, M. HOLMES, AND E.PERKINS

We may, and shall, assume a € (1,2). As an example, consider the expansion (3.8) for
r = 3. In this case we must have Iy =@, I} = {1}, I = {2} and so (3.8) becomes

(3.13) 19 (k) = 3 X g RVED) oy (R1)EG), (K2) + 55 ().

1<mi<ng,1<ma<ng

Clearly Theorem 2.2(ii) holds (with 1+ { = a A (2 - p)) if for every T > 0, there exists
C7 > 0 such that

(3.14)
nE[| X5 (k) - X;7}L(k)‘4] < Cpn~(@NEP)|] _ jjar-p)
for all j,l € Z,, and k ¢ R? satisfying j <1 <nT and |k| < T.
Thus, the following result implies that Theorem 2.2(ii) follows from Conditions 3.1 and 3.2.
THEOREM 3.3 (Tightness criterion). Assume that Conditions 3.1 and 3.2 hold. Then

(3.14) holds. As a result, conditions (i) and (ii) of Theorem 2.2 hold, and so if (2.3) also
holds for some € >0, then {P;} are C-relatively compact on D for all € > 0.

The final result is immediate from Theorems 2.2 and 3.3.

COROLLARY 3.4. Assume Conditions 3.1 and 3.2 as well as (2.3) and (2.5). Then
Hn e No.

We give a short overview of the proof of Theorem 3.3. To abbreviate notation, for a
function f;’“):N’“1 — R, and for [, j € N such that [ > j, we write

(315) (7‘) ( 1)7‘ 1 Z (_1)0’1+'~'+UT 1f(r)
Ge{0,1}7-1

where (6;;); = j + 0i(l — j). In particular, Af(2) fi — fj, so Condition 3.1(a) is a bound
on At@) +1(!’{:) where the variable k € R? is ﬁxed in this notation. Note also that for r = 1,
A f(” fO, and for r > 2, Af7) =

We claim that for j <[ in N,

(3.16) nE[| X[ (k) - X("’(k)H (A2V) P AL (k. k, ~k,~k)[/on),

where k € R? is again fixed in the above notation. To see this, let X; = X;?T)l(k) and let X;
denote the complex conjugate of X;. Then the left-hand side of (3.16) is
(3.17) nE [(X; - X;)%(X; - X;)?]
= (-1)*nE [((—l)Xl + X)2((-1)X; + X-)Q]
_ -1/ _1\4 _1\01++0 (n) (n) _
Syt s e, [T, 0 TR, (0

5e{0,1}4

1 SN
@y, o DT (R ko),
5e{0,1}4

imsart-aop ver. 2014/02/20 file: finalrevJulyl7-14.tex date: July 18, 2014



CONVERGENCE ON PATH SPACE 15

where (3.4) is used in the last line. This proves (3.16). Therefore, to prove Theorem 3.3, it
suffices to show that for each T > 0 there exists a constant Cp > 0 such that,

n5) 7 1 — g jon(2-p) - -
(3.18) ALY ()| < CTl3|TJ| for all j <leZ,, and k e R* satisfying I[k|* < T°.

By applying the linear operator A to (3.8), we obtain that Affl)(l?:) satisfies

(3.19)
A{;?l)(]%) — Z Z AX(UOIH) ) (]%)Af(lfﬂ“rl) (kh)At(thl) (]{7[2) + A(S)(k) + A/ﬁ:(s)(k)

_ m1,mae;5,l j-ma,l-my j-ma,l-ma

I mi,ma<j

where ’3/(5)(12) denotes the contribution due to terms where mq € [j + 1,1] or mg € [j + 1,1].
To check this, one should note, for example, that if £, . . =g@hDES | then A f;f? =
NN ’

In Section 6, we bound the contributions to (3.19) one by one. In order to bound At?l)(l;:),
we need to rely on bounds on Af(z)(l%) Af(g)(lz:) and Af(‘l)(lz:) respectively. These bounds

are similar in spirit to the bound on At(5)(k) required for Theorem 3.3, and we start by
proving these simpler bounds using Cond1t1on 3.2.

LEMMA 3.5 (Verification of Condition 3.1 for LT and OP). For all L sufficiently large,
Condition 3.1 holds for lattice trees in dimensions d > 8 and oriented percolation in dimen-
stons d > 4.

PROOF. For any model satisfying the assumptions of [26] (which is a generalization of
the inductive method derived in [21, 31]) for a given set of parameters (including 6 > 2 and
B = LU for some p* > 1), (3.6) in Condition 3.1(b) is immediate from the third bound in
[26, (8)].

We next verify Condition 3.1(a). Fixing K’ > 0 and assuming that |k|*> < K'/j, we note
that the claim (3.5) holds trivially for all small j by taking K large enough. To establish
the claim for large 7, let a(k) = 1- D(k), where we recall that D(-) is the single step kernel.
Then [26, (5),(6)] implies that either a(k) < (ylog(j+1))/(j+1) or a(k) >n (where v and n
are positive constants). If a(k) < (ylog(j+1))/(j+1), then [26, (H3)] gives the claim (3.5)
with a = @ — 1 (provided that d/p* > 2), by using [26, (5)] when k| < L™! and [26, (6)]
when |k]s > L7, and using the uniform bound on |f;.2)(k)| provided by the second bound
in [26, (8)]. Otherwise a(k) > (ylog(j+1))/(j +1) and a(k) > n, so by [26, (H4)], the claim
(3.5) holds with a =6 (so also with a =6 -1).

The assumptions of [26] with 6 = d/2 > 2 and p* = 1 are proved in [33, Section 2.1.2]
for oriented percolation (see also [28] for the contact process) when d > 4. For lattice trees,
the assumptions of [26] are verified in [34, Section 3.3] with 6 = (d —4)/2 and p* = 2, when
d>8. -

4. Proof of Theorem 1.1. Recall that the survival probability of BRW satisfies
nP(N,, > 0) - 2/V (Kolmogorov [41]), and the r-point functions scale to those of SBM
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16 R. V. D. HOFSTAD, M. HOLMES, AND E.PERKINS

when the branching law has all moments (see e.g., [20, Theorem 3.2]). By [35, Proposi-

tion 2.4], pp, it Ng, so by Theorems 3.3 and 2.2 it remains to verify Conditions 3.1 and
3.2. For this we will only require (1.12) for ¢ = 4.

Let (A});s0 denote the factorial moments of the distribution (pm)mso, i.e. A1 =1, A=V
and more generally,

|
(4.1) Aj = e

ST

ﬁpm<ooforj<4by (1.12) with £ =4.
m-=7

Also, we write P; for the set of partitions of J, = {1,...,r — 1} into j non-empty sets
I* = (If,...,1;) where we order the elements of I* € P; by ordering the smallest elements
so that I contains the element 1, I3 contains the smallest element of .J, \ I etc. Then, [20,

Proposition 2.3] states that for every Z € 7= and every 1 = (n1,...,n,-1) with n; > 1
foralli=1,...,7-1,

(4.2) (2 )-Z)\ D 1‘[ (D * t“’ '“))(* 2,

J=1 Jrep;s=l

where (D*t(” V(@) = Taega D)UY (@1 = (2,0, 2)). Let k(I) = ¥jer kj. From (4.2)

nr x— 1
and an induction it is possible to derive (3 8) (see below), where if J = J, \ {j} when n =n;
with 7 minimal, then for r = 3,4, 5,

(4.3) kg (k) = D(k(J)) D, (Ry),

fig-n
and

(44) R mg (Rry K1) = A28y iy D(R(J2))™  D(k(11)) D(k(12)),
X’Er?hmg;n*(k‘[oa khakfz) = )‘35m1,m2H{m1§n*}D(k(JT))m1_l

(4.5) ><ﬁ(k([l))f)(k([Q))D(k(IO))nwmﬁl’
>A<’57371)17WQ77’L* n**(k) = )‘46m1,m2ﬂ{mlgn*An**}D(l{?(Jr))ml_l
(4.6) x D(k1) D(ka) D (ks)™ 41D (g™~

+ >\35m1,m2ﬂ{mlgn*/\n”}b(k(‘] ))ml_l
x D(k1) D (k) D (ks + ka)t5 s, .-y k3, Ka).-

(In most cases, k; € R? is the jth coordinate of k; the few cases where k; € R is the jth
coordinate of k € R? will be clear from the context.)

In particular, note that m; = mg in the summation in (3.8). The form of the final formula
is different but whenever it is used we shall see below that it will be the case that Iy = {3,4},
Iy = {1}, and I = {2} and so it may be recast as the previous formulae. We now give a
direct derivation of (3.8) without using (4.2) to give some intuition for (3.8) in the simplest
possible case.

Consider an individual a = 0a; ... ay, in the Galton-Watson tree T. Then by (1.14),

P(¢(a) =x1|a € T) = D*"* (1),
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CONVERGENCE ON PATH SPACE 17

i.e., the path in T from 0 to « is embedded as a simple random walk path with step
distribution D. Therefore,

(4.7) £ (1) = B(Ny, (21)) = E[l ) 1 {g(a)-ar.acT) |
:||Z D™ (z1)P(aeT)

= D*m(ml)E[an] =D™ (.%1),

which is also immediate from (4.2) and induction.
We have for r € {2,3,4,5},

r—1

t(z) = E[]]
>

=1
= > P(¢(i) =z, € T, Vi<r)
|O£1|=n1 ‘av‘71|:nr71
|t |=n

N, ()]

2

> P(é(v) =, Vi<r|a;e T, Vi<r)P(o; € T, Vi<r).

1 apo1|=ne1

Taking Fourier transforms, we get

(4.8) tOFk)y=> - > PlaeT, Vi<r)

lal=n1  |ar-1|=ne-1

x Zei’;'jIP’(gb(ai) =z, Vi<rla; € T, Vi<r)
z

= Y Y P(ai €T, Vi< )i, (F).

lail=n1  |or_1]=nr—1

Here mal,,,,7ar_1(l%) is the Fourier transform of the random vector in Z¥™1) obtained by
running independent random walks (with kernel D) along the branches of the tree generated
by aq,...,or_1 and considering the final positions of the r — 1 leaves in Z. (Although the
reader should note from the above that we use the term “leaves” loosely as we include the
cases where ¢; is an ancestor of «;.) This follows from the independence in (1.14).

We let av f = 0ai...qq B ... Bg denote the concatenation of two words in the set
of finite words W and a|m = Oaj...a,, denote the ancestor of « in generation m. Fix
at,...,ap1 € W with |o;| = n; and let iy € {2,...,7 — 1} be such that m. = |ag A a,] is
minimal among all «;, i > 2 (take iy minimal if there is more than one choice). If oy is a
descendant of «,, or conversely, then n = |a| Alai,| = n; (take ¢ = 1 if o = ;). To find the
contribution to (4.8) from these terms, set J = {1,...,r—1}\ {i} and sum over 5 = a1 A iy,
and use the independence properties of the Galton-Watson tree from (1.14) to see that this
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18 R. V. D. HOFSTAD, M. HOLMES, AND E.PERKINS

contribution equals

P(BvajeT,iel])

1Bl=n |af|=n;-n,izi

x Y Y elivelhr D) p(p(8) =y, (B v o) - 6(8) = wj|B v o} € T, i € J)

Y xlie]
(49) =X P(BeT) Y EHFIP(g(8) =y)]- ¥ PlajeT,iel)
|8=n Yy o |=n j—n,i#i
x 3 BIR(G(ap) = afi€ Jlof e Toie )

n
x; 06

= D(k(J,)) 0, (k)

which by (4.3) is /%f{)(lz:) In the last line we have used (4.7) and (4.8). Note that some of
the coordinates of 7i; —n may be zero. Therefore /%f{)(l;:) represents the contribution from
the terms when «a; is a descendant of a;, or conversely.

Assume now that «; is not a descendant of «;, and «;, is not a descendant of «. This
means that there is a proper branch point between oy and {ag,...,a,-1} at time m, €
{0,...,n—1}. Let 8 = ay|m. be the parent of the branching children. Let j € {2,...,r -1}
denote the number of children of 5 which are ancestors of some «;, 7 <r—1. Let m; =m. +1
and w; = ag|my be the child of § which is the ancestor of ay, and let ws # wy be the child
of 8 which is the ancestor of a;,.

When j >3 we let ws,...,w; denote the other j — 2 children of 3 which are ancestors of
{a 17 # 1,i2}; use the tree order in W to order them. For s =1,...,5, let I. c{1,...,r -1}
denote the set of ¢ such that ws is an ancestor of «;. Therefore 1 € I] and iy = min{i €
{1,...,r=1}~I{} e L.

We now derive (3.8) for r = 3. In this case j =2, I] = {1}, I}, = {2} = {i2}, and so

(4.10) n=ny Ang.

If m is the total number of children of S then the number of ways we may choose w; and
wa 18 (mL_'Q), and so the remaining contribution to (4.8) is

S P(BeT)ing(kr +ka)D(k1)D(k2)
(m 2) |8]=m1-1

x Y P(a) € T)P(ah € T)ritg (ki )ritay (k2)

laf|=n;—m1,i=1,2

e B[ 8 PG Tyialhn + )| D) DU (), (ko).
m1=1"|8]=m-1

In the first line the product D(k1)D(ks) arises from the steps taken by w; and ws from
their parent. The term in square brackets equals D (k1 +k2)™ " by (4.7) and (4.8). Letting
(lo, 1, I2) = (@,1{, 1) and using (4.10), we see this establishes (3.8) for r = 3 with X as
n (4.4). (It is also easy to derive the above by iterating (4.2).)
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CONVERGENCE ON PATH SPACE 19

We omit the derivation of (3.8) for r = 4 and move straight to the more complex r =5
case. Then j <4, Iy = U!_,I] (Ip as in (3.8)), 1 € I}, and 4 € Ir # @. The number of ways
to choose wi, ..., w; when 3 has m children is (mLJJ), The contribution from Iy = @ (which
implies j = 2 and is the main term), and from the case where there is a true branch point,
may be calculated as in the r = 3 case and is

> oy oy P ) 2 > P(BeT)g(k(Jr))

1Ty misning ang, me2 —2) |Bl=m-1 |a|=ni—maiely |af|=ni—ms il
x P(o) e T,ie [,)P(a €T,ie 12))1)(/@(11))D(k:(lz))ma}1 (Eh)ma/{? (k)
(4.11)
= > Azﬁ(k(Jr))ml‘ID(k(h))ﬁ(k(b))fil?‘iﬁl(k )til?‘ill(kb)-

11,1> m1£n11/\n12

Here the first sum is over Iy, Iz a partition of {1,...,4} into non-empty sets such that 1 € I
and ig € I3 and in the last line we have again used (4.8). This gives the Iy = @ contribution
to (3.8) with YV as in (4.4).

Consider next the contribution from |Io| = 1, in which case j =3, |[;| =1 or 2 for j =1,2
and iz € {2,3}. For the sake of definiteness assume that ia = 2. Let ng = 7iy,. Then the
contribution to (4.8) is the sum over Iy, I1, I a partition of {1,...,4} into non-empty sets
such that |Iy| =1, 1 € I; and iy = 2 € I of

Z Z pm(m 3)|

mi<n m=3 H| m|

|Bl=m1-1 |af|=no—m1,iely |af|=n;—m1,icl | |=n;—m1,iels

P(B e T)mg(k(J,))P(aj € T,iely)P(aj € T,iel)P(a)" €T, icl)
x D(k(I0)) D (k(11)) D (k(L2) Yinas (k(Io) ) nar (k(11) Yivam (k(12))
=X > Loy D)™ T D(k(10)) D(k(11)) D(k(12)) D (k(Io))" ™™

mi gnjl /\n[2

A(\11I+1) (k‘ )t(\leﬂ) (k )

n[ —-mi nr,—mi

This gives the |Iy| = 1 contribution to (3.8) with ¥® as in (4.5) (and n. = ng).

Finally consider the |Iy| = 2 contribution. In this case j =3 or 4, I} = {1}, I = {2} and
Iy = {3,4}. The contribution from j = 3 means there is a later split in the Iy part of the tree,
which results in a 3-point function in the above calculations. So after a short calculation
this contribution becomes

A Y Lmengang D(R(J))™ 7 D (k1) D (ko) D(ks + k)

mi Snjl ATy

(4.12) x 1 (ks ka)tyy) o, (k1)) (k).

n3—mi,ng—mi n,=mi

After some relabelling (note that 71z, = (n3,n4)) this gives rise to the second part of ¥
n (4.6) (with (n.,m4x) = (n3,n4)). The j = 4 case corresponds to four disjoint ancestral
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20 R. V. D. HOFSTAD, M. HOLMES, AND E.PERKINS

branches from 8 to aj,...,a4 and this gives rise to a contribution of

2 4
)\4 Z :ﬂ-{mlsn3An4}ﬁ(kf(JT))ml_1 (H ﬁ(kj)) (H))D(kj)nj—m1+l)

mi gnjl AT,

(4.13) x 15 i ()L (kp,).

iy —ma

After some relabelling (7iz, = (n3,n4)) this corresponds to the first part of x® in (4.6). This
completes the derivation of (3.8).

To verify Condition 3.1, note that from (4.7)

(k) - “-"’)(k)=(li[l5(k)) [D(k) - 1] = (ﬁ )Z<cos<k:-x>—1>D<m>.

i=1 =1

Therefore by (1.10) and the fact that |cos(y) - 1| < %?/2, (3.5) holds with K = ¢2/2 for all
K’ > 0. The condition (3.6) with K = ¢ can be obtained from (4.7) since the left-hand side

is the mean square displacement of an n-step walk in Z¢ with kernel D and so equals no?.

We next verify that £ and x{;), ,,,, satisfy the bounds in Condition 3.2. Since |D(k)| <1

for all k, we see from (4.7) that |#$” (k)| < 1. For r = 3,4, we use the fact that critical BRW
satisfies

(4.14) i (k)| < O 2.

This is true because the left-hand side is

‘Z "“”IE[HN (1) ]|<E[EHNM(3:Z |-E [HN ]gCﬁ’”‘Q,

where the last holds by a standard moment generating function calculation as in [16, Sec-
tion 1.5]. Therefore, |/£(4)(k)| <C(n-n), and |/£(5)(k)| < C(n-n)?, as required. The bounds
on X4 mz(kz) P — (k), and X migins ies (k) trivially hold, the latter by another appli-

cation of (4.14). This completes the verification of Condition 3.2, and hence the proof of
Theorem 1.1. ]

5. Weak convergence proofs.

5.1. Proof of Theorem 2.2. In this section we prove Theorem 2.2 which gives a criterion
for tightness of a sequence of measure-valued processes. The section concludes with the
simple proof of Corollary 1.7.

The first step towards our tightness criterion is to develop a user-friendly version of what
is sometimes called Jakubowski’s Theorem (Theorem 5.2 below), which involves tightness
of the real-valued or complex-valued processes obtained by integrating a separating class
of test functions with respect to the underlying measure-valued processes. The second step
will be to reduce the tightness of these R- or C-valued processes to a fourth moment bound.

imsart-aop ver. 2014/02/20 file: finalrevJulyl7-14.tex date: July 18, 2014



CONVERGENCE ON PATH SPACE 21

DEFINITION 5.1 (Separating class). A class Dy ¢ Cy(R%,C) is a separating class in
M (R?) if

(5.1) [1(6) = 1(6) for every ¢ Do) = [u=v].

Since the distribution of a random vector is determined by its Fourier transform, we have
that Do = {x + e*? : k e RY} is a separating class.

The following theorem is standard, see e.g., [49, Theorem I1.4.1].

THEOREM 5.2. Let Dy be a separating class containing 1. A sequence of probabilities
{Pp}nen on D is C-relatively compact if and only if the following two conditions hold:

or everyn >0 an >0 there 1s a compact TC such that
CC)F 0 and T >0 there i K, cR? such th
(5.2) sup P, (sup Xi(Ky 1) > 7]) <.

n t<T

(C-vP) For every ¢ € Dy, the sequence of probabilities {P,?}MN on D(C) defined by
P2(0) = Py ({X:(¢) Y0 € @) is C-relatively compact.
For z € Z% and k € RY, let
(5.3) &r(z) = cos(k - z) and ¢p(z) = ¥

Recall from (2.1) that X,(k) = X;(¢z), and in particular, X;(0) = X,(1). To prepare for a
user-friendly version of Theorem 5.2 for Dy = {¢y, : k € R?} we start with a well-known tail
estimate. We let e; be the jth unit basis vector in R? and for a finite measure, y, on R?
and M > 0, define

d 1/M
Z(u, M) = MY [ 1) = G, ks

LEMMA 5.3.  There is a C = C(d) so that for any u € Mp(R?),
p(la > VM) < CZ(u, M).

Proof. If y; is the jth marginal of p, then the left-hand side is at most Z;l:l pi(|xi| > M).
Now apply Proposition 8.29 in Breiman [6] to each marginal. ]

We will apply the following result to the conditional probabilities P:.

THEOREM 5.4. Let {X™ neN} be a sequence of processes (under probability measures
P,) with sample paths in D. Assume that

(i) for each k e RY, {X™ (k),n e N} is C-tight in D(C), i.e., {X§”(k),n € N} is tight in
C, and for any T,e >0, k € R, there exist § = 0(e,T,k) >0 and ng = no(e, T,k) e N
such that

(5.4) sup P,( sup X (k) - X{V(k)| > ) <,

nxng $,t<T|s—t|<6
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(ii) for any T,e >0 there exist ng =no(e,T) >0, 6(e,T) >0 and no(e,T) € N such that

(5.5) sup P, sup | X{(&) - X (&) > 5) <e,

|k|<no,m>ng 5,t<T,|s—t]<6

and,
(iii) for any T >0 and j=1,...,d,

5.6 li E[X{™ (1) = X" (&kye,)] = 0.
i ol S B (1) - X6 )]

Then {X ™} is C-tight in D.

PrROOF. We wish to apply Theorem 5.2 and so will verify its hypotheses with Dy =
{én:k e R?} as above. Note that (C-vP) is immediate by (i).

Step 1. C-tightness of Z(X™, M). Let ZtM’n = Z(X™,M). Then clearly
Mn o, Mn &M (n) () (n)
6.1 121" =2 <My [ X () - X)X €)= X0 e i
‘]:

We first claim that for £,7 > 0 there are n; € N and 71,01 > 0 so that

M
(5.8) sup P, sup |20 - zMm) > 6) <e.
M=>1/m ,n2ny 5,t<T,|s—t|<81

Define
L (R,T) = {sup X{(1) > R},
s<T

and choose R = Ry, > 1 so that
sup P, (I',(R,T)) < ¢/5.
n
This is possible due to the C-tightness of {X ™ (1),n € N}, given by (i). Let ng, no, and §

be as in (5.5), and set ny = ng(e2/(5Rd),T), n1 = no(e?/(5Rd)) and &1 = 6(¢?/(5Rd),T). If
n>ny and M > 1/m, then by (5.7)

(5.9)

M
Pn( sup |20 - ZzMm >5)
$,t<T,|s—t|<d1

M d M (n) (n)
<PUCa(RT)+ =Y [E[ swp 1X(1) - XP )], e
€ ;=170 5,t<T|s—t|<61

+ B[ sup X (Ehye,) = X (e, Ar, (rye | dhs.
5,t6<T,|s—t]<d1

Let Wi, = sup, 1o7)s—¢<5, XM (1) = X (1)]. Write 1 = Lw,>e2/5d) + 1w, <e2/54y and use the
fact that |[W,| < R on the event I';,(R,T)¢, and similar reasoning for the second term, to
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see that the right side of (5.9) is strictly less than

M & i
Sy [URR( s X)) - XO )] > /(50)) + £/(5)
5 & jJo 8,t<T|s—t|<61

+RP( sup X (Ehye,) = XU (e, )| > €2/ (5d) ) + €2/ (5d) | .

5,t<T,|s—t|<d1

Applying (ii), this is bounded by
5 ¢

which establishes the claim (5.8).
Step 2. We next claim that for ,7" > 0 there are M3(e,T") >0 and n3(e,T") € N so that

E+%Zfl/M2RE2+§dk—e
o 5dR  5d

(5.10) sup Pn(sup zMms E) <e.
M>M3,n>n3 t<T

First let 01 = 01(¢/2,T), m =m(e/2,T), and ny; =ny(e/2,T) be as in (5.8), so that

(5.11) sup P, sup |ZtM’n—Z£/‘[’"| >5/2) <egf2.
Mz>1/n1,n>nq $,t<T,|s—t|<61

If T,e > 0, then by (5.6) for n >ny(e,T) and M > My(e,T),
d

(5.12) sup En[Ziw"] <> sup  E,[X{M(1)- X,f")(fkjej)] <e.
t<T G=11t<T|k;|<1/M

Let ng = no(e261/(5T), T) and My = M(£251/(5T),T) be as in (5.12) so that

Mmn 52(51
(5.13) sup E,[Z;"] <

n>ng, M>Ms,i01<T 5T

Then (5.11) and (5.13) together imply that for M > Ms = My v (1/m1) and n > n3 =n; V ng,

P,(sup ZM¥" > e) < Po( max ZM" s ¢/2)+ P max su zMn _ gMn o o9
(tSTP ! ) (OsiélsT 1 / ) (0£i51£TtE[i61,(i+Il))51AT]‘ : o | /)
<1 maxBE,[ZM"+ S
512 Bax Eal 251+ 5
2T 82(51 9
e
(518 5T 2

This proves (5.10).

To conclude the proof of Theorem 5.4, we combine (5.10) with Lemma 5.3 to conclude
that for n > n3(¢/C,T) = ng and M = /dM3(¢/C,T) (and C > 1 as in Lemma 5.3),

Pn(SupXt(")(IxI > M) > 6) < Pn(supZtM&” > s/C’) <ce
t<T t<T C
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By increasing M3 we can handle n < ng and so {X ™} satisfies (CC) in Theorem 5.2. m

We next verify that the tightness condition in Theorem 5.4 (iii) follows from (3.6) and
(2.3).

LEMMA 5.5.  Assume that ¥, |z|*t? (z) < Kn, i.e. (3.6) holds, and for a particular € > 0,
tn(S > €) - No(S > ¢), i.e., (2.3) holds. Then Theorem 5.4 (iii) holds for the measures
{P?:neN}.

PROOF. By (2.3), it is sufficient to show that

lim  sup B, [(X{(1) —Xt(n)(fk))ﬂ{5>a}] - 0.

n—o0,k—0 t<T

Since the term in brackets in the expectation is non-negative, the expectation satisfies

0 < By, [(X;7 (1) = X{7(6)) Lissey ] <Ep, [X{ (1) = Xy (&)]

k
5.14 <Cy|1- x|t
(5.14) zx: COS(\/ﬁ 1:) i (T)
Ol 2 Clk[?
ST Zx: ‘.%'| tfft)(l') < TKTLt,
by (3.6). This converges to zero as k — 0, uniformly in ¢ < T [ ]

We finally reduce the tightness conditions in Theorem 5.4 (i) and (ii) to the fourth
moment condition in Theorem 2.2.

LEMMA 5.6.  Suppose that £ >0, (2.3) holds and {X{”(1),n € N} is tight in R. Suppose
also that there exist (,no >0 and constants Cp 7 >0 for k € Rd, T >0 with SUP | k|<no Cr <
Cr < oo such that:

ForallneN, TeN, keR? and all s,t e Hyr={m/n:meN,0<m<n(T+1)},

(5.15) EE[|X™ (k) - X (k)[Y] < Chorlt - 5.

Then Theorem 5.4 (i) and (ii) hold for the measures {P¢:n € N}.

PROOF. The tightness of {X{”(1),n € N} in R implies that the same is true of
{X§”(k),n € N} in C for any k € R%. Note first that we may define a new probability
space with probability measure P on which all of the processes X are defined each with
their respective laws PZ. Since also |X; (&) - Xs(€,)] < | Xy (k) = Xs(k)|, it is then sufficient
to show that for some 6 = d(¢g) >0,

(5.16) sup P sup |[X™(k) - X (k)| > 5) <e for each ke R?, and
n>ng(k,e,T) $,t<T,|s—t|<d
(5.17) sup P sup |XM(k)-XM(k)| > 5) <E.

|k|<no,n2ng(e,T)  “s,t<T,|s—t|<d
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To derive the above from our fourth moment conditions we can use a familiar dyadic expan-
sion argument of Lévy (see, e.g., [36, Thm. 1.4.3]). We omit the details which are standard.

Proof of Theorem 2.2. Recall that (2.3) for a single € > 0 implies it holds for all € > 0 as
both are equivalent to (1.3). Fix any € > 0. By assumption, sup, n! ¥, |2[*E[N,(z)] < oo
so0 (3.6) holds. The tightness of {X " (1),n € N} is trivial because X" (1) = 1/n. By Lemma
5.5, Theorem 5.4(iii) holds for the probabilities { P¢}. By assumption, (2.6) holds, so (5.15)
holds. Therefore by Lemma 5.6, (i) and (ii) of Theorem 5.4 hold for { P} }. Theorem 5.4 now
applies to the probability measures {P¢ : n € N}, and shows that {X} are C-tight in D
under these measures.

If also (2.5) holds, then by [35, Proposition 2.4], for all € > 0, P2 i Fy,,and so P} = P,

by the above. As € > 0 is arbitrary, it follows that u, - No. [ ]

5.2. Proof of Corollary 1.7. We prove the following result, which includes Corollary 1.7.

COROLLARY 5.7 (Extrinsic one-arm lower bound). Let d > 8. Then for sufficiently large
L and any s > 0,

(5.18) liminf nVAP(|T| > Rv/on, Nps > 0) 2No(| X | > R, S >s), and
(5.19) liminf P([| T > Rv/on|Nys > 0) >No(| X | > R[S > s).

Moreover (1.27) holds.

PRrooOF. The first claim follows from Theorem 1.2 and the facts that
nVAP(|T| > RvVvn, Nus > 0) = un (| X > R, S > 5),

and ¢(X) = 1¢|x|>R,s>s} 18 & lower semi-continuous function on D(Mz(R?)) (as is easy to
check). The second claim then follows since p, (S > s) = No(S > s).

To establish the third claim (and hence prove Corollary 1.7), let §, R > 0. By the modulus
of continuity for the supports of super-Brownian motion ([49, Corollary III.1.5]) and the
fact that if Z is a Poisson point process with intensity N, then X; = [ 1412(dv) is a super-
Brownian motion starting at dg, we conclude that

131%1[1 —exp(—No(fO X,(Bj)dt > 0))] = 181%1N0(f0 X,(B) dt > 0) =0,
Therefore there exists s > 0 such that
5> N, ([0 X, (BG)dt > o) > No(Usso{ Xe(B%) > 0}, Xo(1) = 0) = No(| X | > R, S < 5).

It follows that for R >0
liminf nAVP(|T| > Ry/vn) >liminf u, (| X ™| > R, S > )
(5.20) >No(| X[ > R,S >s)>No(| X[ >R)-6.
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Thus,
liminf nAVP(||T|| > Rvon) 2 No(| X || > R),

so that if r, = Ry/vn and R =1, we have
.. 2 v
liminfrp (|77 > ) 2 7 No(|1X] > 1),
and a standard interpolation argument gives the third claim. ]

6. Tightness: Proof of Theorem 3.3. In this section we prove Theorem 3.3. The
proof is then organized as follows. We must show (3.14) which, as we saw in Section 3,
would follow from (3.18). In Section 6.1, we begin by bounding sums that frequently enter
our analysis. Our starting point of the analysis for Af;.?l) (k) is (3.19), for which we need to

prove bounds on Af;?’l)(l::) and Af;fll)(l?:). These are established in Section 6.2 and Section 6.3,

respectively. Finally, in Section 6.4, we bound Affl)(lzr) and complete the proof of Theorem
3.3.

6.1. Preparations.
LEMMA 6.1 (Bounds on lower point functions). Assume that Condition 3.1 holds. Then
(a) there exists a C >0 such that uniformly in k,

(6.1) &)< C,

and,
(b) if K and K' are as in Condition 3.1, then for all | > j and uniformly in k € R? such
that |k|*l < K,

(6.2) AET (R < KL= 1(( + 1) + [K?).
Assume that Conditions 3.1 and 3.2 both hold. Then

(c) there is a C >0 so that for n >0, uniformly in k,

(6.3) i (K)| < C,
and
(6.4) 19 (k)| < On®.

REMARK 6.2. In specific models one often derives (6.3) and (6.4) from (6.1) using an
inductive argument together with model-specific combinatorial bounds. Here we will use our
general Conditions 3.1 and 3.2 to derive them directly.

PrOOF. For (6.1), we use |t (k)| < £2(0), £{”(0) = 1 (by (1.2)) and sum the bound in
Condition 3.1 over j € [0,n—1]. For (6.2), we sum the bound in Condition 3.1 over [j,1-1]
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and note that the bound in (3.5) is decreasing in j. For (6.3), we use Condition 3.2 for r = 3,
with the fact that

(6.5) Y (miamg) <2 Z (m'-m+1)"<2% > (m'-m+1)""<Cn,

mi,ma<n m<n m’/-m>0
m<m’<n

and use (6.1) for the arising two-point functions.
For (6.4), consider Condition 3.2 for r = 4, where %’ < Cn. For |Io| = 0, |I;| = 1 and
|I3] = 2, use (6.3) to bound |tS’I) 7m2(k‘[2)|, (6.1) to bound [t ., (k1)|, and (3.10) to bound

|X§711)1 ms |- This allows us to bound the contribution from these terms by

C Z (m1 Amg)_aﬁSCﬁz.

mi,ma<n

The same bound holds if cardinalities of I; and I are reversed. If |I;| = 1 for j = 1,2,3, then
use (6.1) to bound the # terms and (3.11) to obtain the same bound, recalling that p < 1.
As these are the only possible |I;| values we are done. [ ]

In our analysis we frequently rely on summation bounds involving powers of mj 2 ma.
These bounds are stated in the following two lemmas.

LEMMA 6.3 (Summation bounds). For a € (1,2) there is a C so that for j > 1,

(6.6) Y (m1amy)*<Cj
m1,me<j
(6.7) S (myame)*(j-mi+1)* <O,
m1,ma<j
(6.8) > (myama) (G -my+ 1) < 057,
m1,ma<j
(6.9) Z (mq Amg)_(a_l)(j—ml+1)_a(j—m2+1)_a30_
mi,me<j

ProOOF. The proof of (6.6) is given above in (6.5). By considering the two cases 0 <
mq —mz < j and 0 < mg —mq <j we bound the left hand side of (6.7) by

Z (j-m1+1)” 22(m+1) @

mi1<j

Similarly for (6.8) the bound is

Y (G-mi+1)” 22(m+1)1“_ j2-a,

m1<j

For (6.9), note that (m; & my)~(@Y <1 since a > 1, and that Zizo(j -s+1)*<C. [ |
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We note that A applied to the factors x leaves their bounds unchanged. Therefore from
the bounds in Condition 3.2, for m1,mo <[ and s =1,2,3, we see that

(6.10) ARD, s (B SCOmn o) [(my & mg) + P20 10
(611) SC(ml A m2)*al(871)'
Note here that if s =1 then A)Z;‘;)l g (k) = Xiji,mg (k) by definition.

6.2. Bound on Affl)(lz:). To bound Aff;(l?:) we will rely on the lace expansion from
Condition 3.2.

PROPOSITION 6.4. Assume that C’ondz’éions 3.1 cm(z 3.2 hold. For each K' >0 there is
a C so that, for all j <1 and uniformly in k such that |k|*l < K,

(6.12) A (F)| < ClL - .

PrROOF. We may assume j <[ as otherwise the left-hand side is zero. From (3.8) we may
write

(6.13) AiY(K)= Y }f(;}gm(E)Af;?mhl_ml(kl)AE;?ml_m(k;Q)+@j<.j>(/%)+m;§g(/%),
mi1,ma<)

where ‘yj(?’l)(l::) denotes the contribution due to terms where my € [j+1,1] or mg € [j+1,1]. By

(3.9), |A%§3l)(l%)| < 4C, which satisfies the required bound since j < I. Apply (6.1) in Lemma
6.1 to obtain

(6.14) |ALP (k1)| < 2C,

Jj—ma,l-ma

and (6.2) in Lemma 6.1 to |Af? (k2)| as well as (3.10) to arrive at

Jj—mai,l-m1

> X e (RNAEZ, o ROIAE?, o, (B2)]

m1,ma<j

(6.15) <Cli-jl S (myamy) (b2 + (G —mi+1)7).

m1,m2<j

This gives rise to 2 terms, which we bound one by one. We may use (6.6) to bound the term
containing |k> by

ClkPIL-j41 > (m1ame) ™ <Clk*l-jlj < CK'|l - j],

m1,ma<j
where we use that |k[?j < K. The term containing no factor of |k[? is (by (6.7)) bounded by

C|l—j| Z (m1Amz)fa(j—m1+1)7a§C|l—j|.

m1,ma<j

Both terms satisfy the required bound.
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To bound ﬁﬁ(l%), we note that when applying the A operator to fs)(l;:) in (3.8), the
variable 71 enters both in the summands and in the domain of summation for mq,ms. We
only get a contribution to Affl)(k) from mg € [j + 1,1] if ny = [ and so when applying
the A operator we only sum over nj € {j,1} and not over ny. Similar constraints apply to
mi € [j+1,l] and as a result,

l
0 =T Y WAL, (R, (k)

m1<j ma=j+1

l
22 Xmhm (R)AEY L (k)8 (k)

ma<jmi=j+1
Y X (R, ()2, (k)
j<mi,ma<l

= + 22 + 23.

By (3.10), (6.1) and (6.14), |X1| + |32 is at most

l
C Z E(mg—m1+1)_“£C’|l—j|.

mao=j+1m1<j

The same reasoning shows that |X3| < C|l - j|. All terms satisfy the required bound and we
are done. -

6.3. Bound on Af}?l)(l%). We next investigate Af;.j‘l)(lzr) :

PROPOSITION 6.5. Suppose that Condifz’ons 3.1 angl 3.2 hold. For each K' >0 there is
a C so that, for all j <1 and uniformly in k such that |k]*l < K',

(6.16) ALY (R) < ClL - .

PROOF. We may assume j < [ as the expression being bounded is zero if j = [. The
analogue of (3.19) and (6.13) for r =4 is
(6.17)ﬁ . 3 . . .
AEY(RY= X X ARG (RARY L (k)AL (k)43 (R)+ AR (R),

) Xomi,masj,l Jj—mu,l-my j—ma,l-ma
Iy, 11,12 my,ma<y

where ﬁ/j(.‘ll)(/%) denotes the contribution from terms (mj, msg) such that m; € [j+1,1] for i =1
or 2.

It follows from (3.9) that
AR (k) < CL< Il - jl,
(since [ > j) and hence satisfies the required bound.
Consider next the summation term in (6.17). Note that s = [I| +1 is 1 or 2. For s = 2

we have |I1| = [I| = 1 and can use (6.14) to bound |A{(” (kz,)|, and (6.2) to bound

j—ma,l-m2
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|At;2)m1 I ml(kh)|7 and (6.11) to see that for |k|*l < K, the s = 2 contribution to the sum in

(6.17) is at most

C Y (myama) U= (ki + (= mi +1)7%)

m1,m2<j
<C Y (maamo) - GI[KT + (5 -ma+1)7%]
mi,ma<j

<Cll-4lI[K"j17 +1] < ClL -4l

as required, where (6.6) and (6.7) are used in the next to last inequality.

For s =1 we have |I1] = 1, |I2| = 2, or conversely. Use (6.14), Proposition 6.4, (6.11), and
then (6.6) to see that for k>l < K, the s = 1 contribution to the sum in (6.17) is at most

C X (miam)ll-jl<Chll-jl< Ol -,

m1,ma<g

as required.

Turning to '?(4)(12') consider first the contribution from (mq,msy) € [1, 5] x[j+1,1]. To get
a contribution to At(4)(k) from mo € [j + 1,1] we must have ng, =1 (here 7i is a triple of j’s
and ’s) and so 7|z, = [. Therefore when applying the A operator, the Iy variables are held

fixed at [ while the others are allowed to vary through {j,/}. As a result the contribution
from these terms equals the sum over Iy, I7, I> of

J l o )
(6.18) Z Z AX(”O‘“) . (kIO’kINkIQ)At(IhHl) (k )t(\12\+1)(k ).

m1,m2;j, j-mi,l-mq
mi1=1mo=7+1
Here, to simplify notation, we write ¢ )(E) for the r-point function where all time variables
are equal to n.

The contribution to (6.18) when |Iy| = 1 (whence |I1] = |I2] = 1) is handled using (3.11)
(with the fact that n*,m; <) together with (6.1) and (6.14), giving a bound of

l J
C Z Z (m12amg) "l <CJl-j|l,
m2=j+lm1:1
as required.

For the contribution to (6.18) from |Iy| =0, so |[1| =1,[I2| =2 (or |I1| =2,|I2| = 1), we use
(3.10), (6.14), and (6.3) (or (3.10), (6.1), and Proposition 6.4) to see that for |k|*l < K’, the

contribution is at most

l J
C Z Z (mlAmQ)_al£C1|l—j|,

mao=j+1mi=1

as required. This establishes the required bound on the contribution from terms (m;y,ms) €
[1,7] x [J +1,1] and the terms (mq1,mg) € [j + 1,1] x [1,j] may be handled in an identical
way.
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Finally consider the contribution to fij(.‘Ll)(l;:) from (my,mso) € [ +1,1]%. In this case we
only get a contribution to 7 z)(k) if n nr =np = [, and so when applying the A operator the

variables in I U I are set to [ and only the I, variables vary through {j,1}. As a result the
contribution here equals the sum over Iy, I1, I> of

(6.19) Z A (lpl+1) (k?]o,kjl,k?b)t(l[llﬂ)(k )t<|]2‘+1)(k3]2).

m1 m2;7,l l-mo
mi1,mao=j+1

If [Iy| = 1, then |[1| = |I2| = 1, and so using |tAl(f)ml(l%Il)| < C (by (6.1)) we see from (3.11)
(with n,,m; <l and p < 1) that the contribution from |Iy| = 1 is at most

l
(6.20) C > (mamg) M<Cll-j|,
my,ma=j+1
as required. If |Iy| = 0, then |I1] = 1,|[2| = 2, or conversely, and so using (3.10), (6.1),
and (6.3) we may also bound this contribution by (6.20). This completes the proof that
|fy(4)(k)| < Cl|l-j| for |k[?l < K', and hence establishes the required bound on |At(4)(k)| ]

6.4. Bound on At(5)(k:) The following proposition verifies (3.18) (with K’ = T3), and
hence completes the proof of Theorem 3.3.

PROPOSITION 6.6. Suppose that C’ond@ions 3.1 and 3.2 hold. For each K' >0 there is
a C so that, for all j <1 and uniformly in k such that |k|*l < K,
[ — 797 (2-p)
(6.21) INHGIE Cl3| l ”

PrROOF. Without loss of generality, we assume throughout this proof that [ > j. Our
point of departure is (3.19). We now bound all the contributions in that decomposition of
Aff;(k:) one by one.

The bound on A/%fl)(lz:) By (3.9) for r =5, we obtain that
(6.22) AR (R)| < Ol =P + 1°7%) < CP(lL = jI/1)°,
since a € (1,2) and 1 <1 - j <l. The above is no more than the required bound in (6.21).

Bounds on terms with mi,ms < j.. We bound the summands in (3.19) according to the
value of s € {1,2,3} arising in AX". For s =3 we have |Ig| =2, [1 = {1} and || = 1. Use
(6.14) to bound |At;2)m2l mQ(k]2)| and (6.2) to bound |At;2)mll _m, (k1)| and see that by

(3.12) for |k[?l < K', the s = 3 contribution is at most

C > (myam)[(myamg)+ Pl - j|(|ka]* + (G —my+1)7%)

m1,ma<j

<Cli-4 > [(mlAm2)1_“+(m1Amg)_“lp][K’Jrl(j—ml+1)‘“]

m1,ma<j

<Ol -JI[K" S (= ma+ D>+ 17204 Kjir +177],

m1<j
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where in the last line we have used (6.8) and (6.7). Clearly the above is at most

[ - jer(2-p)

(6:23)  ClL=j|[j* "+ 1>+ 1P+ I"P] < ClL = jm P 4 7] < ¥ —2

9

which is the required upper bound.

We continue with the sum involving Ax®. In this case |[;| = 1 and |I3| = 2, or conversely,
|Io| = 1, and we may use (6.10), Proposition 6.4 and (6.14) to bound the s = 2 contribution
for |k[*1 < K', by

Cli-jl > (maamg)™*[(m1ems)+17]

m1,ma<j
SC|Z-]| Z [(ml Amg)l_a-f-lp(ml Am2)_a:|
m1,ma<j

<Ol - 4|[5° + §I).

The last expression is less than the left-hand side of (6.23) and hence by that inequality
satisfies the required bound.

Finally consider the sum involving X" m2(l;:) In this case |[;] = 3 and |I3]| = 1 (or con-

versely), or |[1] = [I5| = 2. In the former case we may use (6.10), Proposition 6.5 and (6.2)
to bound this contribution (for |k*l < K') by

Cll—jPt 3 (ma o ma)  [kf* + (j —m2 +1)7] < Cll = jP1GiIR + 1)

mi,ma<j
2 3 2
(6.24) <Cli-jPr<ci|a- |,

which is smaller than required. In the case |I1| = |I2| = 2 we may use Proposition 6.4 (twice)
and (6.10) to bound this contribution (for |k[>l < K') by

2
Cl-jP Y (miamy)<Cli-jPj<Cl|a-i),
m1,ma<j

which is again smaller than required.

We have shown that the summation over my,ms < j in (3.19) satisfies the required bound.

Bounds on terms with mg € [j +1,1] and my < j (or vice-versa).. To get a contribution to
At(5)(k) from mg € [j +1,1] we must have ny, = (where 7 is a quadruple of j’s and I’s)
and so 7 is held constant at [ over I. So when applying the A operator, the I variables
are fixed at [, while the others range over j and [ as usual. As a result the contribution to
this term is again the sum over Iy, I1, Iz of (6.18).

Using (3.12), (6.1) and (6.14), we see that the contribution due to |Iy| = 2 is bounded by

(6.25) cl i i (m1 2m2) " [(m1  ma) + 1P]

m1:1m2:j+1
J
<Cl=4L Y [(G-mi+1)" @D 4P —my +1)7]

mi1=1

<Ol - j|[17* e + 117,
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where we have used the fact that here m; amo =mgo—mi1+12>j5-my+1 for all me > j to
get the first inequality. This quantity is bounded by the left-hand side of (6.23) and so by
that inequality satisfies the required bound.
When |Iy| = 1, we have |I1| = 1,|I2| = 2 (or |[1]| = 2,|I2| = 1) and we use (3.11), (6.14) or
(6.1), and (6.3) or Proposition 6.4 to get a contribution of at most (6.25) (for |k|*l < K').
Finally consider |Ig| = 0. For |k|*l < K, the absolute value of the contribution from
AE® tAﬁ)m , is bounded by (use Proposition 6.5 and (6.1))

l-m1,j-m1

l J
C > Y (myame) -4l <ClL-jPL=CP(|l-4|/1)%

mo=j+1mi=1

which is less than the required bound. The contribution from Aiﬁ)ml,j—mlfﬁ)mg obeys an

identical bound (use Proposition 6.4 and (6.3)). The contribution from Afﬁ)m - tAﬁ) is
1,]J—mi1 m2
bounded in absolute value by (use (6.4) and (6.14))

7 l
C Y > (miama) *(I-ma+1)? <ClL - <CP(|l - jI/1)%,

mi1=1ma=j+1

which is again less than the required bound. The contribution from my € [j+1,1] and mg < j
is handled similarly.

Bounds on terms with mi,mg € [j+1,1].. In this case we get a contribution only if ny, =
nr, = l. So when applying the A operation the variables in I; and Iy are set equal to !
and only the Iy variables vary between j and l. As a result the contribution from these
terms equals the sum over Iy, I, I of (6.19). All these contributions are of two kinds. The
contributions involving ¥ (k) are bounded by (use (6.10), (6.1), (6.3) and (6.4))

miy,m2

l
C Y (myemg) (- (my Amg)+ 1)< Cll - PP = CI(L-j|/1)?,

my,ma=j+1

which satisfies the required bound. The contributions involving the terms A)Z:fgl m2,lj(lg)
and A)Zifl)l myil J(l::) are each bounded by (use (6.10), (6.1) and (6.3) in separate calculations)

l
Cl > (myamp)™[(my amg)+P] <Ol -4l + P|L - j|] = Ol - 4|[1°~* + 1],

mi,me=j+1
and so again satisfies the required bound, as in (6.23).

Conclusion of the proof of Proposition 6.6.. Summing up the bounds for Ai® and the
four cases mi,mso <j, my <j,j+1<mo<l,me<j,j+1<my<l,and j+1<my,mo <1
gives the claimed bound (6.21). |

7. Proof of Condition 3.2 for lattice trees. In this section, we use the ideas in
[34] to prove Condition 3.2 for sufficiently spread-out lattice trees in dimension d > 8. The
expansion in [34] is based on an adaption of the lace expansion on a tree for a network
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of self-avoiding walks, derived by the first author and Slade in [32]. We follow the same
strategy as described for BRW in Section 4, and explain how the lace expansion in [34] can
be used to yield the required estimates. We first derive the expansion in Section 7.2. In
Section 7.3 we prove the bounds on ¥, and in Section 7.4 we bound #(". Both of these
proofs are carried out assuming Proposition 7.3, which is in turn established in Appendix A.

Before beginning the proof, in Section 7.1 we relate Condition 3.2 to existing expansions
in the literature and give some intuition underlying our conjecture that it should also be
verifiable in other settings, notably OP. The results in Section 7.1 will not be used directly
in subsequent proofs and those interested in the details of the verification for LT’s may
prefer to move directly to Section 7.2.

7.1. Discussion of Condition 3.2. In this section, we discuss the form of Condition 3.2.
Condition 3.2 should be thought of as an expansion for the 3-point function (when r = 3,
(3.8) is indeed precisely the lace expansion for the 3-point function), but one where there
can be extra connections that need to be handled appropriately. We start by ignoring these
extra connections, and discuss the lace expansion for the 3-point function, which has all the
important features, but is notationally less cumbersome. We will indicate how some of the
bounds in (3.10)—(3.12), as well as (3.9), can be derived from bounds on the lace expansion
for the 3-point function that have been proved elsewhere in the literature.

To explain the idea behind the expansions and bounds in (3.8) in Condition 3.2, consider
the 3-point function for lattice trees containing the origin o at time 0 and points x1 and
x;, at times (tree distances from the origin) n; and n;,, with i3 = 2. Such a lattice tree
can be considered as the minimal subtree (the backbone) containing these three points, plus
some ribs (each rooted at a backbone vertex) that are themselves lattice trees. These ribs
interact in the sense that they must avoid each other. In this context the lace expansion
gives an exact expression for the 3-point function, via an inclusion-exclusion type approach
to collecting and counting the interactions between the nodes along the path(s) from (o,0)
to (z1,n1) and (x;,,n4,), working outwards from the branch point. It pretends as if certain
ribs do not interact, and in doing so overcounts some of the configurations where ribs
intersect each other. It then corrects this overcounting by subtracting off configurations
where particular ribs intersect each other. It proceeds by assuming further ribs do not
interact, and correcting, with each correction term including another pair of intersecting ribs.
The variable mj —1 € [0,n1] (resp. ma—1 € [0,n;,]) indicates the time at which a particular
contribution to the expansion from the branch point in the direction of z; (resp. z;,) stops,
while mg +1 € [0, (m1 Amg) — 1] indicates the corresponding quantity from the origin to the
branch point, and the time of the branch point is denoted m, € [mg+1, (m1 Amg) —1]. See
for example Figure 1. So roughly speaking, the m; are locations along the backbone at which
prior and subsequent ribs are independent (i.e. have no interaction). The various quantities
arising from this expansion can be bounded in absolute value by certain convolutions of 2-
point functions that can be expressed in terms of Feynman diagrams which indicate which
ribs intersect each other.

To be a bit more precise, as a special case of what we establish in Section 7.2, the lace
expansion for the 3-point function (where io = 2) for lattice trees can be expressed in the
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Fic 1. Two examples of star graphs Sg with branch lengths (qo,q1,q92) = (M+,n1 — Mx, Ny — My) equal to
(5,5,4) and (0,5,4) respectively. The dotted line represents where the lace expansion from the branch point
has stopped, which defines mi1 —1 2 my«, ma —12>my, and mo +1 < m..

form
R _ n1 Mg R R (m1Am2)-2 . R
R = 2 D | emma(B) + Lgminma)s2y 2, by (k1 + k2)pD (k1 + k2)
mi1=1ma=1 mo=0

X gmlf(ngrl),mgf(moJrl)(]%) tAizgl)—ml (kl)fgil —mg(kQ) + ’%gzgl)miz (]%)a

where the error term /%S)(l?:) contains degenerate cases where the path from the origin to
(n1,21) in the tree passes through (n;,,x;,) or vice versa, as well as terms corresponding
to m; —1 =n; or mg —1 =n,,. The first term in the sum over m; and mg corresponds to
the case where the expansion reaches all the way to the origin (including situations where
the branching time is m, = 0, such as depicted on the right hand side of Figure 1). In such
cases there is no (2 (k1 + k2) pD (k1 + ko) term, and we can think of this as corresponding
to mg = —1. Note also that the sum over the branch point is included in the é terms.

It follows from Proposition 7.1 and (7.53) below (both proved in [34]) that vertex coeffi-
cient &, ¢, is bounded uniformly in k as follows (a is as below (3.6)):

(71) |é€1,€2(;j)| SCbZl,f%

where

(7.2) be, oy =((01 v £o) +1)~(@*D

(73) + (61 A gg)_a((gl N EQ) + 1)—(1.

So far we have considered only the lattice tree 3-point function. For the cases r > 3 we
repeat the lace expansion from the first branch point, in the direction of the origin, (n1,z1)
and (n;,, z;,) (where now i3 need not be equal to 2) but including the additional connections
to some (x;,n;) for i € J. N\ {1,i9}. The extra connections appear in the form of indicator
functions for the connections in the above analysis. They add further complexity to the
Feynman diagrams, by adding extra paths from some part(s) of the diagrams to (z;,n;),
and a number of cases (corresponding to the many places in the diagram where the extra
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paths can be attached) need to be considered. For example, when r = 5, each of the two
further connections to (z;,n;) with ¢ € J5 \ {1,i2} may originate on the branch to x1,ny
prior to (<) mji—1 or after (>) mi—1 or on the other branch prior to mg -1 or after mg - 1.
The superscript in x indicates one plus the number of these connections that satisfy the
former (i.e. being prior to mj — 1 or ma — 1 on the respective branches). Indeed, we will see
that

(ml/\mg)—Q

(74) X%)l,mQ(k') :]l{(m1/\m2)22} Z isii)(kl + kZ)pﬁ(kl + k?)éml—(m0+1),m2—(m0+1)(E)

mo=0
+ &y ma (K).
Using (7.1)-(7.3), we get a bound of the form (3.10). The factor mmm(%) obeys the
related form
(7.5)

(ml/\mg)—Q
o (2)

Xmi ,mains (];?) :]l{(m1/\m2)22} Z &iz)(kl + kZ)pﬁ(kl + k;Z)éfrru—(mo+1),mg—(mo+1);mc (E)a

mo=0

+ éml,mg;n* (l;:)

where &1742;%(121) corresponds to &1742(/’2‘) where an extra line to (z.,n.) is added, where
x, is the spatial variable related to n,. As a result, ggl’gmn*(];?) obeys the same bound as

551752 (/;), apart from being multiplied by a factor ¢ v £5. It is not hard to see that therefore
(7.5) is bounded by

o miAm2
(7.6) |>A<£’21)1’m2m*(k)| <C Z ((m1vma) - mO)bmrmo,mQ*mo <C(my » m2)_(a_1)a
mo=0
as required. The bound on X%,mg;m,n“(é) is similar.

We turn our attention to the bound on 4% (k), which contains the contributions where
m1 —1 =n1 or mg —1 = n;,. To make the description as easy as possible, suppose that
i9 = 2, consider the terms in the lace expansion where m; — 1 = ny, and assume that mg — 1
corresponds to the branch point m,. This assumption simplifies the situation considerably,
because in such terms there is no interaction between the branch of the backbone to (z;,,n;,)
and the branches to (0,0) and (z1,n1) (all from the branch point). In other words, the
intersections between ribs take place on an interval of nodes (containing the branch point)
in the backbone from mg + 1 to mq — 1 = ny. The leading contribution from these terms is
therefore of the form

(5)
7

(m1 AMm2 )*2

(77) Z ig7(’r21)0(kl + kQ)pD(kl + k2)ﬁ-n1—(m0+1);n2,n3,n4(l;)v

mo=0

where the expansion coefficient ﬁnl_(moﬂ)mz’ng,m(/}) is due to the expansion coefficient
arising in the lace expansion for the two-point function t®, where three extra connections
are added. We add the branch to ns by connecting it somewhere along the backbone from
(0,0) to n1, between mg + 1 and m; — 1 = n; (and this tells us where the branch point is)
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while the branches n3 and ngy must be attached either within the same interval (after the
branchpoint), or to the branch from the branch point to (zi,,n:,), or to the other added
branch. Summing over the number of possible addition/connection locations gives rise to a
factor of at most (n; —myg) in the first case and (7 —mg) in each of the other two cases.
The ordinary two-point function expansion coefficient satisfies [34]

(7.8) | (B)| < C(m+1)7(0+D),
and we obtain

(79) |ﬁn1—(mo+l);n2,n3,n4(z’)| < C(ﬁ —mo + 1)2 x (nl —Mmo+ 1)—(17

A

and we conclude (see (6.1) below) that this contribution to mg’)(lz:) is bounded by

(7.10) C > C(a-mo+1)*x(n1-mo+1)*<Cln-nf+Cr*",

mo<ni

as required. In obtaining this bound we have used (72 —mqg+1)? < 2(n-n)*+2(n; -mo+1).
General contributions to /%%5)(1?:) are more difficult to handle as one needs bounds on more
complicated lace expansion coefficients. We will need “diagrammatic bounds” of the form
(7.8) and its just noted extension. These are obtained in Propositions 7.1 and 7.3 below.

The above discussion briefly explains how, in the context of lattice trees, the main
assumptions in Condition 3.2, that is, (3.9), and (3.10)—(3.12), follow from the bound
| (K)| < C(m + 1)) in (7.8). Despite differing in the details, much of the discussion
above applies equally well to the setting of oriented percolation (and to some extent the
contact process as well). Indeed, a bound of the form (7.8) is one of the crucial steps in the
analysis of the lace expansion for the r-point function for OP, and has been derived in [33,
Proposition 2.2(i)], while a bound of the form (7.1) is proved for OP in [33, Proposition
2.3(ii)] (see also [30, Proposition 2.2], where such a statement is proved for CP and reproved
for OP). This gives some idea as to how we arrived at Condition 3.2, and why we hope that
it can be verified for other models as well, notably OP. Henceforth we return our attention
to LT, and make the above steps precise in this context.

7.2. The expansion. Using similar notation to that in [34, Section 2.1], we let S? =

3 . . . .
Sjo,jl,jz be the abstract tree with one branch point of degree 3 and three legs having jo,

j1 and jo vertices respectively. We refer to the vertices in S;? as [i,7], where i € {0,1,2} is
the label of the branch, and 0 < j < j; for i = 0,1,2. | We refer to the three branches as
S} = [4,[0,4:]], with the vertices [,0], i = 0,1,2 being identified. If some j; = 0, then the
degree of the vertex [0,0] is < 3, and the branch point is a misnomer. In particular, S&O’O
corresponds to a single vertex.

Fix r € {3,4,5}. Let ng = 0 and xy = 0. The quantity ti{)(i) is the probability that
(zi,n;) € T for each i € {0,...,7—1}, i.e. for each i, there is a path of length n; in the lattice
tree T from o leading to x;. While for BRW there may be several ancestral lines satisfying
this restriction, because of the lattice tree restriction, the vertices making up these paths are

"Tn [34], the branches were instead labelled 1,2, 3.
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unique. Recall that tf{)(i’) involves a normalising constant p~!, where p = p,_(0) is bounded
above and below (1 < p < C') uniformly in L (see e.g. [17]).

For fixed € Z¢, let T(x) be the set of lattice trees containing 2 (and not necessarily the
origin). For fixed 7, Z, let T;(Z) denote the set of lattice trees containing z¢ = 0,..., 2,1
with tree distances 0,nq,...,n,-1 from the origin respectively. Each T € Tj(Z) contains a
minimal subtree M(T), containing x, ..., z,—1 and that subtree has the topology of some
finite rooted tree T with labelled leaves o = 0,1, ...,a,_1. For each such T the branch
generation m. = | ATZ{ ;| (recall from Section 1.2.1 that Al a; is the most recent common
ancestor of the a;’s) and the index is = inf{i > 2 : |a; A aq| = m. } are uniquely defined. For
fixed 7, i € {2,3,4,5} and m. < n, let T (7, m,;i2) denote the set of T with this m, and is.
For fixed T let T (Z) denote the set of lattice trees 7 containing Z with minimal subtree
M(T) having topology T. It follows that

r—1

(7.11) tO@) =3 3 oot > w(T).

12=2Mx <N TeT(7i,m«;i2) TeTr(Z)

Now each T € T (7, my;i2) itself consists of a minimal tree T2 containing 0, o, v, with a
branch point 3 = a1 A o, of generation m,, and r — 3 branches T, from vertices § = (sje
Tio:j€{2,...,7 =1} \iz) (note that some of the s; may be equal) that are compatible
with T19 and 79 in the sense that

= r=3 _
5€(Ti24,) 7 = {(52, S8y ..y Sig—1,Sig+1s- -, Sr—1) such that each s; € T,
|si| > m. for each i > s, and |s;| > m, for each 1< i< ig}.

Note that, with a relabelling of vertices, T1o has the topology of Sg, where (qo,q1,q2) =
(ms,m1 —my, ni, —my) (see e.g. Figure 1). The point of changing notation from Ty to Sg»
is that we want to use the lace expansion from [34] on Sg, expanding from the branch point
in the direction of the 3 leaves. The vertices 0, a1, and «a;, in T12 have the corresponding
labels [0,q0], [1,¢1] and [2, g2] respectively in Sgi while the branch point a; A «;, has the
label [0,0] = [1,0] = [2,0] in Sg. Also the compatible vertices s (some of which may be
equal) from which to attach branches in the Sgi labelling become

(7.12) Se€ (ng )T’3 = {(82,83, e e vy Sig—1ySig+1,- - -5 Sr—1) such that each s; € Sg,

si €[1,[0,q1]] U [2,]0,q2]] for each i > i,
and s; € [1,[1,q1]]U[2,[1,q2]] for each 1 < < ig}.

Given &, 7, m., and iz, let @ = B(q,35i2) = {6 : S2 ~ Z% : 6([0,0]) = 0,6([L,q1]) =
x1,6([2,q2]) = x4, }, and for ¢ € @ define

T(G, ¢) = {R = {Rs:5€S2}: Ry e T(¢(s))Vs}.

For ji € {1,2}, s = [j1,J2] € SZE, ¢ € &, and R, a lattice tree containing ¢(s), we write
(z,n) € Ry if x € Rs and the tree distance from z to ¢(s) in Ry is n— (j2 +m.) (this implies
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that the tree distance from z to o in Rsu ng(SZi) is n if this combined object is a lattice
tree). We now write

(7.13) tf{)(:ﬁ)=§ >t (@),

12=2 Mx<NTAN,,
where (recall G = G(m.,n1,n4,) = (Ma, N1 — My, Ny —My))

b (@) = 3 pT Y W((S)

se(Sg;i2 )r=3 ped

(7.14) < X [ TIw®o)[ T b+val][ T1 1{@]-1”3-)%3-}]’

ReT(G,0) seSg’ s,teSZE J#l,iz

W(e(s) = ] zD(g(a") - (),

Q3
€S
aq Sq

and
Ust = -1iR,aR. 22}

This is to be understood as follows. A lattice tree T with given 7, %, m., i consists of a
minimal tree containing z1,x;, (that is also equal to an embedding of Sgi for ¢ defined by
My, io and 7n) together with some branches, which are lattice trees R associated to each
of the vertices s € S;;i. These Rs must be mutually avoiding for the resulting object to be
a lattice tree, and in addition, connections to (z;,n;) :j € {2,...,r =1} \ {iz} must exist
within them. The weight of any lattice tree can be written as the product of the weight of
its minimal tree and the weights of its branches. The sum over ¢ is over all embeddings of
Sg, which are not necessarily 1-1, but the product of [1+ Uy | means that we only count 1-1

embeddings (since ¢(s) € R for each s ¢ S?E) and that the R are mutually avoiding.

For fixed Z, 7i and i, define xS (Z) to be the contribution to (7.13) from m. =ny An;,
(in which case m, =n). Then

r—1
T =\ — (r3ig) >
(7.15) kg (@)= Yt a (@),
i9=2

and by definition,

-1 ("1/\77’7,2) 1

(7.16) (@)= 3 ) £ (2) + KSD(2).

12=2  My=

Let us now focus on the term t(T 2) > (Z) when m, < ny Ang,. Note that by definition of iz,
ms < ni Any, implies that m, <n (22) where n*(i2) = minje—1{n; - L) }-

Given an abstract tree S and lattice trees R = (Rs:s€8), let

K[S]=K[SI(R) = [][1+Usl.

s,teS
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Then (7.14) becomes

(7.17)
mn@= ¥ Y weeh) ¥ [ TIWERIKSH T 1, e, )

se(Sg;b)T‘3 ¢ed ReT(q,¢) €S J#lia

The lace expansion for the three-point function for lattice trees involves expanding the
product K [Sg], and in each term of the expansion searching outwards (from the root [0, 0]
of S?3, i.e. from the branch point 3 of T) for the first point at which there is no indicator
1nvolv1ng a pair of vertices on either side of this point. This expansion was carried out in
[34, (2.17)]. To prepare for this, for fixed i, ¢; and M; define S}, to be the tree with no
branch points and ¢; — M; vertices labelled [i, M; + 1] to [4,¢;]. Then the lace expansion [34,
(2.17)] yields

2

ITT KT8],

ng’ =0

(7.18) K[S3] =

]
—~

w
e

where J [S?\Z] is defined below and we use the notation M < ¢ (resp. <) to mean that the
inequality holds componentwise. This arises in the following way. Notice that

K[S]=[T[1+Usx]l= > T[]Us,
s,teS TeG(S) stel’
where G(S) denotes the collection of all subsets of “edges” st with s,t €S (and S is Sg or
S1,). If both s and t are on the same branch i of Sg, ie. s=[i,7] and t = [i,5'] for some
j < j’ (or vice versa) then st is said to cover the interval [i,[7,5']]. If s = [4,j] and t = [/, j']
with ¢ # i’ and 7,5’ # 0 then st is said to cover [7,[0,7]]u[i,[0,5']]. A graph T € Q(Sg)
is a connected graph if every edge in S;f? is contained within an interval covered by some
stel'. Foreach I' € Q(Sgi) there exists a unique M (T) such that Si;l is the largest connected
subgraph of SZi containing [0,0] on which G is connected. Letting

JSyl= > ITlUa

3 tel’
I‘egconn(SNI) ste

where G°"" denotes the subset of G consisting of connected graphs, gives (7.18). See e.g. [34,
Section 2] for more details.

Note that S}Q’\Z has a simpler topology (i.e. no branch point) when some M; =0 (as is the

case when m, = 0 for example), and in fact Sg,o,o corresponds to a single vertex. Rearranging
the order of summation we obtain

(@) =pt Y 2 W((S)))

M<qG 9e®

(719 < S (IweSTTESL Y T )

ReT(g,¢) s€S3 i=0 5e(S3, )3 jelia
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Let I(ig) = (Io, 11, I5)(i2) be a partition of {1,...,r — 1} satisfying all the restrictions in
Condition 3.2. Let (SZ,M(IJ))T—?’ be the subset of (Sgi;i2 "3 such that s; € [1,[M;+1,q1]] for

)

each j € I;1 N {1}, sj € [2,[Ma+1,¢2]] for each j € Io\ {ia}, and s; € [1,[0, M;]]u[2, [0, M2]]
for j € Iy. Then

2

@t Y T Y wes)) B [T w®R)|IsiTKISL]

I(ia) M<g 9<® ReT(g,¢) s€S§ =0

(7.20) XTI ﬂ{(zj,nj)%j}].

2¢(S3 7))r-3 j¢l,2
se(Sq’M(I)) J#l,i2

We next decompose (7.20) into pieces based on M. The cases where some M; = ¢; require
slightly different treatment, so we first consider the case M < §.

The case M < G: In this case m, > 0 and each S}Jr is non-empty (although if M; +1 = ¢;
then it consists of a single vertex). Any ¢ : Sg — Z% can be represented as (Drs D0y D1, 02),
where ¢ : S?\Z - 7% and ¢; : Slﬂ — 7% are the restrictions of ¢ to those subgraphs of S;;i.
Let us write v; = ¢([i, M;]) = or([7, M;]) and y; = ¢([4, M; + 1]) = ¢;([i, M; + 1]) for each
i=0,1,2. We will sum over 9,y. The weight W((Z)(Sf’j)) factors as

2
(7.21) W (¢) = W(px) [TW (hi)2eD(yi = vi)
i=0
Let
O =0 (D) = {¢: 83, > Z¢ such that ¢([i,M;]) = v;, for i =0,1,2},
7 =07(9) = {¢ € & : ¢([0,0]) = 0},
®; =0, (y;,x}) = {¢: S, - 2% such that ¢([i, M; +1]) = y;, &([4,q:]) =« },
where x(, = 29 = 0, 2} = 21 and 2, = z;,. Note that this forces y; = 2} if M; +1 =g¢;.
Let

T, ={7é: {RSISES?\;{}iRS ET((Z)W(S))VS}, and
T = {ﬁ = {Rsis €S )Ry € T(¢z‘(8))V8}, for each i =0, 1, 2.

Also introduce

I,_ Il\{l}, ifi=1
VL i), ifi=2,

(7.22) (SzlﬁMi(Ii))uiFI = {(Sj)jéff 155 € [iv [(MZ + 1)7Qi]] Vje Ii/}7 i=1,2,
and

(83, (To))\"ol = {(s;) jer 285 € [1,[1, Ma]] U [2,[1, M2]] Vj < iz and
s;€[0,[0,M1]]u[2,[0, M2]] Vj > iz}
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42 R. V. D. HOFSTAD, M. HOLMES, AND E.PERKINS

Then the contribution to (7.20) from M < § is

(7.23)
Y XY X W) X[ IT WR)IKIS.]]
I(ig) M<G U  ¢0®o ReTy seSE,
(7.24)
2
T Y weosh) I WRIKSL % T m, )]
i=1 - pied; ReT; seSL, Se(S1, yy, (L)Y el !

2
[T w] T Won(sh)

PrePr

< IO W®RIMISE T Tl )

ReT, seS%, 8e(S3, (Io))Hol jelo

We define the terms Ag, A;, i = 1,2 and A, (which depend on m., 7, ¥, Z, M, f) according
to the terms in the large brackets [] above so that (7.23)-(7.25) is equal to

p_l Z Z Z ApA1AsA

f(i2) M<gY0:Y1:Y2

Now letting mg = m.—My—1 and m; = m.+M;+1 for i = 1,2, observe that by the symmetry
of D and translation invariance (and recalling that ¢ (y) = 1 {y=0})

(7.26) pt) (yo), and  A; = (\I ) m, (Z1; — i) fori=1,2.

Here we adopt the convention (consistent with (7.11)) that t%r)(iz) =0 if one of the compo-
nents of 7 is negative. Let us demonstrate why this holds for example for the term A; in
the case I = {1,2,3}. Given M, and G define ¢ = g1 - My -1 =nq —mq and S}l = SL (as
defined for these values of M; and ¢;). Now observe that for general 7 and ,

(7.27) @) =pt 3 W(T)=p" ¥ W)L e)er) L(uws ta)eT)-
TeTH(w) TeTe, (w1)

Any lattice tree T containing the points (0,0), and (w;, ¢;) for i =1,...,3 can be expressed
as the union of a backbone ¢1(S%1) (starting at (0,0) and ending at (w1,#1)) and mutu-
ally avoiding ribs R; (themselves lattice trees emanating from each vertex ¢;(i) along the
backbone), such that wy and ws are vertices within this collection of ribs, of tree distances
{9 and ¢3 from the root in the lattice tree 7.

It follows that (7.27) can be written as

W@ =t Y Woish)

¢1€®1(0,w1)

(728) X 2 H W(RI)K[Sél] Z ]1{(11,2,52)6723,}ﬂ{(wg,fg)eRsn}.
ReT; iES}l s’,s”ES%l
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On the other hand, by translating by —y; we have that the term A; (for I} = {1,2,3}) is
> Wi(ei(Sy))
¢1€®@1(0,x1-y1)
(7.29)

< 2 [ TT WRIIKISL] 2 Las-yrims-m)ero) L(eayrms-mi)eR o)
ReT; seSé1 s’,s”eS%1

(7.30)

= ,0757(1[) — (le - yl)v

since n1 —mq = ¢; and we have set £; =n; —mq, 1 =2,3.

We write
(7.31) tO(2) - YV (E) =07 (2) + 150 (2),
where t(’“)o(:t) denotes the contribution to ¢\ (z) - k""" (%) from terms with M < §. Since

also 222:2 21(12) > 7> we obtain

(7.32)
Niy ((mll\mg)—l)/\n*(iz) mye—1

@ -3 Y Y Z(ﬁl tor 2y Gy =) ) [ D > 2 (40) A=(M) .

[ mi=1ma=1 g my=1 mo=0

We continue to identify A,(M), which is given by the last line in (7.25). To connect up
with the calculations in [34] we wish to describe this quantity viewed from the perspective
of the branch point, so via a change of coordinates we will identify ¢, € ®, with the branch
point y* and the translated map in ®*. For M = (My, M1, Ms) and @ = (vo,v1,v2) we let

(7.33) ()= Y W(e(S3)) X [ TI W(R)IJ[S3,]

Pre®% (V) ReTx SES?J’C{

be the same quantity defined in [34, Definition 4.12] and bounded in [34, Section 6]. Recall
that for j; € {1,2}, s = [Jj1,J2] € Szl, ¢ € ®, and R, a lattice tree containing ¢(s), we write
(x,n) € Rs if © € Ry and the tree distance from z to ¢(s) in Rs is n — (j2 + m,) (which
implies that the tree distance from x to o in R U qﬁ(S%) is n if this combined object is a
lattice tree). We now wish to record the spatial and temporal location of the vertex z € R
relative to the branch point (y., m. =mg+ My+1) of S;i. To this end, for ¢, € 7, we write

(z4,n:) €Rs if z, € R and the tree distance from x, to ¢r(s) in Ry is n. — jo.

(The latter implies that the tree distance to the branch point of S;E is jo +n. —jo = n..) We
now define

Tirm, (Fz) = 3 > W(ex(Sh)

5+€(8%, (10))*! dreP7 (V)

(7.34) x 3 [T WRIVISYH L. ner.. )
ReTx SGSL}I
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and

Ly CE NS E DY > W(ex(S3))
(5*78**)6 (z)TrE@*(’U)
(S?Q(IO))Q

(7.35) <y [ 11 W(Rs)]J[Siﬂﬂ{ (or 1) R |

QQTW SGS‘}[ (CE**,TL**)&RS**

In terms of this notation, we can identify

(7-36) AW(M):Z Z M”Io mo-Mo— 1(7) Yu; Ty = y*)z HD(y’L—U’L)

Yx V0,V1,02 1=0
Furthermore, define, using the same conventions, and writing n*(iz, m1,ma) = ((m1 A
mg) - 1) A n*(ig)

n* (iz,m1,m2) m.-1

(7.37) Xy, T E1) = 0% 3 >t (yo) Ax (M).

my=1 mo=0
Then, we obtain that

ni niz 2
(738) @)=Y Y X LA (5, (lj tag oy (1, 7).

7 mi=lmeo=1 gy

The case where M; = ¢; for some i€ {0,1,2}: Let Q = Q(M,§) = {i € {0,1,2} : M; = ¢;},
and Q°={0,1,2} \ Q. Then SilJr and T; are empty for each i € (), and there is no sum over
¢;. Moreover, W((;S(Sg)) factors as

(7.39) W(6) =W (6:) TT W(00)zeD i =)

Then the contribution to (7.20) from M ¢ § is given by

P Y X AAALAL
f(i2) ]\ZIsq‘: Y0,Y1,Y2
Mg
where for i = 0,1,2, we define 2/ as in the M < § case and
A;, if i € Q°,
A=t EC
l{yiz‘r(}’ 1f’LEQ7

and
Z[l;[? {vi= m}][.chcD(yi—vi)]
(7.40) x > W(x(83) ¥ [ [T W(Ro]J[S3,] 3 Hﬂ{@j,nj)ensj}-

Prelr ReT, seS%, ge(S3. (Io))ol 7€lo
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Setting mgo = -1 if My = qo, m1 =ny + 1 if My = q1, and mg = n;, + 1 if My = g (this is
consistent with our notation mgy =m. — My -1 and m; = m, + M; + 1 for ¢ = 1,2 if M; < g;),
we see that the contribution t”* () to t\’(z) — k" (Z) from terms with M ¢ ¢ is given by

tN @)= > Y( I I })

T Qg misni+liiegy mosni,+laeoy §  jeQ {0}

><( I1 2;'52](* —yj))

jeQe~{0}
o |n*(i2,m1,m2) ms=1 ) -
(7.41) <[Py Y [T0egeytin (40) + 1(0ey Lmo—13 ] AR (M)
me=0 mo=-l{oq)

We let £ (%) denote the contribution to t’*(z) from Q n{1,2} # @.

The remaining contribution is when @ = {0}, whence My = m. (in particular this includes
all remaining cases where m, = 0) and

7 misni mggni2 Y

2
(7.42) £0°(@) =kCP (@) +Y Y 3 Z(U o, (B, = 9)

n*(iz,m1,m2)
l4
x [p]l{yo=0} > Aﬂ(m*aMhMQ)]-
mx=0
Define
(Toh+1) wlmma)

(7.43) Xony o Ao (F,%1,) = pliyy=o} ZO Al (m, My, My).

My =
Then, we obtain that

’L 2
(141) @ =REP@ T D S T (@ 3 ( Lt o, (B, =)

7 mi=1mg=1 g

We now combine the above results. Letting

(lIpl+1) = = _ . (pl+1)@ = (lIpl+1)s -
Xm17m2,n1 (9, xIO) - Xml,m2;ﬁ10 (¥, xIO) + thm%fllo(

we have arrived at

(7.45)
2
5 n 1) o 2) /. . - (5l
t%>(x) :H% D(z) + H% 2(Z) + DD ZX%;)lell;;ﬁlo (y,xlo)( qtﬁé_mj (Z, - yj))
j=

J misnyme<ng, j

Given k e R™(=1 let ky, = (k; : j € I;). Multiplying (7.45) by ¢*% and summing over Z,
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we obtain
(7.46) B(k) =RGV(R) +REP R+ Y Y Y
I misn1 m2<ng, Yo,Y1,Y2
Z el Zgpery ki (@i —y1) o1 Zj ey kjl.yltg?llizl (Zr, —y1)
xll
> % jgety Bipya (T2l
Xg:el daely Kiy (23 =Y2) g1 X jpery Kipy24( Iz_mQ - Y2)
2

ik;-a; . (Tol+1) —
x ), ( [[e™ )Xrg(l)l:rlzz;ﬁlo (4, Z1,)-
i[o iEIO
This is equal to
SR CRTIEIORD Y YD YR L (I (R (O}

I mi1sni1 masng,

where we define

~ + k; i + o =
(7‘47) Xilrf?‘mg;mo Z Z ( Hel e, ki ye H olFi i )Xilrf(l)‘,wlzl,mo (y a:lo).
g

ZE]C

7.3. The bounds on XV assuming diagrammatic bounds. We continue to bound the
coefficients arising in the lace expansion. We start with |Iy| = 0, and see that from (7.37)
and using (7.36),

(748) Xy () =" 22 > 9 (o) (6 - ) [T 2eD i - ),
Yx v

mq,Mgy=0: 1=0
Mo+mo<n* (’iz,ml,mg)—l

where (Mo, My, Ms) = (Mo, m1 —mg— My —2,mq —my—My—2). We note that in (7.48), the
spatial location of the vertex at time m; is equal to yo+(vo—yo)+(y«—vo)+(v1—y« )+ (y1—v1) =
y1, as required. Here we recall the spatial location of the branch point is ..

Similarly, from (7.43) with Iy = @,

2
(749) X;}z);mg (y) :p]l{yozo} Z Z Z ]]‘{UOZO}’]T(T)’L*7M17M2) (ﬁ - y*) H ch(yi - Ui)-

Yx m*Sn*(iz,ml,mg) v i=1

We are aiming for the bound (3.10). Note that from (7.48)

(7.50) R, (F) < C > 2222ty (wo)lm i (0 - y*)ll—gch(yz vi)-

mgq,Mgy=0: U Ys Y
M0+mo£(m1 /\m2)72

Using that ¥, D(z; —y;) = 1 and also that sup,,, ¥, t,n(7) < K, we get that
R (R) <€ 30 3037 D0t (o) | (9= ) 1D (310 = v0)

mo,Mo ¥ Yo Y

> 2020 2ty (W)l (@)D (yo = uo - y)

mo,Mo 4 Yo Y=

(7.51) <C > > I (@),

mo,Mo:Mo+mo<n*(iz,m1,mz2)-1 4
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Similarly,

(7.52) R (B)] <C > Lmg=-1y 2. [y ()]

mo,Mg:Mo+mo<n* (ig ,M1,Mmo )—1

(ITpl+1)®

Since all of the bounds that we will obtain for x also apply to x(o"D* (they are in
fact easier in this case), henceforth we will only derive explicit bounds on y(0FH?, Tet

2 1 1

7.53 B(M) =
( ) ( ) ZZ(:) (MZ + 1)(d—6)/2 (Mz + Mj + 1)(d—4)/27

where {7,7} ={0,1,2} \ {¢}. The following bound is proved in [34, Section 6]:

PROPOSITION 7.1 (Bound on 7 [34]).  There exists C > 0 such that for sufficiently spread-
out lattice trees above 8 dimensions,

(7.54) Z |7 ()| < CB(M).

PROOF. See [34], where bounds are proved for the various contributions to m;, corre-
sponding to laces of various types. All these bounds are of the form as given in B (M ). As
in [34, Definition 2.8], a lace L on S?\Z (with all M; > 0) is acyclic if there is at least one
branch S}, i € {0,1,2} (called a special branch) such that there is exactly one bond, st € L,
covering the branch point of S:}[ that has an endpoint strictly on branch S}. A lace that is
not acyclic is called cyclic. Cyclic laces have 3 edges covering the branchpoint, while acyclic
laces may have two or three. In each case there can be many edges that do not cover the
branchpoint.

The contribution from acyclic laces with two edges covering the branchpoint comes from
[34, (6.3-6.5)].2 The contribution from acyclic laces with three edges covering the branch-
point comes from [34, (6.6-6.9)] and [34, end of Section 6.2], together with simplifications
(note that in [34], the quantities m; do not represent the same thing that they do in this pa-
per). For example note that [34, third line of (6.6)] (ignoring the constants in the numerator)
is bounded by

M, 1 1

(Ml + M2 + 1)d/2 mgé[]\/%:/Q,Mg] (MQ —my + 1)(d_8)/2 mng (m1 + M3 + 1)(d_4)/2
< My M, Z 1 < 1 C
T (My+ My +1)42 S5 (o 1) @D T (M + My + 1)(49/2 (M + 1)(4-6)/27

The contribution from cyclic laces comes from [34, (6.10), and end of Section 6.3] together
with simplifications. [

Recall that (.7\4()7 My, Mg) = (Mo,m1 -mgo—My—2,m9—mgy— My - 2), where my, mg > 2.
By changing variables to m) = my — 2 and m}, = ma — 2, the following lemma is sufficient to
verify (3.10).

“Note the typo in (6.3) in the reference, where the very last exponent should be (d —4)/2 instead of
(d-6)/2.
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LEMMA 7.2 (Bound on X .. ). Ford>8, witha=(d-6)/2>1, and for mi,my >0,

miy,m2

(7.55) Z B(Mo,m1 —mo—Mo,TrLg—mo—Mo) SC(ml Amz)_a

mo,Mo:m0+M0S(m1/\m2)
Consequently, for sufficiently spread-out lattice trees above 8 dimensions, uniformly in k,

(7.56) XD (B)| < C(my amy)™®

miy,m2

ProOF. We start with (7.55). By symmetry in mj,ma, there are two terms to consider.
Firstly, when ¢ =0, {i,7} = {1,2} in (7.53) and with m =mg + M),

(7.57)
Z (M() + 1)_(d_6)/2(m1 +mo — 2m0 - 2M0 + 1)_(d_4)/2

mo,Mo:mo+Mo<(miAma)

=y S (Mo +1) Oy 4 my - 2m 4+ 1) (/2

m<(miAme) Mo<m

<C Y (mi+ma-2m+ 1)~ (@72
m<(miAma)

< C(ml a mg)_(d_ﬁ)/2.

Similarly, when ¢ =2,{7,5} = {0,2} in (7.53) and again with m =mg + Mo,

(7.58) >, (ma —mg — Mo +1)" 2 (my —mg + 1)~/

mo,Mgy:mg +M0§(m1 /\’ITLQ)

= > (mg-m+ 1)~(d=6)/2 > (mi-mg+ 1)~(d=D)/2

m<(miAma) mo<m
<C Y (me-m+ 1)"@=0)/2 (g =+ 1)~(-6)/2
ms<(miAmz)

< C’(m1 a mg)_(d_G)/Q.

As £ =1 is similar, (7.56) now follows immediately by (7.51), (7.52) and Proposition 7.1. =

We continue our analysis of x10*V? for |Ij| > 0 by defining some notation. Recall (7.33),
(7.34) and (7.35). Then for |Iy| < 2 and with (My, My, Ms) = (Mg, my —mo—My—2, mg—mg—
My -2), and using that the temporal variable of the branch point equals m. = mg+ My + 1,
we have

(7.59)
oy G5 810) = P 203 > i (yo)(H zeD(yi - Uz))
Y« U mg,Mp: Mo+mo<n* (iz,m1,m2)-1

X 7TM;MO—7710—Mo—1(U —Yxi Iy = Y)-
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We are aiming for the bounds (3.11) and (3.12), and we proceed as in (7.48)-(7.51). Note
that from (7.47),

(7.60)
| ~(Igl+1)o i (k)|

Xmy,ma;iig

<C Z ZZZZt;i)o(yo)hrj\];ﬁlo—mo—Mo—l(ﬁ_y*;ffo = y«)|D(yo - vo)

Moy,mg: Yo i‘]o Ys U
M0+m0<n*(i2,m1,m2)

(7.61)
<C Z Z Z |7T]\7[;ﬁ10—m0—M0—1(a; Zr,)l-

Mo,mo: u Zp,
Mo+mo<n* (iz,m1,m2)

Denote the canonical basis vectors in R? by &1, €3, é3. To bound (% for |Iy| = 1,2, we
will make use of the following version of Proposition 7.1 with extra arms attached, in which
p=(10-d)/2 when d <10, pe (0, 3) for d =10 and p =0 for d > 10.

PROPOSITION 7.3 (Bound on 7 with extra arms). For lattice trees in dimensions d > 8
with L sufficiently large,

2 R 3 _
(7.62) Y i, (@2)| <C[nk + Y M| BT+ Y [ Y BOM +12))]

T i=0 0<t<n, ~j=1

and, recalling that (M vn),, = (M1 v My Vv n, Vn..),

2
(7.63) S i, (2, 20)| SC(M v n)**[(n* Ve )P + ZMi]B(M)
Uy T y T =0
3

+C(Mvn),, ¥ [ S B(M + téj)].

0<t<nsvnis  j=1

The proof of Proposition 7.3 is deferred to Appendix A where the arguments in [34] which
led to Propostion 7.1 are suitably modified. Let us now prove the required bounds (3.11)
and (3.12) assuming Proposition 7.3 with p = (10 —d)/2 when d < 10, p € (0, %) for d = 10
and p =0 for d > 10.
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PROPOSITION 7.4 (Bound on X§;) ..., with 7 =2,3).  For d>8 and a = (d-6)/2, and
for mi,ma >0,

(7.64) Z (m1—mo—Mo)B(Mo,m1—mo—Mo,mQ—mo—Mo)
mo+]\;(l)(£(]\frgi/\m2)

<C(mq 2 ma) *[(m1 4 ma) +ml],
(7.65) Z M()B(Mo,ml —moy — Mo,mg —mgy — Mo)

mq,Mq:
mo+Mo<(miAms)

SC(ml A mQ)_a[(ml a mg) + m’f],

(7.66) Z Z B((Mo,m1—mo—Mo,mQ—mo—M0)+téj)
0<t<n mq,Mq:
mo+Mo<(miAme)

<C(mq 8 mg) *[(m1 ams) + (m1 v ma)P].
Consequently, for sufficiently large L, above 8 dimensions, and uniformly in k,

(767) |A(2) (];I)| SC’(m1 Amg)ia[(ml Am2)+ (m1 \/7n2\/n,(.)p],

Xml yTT25 %

and (recall that (MV n).x =M1V M2 VNV Ny )

(7.68) X, (F)| < C(m v n)..(mi » mz)™[(my & ma) + (mvn)?,],

Xmlym%nan**

PRrROOF. We start by proving (7.64). From (7.53) there are three terms to consider. Firstly,
when ¢ =0,{7,5} = {1,2} in (7.53) and with m = mg + Mp,
(769) Z (m1 —mo — Mo)(Mg + 1)_(d_6)/2(m1 + Mmo — 2m0 - 2Mg + 1)_(d_4)/2
m0+M0S(m1/\m2)
< Z Z (M() + 1)—(d—6)/2(m1 +mg —2m + 1)7(d76)/2
m<(miAma) Mosm
<C Y (mi+mg-2m+ 1)~(d-6)/2
m<(miAma)
< C(m1 A m2)—(d—8)/2.
Next, when ¢ =1,{i,j} = {0,2} in (7.53) and again with m =mg + Mo,
(7.70) Z (m1 —mgy — MO)(m1 —moy — MO + 1)_(d_6)/2(m2 —mo + 1)_(d_4)/2
m0+M0S(m1/\m2)
< Z Z (m1-m+ 1)_(d_8)/2(m2 —-mo + 1)‘(d‘4)/2
m<(mqAma) MoSM
<C Y (mi-m+ 1)~ @82y — i+ 1)7(@-6)/2
m<(miAmz)

<C(my amg) @2 S (my—m+1) (0P

msmsa

+C(my 2 mz)f(dfﬁ)/z Z (my-m+ 1)’(“'/*8)/2

mimi

(7.71) <C(mya mg)f(”HS)/2 [(m1 amg) + mlf] ,
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where p is as described above. Finally, when ¢ = 2 {i,j} = {0,1} in (7.53) and again with
m =mg + My,

(7.72) > (m1 = mo = Mo)(m1 —mg + 1) D2 (my —mg — My + 1)~ (@972

m0+M0§(m1/\m2)

< Y (me-m+ 1)~(d=6)/2 > (mi-mg+ 1)~(d-6)/2

ms(ml/\mg) mos<m
<C Y (mi-m+1) I (g 4 1) (02
m<(miAma)

< C(my am2) TO2[(my a my) +mP],

as in the derivation of (7.71). This proves that all contributions in (7.64) obey the required
bound.

We continue by proving (7.65). There are three cases to consider. Firstly, when ¢ =
0,{7,7} ={1,2} in (7.53) and with m = mg + Mo,

> Mo(Mg + 1) 2 (my 4 my — 2mg — 2M + 1)~ (972
m0+1\;;0SY(A7/7[2;/\m2)
S E Z (MO + 1)_(d_8)/2(m1 +mo — 2m + 1)_(d_4)/2

m<miAmz Mo<miAma

<C(myAmg)P(my & mg)_(d_G)/Q,

as required. Secondly, when ¢ =1,{i,j} = {0,2} in (7.53) and if m; < my then

Z MQ(mQ —mo + 1)_(d_4)/2(m1 —mo — M() + 1)_(d_6)/2
m0+]\/7[7(:2’(1;[r?i /\mg)
< Z (TI’LQ —mo + 1)_(d_6)/2(m1 —mo — MO + 1)_(d_6)/2
mq,Mg:
mo+Mo<mq

< C(m1 A 77”02)_(d_6)/2 Z Z (m1 —mo + 1)_(d_6)/2

mo<m1 Mp<mi-mo

< C(m1 A TTLQ)_(CI_G)/2 Z (m1 - mo + 1)_(d_8)/2

mo<mi

< C(m1 A mQ)_(d_G)/z(ml A mg)p.

Finally, when ¢ =1,{i,j} = {0,2} in (7.53) and if mg < m; then

Z Mo(m2 - mo + 1)_(‘1_4)/2(1711 —mg - My + 1)—(d—6)/2
m0+1\/;zg(]\52i/\m2)
< Y (ma-mo+ 1) EO2 T (g —mg - My + 1)@
mo<mo MOSmQ—TI’LQ
<C Y (mag-mp+1) O (my amy) @92
mo<ms

SC’(ml A ’I’fLQ)_(d_g)/2 = C(m1 A mg)_(d_ﬁ)/2(m1 a TTLQ).
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52 R. V. D. HOFSTAD, M. HOLMES, AND E.PERKINS

This proves that all contributions in (7.65) obey the required bound.

We continue by proving (7.66). By (7.53) the +t term appears as (e +t)°, where b =
(d-6)/2 or (d—-4)/2. Summing this term over t < oo gives at most C(e)'™" = C(e)!(0)7?,
from which we obtain the desired bounds from (7.64) and (7.65).

We next prove (7.67). By (7.61), combined with (7.62) in Proposition 7.3,

2
(T.73) R e <C > [np@Mi]B(M)

mq,Mq:
mo+Mo<(mirma)-2

+C Z ;[i M+téj)],

mq,Mq:
mo+Mo<(miama)-2

and the bound on |{®*| is the same. Expressing the M; in terms of m;, the claim now follows

from (7.64)—(7.66) together with (7.55). The proof of (7.68) is identical once we notice that
the extra factor of (m Vv n).. arises from (7.63) and the fact that M; <m;, i=1,2. |

7.4. The bounds on & assuming Proposition 7.3. In this section we prove that (3.9)
holds for lattice trees, via the following proposition:

PROPOSITION 7.5.  For lattice trees with d > 8, and L sufficiently large, (3.9) holds with
a=2nA((3d-20)/(d-4))>1.

PROOF. Recall the notation of Section 7.2. By (7.14) and (7.12), tf:;:‘;l) #(Z) =0 unless
ny An;, =n. From (7.15),
R .or=1 ) - r—1 ]
I R DN B W IO R WO}

7 i9=2 2=2 12=2

From (7.14) if n > 0, then gp > 1 and proceeding as Section 7.2,

trR @)= Yy p Y W(e(S)) X [ Il W(RS)][ [1 ﬂ{(z.fv"f)ERSj}]

se(SZl;iQ)T“”’ ped ReT(§,4) seS*;E ¢l
X [ H [1 + Ust]:l
s,tESg
© ¥ orweE) S [IVE) T e w, )]
§e(S§i;i2)T‘3 ped ReT(q,¢) s€S3 J#li2 7
X [ H [1+U5t] H [1+Us’t’]]
s,t651 0.[1,90] s’,t’esg\Sé’[l’qo]
(7.75) <p(t2) D xt5i2)) (2).

Note that in deriving the bound (7.75) we have used the fact (as in Section 7.2) that
W(qb(Sg)) factors as W (¢(S;, 1Jo]))VV(gb(Sl o] ))VV(QZ)(S3 NS0 11,01))- At least one compo-

[1 -70
nent, say j, of i —n is equal to 0. In this case tf{fi)(y) = tgrz?)n(a:) =0 unless y; = 0 and
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SO t%rfﬁ)(gj) is bounded by the r — 1-point function of the remaining coordinates. Hence by
(7.75) for each io,

22 (0) < pi2, (0) D(OYEG2, (0) < i, (0) D(O)EY " (B) < Ol —nf" ™,
where we have abused the r—1-point notation slightly and used the fact (see (2.5) and (3.4),
or [34, Theorem 1.9]) that £5°(0) < Cn"2. Similarly,

- n—-n

£92(0) <t (0) < Cln-nl"®,  ifn=0.

Multiplying the constant by a factor of r — 1 arising from summing over is <7 -1 in (7.74)
gives the required bound on [#{™ (Z)].
Recall now that ! (Z) is the contribution to (7.41) due to @ n{1,2} # @, so that
mi1—1=mn1 or mg — 1 n;, (and with m, <n). We concentrate on the contribution due to
Q@ = {1} only (where mj -1 =n; and n*(iz,m1,m2) = n*(iz,m2) = (ma—1) An*(i2)), as the
other contributions are similar. From (7.40) , (7.34) and (7.35), and as in (7.59), for |lp| < 2
and with (Mo,Ml, Mg) = (M07n1 —mg — M[) - 1,m2 —mg — MO - 2) this is equal to

AC LS ey
Zf: m;ig yovyzgoz,w,y* "2 _m2( " 2)
(7.76)
< [p IO LS CEPRE D] (B § EN2IC7ERIH) )

mgq,Mg: 1€{0,2}
mo+Mo<n* (iz,ma)-1

By taking the Fourier transform, using Y ; t%’_ﬂ;;)(f) < (i —mg + 1)I2I71and proceeding as
n (7.51) and (7.61), we have

(7.77)

Bl<Cy Y (n-my+ )t 2 5 2 [t -t (s 10)

T m2s<n, mg,Mq: U 2y,
mo+Mo<n* (’iz ,mz)fl

where it is understood that T i, (U;21,) = my(u) if Ip =@
The |Ip| = 0 contribution to (7.77) is bounded, as in Proposition 7.1 and Lemma 7.2, by

(7.78) C Y Y (mgs )BT Sy ()

f:|10‘:0 m2<ni, mq,Mg:
m0+M0§(n1 /\mg)

<C Y Y (a-me+ )Ry amy)

I Io|=0 M2y

with b= (d—-6)/2 and |Io| < r — 2. We take a power € = £(r) € (0,1) to be determined later
on, and split depending on whether mo < ny — 7° or not. When msy > ny — n®, then we can
bound

(7.79) (=mg+ DB = (= ny +ny —mo + DI < C(R-n)"% + 32,
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and summing (n1 4 my)~" over my in (7.78) gives a constant. This gives a bound of
(7.80) Cl(A-n)""3+ a2,
When, instead, mg < n; —n®, then we can bound (7 — mq + 1)‘12|_1 <7 3, and use that

(7.81) S (ngamg) b <O,

mao<ni—nc

We now verify (3.9) with a =2 ((3d -20)/(d-4) > 1 and p as in the previous section but
chosen in (0,1/3) if d = 10. Combining the above bounds yields that the contribution to
£ due to |Ip| = 0 is bounded by

(782) C’[(ﬁ — E)T_?’ + e 4 ﬁr—3ﬁ—(d_8)5/2]‘

When 7 =3 or 4, £ = 1/2 will prove the claim. When r = 5, we optimize over ¢ which gives
e =4/(d-4), yielding a bound of the form C[(7—n)?+ % (@1]. We complete the proof by
writing 8/(d-4) =3 - (3d-20)/(d-4) <3 -a so that the bounds (3.9) hold.

The contribution to (7.77) from |Ip| = 1 is 0 if » = 3. For r > 4 it is bounded using
Lemma 7.2 and Propositions 7.3 and 7.4 (and using the trivial bound (7i—mg+1)2"1 < 774
since |I| <7 —3) by

YX Geme )BT S Y S i meany (710

[ Ig|=1m25niy mg,Mo: U TIg
mo+Mop<n* (ig,mg)—l

SC?LT74 Z (m a mg)fb[(nl a mg) + (n1 \Y, Tng)p + nlljo]
mgﬁniQ

(783) SCﬁT74[ Z (nl N mz)lfb + ﬁp] < P4

mo $1’Li2

This satisfies (3.9) when 7 = 4 since p < 1 and when r = 5 provided 3 -a > p+ 1, which holds
for our choice of a and p (p < 1/3 is used here).

The contribution to (7.77) from |Iy| = 2 is 0 if r = 3,4. For r = 5, since |Iz| -1 = 0 the
contribution is bounded, again using Lemma 7.2 and Propositions 7.3 and 7.4, by

(7.84) C Z Z Z Z Z |7TM;ﬁ10—mo—M0—1(ﬂ;'fIO)‘

f:‘_[0|:2 mQSnZ'Q mq,Mg: U T,
mo+Mo<n* (i2,m2)-1

(7.85) <Cn Z (ng 2 mg)_b[(nl amg) + (n1 vme)? +7ng?].
szniQ

As in (7.83) and the previous argument, this is at most a'*? < n37%, and so satisfies (3.9)

with r = 5. [
Appendix A -  Proof of Proposition 7.3. Recall that Proposition 7.3 states
that for lattice trees in dimensions d > 8 with L sufficiently large,
2 ~ 3 .
(A.1) > |7rM;m(ﬂ;m*)|S[n€+ZMj]B(M)+ > Y B(M +tej)
Ty §=0 0<t<ns j=1
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and, recalling that (M v n),, = (M; Vv MaVn, Vn..),

2 3
(A2) > |, (G o) | (M V) [ [ My +nl]1B(M) + 3 > B(M +te;)

Uy T y T 7=0 t<ny j=1

In this section we prove these results by making simple but important modifications to
the diagrammatic bounds derived in [34] that were used there to prove Proposition 7.1. In
that work the derivation of the diagrams and subsequent bounding totalled about 30 pages.
We will not repeat the arguments to the same level of detail here, but will instead focus on
the modifications required. We start in the next section by giving an overview of the proof.

A.1  Owverview of the proof. Recall first how diagrams arise. By putting absolute values
around J[S?. ] in (7.34), (7.35), and (7.33),

(A.3)
LGS IES Y > W(ex(3)) X [ TT WRIWIS (e mrere s
s*E(S‘;’\Z(IO))l Gredi (D) ReTx seS'}I
and

|7TM;n*7n**(6;m*7x**)| < Z Z W(QSW(S?\Z))
(5*,5**)€ (f)ﬂeq):r(’lj)
(Si*l(lo))Q

(A.4) x 33 LTI WRIWISHIN (e m)erey L imen)eRe )
ReT, s€S8%,

If the indicators 1y, n,)er.,} and Lis,, n,,)eR,,,} Would be absent, then we would simply
obtain |7 (9)|, and in this appendix we study these extra indicators.

Recall that J [S?\Z] = Zpegconn(siq) [Tster Ust. There are many connected graphs to sum
over, so it is convenient to restructure the sum in terms of minimally (except possibly for
an extra edge covering the branch point) connected graphs, which are called laces. Here
we call a connected graph minimal when removing any of its edges disconnect the graph.
Indeed, for each connected graph on S?\?[ one can construct an associated lace. Any given
lace L has a corresponding set of compatible edges C(L) such that if we combine any subset
of C(L) with L, we obtain a connected graph on S?\Z whose associated lace is again L. In
particular, any edge s’t’ that is completely covered by some edge st € L is compatible with
L. See [34, Section 2] for precise definitions. Then [34, (2.10)] states that

(A5) J1=S Y TMU« I1 [1+Uwl,

N=1 N)(S3. ) steL 4
LeL( )(SM) ste s't’eC(L)

where L )(S?\Z) is the set of laces on Siz consisting of exactly N edges. We define quantities
7™ to be the contributions to the corresponding 7 quantities from laces consisting of exactly
N edges. Note that the sum over N is in fact finite as for IV large (depending on M ) all
summands are 0 (finite M limits the number of possible edges in a lace).
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Since Uy € {0,-1}, this is only non-zero when all Uy = -1 for all st € L, in which case
the terms in the sum over N are alternating in sign. Clearly,

(A.6) <Y Y TIU TT [+Ual,

N=1 Le£()(s3, ) stel s't'eC(L)
and so
(A7)
SIOWERIMSLI<Y Y S U WERITUa T [1+ U]
ReTx SES?W N=1 LeLUV)(S?V[)fzeqr,r seS‘;’VI stel s't’eC(L)

Of course, since each [1+ U] is either 0 or 1, we obtain a further upper bound by taking a
product over any convenient subset C c C(L) on the right-hand side of (A.6). Note that [34,
page 687, after (2.11)] shows that we need only consider minimal laces. Henceforth (as in
[34]), it will be assumed that all of our laces are minimal (recall that our definition allowed
for an extra edge covering the branch point).

We start with (A.3). We note that the effect due to the extra indicator 1(,, »,)er,, ) is to
add a path to the corresponding vertex coming from s, € S?\Z within the existing diagram.
There are different cases, depending on whether s, € S?\Z is part of an edge in the lace or
not. When it is part of an edge of the lace, it can in fact be part of several edges, with a
maximum of three. We bound these cases separately.

When s, € S?\Z is not part of an edge in the lace, we can use self-repellence (essentially
dropping some factors of [1 + Ugy ] in (A.7)) to upper bound this effect on 7 N, DY mul-
tiplying the bound by the number of possible s, € Si;[, where s, cannot lie on the branch
(0,[0, Mp]), and multiplying by fﬁfj,mh (0) where my, is the temporal coordinate of s, € S‘?\Z.
Now, |£?(0)| < K uniformly in m, and thus we just multiply our bound by M + My + 1,

which is an upper bound on the number of possible ribs that are not involved in an edge in
the lace. This leads to the Y7, M; contribution to the right side of (7.62).

The situation where s, is part of (at least one) edge of the lace is much more complicated,
so let us first recall how to derive the diagrammatic bounds without any extra arms. For
this purpose, define p(z) = p,, («), which is a two-point function for paths of unrestricted
length.

If se S?V[ is part of (at least one) edge of the lace, then (A.6) contains a factor —Ug (or
~Uys) for every t e S:]))\Z for which st € L. For s € S?\?I’ let ys denote the spatial location of the
root of the rib Rs. A factor —Uyg; or —Uys, which are the indicators that R, intersects Ry,
implies that both ys and y; send out an arm to a vertex zs; that is in the intersection of
Rs and Ry, but imposes no restriction on the length of that arm. Thus, while the backbone
consists of paths of some fixed lengths m for an appropriate m, the factors Uy give rise to
paths of an unrestricted length, and hence factors of the form p(zs —-). When s € S?\Z is
part of precisely one edge in the lace, we get a factor p(zst — ys) that originates from the
factor Ug at the vertex s (together with a similar term at ¢ € Si—J, depending on the number
of other Ugy in the lace). When s € S?\Z is part of precisely two edges in the lace, this gives
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rise to a factor p® (zsy, — ys, 2st, — Ys) that originates from the factors Ug, and Uy, at the
vertex s, where for z € Z¥r=1)  p((z) = Y Ts0.21.z 1 W(T). In particular,

(A.8) PO (z1,22) = Y W(T)=p Xt (21, 22)

T20,21,22

is the (unnormalized) three-point function summed out over the backbone lengths. This can
easily be bounded by

(A.9) P (21,22) € Y p(w)pl1 - w)p(zz - w).

weZ4

Intuitively this comes from ignoring the mutual-avoidance between the three trees emanat-
ing from the branch point w. More formally, note that the right hand side of (A.9) can be
expressed as

(A.10) Yo W(TH D wW(T") > wW(T")

w T'30,w T">w,z1 T"5w,z9

and (A.9) follows since every T 3 0, 21,29 appears as at least one triple 7/ u 7" uT"" for
some w.
When s € S?\Z is part of precisely three edges in the lace, this gives rise to a factor

P (Zsty = Yss Zsty — Yss Zsts — Ys) that originates from the factors Uy, , Uy, and Ug, at the
vertex s € S?\;[, where now

(A.11) P (z1,20,23) =p Y 50 (21,2, 23)

7 "
n,n’,n

is the (unnormalized) four-point function summed out over the backbone lengths. This can
again easily be bounded in a similar way as in (A.9), but things are a bit more difficult
since now there are multiple possible topologies for the subtree leading to the points (z1,n),
(z2,n") and (z3,n").

We now begin describing the effect of an addition of the indicator 1¢(,, »,jer,,}- When
Sy € S?\Z is part of precisely one edge in the lace, the factor p(zs,; — ys,) is replaced with

(3)
Pre—ms, (Zs*t T Ysr Tx — ys*)’ where now

(A.12) P (21,22) = p )t (21, 22).
n

is the (unnormalized) three-point function for which part of the tree has fixed length and
part has a length that is being summed out over. Moreover, arguing as for (A.9),

(A.13) P (z1,20) <p? Y ()t (22— w)p(z1 - w).

weZd m'<m

Comparing (A.9) to (A.13) we see that (apart from normalization constants) the effect of
the indicator 1y(4, n,)er,,} 18 (a) to add a line to (z.,n.) of time length n, - ms, and
displacement x. —ys; and (b) to restrict the time length of parts of the paths in the three-
point function.

imsart-aop ver. 2014/02/20 file: finalrevJulyl7-14.tex date: July 18, 2014



58 R. V. D. HOFSTAD, M. HOLMES, AND E.PERKINS

When s, € S?\Z is part of precisely two edges in the lace, the factor p® (25, ¢, —Ys. , Zs,to—Ys, )

. . 4
is replaced with a factor pﬁh)_m“ (Zsuty = Yses Zsuty — Yses Tx — Ys, ), where now

(A.14) p%)(ZhZ??Z?)) =p Z tiﬁb)’,m",m(zlﬂz?rz?:)'

m/ m’"'<m

In bounding this quantity in a similar way to (A.13) one must consider different possible
connection topologies, but again the effect of the indicator 1y(,, n,)er,,} 18 (a) to add a line
to (x«,m.) of time length n, —ms, and displacement z. — ys,; and (b) to restrict the time
length of parts of the paths in the four-point function.

Finally, when s, € S?\Z is part of precisely three edges in the lace, the factor p™®(zs,s —

Zsuts —Ysy Zs.ts —Ys, ) is replaced with a factor p’ (Zsut, — —Ysy s Zsuts— -
ny—? Sxlo ny— Sxl3 ysx— p ace a facto pn*—ms* Sxt1 ys*?’zsx—t2 ysx—’ Sxt3 ny—)m*
Ys, ), Where now

(A.15) P (2120, 23,20) =p D b (21, 2, 23, 24),

m’ m” m'""'<m

and again the effect of the indicator is (a) and (b) above.

A similar analysis can be performed when we have the two indicators 1, »,jer,,} and
1 {(@xsmes)eRos, - The situation where s, = s.. adds further complexity to the situations
described above in that another extra line to a point (Z.x — Ys,,Nx — My, ) is added. We
refrain from giving more details here.

Let us now describe how we handle these modified diagrams. The bounds on the diagrams
are obtained by bounding combinations of two-point functions, using the bounds [t&|; < K,
1t? | < K/(m+1)Y? as well as the z-space bound p(z) < K(|z|z + 1)~ (*?). The latter
x-space bound may be found in Theorem 1.2 of [17]. Essentially, [34, Lemma 5.4] (restated
below as Lemma A.1) states that for every £ > 1 and all m; > 1,

(A.16) sup(tﬁl)1 * ek t7(721)e * p*k)(m) <C(my+-+my+ 1)—(d—2k)/2’

and also gives bounds on the L' norm which imply the above bound on ||t$,3)||1. (In fact,
in [34] the fixed-length 2-point functions are unnormalized and moreover in [34, Lemma
5.4] one is dealing with convolutions of p** and fixed length functions of the form h,, =
2eD * pty—9 * z.D instead of t,,, but the same bounds hold up to constants.) The bound
(A.16) is used repeatedly to bound the diagrams in [34], and so it is important to understand
how this kind of bound can be used on our modified diagrams.

In Proposition 7.3 we will, for example, wish to bound (A.13) summed over z2, instead of
p@(z1). We may use the fact that ¥, ¢*(z — w) < K uniformly in I, to obtain a bound on
this sum of C' ¥,em (t2) # p)(21) (instead of p(z1)). The extra line in C' ¥e, (t2) * p) (21)
compared to p(z1) will be carried along in this bounding scheme, and, since it is always
next to a line in the backbone (i.e. a line of fixed length), it will amount to replacing a line
ti (v—u) for some v,u by C' ¥, (t5) * t)(v—u). Thus, instead of the left hand side of
(A.16) we would have something of the form

(A17) O Y sup(t@ -+t +t2 x pF) (@) <C Y (my + -+ mg+m + 1) (@22,

m/<sm T m’<m
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since the bound (A.16) still applies to the left hand side of (A.17) (which has an extra path
of length m’). As explained in more detail below, following the bounds in [34, Section 6]
then implies a bound of the form of the second term in (7.62). We use similar ideas for the
bound on 7,; with two extra arms. As explained in more detail below, this extra arm gives
rise to another factor of n in our bound.

The remainder of the proof is organised as follows. In Section A.2, we start by investigat-
ing the contribution to Tirin from laces on an interval, starting with the single-edge lace in
Section A.2.1, and considering first the effect of adding the indicator 1y(,, n,)er,,}, followed
by the combined effect of the indicators Ly, »,jer,,} and Ly, n,,)eR,,,}- We continue the
analysis with two-edge laces on an interval in Section A.2.2, followed by the general case of
laces on an interval with more than two edges in Section A.2.3. Finally in Section A.3 we
study general laces on S?\Z'

A.2  Laces on an interval. Recall Section 1.2.2. Define hy,(u) by

22(D*pt? , x+ D)(u) if m>2,
(A.18) him(u) = § z.D(u) if m=1,
:H-{u:o} if m = 0,

where pt{” (u) = pliy=o)- For [ > 1 and given m € Z'., we define h"(z) = (R, * -+ * b, ) (2)

to be the [-fold spatial convolution of the h,,,, and similarly for [ € {1,2,3,4} we define

PV (z) to be the I-fold spatial convolution of p(-) with itself, with p"**(z) = T,_p).
Define

(A.19) P () = i:o () = Laoy + 2eD(z) + 22(D % p % D)().

It is easy to show that for some v > 0, p'(z) < C, (Il{xzo} + ]1{“0}[L2_”(|x| +1)472]71), for
each z assuming that p(z) satisfies this bound (but with a different constant). In other
words, p(z) satisfies [34, (1.4)] with a different constant C.

In this section we consider the case where exactly one of the M;’s, say M; = M, in S3. s
non-zero. This corresponds to S = [, [0, M;]] = [4,[0, M]], and we will denote vertices f\g[,é]
n [4,[0,M]] by 2.

A.2.1 The single-edge lace. Consider the further special case of the unique lace L on S
consisting of one edge (i.e., the lace L = {OM }). Thus, we study 71(()13\40(111), where we recall

that w;\;(f)) denotes the contribution to m;(v) from laces containing only one edge. Every
other edge on S is compatible with this lace. In particular, for this L,

(A20) H [_Ust] H [1 + Us’t’] < [_UOM]K[]-’ M - 1]
stel s't’eC(L)

Also —Uonr = IironRry+o}) S Zaezd Lizieroy L{ziery )+ Of course by definition, o € R and
V1 € RM.
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z
Ty w1 !
wy 2 wl”_', 2
0 Sy M—s, U1
0 M U1 0 M U1 Ty

Fic 2. The diagram arising from a lace containing only one edge, and two of the diagrams arising from
adding an extra arm; at s, =0 and 0 < s. < M respectively. Dark lines correspond to h terms and light lines
to p terms.

Let S=={1,...,M ~1} and ®§ ((1,¢) = {¢' : S— > Z7: ¢/(1) = (1,¢'(M - 1) = (2}
From (7.33), (A.7), and (A.20), and assuming that M > 2, we can (for example) bound

ZT; |7TEE)),M,0) (T))| by

Z]l{vo=v2=o} Z W(¢W(S)) Z [ H W(Rs)][_UOM]K[LM_l]

Predg(v1) ReTr s€8%,
(A.21)
< Z Z ]l{UO:U2:0} Z W((bﬂ'(s)) Z [H W(RS)]]I{Zle’Ro}l{zleRJ\/j}K[lv M - 1]
z1 9 pre®g(v1) ReT, S€S

=ZZ[ > W(RO)][ > W(RM)]ZZcD(Cl)ZcD(Ul—@)

z1 v1  Ropd30,z1 Rardvi,21 (1,C2

A22) x| ¥ ow(gs-) Y [T WRIK[LM-1]].

¢'e®g (C1,¢2) RseT(¢'(s)),s€S— s€S—

As for A; in (7.26) this is equal to

(A.23) ; ;P(zl - 0)p(z1-v1) CZ; 2eD(C)pts] 5 (G = 1) D(v1 - (2)
1 15 >l (1) p? (01 —1;)2

(A.24) S%PZhM(Ul)P(*Q)(Ul - (0+w1))

(A.25) =8111:p ;1\4 * pU2 (w).

The supremum over w; may seem odd in the above but this kind of bound will be useful
when we will need to bound multiple edge laces. See the first diagram in Figure 2. The same
is true when M < 2.

Notation. We will use Cg to denote positive constants of the form CB(L) where S(L)

approaches 0 as L - oo and C is a constant which may depend on d but not L, and may
change from line to line.
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Applying the following lemma (see [34, Lemma 5.4]) with [ =1 and m; = M, we see that
the quantity in (A.25) is bounded above by Cg(M + 1)~(d=H)/2,

LEMMA A.1.  The following bounds hold for all £>1 and ke {1,...4} with t =Y, t;,

CB

(*l) (*lc)

and ||h§*l)\|1 <C.

Note that to prove Lemma A.1, the only fact about p(-) required (apart from symmetry
and translation invariance) is the bound p(z) < K(||z]l2 + 1)~ (see [34, (1.4), Lemma
5.8, Prop. 5.9, Lemma 5.10, Sec.5.4.1]). Since p’(-) also satisfies this bound it follows that

Lemma A.1 remains valid when any p is replaced by p’.
Recall that Wég)]W 0)im (U;24) denotes the contribution to (g as,0);n, (U;2+) from laces

containing only N edges. Asin (A.21), X5, |7r(0 M.0): .. (U32)| is bounded by

(A.27)

22000 2 W(ex(8)

$+€8 T 21 V1 $redf(v1)

X Z [H W(Rs)]ﬂ{zleRQﬁRju}K[l? Sx = 1]K[S* + 17M - 1]]]‘{(56*,71*)@723*}7
ReT, S€S
where if s, =0 or s, = M, K[1,s. - 1]K[s«+1,M -1]= K[1,M - 1].

Proceeding as above, the contribution to the above sum from s, =0 is

(A.28) XXX X WR) L (armere) |01 = 20)har (v1).

Tx 21 V1 Rpd0,z1
Let ¢ denote the “branch point” in Ry for the connection from o to z; and x. (it could be
0, Tx, 21 or some other point). The connection from o to z, in Ry is of length n., and the
branch point ( is connected to o by some path of length n’ < n, in Rg. Proceeding as above,

(A.28) is bounded by
IO Zh (b= (T = O)p(C = 21) p(v1 = 21) haa (1)

Tx 21 V1 n/<ny

<ZZ Z Zh (C)P(C Zl) I:Zhn* n(x*—C):lp(’Ul—Zl)hM(’Ul)

Z1 V1 n'<nyx

(A.29) <Cp Y, SuphM « pUP sk hy(w) <Ch Yo (M +n'+ 1)~ @072

n'<n, W n'<ny

where we have used Lemma A.1 to bound both the sum over x, and the supremum over w.
See the second diagram in Figure 2. The contribution from s, = M gives the same bound.
We are left to bound

2220 2 W(ek(S))

0<ss<M xx 21 V1 d)ﬂ-€<1>§(’ul)

(ASO) X QZ [QW(RS)]H{QEROORM}K[L5* - 1]K|:5* + 17M - 1]]]-{(1*,71*)&735*}'
ReT, S€
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This is bounded by
> X Z s, (Ohni-s, (V1 = Ohn,—s, (24 = Q) p(v1 = 21)p(21 - 0)

0<s«<M T+ 21 V1

(A.31)
- Z Zzhs*(g)hM S*(vl_c) [Zhn* s*(x* C):| (*2)(1)1)

0<S*<M U1
* * d- —(d-
<Ci ) hési),M oy * P (0) < CaM(M +1) (@D < CyM(M +1)~ D)2,
O<sx<M
where we have again used Lemma A.1 to bound the sum over z,. See the third diagram in
Figure 2.

So what we have seen in this section is that the bound on 7 was obtained by using
Lemma A.1 and takes the form Cg(M +1)~(*9/2. When we add an extra arm to 7, we
again use Lemma A.1, but the bound becomes

(A4.32) Cs 3 (M +n'+1)" D2 L Copp(M +1)"@D2,

n/<ns

with the first term arising when the extra arm is added at a vertex of S coinciding with
one of the endpoints of edges of the lace, and the second term coming from the rest (when
the extra arm does not coincide with the lace edge), as in the second and third diagrams of
Figure 2.

Now consider what happens when we add a second arm, where the two arms arise from
indicators Ly, n,)er,,y and Ly, n,,)eR,,,} respectively. There are contributions from
Sex = Sy and S, # S.«. In the latter case, without loss of generality assume that s, < s4.. If
0 < S« < S«x < M, then (see the first diagram of Figure 3) hps(v1) in (A.24) is replaced with

DD > Pt (C1) D oy e (4 = C1) e (G2 = C1)

C1 G2 n'<nu AM n/"<(M AN )-n'

X Z hnm—n’—n”(x** - CZ)hM—n’—n”(vl - <2)

Tk

<C Z [ Z P * B % hM—n’—n”(Ul)]'

N’ <ngw—n' n'<n.AM

Note that the sum over n’ and n” replaces the sum over s, s, here.

We can now proceed as in (A.31) (performing the “extra” sum over n’ at the very last
step) with hg Mes, )(1)1) replaced by hE:’LB’),n”,M—n’—n”)(Ul)‘ These two objects satisfy the
same bounds in Lemma A.1, so there is no change to the bounds until we perform the last
sum to get an additional factor Y ,i,, 1 < ny. at the end. When 0 = s, < s, < M, the

additional effect of the second arm is to replace hps(v1) in (A.28) with

(A.33)
Y Y ) E i@ - a1 =) € D ()]
C2 n/'<nys AM Tx n' <nys AM

and again we get no change to the bounds in (A.29) until performing the final sum over n"’
to get an extra factor n... Similarly when 0 = s, < s.» = M, for the convolution X p(z1 -
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x
z *%
w1 1 T Tux
2, —C2
wln’ " 21 wy o n” 21
Cl CQ Cl
SEENS
o n' n” vl
Ty Tyx 0 M U1 o M U1
w1 1
G
o Sy n' ]\/[,S* V1
(2 Tk
T

Fic 3. Some of the diagrams arising from a lace containing only one edge, with two extra arms added at
S« and S«». From left to right the figures correspond to the situations where 0 < s. < S«x < M, two cases of
Sx = Sxx =0, and 0 < 84 = 544 < M respectively.

w1 )p(v1 — 2z1) appearing in (A.24), in addition to replacing p(z; —wj) by (coming from the
first added arm)

(A.34) ZZh (G _wl)Zhn* (2% = C1)p(21 - 1),

G on
we replace p(vy — z1) with

(A.35)
> [ her(G-w) th w(@e=C)p(z1=C)]<C Y [y p(z1 —o1)].

n"<nix—M (2 n''<nix—M

This allows us to again proceed as above, performing the sum over n' last to get an extra
factor of 1.

It remains to consider the case si = S«x. If 5x = 54« = 0 then there is a tree rooted at
wy that branches (the branching could be degenerate) to the points x. and .. (and z1).
Either z; branches off after the z.,z.. branch point or before (see the second and third
diagrams of Figure 3). According to these cases, either p(w; — z1) is replaced with

Y[ X S (w1 =) E b - ) Lo =) T b (s~ G)p(z1 - G) |

n"<nyy  n'<ns Cl Txx

<C B [ X Wiy olun =)

n"<nygs  n'<ng

which we can bound as before (getting an extra n,, from the sum over n” at the end), or
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p(wy — 21) is replaced with

Z [ Z Z h ’LU1 - Cl) Z hn”fn (42 - Cl) Z hnM n/'—n/ (SL\M CQ)

N’ <nx n’g(n*/\n**)—n" G1 Tax

X Z hn,e—n”—n’(‘ryr - €2)p(21 - gl)]

< ¥ [ > Zhnf(wrcl)p(m—@)],

n'<nyx  n'<ny (1

where we have first performed the sums over x, and z,., and then the sum over (. We can
now proceed as before, summing over n'' at the very last step to get an additional factor of
Nux. The cases where s, = s = M or (see the last diagram in Figure 3) 0 < . = s4x < M
can be handled similarly, giving the same extra factor of 71,..

In the more general/complicated diagrams to be considered later, the addition of a second
arm is handled in the same way, thanks to Lemma A.1 and the fact that we decompose the
diagrams without regard to s, and s... We can always perform the final sum over n” < n,,
at the very last step to give the extra factor n... For this reason, hereafter we explain only
the effect on the bounds of adding the first arm.

A.2.2 Two-edge laces on an interval. Consider now the contribution from laces on the
interval S to the sums in Proposition 7.3, or their armless analogues consisting of exactly
N = 2 edges. These are laces of the form L = {0(t1 + t2),t1M} with 0 < ¢; < M and
t1 < (t1 +t2) < M, and a sum over all such L is equivalent to summing over ¢; and to. Thus,

oo T1-Us] T [1+Usw]

LeL(2)(8) steL s't’'eC(L)
M-1M-1-t;
(A.36) Z Z Uo(ty+t2)Uti M [1 [1+Usv]
t1=1  t2=0 s't’eC(L)
M-1M-1-t;
Z > Uo(trsto)UnmK[1t1 = 1]K [ty + 1,8y +tg = 1]K[t1 + 2+ 1, M - 1]

t2—1

=1
M-
Z Uot, Uy, M K[1,t1 - 1]K[t; + 1, M - 1],

since each of the intervals [1,¢; —1], [t1+1,t;1 +t2—1], [t1 +t2+1, M —1] is covered by one of
the edges in the lace (so any edge in these intervals is compatible with the lace). As above
Uy < Zzlezd 1{21€R0}ﬂ{21€Rt}, and similarly —Uyps < ZzzGZd ]l{zgeRt}]l{zgeRM}'

Now let t3 = M — (t1 +t2) and use the fact that W (¢-(S)) factors into the weights of the
embeddings of the intervals [0,¢1], [t1,t1 +t2], [t1 +t2, M], and proceed as in Section A.2.1
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w1 ug 11
<1
ta
Z2
0 T U7 U] + w2
w Z
1 U1 + w9y
<1 <2
0] 4 ul /U]_

Fic 4. The opened diagrams corresponding to 2-edge laces on a single branch, with t2 > 0 and t2 = 0
respectively. Dark lines correspond to h terms and light lines to p terms.

to get a bound on Y |7réé)7M70)(17)| of the form (see (7.33) and (A.7))

Z_: > 2 > huy(wa)hey (w2 —un) iy (v1 = uz)p(21 = uz)p(21 - 0)p(z2 = ur)p(vr - 22)

t1=1 to=1 wi,u1,u2 21,22
(A.38)
M-1
+ 20 D limoy D D he(wn)heg(vi —ua)p(z1 = 2)p(z1 = 0)p(z = ur)p(vi = 22)p(22 - 2)
t1=1 t2 V1,U1,2 21,22
(A.39)

M-1M-1-1;
<Y > sup Y hy (wr)hey (g = ur) by (v1 = u2) pU? (ug = (0 + w1))p"? (v1 + wa —ur)

t1=1 to=1 W1,W2wvq,u1,us

(A.40)
M-1
+ Lm0y D, Sup Do Y hey (un) by (v1 = u1)pt? (2 = wi) pt? (v1 +wa - 2)p(z = u1),

t1=1 W1,W2 vy uyp,z

where in (A.38) we have used the fact that if z; € Ry, and 22 € Ry, then there exists some
branch point z from which these connections in R, take place. The quantities (A.39) and
(A.40) can be represented in terms of diagrams as in Figure 4.

We decompose the diagram according to which of ¢1,t2,t3 are comparable to M. In
particular, at least one of t1,t9,t3 needs to be at least M /3, and we decompose depending
on which it is. We start by bounding (A.40), which corresponds to the case where to = 0. We
then continue to deal with the general term in (A.39), which corresponds to general t9 > 0.

The case (A.40) with t2 = 0 is easiest. The contribution to (A.40) from t3 = M -1 > 1,
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w z

1 V1 + w9y
o Sy ltl — S ul Ul
w : z

1 V1 + w9y
0 T Ul s -1 u1

Ty

Fic 5. Two diagrams corresponding to a 2-edge lace (with t2 = 0) on a single branch, with an extra arm
added at s., where 0 < s« <t1 and t1 < s« < M respectively.

so that ¢ < M /2, is

> sup o by (un)p? (2 = wi)p(z = ur) Y heg (v1 = un)pt® (v1 +wa — (ur + 2 —ur))

tlsM/Q'wl,wZ U1,z V1
(A.41)
< Yo osup Y hy (un)p®? (2 —wi)p(z - ur)

t1<M[2 W1W2 uy,z

x su,thtg(vl —up)p? (v1 + wy — (ug +2")).

z V1

We first bound the sup over 2’ by Cg(t3+ 1)~(d=H/2 ¢ Chp(M + 1)~(@=9/2 ysing Lemma A.1.
Then using Lemma A.1 again we write

(A.42) >, sup . by (u)p"P (z—wi)p(z—w) < Y, Chlti+ 1)~(d=6)/2 ¢ Cj.
t1<M /2 W1 ui,z t1<M /2

Thus (A.41) is bounded by (Cé)2(M +1)7(¢=D/2 By translating the diagram by —v; (so
shifting the origin to the position of the old v1) we can obtain the same bound for the
contribution to (A.40) from t; > ¢3. This completes the bounds on (A.40) with ¢3 = 0.

We proceed to adapt the bounds on (A.40) with t2 = 0 due to the contribution where
we have an extra indicator Ly, »,)er,, ). We refer to this as ‘adding an extra arm’. Let
E ={0,t1, M} denote the vertices that are part of at least one edge. When we add an extra
arm, the quantity corresponding to (A.40) includes terms where s, € E' and where s, ¢ E.
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Ty
! Z

wy — U] + w2

0 7 U1 U1

Lx
V4 | /

w1 L v + w9

0 1 'U]_ Ul

Fi1c 6. Two diagrams corresponding to a 2-edge lace with t2 =0 on a single branch, with an extra arm added
at s« =0 or s« = M respectively.

For s, ¢ F, and ty = 0, see Figure 5. After again taking the summation over x, (e.g. as in
(A.31)) we are left with terms (summed over s, ¢ E) of the form

(A.43)

M-1
>, sup ). h(*”tl_s*)(ul)ht?,(vl —u1)p"? (2 —w1)p"? (v1 + wa - 2)p(z —u1), or,

(5%,
t1=1 W1,W2 vy,uy,2
(A.44)
M-1 ,
> osup Y3 hey (w1 = un)ptP (2 = wi)p? (vn +wa = 2)p(z - wa),
t1=1 WL,W2 vy,up,2
depending on whether s. < ¢; or s, > t;. Decomposing the diagrams exactly as we did

without the extra arm (i.e. ignoring the fact that we have h*» instead of h) gives us a
bound of

M
(A45) T (GO 1) £ (G 3 (M 41y D (R 41) O
EM 3 ) Sx=1

This demonstrates a theme that will appear more generally. When we consider diagrams
with an extra arm added, we will always decompose the diagram as in [34] (i.e., ignoring
the extra arm). When the extra arm does not fall at an endpoint of an edge of the lace
(i.e. when s, ¢ E), our job will be rather easy, as above.

A bit more difficult are the cases where s, € E. This situation gives rise to 1+143 terms
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T
wy z v1 + wo wy c n”z v1 + w2
¢ Ty
o T rll U1 . 0 T 1 U1
w1 Zn C V1 + w9
0 T 1 U1

Fic 7. Three diagrams

corresponding to a 2-edge lace with t2 = 0 on a single branch, with an extra arm added
at s, =1t;.

t3

t t3

t

F1c 8. On the left are two diagrams (see the rightmost diagrams of Figures 4 and 7) corresponding to a 2-edge

lace without and with an extra arm added. The same decomposition is used in each case. The decomposition
when t1 > M —t1 appears on the right.
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(corresponding to s. = 0, M, t; respectively, see e.g. Figures 6 and 7), giving
(A.46)
M-1
o> sup )Y by (un) ey (01 — ) ptP (v + wa — 2)p(z - ur)

n'<ny t1=1 WL,W2 v; uy,z

(A.47)
x PP (2 = Ol (w1 = Q) 3 I (24 =€)
C Tx
(A.48)
M-1
+ 2 sup o > hey (un) g (01 = un) p" (wi ~ 2)p(z — 1)
n'<ny—-M t1=1 W1, W2 vy uy,z

(A.49)
: ;M(z = Ohw (=01 = w2) 3 P pg (4 = C)

(A.50)
M-1
+ 3 > sup Y Y gy (un)hyy (v = ) pt? (2 = wi) pP (01 + wa - 2)
t1=1n'

<nyx—t1 WL,W2 vy uy,z
(A51)

‘ ;hn,(g —u)p(2=C) Y Pty (4 = )

(a52)
+ Z sup Zzhtl(ul)htg(vl—Ul)ZP(“) ¢ —wy)

=] W1,W2 v wuy
(A.53)
TS Ao w) o0+ ws = Dhr(C = 2) S Py (0 — )

zZ n'<ny—t; n""<ny—t1-n’ T

(A. 54)
+ Z sup Zthl(ul)htB(vl—ul)Zp( (v +ws = ()

t1=1 W1, W2 v1 uq
(A.55)
x Z Z Z ht (2 = 1) p® (2 = w1) hyr (¢ = 2) Z Pt —t, (T4 = C).

z n'<ny—t; n'"<ny—t1-n’ Tx

Here the terms (A.50)-(A.55) arise according to where the branch point for the connection
from uq to z1, zo is relative to the branch point for the connection to x.. In each case above,
the sum over z, can be replaced by C; using Lemma A.1. We then proceed to decompose
the diagrams exactly as in [34], depending on whether ¢; > M /2 or ¢t; < M /2. See Figure 8
for an example in the case of (A.54)-(A.55) when ¢ > M /2.

We can bound (A.46)-(A.47) as follows. Firstly (after performing the sum over z.), the
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contribution from small ¢; is at most

(A.56) 2 2, sup )y (u)p(z —w) ZP(*Q)(Z O (w1 =€)
n/<n. t1 <M [2WHW2 ug 2
(A.57) x Y hyy (v1 = up) p? (v1 + wa - z)

v1
Now note that (A.57) is equal to

Cp

(+2)
(A58) ht3 * P (2—’(1]2-U1)Sm,

by Lemma A.1. Again using Lemma A.1 the sup in (A.56) is in fact

C
e () B
(A.59) Slljlpughz R, * by % p (wr) < (t+1 + 1)(d—6)/2-

When t; > M /2 we translate the entire diagram by —v; and make corresponding changes of
variables in the sums, then repeat the above analysis to obtain a bound on (A.46)-(A.47)
of

(A.60)
nzn M>tlz>:M/2 (b2 + DEDP (g5 + @02 t1§/[/2 (b +n' + 1) @02 (15 1 1)<d_4)/2]
Cs Cs
<
B n’zg;z [(M +n/ +1)(d-D/2 t1§/1/2 (M —t1 +1)(d=6)/2
LG 5 Cs ]
(M+ 1)(d-9)/2 " M/2 (t; +n' +1)(@-6)/2
(05)2 N CB Z
TS (M +n/+1)dD2 7 (M + 1)(d-4)/2 o (n+ 1)(d 8)/2
(A.61)
2 2
<y (Cs) (Cs) P

- n<n. (M +n'+ 1)(d—4)/2 * (M + 1)(d 4)/2 T

The second and third terms are similar and lead to identical bounds on (A.48)-(A.51).

Using the fact that Y, /.cx hp/(2) < p'(2) and the above translation and changes of vari-
ables for t; > M /2, we see that the bound on (A.52)-(A.53) is

Yoo > sup Y gy (un)hey * pUP (2 = ut —wa)p' (2 = ur) b+ pUP (2 —wr)

n/’'<ny t1<M W1,W2 uy,2

Cs Cs Cs Cs
<y ¥
wizh st (W7 + 1+ D@D (1 + 1) o2 " o Gge (b3 + DD (7 4 4y +1) (@02
P Cs Cs Cs Cs
- n';* t§4 (M +n/ +1)@d=9/2 (¢ + 1)(d*6)/2 (M +1)(@D/2 (¢ + n/ 4 1)(d-6)/2
2
- (Cs) (Cp)? P

wirem, (M +n"" + 1)(d-4)/2 - (M +1)(d-4)/2 T
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so also satisfies the bound (A.61). Similarly, (A.54)-(A.55) also satisfies (A.61).

Let us now turn to the case (A.39), which corresponds to general t5 > 0. We again start by
analyzing the situation without the extra arms caused by the indicators 1y, n,)er,,) and
Lf(20snen)éRs,, ) There is complete symmetry between ¢; and ¢3 so we shall only consider
t; < t3. The sums over t1,t2 can be broken up into regions E® = {f : t; + ty < 2M/3},
F® = {f:ty+t3 <2M/3} and G® = {f :ty > t; Vi3 = t3}. Note that these regions have
considerable overlap, so we get an upper bound when we add up the contributions from
sums over ti,ty in these regions. With t3 = M —t; — t9, the contribution to (A.39) from
t e E® is bounded by

M-1M-1-t1

2 2 Luaemysysup Y he (un)he (uz = un)pt (ug = (0+wn))
t1:1 t2=1 w1 UL, U2
x sup 3 hag (o1 = ()" (01 + ws — u)
u»ulva V1
M-1M-1-t; o c
A L
< 1
) tlzl tzz::1 =M (1) 4t + 1) (@D (13 + 1)@D/2
Cs M-1M-1-t; s (Cp)?

(A.62)

<—Z < )
T (M + 1)@ tlz=:1 tgz=:1 (t1+ 12+ 1)@=D2 7 (M +1)(d=)/2

The same bound can be obtained for £ € F® by symmetry and translation invariance
(indeed, we can translate by —v; and the condition ¢; < ¢3 has not been used yet). For
t e G® we do use the condition t3 > ¢; to get a bound of

Z Z Cﬂ CB Cﬁ Z Cﬁ
toanl/3tiinsts (T +t2 + 1) (@072 (ta +1)(d- e * (M +1)d=D/2 S (ta+1) (D2
< C Z < (05)2
XM+UW®MMMuw4WMW‘<M+nw®ﬂ

(A.63)

We note that the case G(?) is not needed in our induction (in N) argument carried out in
Section A.2.3 below for IV > 2 and extra arms. This will simplify that argument a bit.

Now consider adding an extra arm to (A.39) due to the indicator 1y(,, n,)er,,}- If the
arm is added at s, ¢ E = {0,t1,t1 +t2, M} we can perform exactly the same decompositions
as above, then sum over s, to obtain the bound (A.45). Consider now the contribution from
s« € E. Again by symmetry we may assume t3 > t; throughout. If s, = 0, the contribution
is at most (we suppress the restrictions ¢; > 1 and ¢35 > ¢;)

>, D sup Y kg (ur)hy (’wl—C)Zhn* w0 (s = )y (ug = ur ) p2 (¢ —u2)

ti+to<M n'<ny W1 wuq,ug,C

x sup Y hey (v1 = u2)p"? (v1 + we — uy)

w2 g

(A64) < Z Z Cﬁ(tl + 19 + n + 1)(d_4)/2(t3 + 1)—(d—4)/2.

t1+to<M n'<ny
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If s, =t1 +to a similar argument gives the same bound. If s, =; we get at most

> Y, sup Y by (ur)hy (ug — u1)p®® (ug — wy)

t1+to<M n'<n.—t; W1 ui,us
xsup Y s (¢ = 1) gy (v1 = ug) p2 (01 +wa - C)(Z Pt =ty (T4 = C))
w2 (g L
(A65) < Z Z CB(TL/ +1i3 + 1)7(d74)/2(t1 + 19 + 1)(d74)/2.

t1+to<M n'<n,

If s, = M a similar argument gives the same bound. So the total contribution we need to
bound is (consider the cases t1 +to > M /2 and t3 > M /2 separately)

Cﬁ[ 2. 2. (n+t+ 1)_(d_4)/2(t1 +to + 1)‘(d‘4)/2

t1+ta<M:tz>t1 n'<ny

+(t3+ 1) D20 vty n’ + 1)’(d’4)/2]

<[ (M +1) D2 5 5 (0 4ty 4 1) (O

t3<M n'<n

+ 3 (A M+1)TEDRZ N (4 gy 1))

n'<ny t1+to<M

+ (M +1)" @D/ Yoo > (ti+te+n+ 1)~(d-0/2

t1+to<M n'<n.

FY 0 M 1) EDR S (14 1) (0]

n/<ny t3<M

< Cp[(M o+ 1) D20l o 5™ (M 4/ 4 1) (D],

n'<ny

again leading to the bound in (A.61). This proves (7.62) in Proposition 7.3 for laces on an
interval in the case where N =2. As we have discussed at the end of Section A.2.1, adding
a second extra arm can be handled relatively easily, and gives (7.63) for laces on an interval
in the case where N = 2.

A.2.8 Laces on an interval with more than two edges. Let

2N-1
(A.66) ) = {Ee ZINL S 4= M, te; 20,151 > o}.
i=1

Then [34, Lemma 5.7] shows that

(A.67) 2 Mooy <2 2 MY(0,0,v1,0),

vl EE’H%;)
where M{(N)(a, b, z,y) is defined recursively as follows. Firstly,

(A.68) Mtfl)(a, b,x,y) = he(x - a)p“”((w +y)-(a+ b)),
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and

htl(x+y—a)ht2(x—(x+y))p(*2)((a+b)—x), to £ 0,
htl(x—a)p((x+y)—x)p(“)((a+b)—(x+y)), to = 0.

Here we have corrected a misprint in the corresponding (5.6) and (5.7) in [34]. Then, for
N > 1, define

(A69) Atl,tz(aabvxay) = {

(A'70) Mi('N)(a’7 b? CL‘, y) = uz’;) Atl,t? (a/’ b’ u? /U)M(N_l)tQN_l) (u7 ,U7 ‘/'U’ y)’

(35

It is shown in [34, Lemma 5.6] that also

(A71) M;N)(a,b,:z;,y) = ZM(N_I) ((I, baU,U)AtzN_l,tzN—z(xayauvU)

(t1,e-stan-3)

This enables a proof in [34, Section 5.1, Case 1] by induction on N that

N
(N) L
(A.72) EEEN) 21;;; ;ME (a,b,z,y) < (M + 1)@z’
M

We now explain how to carry out the induction. We start by initializing the induction
hypothesis. We have seen that this is true for IV = 1, by Lemma A.1 and for N = 2 by
decomposing the diagrams and using Lemma A.1. The induction argument involves dividing
’HE\]/IV) up into cases E™ = {t:t; +to < M/2} and F™ = {t : tyn_o + toy_1 < M/2}, which
contain all possible £ when N > 3. In the former case, we decompose the diagram by breaking
off the first piece, and using the fact that the remainder has backbone length at least M /2,
to obtain bounds

((M[2) +1)@=D2 | T (b + b+ 1)[@D/2 4 (8 +1)(d-6)/2
PR COM
T (M +1)(d4)/2

(A.73)

and the second case gives the same bound by a symmetric argument. This advances the
induction hypothesis, and thus completes the proof of (A.72).

When we add an extra arm we again make the same decompositions. Either the extra
arm is on the piece that is broken off, or on the remainder of the diagram. We first describe
how the induction works when the added arm is not at the endpoint of any edge in the lace.

For t; >2 and 1< s’ <t — 1, define

(A.74) Mt(ll,);}(a, b,x,y) = hg * hyy g (x - a)p(*”((x +y) - (a+b)),
and
(A.75) A to:1,67(a,b,2,y)

_ {hsr *hy (T +y - a)th(x —(x+ y))p“”((a +b) - :I}), ta # 0,
hy * hi,—g(z = a)p((z+y) —2)p"?((a+b) - (z+y)), t2=0.
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Similarly if t5 > 2, for 1 < s’ <t5 — 1 define
(A76) Atl,t2;2,s'(aa b7$7y)
= hy (z+y—a)hy * hey—g(z = (2 +y))p"? ((a+b) ), t2#0.

Note that A.; (resp. A.) corresponds to adding a vertex on an odd (respectively, even)
piece of the backbone. Now define for N >1 and ¢ =1,2,

(A.T7) Mgg’,);e(a, b,2,y) =Y. Aty 10,5 (@, b u, v) MY )(u,v,x,y),

(t3,--tan-1
u,v

and for N >1 and 1< j < N define Mf(.lsv,”% ' and ME(Z') 2772 recursively by

(AT8) MOV a,b,a,y) =Y A (0, b, ) MOVE L (u,0,,y)
u,v

(A.79) M (a,b,2,5) = Y Ary (0, by, 0) MG V22 (u,0,2,y),
u,v

Here the extra superscript indicates where on the backbone an extra vertex is added. Mod-
ifying the derivation of (A.67), one can readily show that

2N-1t,~
N),int N),¢
(A.80) SN @a)l< XS 5 MY 0,0.0,0),
R UL ey (=1 s=1
where ﬁ((évzjgt)m (05, ) is the contribution to ﬂ((évj/l 0)ene (0;,) from the extra arm being

attached at a point which is not the endpoint of any edge in the lace. We prove by induction
that

2N-1t,-1 Ny CN
> swY X 5 M 0bn) S Gy

fen(M @by @ =1 =1

or equivalently, absorbing the factor N into the (Cﬁ)N )

2N-1tp,-1 N
(A51) > swY % & MO @) s g

. - M +1)(d=9/2"
fen (V) aby x (=1 s'=1 )

To verify (A.81), first prove the result for N = 1,2, and for N > 2 note that the left hand
side is bounded by

(A.82) > supZZZM(N”abxy)

feE(N) aby =1 x s'=
2N-1  t,-1

(A.83) + Y sup », >y M(N)e(a b, z,y)

feE(N) aby ¢=3 =z s'=1
IN-1  t,-1

(A.84) + Y sup Y >N M(N”(a b,z,y)

IeF(N) by ¢=2N-2 z s'=1
2N-3 ty—1

(A.85) + > sup ». ZZM(N)[ab:cy)

feF(N) aby (=1 z s'=1
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To bound the term (A.82), use (A.77) and proceed as in the no arm case, applying our
bounds on A and the (already proved) bound on the ordinary M=, This bounds (A.82)
by

2 C C
[; t1,ta<M [2 1<s'<ty (t1 +12 +ﬁ)(d_4)/2 " tlszl\:4/2 5;1 (s"+t +i)(d_6)/2]
(Cp)" Y
(M [2) + )P
M(Cp)™ (C)™

< <
T((M)2) + 1) D2 T (M +1)(d-6)/2
as required. For the term (A.83), for £ # 1,2 we use

Mé;];);f(a,b,x,y) = ZAtLtQ(a?bauaU)M(N i (u,v,m,y).

/ (t3,..tan—1);s’
u,v

Proceeding as in the no-arms case, but now applying the current induction hypothesis we
obtain a bound on (A.83) of

Cp M(Cp )Y M(Cp)N

tl,tng/Q 1321‘/4 (ty +to+1)[d=D/2 ((M/2) +1)d=D/2 7 ((M/2) + 1)(d-D)/2”

as required. By symmetry the same bounds apply to (A.84) and (A.85). Having completed
the inductive proof of (A.81), we may use (A.80) and conclude that

(CB)N

(N) int

(0 M,0); n*

D] 3 L%
A modification of the above inductive proof can be used to establish, for example, the same
bounds with k extra factors of M if we add k vertices on the backbone. It can also be used
to show that if we replace any p in the diagram by p’ we don’t change the bounds. It can
also be used to show that if any p(z) is replaced with Y,,/c,,, hn/(2) we get a modification

to the bound on the whole diagram that is the same as the modification when N = 1.

(N),end
Let T s

at an endpomt of some edge of a lace. We proceed’less formally now with the inductive
argument and focus on the multiplicative factors that must be pulled out in the induction.
In place of the upper bound in (A.81) our induction hypothesis now has an upper bound of
the form:

(v;x,) denote the contribution to 7rM (U;2z,) from adding the extra arm

p

(Cp)™ (Cp)™
(A'87) n;* (M +n/ + 1)(d—4)/2 * (M + 1)(d—4)/2

As before, when we add an extra arm either it is on the piece that is broken off, or on the
remainder of the diagram. Without loss of generality, we may consider only ¢ € E®).
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Consider first t3 > 0. The contribution when the extra arm is added at s. =0 or s, = 1
(i.e., is on the piece broken off) may be found using the reasoning in (A.64) and (A.65) and
the upper bound without arms in (A.72). This leads to a bound of

(Cp)N !

(A.88) S Y Cr DSV —
(M +1)d=D2 = | S (b +tg+n/ +1)@D/2 [T (M + 1) (@42

The remaining contribution in this case is from the extra arm being on some piece of the
remaining diagram. There are N —1 such pieces where the extra arm can be added, leading to
a factor of N which can be absorbed into the exponentially small factor (Cﬁ)N . Therefore,
using the induction hypothesis (A.87), and (A.72) with M = ¢; + t2, we may bound this
contribution by

> @)t (), Cp
(M +n/+1)dD/2 (M +1)@D/27" i, (1 + by +1)@D/2

n/<ny

which, in turn, is bounded by (A.87).

Consider now the case t3 = 0 where the arm is added at s, = 0 or ¢;. We consider only
the latter case here, as the former is relatively straightforward. In this case, as in Figure 7
we get 3 terms incorporating different local topologies of the connections in Ry, to x. and
other vertices (as in (A.50)-(A.55)). This gives bounds

Z Cs (Cﬁ)]\h1
(t1 +n +1)(d=6)/2 (M +1)(d-4)/2

n''<ny t1
S| 5 o ]
(1 +1)(@-6)/2 (M +n +1)d=D/2 "~ (M +1)(d-4)/2
Cs (C)N !
* L LG )R (3« 1)@

n'<n, t1
(Cp)N (C)N

p
SO D@OE™ 2 i s @R

n<n,

n''<ny

(A.89)

i.e., we again recover the bound (A.87). As for the case t2 > 0, if the arm is added at some
other endpoint of a lace edge, then we use the induction hypothesis to get a bound of

5 O M () A" 5 Cs
wian, (M +n/+1)(d=D/2 (M +1)(d=9/277 | £ (41 +1)(d-6)/2
This shows that
N N
(N),end - (Cﬁ) (CB) P
(A.90) ﬁzx 170,010y, (T3 2)] < En (M+n'+ )@EDE " (M + 1)@

A.2.4  Summary of the bounds for laces on an interval. Let us summarize what we have
shown so far in this section:
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We restricted our attention to S = [4, [0, M]], which corresponds to laces on an interval.
We have recalled that, by using Lemma A.1 and decomposing the diagrams, the terms
> |7TEE)V,)J\4,0)(77)| are bounded by (C3)N (M +1)~(@/2. We have then proved using the same
lemma and decomposition that when we add an extra arm, the bound becomes

(A.91)

P o hroyen, (B 21 € (Co)N (M + )DL 42T+ 3 (Co)Y (M 40/ + 1) (D2,
V,Tx n'<nx

The same bound holds with M = M; + M; when S = [4,[0, M;]] u [4,[0, M;]], since these
all correspond to laces on an interval. Thus we have verified (7.62) of Proposition 7.3 when
some M; = 0. As we discussed at the end of Section A.2.1, adding a second extra arm can

be handled relatively easily, and gives (7.63) for laces on an interval.

A.8 Laces on S?\Z where all M; > 0. In [34, Section 6], Proposition 7.1 is proved by
establishing

(4.92) S [7 (@) < (o)™ B,

where B(M) is defined in (7.53) and 7 is the contribution to 7 from laces containing
exactly N edges.

There are many different diagrams that arise, depending on the various types of laces.
The laces are first characterised as acyclic or cyclic (see the definition in the proof of
Proposition 7.1), and the former case is further characterised by the number of edges in the
lace that cover the branch point. In each case the bound is achieved by decomposing the
resulting diagrams into components for which (A.72) applies directly (i.e. the components
are some of the diagrams that arise in the case of the lace expansion on an interval), or
small perturbations of such components that can be bounded by induction on N; (which
roughly speaking is the number of edges with endpoints on branch 7). We will first illustrate
the general approach and some of the additional difficulties via one particular example of
an acyclic lace with two edges covering the branch point. We will complete the proof by
describing the basic diagrammatic bounds in general and the modifications to those bounds
when we add an extra arm.

Consider the set of acyclic laces on S:;’\Z with two edges covering the branchpoint, and
a single additional edge on branch 1, such that all 3 edges have a common endvertex on
branch 1. Note that this situation (3 lace edges meeting at a common vertex) did not arise
when we considered laces on an interval. Letting s denote the location along branch 1 (see
e.g. Figure 9) where these edges meet we can bound the contribution to ) ; |7r§§; (@)| from
such laces by

Z Z Z hMO(uo)th (UQ) Z hs(v)hMl—s(ul - U)P(Zl - U)p(ZQ — 21)><

T v 21,72 O<s<M;
(4.93) [P (= 22)p (g = 22) (= 22)
(A.94) + 00 (ur = 29) p? (g — 22)p* (uz — 21)
(A.95) +p0P (ur = 22)pt? (o = 21) p* (uz — 22)],
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® u1
My —s
z9 & v
s
‘M Mo
(N u9

F1G 9. A lace with 8 edges meeting at a common point and 1 of the 8 diagrams arising from that lace.

where the three terms (A.93)-(A.95) arise from the three possible topologies of a tree con-
necting from v to trees from each ;. Figure 9 corresponds to the contribution from (A.94).

These diagrams are decomposed depending on the relative sizes of My and Ms. Suppose
without loss of generality that My > Mj. Then in each case above we rearrange the terms
and take the sum over us inside all other sums and use Lemma A.1 in the form

C
¢2) (0 — B
(A96) sup Z th (Ug)p (u2 Z) s (M2 + 1)(d—4)/2 ’

Z ug
to get a bound of Cg( My + My + 1)~(4=/2 multiplied by

> 00 > ha(uo) Y, hs()han-—s(ur —v)p(z1 —v)p(z2 - z1)x

uortty U 21,2 0<s<M;
(A.97) [p(”)(m - 21)p"? (uo — 22)
(A.98) + 0P (uy - z2)p"? (uo - 22)
(A.99) +p (ug = 22)p? (uo — 21)]-

Comparing this with the diagram arising from a lace on an interval containing two edges
that share a common endvertex we see that the above diagrams are all the same as that
on an interval except that some p has been replaced with p©*». Similarly to the discussion
below (A.86) we can prove by induction (first proving the N = 1, N = 2 cases that diagrams
arising from laces (with N edges) on an interval of length M (= My + M; in this case),
and with a single p term replaced with p©*?, are bounded by CéV(M +1)7@=72 Tt follows
that the contribution to Y |7r§\:})(ﬂ)| by acyclic laces of this kind is at most CE(MO + My +

1)~ (=62 ( Mo+ Mo+1)~(H/2 Tt is easy to see that if we have a lace with the same structure
of edges covering the branch point, but with extra edges not covering the branchpoint, we
can decompose in the same way. Under this decomposition we first extract the part of the
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diagram involving Ms and we, which corresponds to a diagram for laces on an interval
of length M, which we have already shown to be bounded by (Cjs)™2(Ms + 1)~ (d=49/2 <
(C)N2 (Mg + My +1)~(4D/2 (here we are still assuming that My > My, and Cj is changing
from place to place), where Ny —1 is the number of edges contained strictly on this branch.
As above, the remainder of the diagram corresponds to those of laces on an interval of length
My + My, with some p replaced with p*?, so is bounded by CéV_NQ(MO +1)7(4=6)/2 This
achieves the desired bounds with no arms added, for laces with this kind of arrangement of
edges covering the branchpoint.

Still considering the same kinds of laces, when we add an extra arm to some (x.,n.), it is
either added at some backbone vertex that is not the endpoint of any edge of the lace or it
is added at an endvertex of some lace edge. In each case, after using Y., he(z+ —() < K we
perform the same decomposition, with the same kinds of caveats as for laces on an interval.
When the arm is added at a vertex that is not the endpoint of a lace edge, it is either added
on the My branch or the My, M7 branches. In the former case, we can use our result for laces
on an interval with an extra arm added, and the above bound for diagrams with a p replaced
with p*2 to obtain bounds My(Cg)N2 (M + 1)"@H/12 < My(C)N2(My + My + 1)~ (@72
and (Cg)N~N2(My + My + 1)(@0)/2 a5 required. When the arm is added on the My, M;
branches (not at the endpoint of some lace edge), we first prove by induction that diagrams
for N-edge laces on an interval of length M (= My + M in this case) with some p replaced
with p*® and an extra vertex on the backbone are bounded by M (Cg)N (M + 1)~(4-6)/2
and apply this to the interval of length My + My with N — Ny edges on it to get bounds
(Mo + Ml)(05)N_N2(MQ + My + 1)_(d_6)/2 and (as above) CéVQ (MQ + My + 1)_(d_4)/2.

Suppose instead that the extra arm to some (z,n.) is added at the endvertex of some lace
edge, after using Y., he(2.—() < K the effect of this is to replace at most two p terms in the
diagram with p’, and at least one p term in the diagram with Y,,/c,,, hns * p. See for example
Figure 10. If the added arm is on branch 2, then we can use the previous section, where
we bounded diagrams for laces on an interval with an extra arm added (at an endvertex
of a lace edge) to get a bound (Cg)2[nh(Ma + 1) (D2 45 (Mg +n/ +1)~(4=D/2] <
(Co)N2 [0 (Mo+My+1)"@ D245, (My+Ma+n/+1)"(4=/2] from branch 2 and as usual
(C)NN2(My+ My + 1)~(4=6)/2 for the remainder of the diagram. If the added arm is on one
of the endpoints of a lace edge on branch 0 or 1, then we prove by induction that diagrams
arising from laces with N edges on an interval of length M with some p replaced with p©?
followed by at most two p terms with p’ terms and at least one p term in the diagram with
S wien, hnr # p, are bounded by (Cg)N[nE (M +1)~ (@02 15, (M +n'+1)~(6/2]. Then
we perform the same decomposition, and apply the induction result above with N — Ns
edges on an interval of length My + M7 and (getting a bound on the removed branch 2 of
(C)N2 (M + My +1)~(4D/2 a5 usual) to obtain the bound

(A.100)
(Cs)N (Ma + My + 1) D202 (Mo + My +1)"@O2 1 S (M + My +n' +1)7(@9)/2],

n/<ny

This verifies the bound (7.62) in Proposition 7.3, for acyclic laces with 2 edges covering the
branchpoint that each meet another edge (on branch 1) at a common vertex.
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Ty

F1c 10. Some adjusted diagrams from adding an arm at the coincidence point of three endpoints of edges,
for the diagram in Figure 9.
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A.8.1 The general case with no added arms. In the above, the diagrams with no arms
added were bounded above by (Cg)™N (My + My + 1)~ (@6/2(My + My +1)7(4=9/2 and the
diagrams with an extra arm added satisfied modified bounds that we are now quite familiar
with: multiplying by Zio M;; or multiplying by a factor n%; or replacing (]\40+M1+1)_(d_6)/2
or (Mo+May+1) (02 with ¥, (Mo+My+n'+1)" @02 or 5 (Mo+My+n/+1)~(@-6)/2
respectively. We turn now to the general setting of minimal laces on a star shape of degree
3, for which the basic diagrams (with no arms added) are bounded in [34, Section 6]. In
[34, Section 6], each diagram is decomposed according to the relative lengths of pieces of
the diagram (in particular the M; and the temporal lengths from the branch point to the
first endpoint of some lace edge on each branch). Ignoring the factors (CB)N , their bounds
take one of the forms described below, where [M] = M + 1 for any M € N, M, M', M"" are
the values of M;, M = MvM'vM" ~ M+M'+M", and b; = (d—i)/2. In addition, s and s’
etc. represent lengths of certain subintervals of branches (typically from the branch point
to the first endpoint of some lace edge on a branch) of length M or M’ respectively.

For laces with 2 edges covering the branchpoint (see [34, (6.1)-(6.5)]), the bounds take
the form

(A.101) X L5+ MM+ (M - 5)]
s<M
(A.102) [M'+M"]4[M + M ],
(A.103) [M"+ M")P S [M + M7
s<M

For acyclic laces with 3 edges covering the branch point (see [34, (6.6)-(6.9)]), the bounds
take the form

(A.104) (M]3 M+ M'Tb,
s<M

17" 5 5 [ 3 [s+ MYTH M+ (M = )]

s'<M' s"<M" " s<M

(.105) I+ TN M A TS [ M)
s<M
(A106) (1% Y [se MUY -4 M s 5],
and
(A.107) [M]_b‘l [M + M’]_bG
(A.108 I8 S S (s
s'<M" s""<M"
(A.109) (M) P[Mm] ™ S0 S M7+ s [ M -8+ M - 5],
s'<M' s<M
A.110 M1 o2 (M + M M — ¢t
(A110) (VT [0+ M) s
ssM-s>M"[3 s'<M’
(A1) SZARZIEYEORTID YD Y AV o)

s:M—s<M"[3 s'<M’
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and

(a112) (A3 (-] WA ]
s<M

(A]_]_3) [M-l‘M’]_b4|:M,]_b6[M”:|_b6.

The last term here arises from the second bound in [34, (6.9)], and is a bound on the 5th
and 6th diagrams of [34, Figure 24]. Although the bound presented here is not exactly as
it appears in [34, (6.9)], note that it can be obtained from the fact that in the 5th diagram
the branches 1 and 3 are topologically equivalent, while in the 6th diagram 2 and 3 are
equivalent. So in each case we choose the decomposition presented in [34], depending on
which of two equivalent M’s is larger.

No new bounds (i.e., none in addition to the above bounds) arise for cyclic laces.

A.8.2 The general case with an extra arm. When an extra arm is added to the diagram,
it can be attached at a location that is the endpoint of 0,1,2, or 3 edges of the lace. For a
fixed lace, let E; denote the vertices in S?\Z that are the endpoints of j edges of the lace,
j =0,1,2,3. Although the case of 3 endpoints of lace edges coinciding (see e.g. Figure 9)
did not arise in the case of laces on an interval, a particular case has already been treated
in this Section.

Regardless of where the extra arm is located, perform the same decompositions of dia-
grams as in [34] that gave rise to the bounds of the previous section. Ignoring factors of
N which can be absorbed by the exponentially small (Cj3)" when we sum over N, what is
the effect on the bounds when we add the extra arm at s.? Depending on s. we have the
following contributions. (In what follows, e is always bounded above by ZJQ-:O M;.)

e The contribution from s, € Ey is to multiply the bound by 212:0 M;.

e The contribution from s, € F is to replace some [¢]™% (with i € {2,4,6,8}) with
Zn’ﬁn* [. + n,]ibi'

e The contribution from s, € Fy may involve some p being replaced by p’ (which does not
affect the bounds), while some [o]7% (with i € {2,4,6,8}) is replaced with ¥/, [e +
n']™% (to be consistent with our diagrams for laces on an interval the summation
variable could be n” instead of n').

e The contribution from s, € E5 may involve one or two p being replaced by p’ (which
does not affect the bounds), while some [¢]™% (with i € {4,6}) is replaced with
Ywcn, @+ ]7% (to be consistent with our diagrams for laces on an interval the
summation variable could be n” or n"’ instead of n’).

In the no arms case we then had to transform these bounds into the form of B(M), so
what remains is to consider the effect of these modifications (i.e. of a single replacement
of some term [o]™% with ¥, [e+¢]™%, and ¢ is n/, n” or n") upon the aforementioned
transformation into the form of B(M). If i < 6 then we can simply use the bound

(A114) > (o 1 <[] £ 3 Mo
=0

tSn*
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thus the resulting quantity is bounded by 2]2»:0 M; multiplied by the original bound with no
extra arms attached. One can then just use the original transformation, but now including
the extra factor 232‘:0 M;.

It therefore remains to consider the case where ¢ = 8. There are two situations, corre-
sponding to (A.106) and (A.109) respectively, i.e.

(A.115) [M]_bo Z Z [S+M"]_b4 Z [M'—s'+M—s—s"+t]_b8, and
s'<M’ s,s8': t<ny
s+s""<M
(A116) [T S S [M7 sl S M -8 s M- s+ 1]
s'<M'’ s<M t<ny

Here, (A.116) is smaller than (A.115), so we need only bound the former. First perform the
sum over t to get a bound of

(A.117) nZ[M] S S s+ MM k(M) S S (M)
s'<M! s s s'<M' s"<M
s+s"'<M
(A.118) <nP[M]™%4[M"]7% <n? B(M).

This establishes the claim (7.62). As we discussed at the end of Section A.2.1, adding a
second extra arm can be handled relatively easily, and gives (7.63). [

Acknowledgements.. We thank the referee for making a number of helpful suggestions to
improve the presentation.
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