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Abstract

The Erd6s—Taylor theorem (Acta Math Acad Sci Hungar, 1960) states that if Ly
is the local time at zero, up to time 2N, of a two-dimensional simple, symmet-
ric random walk, then @ Ly converges in distribution to an exponential random
variable with parameter one. This can be equivalently stated in terms of the total

collision time of two independent simple random walks on the plane. More pre-

cisely, if LE\}’Z) = Zf:’:l ]l{S’(ll)zszz)}, then ]OgN

exponential random variable of parameter one. We prove that for every 4 > 3, the
family {lojgr ~ Lg\l,’] )}1 <i<j<h® of logarithmically rescaled, two-body collision local
times between 4 independent simple, symmetric random walks on the plane converges
jointly to a vector of independent exponential random variables with parameter one,
thus providing a multivariate version of the Erd6s—Taylor theorem. We also discuss

connections to directed polymers in random environments.

Lg\},z) converges in distribution to an
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1 Introduction

Let SO ..., S™ pe independent, simple, symmetric random walks on 72 starting
at the origin. We will use P, and E, to denote the probability and expectation with
respect to the law of the simple random walk when starting from x € Z? and we will
omit the subscripts when the walk starts from 0. For 1 < i < j < h we define the
collision local time between S and /) up to time N by

N
@0 . _ ,
Ly .—E ]l{S,(,l)=Sr(/)}'
n=1

Notice that given 1 < i < j < h, Lg\i,’j ) has the same law as the number of returns
to zero, before time 2N, for a single simple, symmetric random walk S on Z?2, that is

L%’j ) ' 4 Ly = ZQ’ZI 1ys,,=0;- This equality is a consequence of the independence
of §@, §() and the symmetry of the simple random walk. A first moment calculation

shows that

N N—oo log N
Ry :=E[Ly] =) P(Sy =0) =~ — (1.1

n=1

see Sect. 2 for more details. It was established by Erd6s and Taylor, 60 years ago [10],
that under normalisation (1.1), Ly satisfies the following limit theorem.

Theorem A ([10]) LetLy = Zflv:l 1(s,,=0} be the local time at zero, up to time 2N,
of a two-dimensional, simple, symmetric random walk (Sy,),>1 starting at 0. Then, as
N — oo,

oLy Sy,
log N

where Y has an exponential distribution with parameter 1.

Theorem A was recently generalised in [17]. In particular,

TheoremB [17] Let h € Nwith h > 2 and SO 8 pe p independent two-
dimensional, simple random walks starting all at zero. Then, for B such that || €
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(0, 1), it holds that the total collision time ) <, _ i<y, Lg\l]’]) satisfies
h(h—1)
2

@.J)
E®h ek?)TgfIJV Z]<[<j§h L[\l/ ! N ; ,
N—oo 1-8

and, consequently,

T G,j) @ h(h—1)
log N Z Ly N—)F( 1),

—00
1<i<j<h

where F(@, 1) denotes a Gamma variable, which has a density T (h(h —

/2~ 'x™ 2 “lo=x, I'(+), in the expression of the density, denotes the Gamma
function.

Given the fact that a gamma distribution I'(k, 1), with parameter k > 1, arises as
the distribution of the sum of k independent random variables each one distributed
according to an exponential random variable with parameter one (denoted as Exp(1)),
Theorem B raises the question as to whether the joint distribution of the individual

.. . T @i,))
rescaled collision times {log v L N

} converges to that of a family of inde-
1<i<j<h

pendent Exp(1) random variables. This is what we prove in this work. In particular,

Theorem 1.1 Leth € Nwithh > 2and B := {B; ;}i<i<j<n € R with i j| < 1
forall1 <i < j < h. Then we have that

T ()]
E®h | ploew Lii<j<n Pijly 1 12)
N—oo 1-8i j
1<i<j<h :

and, consequently,

x @) () (i)
{IogN Ly }1<i<j<h Voo {Y }1<i<j<h’ (1.3)
where {Y(i A } 1<i<j<h 4T€ independent and identically distributed random variables

following an Exp(1) distribution.

An intuitive way to understand the convergence of the individual collision times,
or equivalently of the local time of a planar walk, to an exponential variable is the
following. By (1.1), the number of visits to zero of a planar walk, which starts at
zero, is O (log N) and, thus, much smaller than the time horizon 2N. Typically, also,
these visits happen within a short time, much smaller than 2N, so that every time the
random walk is back at zero, the probability that it will return there again before time
2N is not essentially altered. This results in the local time Ly being asymptotic to a
geometric random variable with parameter of order (log N)~! (as also manifested by
(1.1)), which when rescaled suitably converges to an exponential random variable.
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The fact that the joint distribution of {L LU converges to that of

logN =N }1<i<j<h
independent exponentials is much less apparent as the collision times have obvious
correlations. A way to understand this is, again, through the fact that collisions happen
at time scales much shorter than the time horizon N and, thus, it is not really possible to
actually distinguish which pairs collide when collisions take place. More crucially, the
logarithmic scaling, as indicated via (1.1), introduces a separation of scales between
collisions of different pairs of walks, which is what, essentially, leads to the asymptotic
factorisation of the Laplace transform (1.2). This intuition is reflected in the two main
steps of our proof, which are carried out in Sects. 3.3 and 3.4.
Even though the Erdés—Taylor theorem appeared a long time ago, the multivariate

extension that we establish here appears to be new. In [11] it was shown that the law of

i Og i Lg\}’z), conditioned on SO, converges a.s. to that of an Exp(1) random variable.

This implies that { i Og 7 L%’i) } | =i <y, converge to independent exponentials. However,

it does not address the full independence of the family of all pairwise collisions
{10§N E\l/’])}giqgh'

In the continuum, phenomena of independence in functionals of planar Brownian
motions have appeared in works around log-scaling laws see [18] (where the term
log-scaling laws was introduced) as well as [19] and [14]. These works are mostly
concerned with the problem of identifying the limiting distribution of windings of a
planar Brownian motion around a number of points zy, . . . , z, different than the start-
ing point of the Brownian motion, or the winding around the origin of the differences
B — BU) between k independent Brownian motions BV, ..., B®) starting all from
different points, which are also different than zero. Without getting into details, we
mention that the results of [ 14, 18, 19] establish that the windings (as well as some other
functionals that fall within the class of log-scaling laws) converge, when logarithmi-
cally scaled, to independent Cauchy variables. [14] outlines a proof that the local times
of the differences B®) — BY) 1 < i < j < k, on the unit circle {z € R?: |z|] = 1}
converge, jointly, to independent exponentials Exp(1), when logarithmically scaled,
in a fashion similar to the scaling of Theorem 1.1. The methods employed in the above
works rely heavily on continuous techniques (Itd calculus, time changes etc.), which
do not have discrete counterparts. In fact, the passage from continuous to discrete is
not straightforward either at a technical level (see e.g. the discussion on page 41 of
[14] and [15]) or at a phenomenological level (see e.g. discussion on page 736 of [18]).

The approach we follow towards Theorem 1.1 starts with expanding the joint
Laplace transform in the form of chaos series, which take the form of Feynman-
type diagrams. To control (and simplify) these diagrams, we start by inputing a
renewal representation as well as a functional analytic framework. The renewal the-
oretic framework was originally introduced in [3] in the context of scaling limits of
random polymers (we will come back to the connection with polymers later on) and it
captures the stream of collisions within a single pair of walks. The functional analytic
framework can be traced back to works on spectral theory of delta-Bose gases [8, 9]
and was also recently used in works on random polymers [4, 12, 17]. The core of this
framework is to establish operator norm bounds for the total Green’s functions of a set
of planar random walks conditioned on a subset of them starting at the same location
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and on another subset of them ending up at the same location. Roughly speaking, the
significance of these operator estimates is to control the redistribution of collisions
when walks switch pairs. The operator framework (together with the renewal one)
allows to reduce the number of Feynman-type diagrams that need to be considered.
For the reduced Feynman diagrams, one, then, needs to look into the logarithmic struc-
ture, which induces a separation of scales and leads to the fact that, asymptotically, the
structure of the Feynman diagrams becomes that of the product of Feynman diagrams
corresponding to Laplace transforms of single pairs of random walks.

Relations to random polymers. Exponential moments of collision times arise
naturally when one looks at moments of partition functions of the model of directed
polymer in a random environment (DPRE), we refer to [5] for an introduction to
this model. For a family of i.i.d. variables (a)n,x: neNxe Zz) with log-moment
generating function A(B), the partition function of the directed polymer measure is
defined as

Znp(x) = Ex[exp (XN: (Bwn,s, — k(ﬁ)))],
n=1

where E is the expected value with respect to a simple, symmetric walk starting at
x € Z2%. In the case that wy x 18 a standard normal variable, an explicit computation,

for By := B @, gives that

L753 .J)
E[(ZN,ﬁN (x))h] = E®! [el"gN Ticicjan by’ } (1.4)

A corollary of our Theorem 1.1 is that the limit of the s-th moment of the DPRE
partition function converges to (1 — 82)~"=1/2; a result that was previously obtained
in [17] combining upper bounds on moments, established in [17], with results on the
distributional convergence of the partition function established in [1]. Using Theorem
1.1, we can further extend this to convergence of mixed moments. More precisely, for

Bi.N = Bi @ andi =1, ..., h, we have that

7 a1 @D
E[ZN gy (X) - ZN, g, (x)] = E®" [elogN Eici<jn Pibily }

1
—_— _— 1.5
N—o0 l—[ — BiBj (1.5)

1
1<i<j<N

where the equality is again via an explicit computation as in (1.4) when the disorder
is standard normal and the convergence follows from Theorem 1.1 after specialising
the parameters B; ; to the particular case of 8; 8 j.l

1(1.5) could also be achieved if one refined the results of [I] to joint convergence of
Zy. Bin (x),....ZN, Bun (x) and combined with the moment estimates of [17]. However, the indepen-
dence of the colllslon times that we establish here cannot be recovered from joint moments of partition
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Moment estimates on polymer partition functions are important in establishing
fine properties, such as structure of maxima, of the field of partition functions
{V1og N (log Zy p(x) — E[log Zy g(x)]): x € Z?}, which is known to converge
to a log-correlated gaussian field [2]. We refer to [6] for more details. We expect the
independence structure of the collision local times, that we establish here, to be use-
ful towards these investigations. An interesting problem, in relation to this (but also
of broader interest), is how large can the number 4 of random walks be (depending
on N), before we start seeing correlations in the limit of the rescaled collisions. The
work of Cosco—Zeitouni [6] has shown that there exists 8o € (0, 1) such that for all
B € (0, Bo) and h = hy € N such that

one has that

i,j h
E®" [elggev i<i<j<h Lglfj)] < c(B) (—1 : ,3) 2)(1+6N),

with ¢(B) € (0,00) and 0 < ey = €(B, N) | 0 as N — oo. This suggests that the
threshold might be & = hy = O(y/log N). More recent results [7], imply that the
independence fails when the number of walks is 3> log N. The question of whether
there is a critical constant c.,;;. such that for a number of walks larger that c.;;. log N
the independence of the collisions fails is an open and interesting problem.

Outline. The structure of the article is as follows: In Sect. 2 we set the framework of
the chaos expansion, its graphical representations in terms of Feynman-type diagrams,
as well as the renewal and functional analytic frameworks. In Sect. 3 we carry out the
approximation steps, which lead to our theorem. At the beginning of Sect.3 we also
provide an outline of the scheme.

We close by mentioning our convention on the constants: whenever a constant
depends on specific parameters, we will indicate this at the beginning of the statements
but then drop the dependence, while if no dependence on parameters is indicated, then
they will be understood as absolute constants.

2 Chaos expansions and auxiliary results

In this section we will introduce the framework, within which we work, and which
consists of chaos expansions for the joint Laplace transform

7B @, ))
Mf/ L= E®h|: Yi<i<j<h 1og1\J/ Ly i|7 2.1

s

Footnote 1 continued
functions as these will only give rise to Laplace transforms with a restricted form of Laplace param-
eters as {B;Bjl1<i<jgn instead of {B; j}1<i<jgn, needed for the joint convergence of the vector

{ L(' }<i<jgh- The structural aspects of the collision structure that we unveil in the present work are
crucml towards establishing the independence property.
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h(h—1
2

for a fixed collection of numbers B := {B; j}igi<j<n € R : with |B; ;] € (0,1)

forall 1 <i < j < h. We denote by

3 — . 1, 2.2
A 1<rin<a}(<h|'3”| = 2
and define
ol =B ) = A —1 with Bl = utany (2.3)
N N \Pij N log N

Convention: From now on we will be assuming that all parameters 8; ; are nonneg-
ative. We will return to the general case at the very end when discussing the proof of
Theorem 1.1.

We will use the notation g, (x) := P(S, = x) for the transition probability of
the simple, symmetric random walk. The expected collision local time between two
independent simple, symmetric random walks will be

N N
Ry =E®[ Y 10 o] =Y a2000) 2.4)
n=1 n=1
and by Proposition 3.2 in [3] we have that in the two-dimensional setting
logN «
Ry = +_F o(1), 2.5

as N — oo, witha =y +1log 16 — w ~ 0.208 and y =~ 0.577 is the Euler constant.

2.1 Chaos expansion for two-body collisions and renewal framework

We start with the Laplace transform of the simple case of two-body collisions

ij G ) )
E[eﬁN Ly ] and deduce its chaos expansion as follows:
S ij 5N _ .
E[eﬂ;\}'/ Lj\l/,)] — E[eﬁN Zn:l Z)(EZZ ]]'(S'(l’)=x)]]'[s’(l/)=)r)]

— By _ , .
= E|: 1_[ (1 + (e N ]) IL{S;[>=X}]1{S,(,'/>:X}>:|

1<n<N
xez?
. k
S ED T TN SR Ny R
+ 2N {Sta=xa} {8t =xa}
k>1 1<ny<-<ng <N a=1
Xlyeeny xkeZZ
k
i,j\k 2
=1+ ey > [lamn Ga—2) @06
k>1 1<n<-<ng <N, a=1
X1yeuny xk622
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where in the last equality we used the Markov property, in the third we expanded the
product and in the second we used the simple fact that

i.j ) ) i ) ) y
eﬁN L _s_yy _ 14 (eﬁ;v Ls_sth_y _ 1) I (eﬁl\}', B 1>]1

=1+oy'1

(54 =5=x)
(87=83"=x)’

with aliv’j defined in (2.3). We will express (2.6) in terms of the following quantity
U f, ﬂ(n, x), which plays an important role in our formulation. For oy := oy (B) :=
ePe¥ — 1 and (n, x) € N x Z2, we define

Uf,(n, X) :=o0nN q,%(x) + Zaﬁ,‘*‘l Z

k>1 O<n)<--<ng<n
21,22, .., 2k €L?

) 2.7)
a2 @] [T -0y @5 — 250} a2 = 20,
j=2

and Uﬁ(n, x) = Lx—qy, if n = 0. Moreover, for n € N we define

UN@m) =) UN@.x).

xeZ?

U f, (n, x) represents the Laplace transform of the two-body collisions, scaled by B,
between a pair of random walks that are constrained to end at the spacetime point
(n,x)ef{l,...,N} x 72, starting from (0, 0). In particular, forany 1 <i < j < h,
we can write (2.6) as

[ ”L(’/)] ZZUﬂ,,(n X) = ZUﬁH(n)

n=0 xe72

7B
We will call Uf,(n, x) a replica and for oy (B) = eleN — 1 we will graphically
represent oy (B) Uf, (n,x) as

oNBULb—a,y—x)=  e~mnnne
(a, x) ®,)
DN & o I -

k>1”1< <nk
X1

.....

(a,x) (n1,x1) (n2,x2) (g, xx) (b, y)

In the second line we have assigned weights g,/_,(x" — x) to the solid lines going

7B
from (n, x) to (n’, x") and we have assigned the weight oy (8) = eV — 1 to every
solid dot.
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U 1’\3, (n) and v n (1, x) admit a very useful probabilistic interpretation in terms of cer-
tain renewal processes. More specifically, consider the family of i.i.d. random variables
(T, X™);>1 with law

2
q; (x)
P17, X1%) = 01.0) = B T

and Ry defined in (2.4). Define the random variables t (N) = TI(N) + -+ Tk(N) R
SY =X+ + X", ifk > 1, and (10, So) := (0, 0), if k = 0. It is not difficult
to see that U f, (n,x)and U 1’\3, (n) can, now, be written as

Uhm.x) =Y (onRW!P(z =n, S =x) and
k>0

Ul = (onRy) Pz = n) 2.8)

k=0

This formalism was developed in [3] and is very useful in obtaining sharp asymptotic

e N
estimates. In particular, it was shown in [3] that the rescaled process %, %)
converges in distribution for N — oo with the law of the marginal limiting process

oy
for 288 being the Dickman subordinator, which was defined in [3] as a truncated,
zero-stable Lévy process.
An estimate that follows easily from this framework, which is useful for our pur-
poses here, is the following: for 8 < 1, it holds

hmsupZU (n) —hmsupZ(aNRN)k ( M N)
N—o00 n=0 N—o0o k>0

< lim sup Z(O’N RN)k
N—o0 k=0

1

1
= lim su = , 2.9)
P —oyRy 1-8

where we used the fact that

logh , « +0(1)) —— <l (2.10)

O'NRN = (6% — 1) (

2.2 Chaos expansion for many-body collisions

We now move to the expansion of the Laplace transform M f, ;, of the many-body colli-
sions. The goal is to obtain an expansion in the form of products of certain Markovian
operators. The desired expression will be presented in (2.17). This expansion will be
instrumental in obtaining some important estimates in Sect. 2.3.
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—1—Oo—\ 7
\O__T_//(

N
Fig.1 This is a graphical representation of expansion (2.11) corresponding to the collisions of four random

walks, each starting from the origin. Each solid line will be marked with the label of the walk that it
corresponds to throughout the diagram. Each solid dot, which marks a collision among a subset A of the

/
- - -
\

random walks, is given a weight l_[i, jeA ali\}j . Any solid line between points (m, x), (n, y) is assigned the
weight of the simple random walk transition kernel g,;—, (y — x). The hollow dots are assigned weight 1
and they mark the places where we simply apply the Chapman—Kolmogorov formula

The first steps are similar as in the expansion for the two-body collisions, above.
In particular, we have

B . oh i ﬁlJL(l \J) ) :
My, =E [ st [T TII (1+a¥’ sy B —x)
1<i<j<h 1<n<N
xez?

k
=1+) > E[l_["flvj g0y ]l{S,E{;“):xa}]

k=21 (ig,jasna-xa) €A, for a=1,....k a=1
distinct

2.11)
where the last sum is over k distinct elements of the set
Ap={G, j.n,x) eN? xZ%:1<i< < hi.

The graphical representation of expansion (2.11) is depicted in Fig. 1. There, we
have marked with black dots the space-time points (n, x) where some of the walks
collide and we have assigned to each the weight [ [, <i<j<h a;\;j ]l{sy(li):Sr(l_/):x}.

We now want to write the above expansion as a convolution of Markovian operators,
following the Markov property of the simple random walks. We can partition the
time interval {0, 1, ..., N} according to the times when collisions take place; these
are depicted in Fig.1 by vertical lines. In between two successive times m, n, the
walks will move from their locations (x®);— 1....h at time m to their new locations
D)z _h at time n (some of which might coincide) according to their transition
probablhtles giving a total weight to this transition of H —19n— m(D — x®) We,
now, want to encode in this product the coincidences that may take place within the
sets (x(i))izl,,,.,h and (y(i))izl,,.,,h. To this end, we consider partitions I of the set
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of indices {1, ..., h}, which we denote by I + {1,...,h}. We also denote by |/|
the number of parts of 7. Given a partition I I {1, ..., h}, we define an equivalence

relation Lin {1,..., h} such that k L £ if and only if k and ¢ belong to the same part
of partition /. Given a vector y = (y1, ..., yn) € ZH" and I + {1, ..., h}, we shall

use the notation y ~ [ to mean that y; = y, for all pairs k L £. We use the symbol o
to denote the one-part partition,” that is, o := {1, ..., &}, and * to denote the partition
consisting only of singletons, that is * := |_|§1:1{i}. Moreover, given I - {1, ..., h}
suchthat [/| =h—1and I = {i, j} U |_|k7él-’j{k}, by slightly abusing notation, we
may identify and denote I by its non-trivial part {i, j}.

Given this formalism, we denote the total transition weight of the 4 walks, from

points x = M x(h)) € (Z2)h, subject to constraints x ~ [ at time m, to points
y =W, ..., y®) e (Z*>", subject to constraints y ~ J at time n, by
h
1,J i i
0,00, ¥) = Tjeny [ [a2-m O = x) Lyyayy . (2.12)

i=1

We will call this operator the constrained evolution. Furthermore, for a partition

I'E{1,..., h}and B = {B; j}1<i<j<n We define the mixed collision weight subject
to ! as
on(I) =0y (Bijh<icja =[] on (2.13)
1<i<j<h,
it

with cr]i\}j as defined in (2.3). We can then rewrite (2.11) in the form

1+ Y Jewtn > [Tonsil i x. 214
r=1

= o:=ly i=Il 1<ny<--<n, <N i=1
I Ir 2% 0:=x0,X1,....x,€(Z>)"

We want to make one more simplification in this representation, which, however,
contains an important structural feature. This is to group together consecutive con-
strained evolution operators JN(I,')Q,I,i[ﬂ,;,fi_ ((xj_1,x;) forwhich [; | =I; =h — 1.
An example in Fig.1 is the sequence of evolutions in the first three strips and
another one is the group of evolutions in strips five and six. Such groupings can
be captured by the following definition: For a partition 7 + {1, ..., h} of the form
I=fk Ul ditandx = W, x®), y = W0, .. y®) e 2, we
define the replica evolution as

UL, ) = L yery - U, y® =2 ®) - [T 0@ =), @15
ikl

2 The notation o, with which we denote the one-part partition, here, should not be confused with the o that
appears in the figures, where it just marks places where we apply the Chapman—Kolmogorov formula.
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—\r
T .

Fig. 2 This is the simplified version of Figure’s 1 graphical representation of the expansion (2.14), where
we have grouped together the blocks of consecutive collisions between the same pair of random walks.
These are now represented by the wiggle lines (replicas) and we call the evolution in strips that contain
only one replica as replica evolution (although strip seven is the beginning of another wiggle line, we have
not represented it as such since we have not completed the picture beyond that point). The wiggle lines
(replicas) between points (n, x), (m, y), corresponding to collisions of a single pair of walks S® 5O are

assigned weight Uf,k’l (m —n,y — x). A solid line between points (m, x), (n, y) is assigned the weight of
the simple random walk transition kernel ¢,;; —,, (y — x)

with U 1’3 (n, y(k) — x®) defined in (2.7). We name this replica evolution since in the
time interval [0, n] we see a stream of collisions between only two of the random
walks. The simplified version of expansion (2.14) (and Fig. 1) is presented in Fig. 2.

In order to re-express (2.14) with the reduction of the replica evolution (2.15), we
need to introduce one more formalism, which is

) Yot m >0 mitma=n. OQmiy (6,2) - Ug (2. y),  if | =h -1,
P (x,y) = _ ze(Z2)"

on (x, ), i1 <h—1,

(2.16)

where we recall that | J | is the number of parts of J and so |J| = h— 1 means that J has
the form {k, £} U Lli#k,e{i}, corresponding to a pairwise collision, while |J| < h — 1
means that there are multiple collisions (the latter would correspond to the end of the
eighth strip in Fig. 1). In other words, the operator Pnl I groups together each replica
evolution with its preceding constrained evolution.

We, finally, arrive at the desired expression for the Laplace transform of the many-
body collisions:

o
My, =1+> >
r=1

02?10,11,‘..,1,
Li#Lj, 1 |1j1=11j 41 |=h—1
for j=1,....,r—1
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[Tonn > H Piil xiixp. @17)
i=1

1<ny<--<n, <N, i=1
0:=x0,X1,....x,€(Z>)"

2.3 Functional analytic framework and some auxiliary estimates

Let us start with some, fairly easy, bounds on operators Q and U (with the estimate
on the latter being an upgrade of estimate (2.9)).

Lemma 2.1 Let the operators Q#J, Ui be defined in (2.12) and (2.15), respectively.
For all partitions I # J with |J| = h — 1, B < 1 defined in (2.2) and on (1) defined
in (2.13), we have the bounds

|
> Ul(x,y) < ——= and on(J)
1- B
0<n<N, ye(Z2)!

> Q,’,;J(xvy)> <B. (18)

1<n<N,ye(Z?)h
forany B’ € (B, 1) and all large enough N.
Proof We start by proving the first bound in (2.18). By definition (2.15) we have that

o U= Y Ly US ey ® —x®) - [T a9 —x9)

n>0,ye(Z2)h n>0, ye(Z2)" J#k.L

= > Uy,

n=0

by using that D oem? C]n (z) = 1 to sum all the kernels g, (y") — x()) for j # k, £ and

Zzezz U (n,z) = U (n). Moreover, by definition (2.7) and (2.3), since S ¢ < ﬂ,
we have

S URtm < Y Uk =Y on (AR PG = m),

n0 n>0 k>0

and by (2.10) we have that for any 8’ € (8, 1) and all N large enough

S uyto < BV =n) <Y (B = B

n>0 k>0 k>0

Therefore,

Yo Ulapn<a-gHt

n>0,ye(Z?)"
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For the second bound in (2.18) we recall from (2.12) that when J = {k, £}Ui |_|j7ék’l {j},
then

0, (x, y) = (ﬂ{m} [T a6 —x”))) (YO =29y g (6O = 29)
J#k.t

since y ~ J means that yy = y,. Therefore, oy (J) = on(Bi,j) < on(B). We, now,
use that ) > g,(z) = 1 in order to sum the kernels g, (YWD —xW)y, j £k, £, while
we also have by Cauchy-Schwarz that

N
on(J) - ( > w6 =) g 0® —x“>)> <o) (Y au®) < B,
n=1

1<n<N, ypeZ?
by (2.10), for all N large enough, thus establishing the second bound in (2.18). O

Next, in Proposition 2.2, we are going to recall some norm estimates from [17] on the
Laplace transform of operators P,,I /| defined (2.16). For this, we need to set up the
functional analytic framework. We start by defining (Zz)? ={ye @ :y~1
and, for g € (1, 00), the €49 ((Zz)'}) space of functions f : (Zz)}l’ — R which have
finite norm

1

||f||(‘; = ||f||gq((zz)?) = < Z |f(y)|q)q .

ye(zmh

For g € (1, o0) and for an operator T : Z"((Z2)?) — (4 ((Zz)’}) with kernel T(x, y),
one can define the pairing

(f.Te = Y [T 0. (2.19)

xe(@].y @
The operator norm will be given by

ITllgs—a := sup NITgllps = sup (f.Tg), (2.20)
lgllg <1 I171p <1, Il g <1

for p, g € (1, 0o) conjugate exponents, i.e. % + é =1.

We introduce the weighted Laplace transforms of operators Q77 and U” . In partic-
ular, let w(x) be any continuous function in L% (R%) N L' (R?) such that log w(x) is
Lipschitz (one can think of w(x) = e~ !) and define wy (x) := w(x/\/ﬁ). Also, fora
function g : R2 — R we define the tensor productg®h (X1, veyxpn) = g(x1) - - glxp),
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The weighted Laplace transforms are now defined as

~1.J 1;J h(x)
QN’,A(x,y):=<Ze voli/ (x, )) ®h()

n>1
2.21)

0/ Y AL w%h(x)
UN’/\(x,y) = Ze NU(x,y) ) e 5 .

n>0 N()

The passage to a Laplace transform will help to estimate convolutions involving oper-
ators Q,I,;J(x, y) and U,{ (x, y) and the introduction of the weight comes handy in
improving integrability when these operators are applied to functions which are not
in £1((Z*)"). We will see this in Lemma 2.3 below.

We also define the Laplace transform operator of the combined evolution (2.16):

~ .
7. , flJ|#£h—1
PLY = Qﬁvf Lo (2.22)
’ Qyi Uy, iflJI=h—1.
For our purposes, it will be sufficient to take A = 0 and consider operators af\on, OL,O
and ﬁfvjo

Usiﬂg the above formalism we summarise in the next proposition some key esti-
mates of [17] (see Propositions 3.2-3.4 and the proof of Theorem 1.3 therein), which
are refinements of estimates in [4] (Section 6) and [8] (Section 3).

Proposition 2.2 Consider the operators 65\,10 and /F;ZIVJO defined in (2.21) and (2.22)
with » = 0 and a weight function w € L®(R?) N L'(R?) such that log w(x) is
Lipschitz. Then there exists a constant C = C(h, ,3_, w) € (0, 0o) (recall ﬁfrom (2.2))
such that for all p,q € (1, co) with % + é = 1 and all partitions I, J - {1, ..., h},
suchthat |I],|J| < h—1land I # J when |I| = |J| = h — 1, we have that

ol;J
; <
Pisf,, <cra (2.23)
Moreover, if g € £4 (Z2),
o~ 1
|se" Q%) , < cani sl (2.24)

for g®(x1, ..., xp) i= g(x1) -~ g(xp).

Let us now present the following lemma, which demonstrates how the above functional
analytic framework will be used. This lemma will be useful in the first approximation,
that we will perform in the next Section, in showing that contributions from multiple,
i.e. three or more, collisions are negligible.
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Lemma 2.3 Let H, y be the rt term in the expansion (2.17), that is,

r

Hoy= Y. [Jovt) 3 [TPi @i xn. 229

nj—nj—i
o:=Iy,I1,... 1 i=1 1<n1<---<n, <N, i=1
0:=x0,x1,.A.,x,E(Zz)h

and H (rr/:/ultl) be the corresponding term with the additional constraint that there is at

least one multiple collision (i.e. at some point, three or more walks meet), that is,

.
|
Hr('?\,”t') Z <HUN(Ii))]l{EIlgjgr:Ujkh]}

o:=lp,I1,....I, “i=1

S TP .

1<ny<-<n, <N i=1
0:=x0,%1,... X, €(Z>)"

Then the following bounds hold:

C roohtl i C roohl
Hy n < (_pq> N 4 and HMO T (_pq) N 7 .

< 2.26
log N N log N \log N (2:26)

forany p,q € (1, co) with % + é = 1 and a constant C that depends on h and B but
is independent of N, r, p, q.

Proof We start by considering w(x) = e ™ wy (x) := w(%) and w%h (x1,

cs Xh)
= ]_[lh: 1 wy (x;) and by including in the expression (2.25) the term
1 L w(xior)
o (1_[ N®h ! )w%h(XV) = 19
wy (x0) i=1 Wn (x;)
thus rewriting H, y as
Hoy= ), HoN(I)
o:=Ip,I1,..., I i=1
1 T wi(xi—1)
X Z ®h—1_[Pn,’—ln, l(xl lax')N®h—l"wN (xr) .
I < emen <N YN X0) i wy (xi)

0::xo,x1,...,xr€(Z2)h
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We can extend the summation on x from xo = 0 to xo € Z2 by introducing a delta
function 88% at zero. Then

Hy= Y, HoN(I)

x:=Ip,1I1,..., I, i=1
h r ®h
85" (x0) -y w® (xi_1)
0 Li—131 N Xi-—1 ®h
quad X > —h .~ nPn,Lniil(xiq,xi)T cwy ()
1<ny<-<n, <N Wy (x0) i=1 Wy (x;)
X0.X1,.. X, €(Z2)

We can, now, bound the last expression by extending the temporal range of summations
froml <n; <---<n, < Nton;—n;_1 € {1,..., N}foralli =1, ..., r.Recalling
the definition of the Laplace transforms of the operators (2.21), (2.22), we, thus, obtain
the upper bound

Hy< Y. HaN(I) 3 ° (x") HP" o i) W)

w
x:=1,11,.... I, i=1 X0,X1,..., X, €(Z2)h N

which we can write in the more compact and useful notation, using the brackets (2.19),
as

h r
82 o

0 *; 11 11 I I—1;1,  ®h .
Hy Ny < E <w®h,Q Py ”'PN,O Wy >| |0’N(I,).

I,...,,. YN i=1

We note, here, that in the right-hand side we set the I partition to be equal to Ip =
{1} U --- U {h}. In this case P1o:/t = P*Ii = Q%11 by definition (2.22). The delta
function 5(()3’}1 (x¢) will force all points of x¢ to coincide at zero, thus, forcing I to be
equal to the partition o = {1, ..., h} but, at the stage of operators, we do not yet need
to enforce this constraint. At this stage we can proceed with the estimate using the
operator norms (2.20) as

pli-1:1i
Hov< Y o* g H Pra ] e8], - TTovun. @27
- ~ i=1
By (2.24) of Proposition 2.2 we have that
5" 18 1
WQT\}{(I) <CgNz1 w_o =CqgNu,
Wy op N ll¢gp

and by (2.23) we have thatforall 1 <i <r — 1,

”P’l’ Cpq.

N
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Inserting these estimates in (2.27) we deduce that

1
<(Cpg) N« —H lwnllfa Y HoNu)
I,..., I i=1
1
=(Cpq)Nilwnlje Y HaN<1,~>, (2.28)
I,.... 1 i=1

for a constant C = C(h, B) € (0, o), not depending on p, ¢, r, N. We now notice
that for any partition 7 + {1, ..., h},itholds thatoy (I) < C/log N (recall definitions
(2.13) and (2.3)), so

Z HGN( i) S (logN)r

Moreover, by Riemann summation, N —h/q ||wN||2’q is bounded uniformly in N.
Therefore, applying these on (2.28) we arrive at the bound

HrNs(Cpq)rNh%',
’ log N

for a new constant C = C(h, ) € (0, 00), which is the first claimed estimate in
(2.26). For the second estimate in (2.26) we follow the same steps until we arrive at
the bound

|
H,(Tvu“) (Cpq)'N i w2 Z 1_[01\1(1)1L BIj<rilljl<h—1}-

Then we notice that for a partition I - {1, ..., h} with |I| < h — 1 it will hold that
on(I) < C(log N )~2 (recall definitions (2.13) and (2.3)). This fact, together with the
fact that there are » possible choices among the partitions /1, . . ., I, that can be chosen
so that [/;| < h — 1, leads to the second bound in (2.26). m]

3 Approximation steps and proof of the theorem

In this section we prove Theorem 1.1 through a series of approximations on the chaos
expansion (2.11), (2.17). The first step, in Sect. 3.1, is to establish that the series in
the chaos expansion (2.17) can be truncated up to a finite order and that the main
contribution comes from diagrams where, at any fixed time, we only have at most two
walks colliding. The second step, Sect. 3.2, is to show that the main contribution to
the expansion and to diagrams like in Fig.3, comes when all jumps between marked
dots (see Fig.3) happen within diffusive scale. The third step, in Sect.3.3, captures
the important feature of scale separation. This is intrinsic to the two-dimensionality
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and can be seen as the main feature that leads to the asymptotic independence of the
collision times. With reference to Fig. 3, this says that the time between two consecutive
replicas, say a4 — b3 in Fig. 3 must be much larger than the time between the previous
replicas, say b3 — by. This would then lead to the next step in Sect. 3.4, see also Fig. 4,
which is that we can rewire the links so that the solid lines connect only replicas
between the same pairs of walks. The final step, which is performed in Sect. 3.5 is to
reverse all the above approximations within the rewired diagrams, to which we arrived
in the previous step. The summation, then, of all rewired diagrams leads, in the limit,
to the right hand of (1.2), thus completing the proof of the theorem.

3.1 Reduction to 2-body collisions and finite order chaoses

In this step, we use the functional analytic framework and estimates of the previous
section to show that for each r > 1, H, y decays exponentially in r, uniformly in
N € N and that it is concentrated on configurations which contain only two-body
collisions between the 4 random walks.

Proposition 3.1 There exist constants a € (0, 1) and C =C(h, ,3, a) € (0, 00) such
that forallr > 1,

_ . C
sup H, y < Ca’, d H™ < = ar 3.1
NerIil o o r.N log N " G-

Proof We use the estimates in (2.26) and make the choice g = gy = Ci] log N with

a € (0, 1) and a constant C; such that % < a (recall that % + é = 1). Moreover,
this choice of g implies that

h+1 h+1
N‘i :eqlogN:

Cy (h+1)
e a .

_ Cy (h+1)
Therefore, choosing C = ¢ = implies the first estimate in (3.1).

The second estimate follows from the same procedure and the same choice of
q=qn = Cil log N in the second bound of (2.26). O

Proposition 3.2 If Mf, 5 1s the joint Laplace transform of the collision local times
{ b4 L(i’j)

logN —N 1<i<j<h
then for any € > 0 there exists K = K such that

, (2.1) and H, y is the r'™ term in its chaos expansion (2.25),

K
‘M]l\;],h - ZHr,N‘ <€,
r=0
uniformly for all N € N.
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Proof By Proposition, 3.1, H, y decay exponentially in r, uniformly in N € N and
therefore

lim sup ( sup Z Hr,N> =0,
K—o0 N2l g

which means that we can truncate the expansion of M f, ; to a finite number of terms
K depending only on €. O

By Proposition 3.1 we can focus on only two-body collisions, since higher order
collisions bear a negligible contribution as N — oo. Let us introduce some notation
to conveniently describe the expansion of H, y, after the reduction to only two-body
collisions, which we will use in the sequel. Given r > 1 we will denote by a;, b; €
NU{0},a; < b;j,i =1,...,r the times where replicas start and end respectively, see
(2.15) and Fig.2, where replicas are represented by wiggle lines. Thus, a; will be the
time marking the beginning of the i’ wiggle line and b; the time marking its end. Note
that, a; = 0. Moreover, we use the notation ¥ = (x1, X2, ...,X,) € (Zz)h’ to denote
the starting points of the r replicasand y = (y;,...,y,) € (Z*)"" the corresponding
ending points. Again, notice that x; = 0. We then define the set

Cr,N = [(aagaia 3;)

O=a<b1 <y <---<ay

< b <N, E5 €@ x =0]. (3.2)

We also define a set of finite sequences of partitions

[e¢]

7% = U {(11,...,1,) lj#Liyrand |1} =h—1,¥) € {1,...,r}}.
r=0
Using the notational conventions outlined above we can write H, y = Hr(zlz, +H r(n;vum)
with
,
2 li—1: 1 I
Hr(lz, = Z Z U;ll (0, J’1)1_[ Qa,.,lbiil(yi_l,xi)Ubi,a[ (xi, y)on ().
I, 1) €IP G,5,%,5) €Cr i=2
(3.3)

In the next sections will focus on Hr(zlzl, which by Proposition 3.1 contains the main
contributions.

3.2 Diffusive spatial truncation

In this step we show that we can introduce diffusive spatial truncations in all the kernels
appearing in (3.3) which originate from the diffusive behaviour of the simple random
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walk in ZZ2. For a vector x = (x(, ..., xM) e (Z*)", we shall use the notation

— )
X = max |Xx
” Hoo 1<i< | |7

SAS

where | - | denotes the usual Euclidean norm on R2. For each r € N, define Hr(fjl';fl)\, to

be the sum in (3.3) where C, y is replaced by

Ci"jji\f/f’)R =C. NN {(ﬁ, b, X, y): ||yl- — xi“oo < R/b; —a; and Hx,' —Yi_1 ||C(>% "

< RJa — b foraulgigr}

and similarly we define

diff 1
ZhraED S SIS

(T, 1) €@ G 5 3, 5) € CO4Peraim

i

,
[T i e Uy i ypon . 39)
i=2

where

diff . .
W™ = n @b %5 31 <i <y - w

> R\/b; — a; or |]xi—y,-,]||oo>R a; — b }

Note that then we have that

(2) __ py(diff) (superdiff)
Hr,N - Hr,N,R + Hr,N,R .

We have the following Proposition.

Proposition 3.3 Forall r > 1 we have that

. (superdiff)
lim sup H =0. 3.6
R—o0 Ne% r.N.R ( )
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Proof We use the bounds established in Lemma 3.4, below, and (2.18) to show (3.6).
We can use a union bound for (3.5) to obtain that

diff) _ 1
HEVR > > U0y

(L,..., 1) e T2 (ﬁ b 7 y) c C(superdlff)

]_[Q’ L i x)Uf iy on ()

< Z ) ) 37

J=Ly,....I,) eI® O:=a; <by<ay<-+<ar,<b <N,
0:=X1,Y1,...Xp, ¥, €(ZH"

< {lyj=xil >R ”—a/}+]1{|\x/'—y/>1|\m>1e “./'_bj—l}>

i 1 i
x Uyl (0, yl)]_[ Qi (v XD Uf_ (i yp on ().

i=2

We split the sum on the last two lines of (3.7) according to the two indicator functions
that appear therein. By repeated successive application of the bounds from (2.18) for
Jj < i < r and then by using (3.10), which reads as

I . —kR
Z Ubjfaj(xj’y./')]l{”y —x]” >R b—aj}ge ’

Y €@ a;<bj<N

we deduce that

I
2 Myl >y} In O 90
0:=a1<br<ar < <ar <br <N,
0:=X 1, 315000 Xr, y, €T

HQ' U i X0 Uf iy on ()

cor(E )T ) (3.8)
X 1_‘3—/ . .

i=a1<hy<ax<<bj_1<a; <N,
0:=x ,yl,...,xje(Zz)h

20, yl)l_[Q’ U i x) U (i y) on ()

I]

x 0,7, b S i xpond;).
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We then continue the summation using the bounds from (2.18), to obtain that the
right-hand side of the inequality in (3.8) is bounded by

e—KR( 'é/_>r_j< ’3/_>j_1=e—KR( '3/__ )r_l.
1-p 1—p 1—p

Similarly, for the sum involving the second indicator function in (3.7) we obtain by
using (2.18) and (3.9) of Lemma 3.4 that

1 0,
> {le5=3)1 | = Ry/a =51} Upy 0. y1)
O:=a;<hr<ar<-+<ar <br <IN,

0:=X|,yl,...,xr,y,e(Zz)h

XHQ’ U i x) Uf iy ow ()

<ok (1 _IB/) By

Therefore, the right-hand side of the inequality in (3.7) is bounded by

SIS M (€ fﬂ)l +(25) @)

J=1,... 1) €ZT®
< e_KR(Zr . —(B/)r_—l . <h)r>
h a-py \2) )

where the ( ) factor comes from the fact that there are at most ( ) choices for the
sequence (I1,..., 1) € Z@ . Thus, recalling (3.7) we get that

sup H(superdlff)< —kR 2. (5/)r__1 . h\' R_)_OO)().
o (1-py \2

O

Lemma3.4 Let I,J - {1,...,h} such that |I| = |J| = h— 1l and I # J. For
large enough R € (0, 00) and uniformly in x € (Zz)}; we have that for a constant
k =k(h, B) € (0, 00),

on(J) - < . ey ]1{|x—y|oo>1eﬁ}> <69

1<n<N, ye(Z?)h

and

J —KkR
2o Uyt e < (3.10)
1<n<N, y e(Z2)h

@ Springer



D. Lygkonis, N. Zygouras

Proof We start with the proof of (3.9). Since |J| = h — 1, let us assume without loss
of generality that J = {k, £} U |_|j#k’€{j}. In this case, Q,I,;J(x, y) contains b — 2
random walk jumps with free endpoints y(j ), Jj # k, £, that is

T a9 —x9.

J#k. L

Moreover, J imposes the constraint that y® = y® which appears in Qi;](x, y)
through the product of transition kernels

an (3 = x®) g,y = x ),
recall (2.12). The constraint ||x — y|lo, > R+/n implies that there exists | < j < h

such that [x) — y()| > R \/n. We distinguish two cases:

(1) There exists j # k, £ such that IxD —yD| > R /n,or
Q) |xD —yD| > R /nforj=korj=0¢.

In both cases, we can use Y__ ;> ¢ (z) = 1 to sum the kernels g, (y? — x®) with
i ¢ {j,k, £} towhich we do not impose any super-diffusive constraints. By symmetry
and translation invariance we can upper bound the left-hand side of (3.9) by

on(J)- ((h—Z) 3 qn(z)-]l{lMﬁ}.{ sup q,,(z)q,,(z+u)}

2
1<n<N, 272 u€ls oz

+2 sup Z qn(2)qn(z + u) - ]l{z|>Rﬁ}> :
uez? 1<n<N, zeZ2

(3.11)

Looking at the first summand in (3.11) we have by Cauchy-Schwarz that

1/2 1/2
swp Y qu@anz 1) < (Y ai@) sup (Y gde+w) T < qa0),
uez? 7€ zeZ? uez? zeZ?

(3.12)

since Y L2 q,% (z) = g21,(0). Letusrecall the deviation estimate for the simple random
walk, which can be found in [16], Proposition 2.1.2, that is

P( max | S| > Rﬁ) < e_CRZ, (3.13)
0<k<n

AL
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for a constant ¢ € (0, 0o) and all R € (0, 00), large enough. By using bound (3.12)
and subsequently (3.13) on the first summand of (3.11) we get that

> @ Tgeryi | Y an@antz+w)
ueZ?

1<n<N, zeZ? z€72
< Z q2n(0) - gn (D L1715 Ry
1<n<N, ze72

_p2
<e ck Ry.

N
We recall from (2.4) and (2.5) that Ry = 3", q2n(0) "~ 2¥ therefore,

T

> 4 @anz + m})

on(J) - ((h -2) Z qn(@) - Ly o rymy - { sup
ueZ? 2e72
(3.14)

1<n<N, zeZ?
h—2)on(J) Ry e—F

< (
< (h_2)B/ e—CRz’

forsome B’ € (B, 1). The second summand in the parenthesis in (3.11) can be bounded
via Cauchy-Schwarz by

1 1

2
( > q,f(z+u)). (3.15)

1<n<N, zeZ2

Y @ ]1{|z>Rﬁ})

1<n<N, zeZ?

For the first term in (3.15), using that sup, 72 g, (z) < % we get

2
Y 6@ Lrym < C
1<n<N, zeZ?

qn(2) _cR2
> T Merym < Ce logN
1<n<N, ze72

(3.16)

For the second term in (3.11), we have that for all u € Z2

N

N—oo log N

Y. GmGetw=) gn0) & ——.
1<n<N, zeZ? n=1

Thus, by (3.15) together with (3.16) we conclude that for the second summand in
(3.11) we have

cR?
on(J) - (2 sup Z qn(2)gn(z +u) - ﬂ{|z|>Rﬁ}) <Ce 7.

2
UELT | <N, €72
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Therefore, recalling (3.14) we deduce that there exists a constant « (#, B) € (0, 00)
such that

I;J —KkR?
on(J) - < Z 0l (x,y)- ]l{||X—y|oo>Rﬁ}> <e .

I<n<N, y et

We move to the proof of (3.10). Similar to the proof of (3.9), we can bound the left-hand
side of (3.10) by

(h—1) Z Uﬁ(n, W) - gn (DL ;15 k)
1<n<N, w, zeZ?

+ > Uk (,2) - Lyp212 p i - (3.17)

1<n<N,zeZ?

For the first summand in (3.17), by (3.13) we have that

_ 2
D@Ly < e

z€72

and Yy <<, wez2 UI’\S, (n,w) < ﬂ,, therefore

3 h—1 2
(h—1) Z Ule(n,u)) -qn(z)ﬂ{‘szﬁ} < - e R (3.18)

B
1<n<N, w, z€Z?

For the second summand, we use the renewal representation of U 1‘3 (-, -) introduced in
(2.8). In particular, we have that

_ N
> U0 D gy = 2 on RO Y P(IS] > RV 7Y =n).

1<n<N,zeZ?2 k>0 n=0
(3.19)

Then, by conditioning on the times (T;N))lgigk for which r,EN) = TI(N) + -+ T,;N )
we have that

<|S(N)|>Rﬁ ) n)
N I

ny+-+ng=n

(3.20)
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A multivariate extension of the Erdés—Taylor theorem

Note that when we condition on N_ I{T(N) = n;}, ;" is a sum of k independent

random variables (§;)1<; <k taking values in 72, with law

g7, (x)
qon; (0)

P& =x) =

The proof of Proposition 3.5 in [17] showed that there exists a constant C € (0, 00)
such that forall A > 0

E[euzle sl-\] < 24CWn (3.21)

uniformly over the values ny, . .., ng. Therefore, by (3.21) with A = \/LE and Markov’s
inequality we obtain that

P(\S,gm\ > Rﬁ‘ Nk (1 = ni}) < 264K
Thus, looking back at (3.20) we have that for all k > 0,
P(ISi"] = RV, o =n) < 2e* R PR = m),

therefore, plugging the last inequality into (3.19), we get that

_ e 4C—R
S US@ D) Ly g < 26%C RZUﬂ(n) —5 (3.22)

1<n<N,zeZ?2 n=1

therefore by (3.18) and (3.22) we have that there exists a constant « (#, ,3) € (0, o0)
such that

J —KkR
2 Un @) Ly yiorya) S€

1<n<N, y e(Z?)h
for large enough R € (0, 00), thus concluding the proof of (3.10). O
3.3 Scale separation
In this step we show that given r € N, r > 2, the main contribution to H (d}:/ff) comes

from configurations where a; 1 — b; > M (b —bj_y)foralll <i<r and large M,
as N — oo. Recall from (3.4) that

= Y%

..... 1eI® Gb3 5 e,
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,
i1 1 i
Ul .y [ Quzsr Gici X Uf_, (ki y) - on (i)

i=2

Define the set

_ (- .
Ry = O N {@.B.%.5) i = by > My = by forall 1 <i <r =1,

(3.23)
with the convention by := 0 and accordingly define
i I
HN R = 2 2. Uy
(o 1) €T G 535y e |
r
li—1;1; i
[Toi it iy xdU) _, xivy)onUi).  (324)
j=2

We then have the following approximation proposition:

Proposition 3.5 Forall fixedr e N, r > 2 and M € (0, c0),

lim sup | H N = HOR [ =0 (3.25)
N=>0Re0,00)! 7 B

Proof Fix M > 0. Let us begin by showing (3.25) for the simplest case whichisr = 2.
We have

(diff) (main)
HZ,N,R - H2,N,R,M < Z Z
(I1,1)eZ® 0<bhi<ax<N,ax—bi<Mby,
Y1.X2.y2€(Z2)"

;L 0, y) QI (1. x2) on IV _, (x2. y).

We can bound oy (12) by %, for some ,3_’ € (,3, 1) and use (2.18) to bound the last
replica, i.e. the sum over (by, y,), thus getting

2/ a/\—1

(diff) (main) zB'(1—-p")

Hyyr—H N gy < 1 2 :
og N

(I1,h)eZ®

Iy I1; 1
> Uyt (0, y1) Q05 (31, X2) .
0<bhi<aa <N, ap—b1 <Mby,
y1.x26(Z%)"

(3.26)

Notice that at this stage we can sum out the spatial endpoints of the free kernels
in (3.26) and bound the coupling strength B ¢ of any replica Ué‘1 0, y;) with I1 =
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A multivariate extension of the Erdés—Taylor theorem

{k, 6} U L 014 by B to obtain

a/ an—1
(diff) (main) TB'(1-8")
Hyngr—Hyy gy < log N Z Z
(I1,[)eZ® 0<bi<ax<N,ax—bi<Mby,
y1,x2€Z2

UL b1, YD) dar—by (X2 = ¥1) Gas (x2)

R/(1 _ RrN—1 2
< 7B’'(1-p8" h Z
log N 2
0<bi<aa <N, a—b1<Mby,
yi,x%2€Z?
UR B YDdar—b, (2 = 31) Gy (32) - (3.27)

For the last inequality we also have used that the number of possible partitions

(I1, ) € T@® is bounded by (3)2 For every fixed value of by in (3.27), we use

Cauchy-Schwarz for the sum over (az, x2) € (0, (1 + M)b;] x Z2 in (3.27) to obtain
that

> Gar—by (X2 = Y1) qay (x2)
by <ar <(14+M)by, xr€Z2
1

2
< < Z oy (X2 — yl))

0<ar <(14+M)by, xp€Z2

1 (3.28)
> 1132062))
b1 <ar <(1+M)by, xo €72
! :
=( > qzmz_bl)(m) ( > qza2<0>) :
O<ax<(1+M)b; bi<ay<(1+M)by
We can bound the leftmost parenthesis in the last line of (3.28) by Rll\,/2 =

172
( Zf:lzl qon (O)) = O(4/log N). For the other term we have

Y ea@®<c Y L<clogi+m.  (329)
bi<a; <(1+M)b; by<a <(1+M)b,

Therefore, using (3.28) and (3.29) along with Zogb.gN, yez? U]’S b1, y1) < (11—
B)~!in (3.27) we obtain that

(diff) (main) 5 = o [log(l + M) N-oo
HZ,N,R_HZ,N,R,Mgc”ﬁ/(l_ﬁ/) log N 0.
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Let us show how this argument can be extended to work for general » € N. The
key observation is that for every fresh collision between two random walks, that is
Iiy1 = {k, ¢} u Llj;ék,e{j}’ happening at time 0 < a;4+1 < N, we have I; # [y,
therefore one of the two colliding walks with labels k, £ has to have travelled freely,
for time at least a; 41 — b;_1 from its previous collision. More precisely, every term in
the expansion of Hr(fjlllf,f)R - Hr(T\?"Ig%  contains for every 1 < i < r — 1 a product of
the form

Gajo1—b; Xit1 = Vi) - Gagy—bi_) (Xit1 — Yi-1)
see Fig.3. Recall from (3.2) and (3.24) that we have the expansion

(diff) (main)
Hr,N,R - Hr,N,R,M

1
= 2 2 Uy, 0. 3)
) €IP G b %,5) e OV Mo (3.30)

li—1; 1 I;
[12a™ ic ¥ Uy, (eis 3 on (1),
i=2
where by definition (3.23) we have that

r—1
diff i diff O
Cﬁ,zlv,)R ~ Cimz\?l?e)M = Ci,zlv,)R n U {(a, b,x,y): aiy1 —b <M(b; —bi_1) } )
i=1

(3.31)

We will start the summation of (3.30) from the end until we find theindex 1 <i <r—1
for which the sum over a; is restricted to (bi, b;i + M (b; — b;_ 1)], in agreement
with (3.31), using (2.18) to bound the contribution of the sums over b;, a; 1 and the
corresponding spatial points fori < j < r — 1. Next, notice that we can bound the
contribution of the sum over aj4 € (b, bj + M(b; — bi—1)] and x; 41 € Z?, using a
change of variables, by a factor of

C log(1 + M)
1 ( sup > an@dn+ u)) < c‘/gl—,
0ZN \ | <1<V, uez? L <n M. €T ogN

using Cauchy—Schwarz as in (3.28) and (3.29). The remaining sums over b;, a; 1,
1 < j < i can be bounded again via (2.18). Therefore, taking into account that by
(3.31) there are » — 1 choices for the index i such that the sum over a; is restricted

to (bi, b; + M (b; — bi_l)], we can give an upper bound to Hr(fj,i\,ff)R — Hr(‘r?\,ailg)M as
follows:

r a/
(diff) (main) h B r log(l + M) Noo
Hovg =y < C0=D (2) (1 - B/) \  logN 0
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A multivariate extension of the Erdés—Taylor theorem

(2,3} {1,2} (3,4} (2,3}

0:=a; by g by ag by ay by

)

Fig.3 A diagramatic representation of a configuration of collisions between 4 random walks in H, AEZN with
I =1{2,3}, b ={1,2}, Iz = {3,4} and I4 = {2, 3}. Wiggly lines represent replica evolution, see (2.15)

where we also used that the number of distinct sequences (I1,...,I;) € 7D s
h r
bounded by (5) . O

3.4 Rewiring

Recall the expansion of H,(w]:,ai;) Mo

(main)
Hr,N,R,M T 2 : 2 :
2) -7 = = i
(1) €I @b % 5) eCV

,
li—y;1; i
Uy [T eu imr.x Ui, (i y) on () - (3.32)
i=2

We also remind the reader that we may identify a partition I = {k, £} U|_| ik, )

with its non-trivial part {k, £}. Moreover, if ({i1, ji}, - . {i, jr}) € I® we will use
the notation

p(m) :=max {k <m : {im, jm} = {ix, ji}},

with the convention that p(m) = 0if {ix, ji} # {im, jm} forall 1 <k < m. Given this
definition, the time bp(,) represents the last time walks iy, j,, collided before their
new collision at time a,,. Note that since we always have {ix, jk} # {ik+1, jk+1} by
construction, p(m) < m — 1.

Consider a sequence of partitions ({i1, ji}, ..., {im. jm}) € Z® and let m €
{2, ..., r}. The goal of this step will be to show that we can make the replacement of
weight

qam_bmfl <xn(’im) - yr(l’i’:)l) : qam_bmfl (x’gn]’") - y:njf)1>
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2 m (im)
«— qa,,,fbp(m,( ) — yp(m)) (3.33)

by inducing an error which is negligible when M — oco. We iterate this procedure for
all partitions I, ..., I,. We call the procedure described above rewiring, see Figs.3
and 4. The first step towards the full rewiring is to show the following lemma which
quantifies the error of a single replacement (3.33).

Lemma3.6 Letr > 2 fixed and m € {2, ... r} with Ly = {im, jm}. Then, for every
fixed R € (0, 00) and uniformly in (a,b,Xx,y) € CT]\?}?{M and all sequences of
partitions (I1, ..., I,) € 7o),

qam_bm l< m) yn(’im)l> qam_bm l('x’(n]m) yl’(njm)l>

m (im) 1
= 9o, bp(m)( " = oo )) rend, (3.34)

where oy (1) denotes a quantity such that limp;—. o 0y (1) = 0.

Proof We will show that
T 1( ) y,(,i’”)l) = G- bm,,l)( o yé””))) ceom® (3.35)

and by symmetry we will get (3.34). To this end, we invoke the local limit theorem
for simple random walks, which we recall from [16]. In particular, by Theorem 2.3.11
[16], we have that there exists p > O suchthatforalln > Oandx € 72 with x| < pn,

1t
qn(X)=g'2’(x)'€0("+"3) '2~]1{ (3.36)

("v")ezgven} ’

P

where g;(x) = denotes the 2-dimensional heat kernel and

Z3 . ={(n,x) €ZxZ?: n+xi +x=0 (mod 2)}.

even
The last constraint in (3.36) is a consequence of the periodicity of the simple random
walk. Let us proceed with the proof of Lemma 3.6. First, we derive two inequalities

which are going to be useful for the approximations using the local limit theorem.
Auxiliary inequality 1. We claim that

m — bm—1 > (M — 1) (bm—l - bp(m)) . (3.37)
To this end, we start with the fact that

ak+1 — bk > M(by — br—1) holdsforall ]l <k <r—1, (3.38)
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which we will apply repeatedly. Starting with k := m — 1, we have that

am — b1 > M(bu—1 — bu—2) = M(byy—1 — am—-1) + M(am—1 — bp_2) .
(3.39)

We can then estimate the second term in the right-hand-side as

M(ap—1 — bu—2) =M — D)(@n-1 — bn—2) + (@n-1 — bp_2)
> (M - 1)(am—l - bm—2) + M(bm—Z - bm—3)

where in the last step we used (3.38) with k := m — 2. Inserting this into (3.39) we
have that

am — b1 > M(bu—1 — am—1) + (M — 1)(am—-1 — bp—2) + M(byy—2 — by—3)

We next decompose M (b,—» — b;y—3) as we did in (3.39) for M (b,,—1 — by,—2) and
iterating this procedure up to p(m) we obtain that

m—1

an=bu-t> D (MB;—ap)+ M =@ —bj-1)
j=p(m)+1

> (M — 1) (bm-1 — bpm)).

where in the last step we reduced M (b; —a;) to (M —1)(b; —a;) and then telescoped.
Auxiliary inequality 2. As a second step, we will prove that

im @m) im @im) am — bmfl
‘ B )_ypl(m) =[x = vl ‘ SR-V2r—1- o1 (3.40)

To this end, by the reverse triangle inequality we have that

(im) (im) (im) (im) (@im) (@im)
’ |xn; Yoyl ~ |xrri - ym—l| ’ < |y ~Xm—1

m—1
(i"l ) (im) (iﬂl) (ilﬂ )
oo = Y| A i i Yo |- (3.41)
Note that by the diffusivity constraints of Cﬁmj\e,"rg 1 We have that
Gm) (m) (im) (im) (im) (im)
Vo = X | e = | |xp(m)+] — Yo(m)
m—2 m—1 (342)
<R'< Z a1 — bi + Z \/bk_ak>-
k=p(m) k=p(m)+1
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By Cauchy-Schwarz on the right hand side of (3.42), (3.37) and the fact that m < r,
we furthermore have that

('"Z—z ag+1 — by + mz_l \/bk_ak)

k=p(m) ke=p(m)+1
m—2 m—1 1/2
<A2r—1 < Z (ar+1 — bi) + Z (br — ak)) (3.43)
k=p(m) k=p(m)+1

= \/21‘ —1- \/bmfl - bp(m)

b
P —ml

—1

Combining (3.43) and (3.41) we arrive at (3.40).
Now, we are ready to show approximation (3.35). By (3.36) we have

(im)_ (im) 2 (m) _ (im) 2
Qam—bm— 1(x151m) y,gi’i) ) _ bm'f 17 b bp(m)l
=e¢ am —bm—1 am=bp(m)

qam*bp(m) (xm - yp(m) (344)

(im) _ (lm) 4 Gim) _ (lm) 4
[Xm Y11 +xm Yol |
_ 0 1 m)
(am bp(M)> e (“m—bmq * (@m—=by—1)?
a

m — bm—l

Let us look at each term on the right hand side of (3.44), separately. First, we have

u ), im)
‘f;lz’n) /(Ylm) m p(’/’f}) . | () (im) 2
am—bpy | am bp(m) < e“’"_”m 1 Jp(m)

. . 2
s —iml)

D (R

1 ( A —yim ||

am=bm—1

(im) _ (im)
| )
=e .

and by using (3.40) we have

|x£rim) (im)

yp (m) + |xr('im) - y,(,im_)1| < 2|Xn(,im) (l’”) | + Rm —ml

M—1

< 2R, — by 1 4+ RV2r — —’”11

2r—1).

—R am—bm_1(2+ -

Therefore, by (3.40), again, we get

1 (im) _ (’m) (im) (im) (Gim) @im)
e —bp—1 ( X Yp(m) |+| - )(lx"‘ “Yo(m)

R2(2+ ﬁ;:{) =
<e .

| )
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Similarly, we can get a lower bound of

. . 2 ; . 2
(im) _ (im)
|Xr(rfm)*>',(,','fi '™ =Yom) 52 2-1) [2-l
— — + — R(1- 2+ T
am—bpy—1 am=bp(m) 2 e

)

since any, — bpgn) < (1 + ﬁ)(am — by —1) by (3.37). The second term in (3.44) can
be handled by (3.37) as

—b bn—1—b 1 -
1<<M)=<1+M)<1+ M=o
am — bu—1 m — bm—1 M—1

For the last term in (3.44) we have that

(im) (lm) (lm) (im) 4
Xm + | p(m)
( am — bm71)3
; 4
i o (i) — 3 R 2T gae) )
<
(am — bm—1)3 (am — bm—1)3
9R* SR4(2r — 1)?

(@m — bim—1) (@m —bm—1) - (M — 1)2 '

where we used (3.40) along with the inequality (x + W < 8(x* + yH) forx, y € R.
Therefore,

4
('m) (lm) Gim) _ (lm)
m —1| *"‘m p(m) 9 R4 8R4 (2r—1)2 9Rt | sRAQr12
e (am_bm—l)s < e(amihmfl) (am—hmf])«M—l)z < e M M-(M—I)2 - 1’

where we used in the last inequality that a,, — b,,,—1 > M(b,—1 — byy—2) = M by
(3.23). O

3.5 Final step

Now that we have Lemma 3.6 at our disposal, we can prove the main approximation
result of this step. Recall from (3.32) that

(main)
Hr N,R.M

A
= ¥ S U0 [0 Gk Ul s on .
U1 €I? G b7 5) e =2

Define H, (rew) .y to be the resulting sum after rewiring has been applied to every

term of H (T\,a';) - that is, given a sequence of partitions (/y, ..., [;) € @ and
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(2,3} (1,2} (3,4} (2,3}

\>‘ o
T S

as by ay by

O:=a; b

Fig. 4 Figure3 after rewiring. We use blue lines to represent the new kernels produced by rewiring. The
dashed lines represent remaining free kernels from the rewiring procedure as well as kernels coming from
using the Chapman—Kolmogorov formula for the simple random walk

@b, %y € Cimzx?l?e) v» we apply the kernel replacement (3.33) to all partitions

I, ..., I starting from [, and moving backward. We remind the reader that we may
denote a partition I = {i, j} U Uk#i’j{k} e 1@ by its non-trivial part {7, j}, see
subsection 2.2.

Proposition 3.7 Fix 0 < r < K. We have that

H3 e = e BITR (3.45)

and
(rew)  _
H'V 'k = > >
(i1, j1)lir ) € IO @BE) eCTRR

p

Bir.j ] ' ¢ ‘
1_[ UNk Jk (bk — a, ylglk) — x]Elk)) . 1_[ qby—ay (yli )~ XIE ))
k=1

1<e<h, (3.46)
LFik i
r
% l_[ O_imvjm . qz (x(im) _ (lm)) . 1_[ (x(é) _ 9] )
N am—bpm) \"'m yp(m) Qap—bm—1\Xm Ym—1) -
m=2 1<e<h,
LFEims jm

Proof Equation (3.45) is a consequence of Lemma 3.6 and the fact that r < K, while
expansion (3.46) is a direct consequence of the rewiring procedure we described in
the previous step, see also Figs. 3 and 4. O

Next, we derive upper and lower bounds for Hr(rilwze - We begin with the upper bound.
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Proposition 3.8 We have that

(rew)
H Ny S > >
(11,711l i) e IO O=1Sb1<@r<ov<ar<by <N,
0:=X1,Y1,..sXp, yr €Z*

.
1_[ Uf,ik'jk (br — a, yk — xx)
k=1

’
imvj”l 2
X l_[ GN ' qam—bp(m) ()Cm - yp(m)) .

m=2
Proof Fix r > 1 and from (3.46) recall that

(rew)
Hr,N,R,M

Biy. Jk (k) _ (ik)
= O e =)
(ti1.J0)nlir i) e TO @75 e |, k=1
{4 £
[T a0 —x (3.47)

1<e<h,
CF ik Ji

)
< [Tow " a2, G5 =580 T dam—bus (50 = 5574) -
m=2 1<e<h,

CFim . jm

For the sake of obtaining an upper bound on Hr(r]evw;e » We can sum (a, b,%,y) in

(3.47) over C, y, see definition in (3.2), instead of C(m;”;; - We start the summation
of the right hand side of (3.47) from the end. Using that for n € N, Yo dn(@ =1
we deduce that

Y T a0 —xO) =1,

52) e7?: iy, jr
1<O<h, Cir )y

(i) _ (”)) intact and move on to

We leave the sum Zb,e[a, N1y ez2 UN (br —ar, yr

the time interval [b,_1, a,]. We use again that forn € N, ZzeZz gqn(2) = 1,to deduce
that

> T e P =5 =1

(Z)EZZ CH#iy, jr
1<Z<h LFEiy, jr

R 2 (@ir) _ (ir)
are (by_1,b,], x5 ez qarfbp(r)( r Yp(r)

iterate this procedure inductively since due to rewiring all the spatial variables y

Again, we leave the sum ) ) intact. We can

©)

r—1°
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£ # i,_1, j-—1 are free, that is, there are no outgoing laces starting off yr(g_)l, l #
ir—1, jr—1 at time b,_1. The summations we have performed correspond to getting
rid of the dashed lines in Fig.4. Iterating this procedure inductively then implies the

following upper bound for Hr(ri,W;? M-

r
Hr(,r;/v,vl)e,M < Z Z l_[ Uf,lk"]k (bk — ag, Yk — xk)

(ti1. 1) lir ) e T@ O=a1Sbr<ar<e<arShy SN k=1
' 0:=X1, V1 ey X, Yy €22

)
imsjm 2
< [T oN" - aa, by (om = Ypum) -

m=2

O

In the next proposition we derive complementary lower bounds for Hr(rje\,wge - Given

0 < r < K and a sequence of partitions I = ({i1, j1}, ..., {ir, jr}) € T?® we define
(rew) (main)

the set C. ' M(i) to be C; N Ry Where for every 2 < m < r we replace the
diffusivity constraint me — Y—1 Hoo < Ri/ay — by, —1 by the constraints

4 . .
1 — 3O | < Ry — b1, £ € {1, ..., h}  {im, jm} and
, / 1 2K — 1
4 . .
|x,(7f) —yé(n)@| < R\/l — M(l V1 )Jam — bomys £ € {im, jm}-

This replacement transforms the diffusivity constraints imposed on the jumps of
two walks {i,;,, j,,} from their respective positions at time b,,_; to time a,,, which is
the time they (re)start colliding, to a diffusivity constraint connecting their common
position at time bp(;,), which is the last time they collided before time gy, to their
common position at time a,, when they start colliding again.

We have the following Lemma.

Lemma3.9 Let 0 < r < K and M > 2K. Forall I = ({i1, j1}, ..., lir, jr}) € T®
we have that

(rew) 4 (main)
CGnarmd) CCN R M-

Proof Fix 0 < r < K, a sequence | = ({iv, ji}s - ir, jr}) € T and
@, b, %y € CEGNV\%,LR(I*). Moreover, let 2 < m < r. By symmetry it suffices
to prove that

1, _ <Ly GG .
(s i<y i (132 ) Vo) (e <RV}
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Indeed, by the definition of Cfri‘;‘% R(f ) and (3.40) we have that for (@, b, ¥, ¥) €
G-
bm 1

. . am — —
) = Yty = P = 3| S R-V2r =T 2R (348)

Moreover by (3.37) we have that
—by—1 > M — 1)(by—1 — bpm)) = am — bpmy > M(bp—1 — bpim)) -
Therefore,

am — bm—1 = am — bpmy — (bn—1 — bpm)) > am — bpm)

1 1
(@ = b)) = (1 - M)(am —bpemy) . (3.49)

Combining inequalities (3.48) and (3.49) we get the result. O
Proposition3.10 Let 0 < r < K. For M > 2K we have that

(rew)
Hr,N.R.M

> - e—cRZ)ZKh Z Z

AN TP P 2) 0—a1<b1<a2< ~<ar<b<N,
T=(tin, ).l jr)) e 7@ D= ShTeS <arsh SV
0:=X1, 1,00 Xp, yr €22

,
[Tl (on = a3 = x)
k=1

)

imsJm 2
X | |a . Xm — -1 ,
. N q"m*”p(m)( m = Ypum) {1k =2l S RVBx =k Lt =iy | <R Cit 11 N/ om Do |
m=

with Cx y = /1 — %(1 —1/%).

Proof Recall from (3.46) that

H e = > >
(main)

T=({i1. 1) lir ) €T@ @b.%5) eCNY

-
Bix.j {4 {4
% H UNk ]k( — ylilk) xlilk) 1_[ Qb—ay (y( ) ( ))

Lk, jk
> l_[ O'lm s Jm qam_hp(m)( (lm) y‘()l(mn/l)) . 1_[ Qam—bm,l( ) _ y’gf) 1) .
m=2 Cim, jm
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By Lemma 3.9 we have that

H'Y ko > > Z(
rew)

T=(lit i) lir )€ IO @5.%.5) €CIV 4 ()

Bi (€4
x ]_[U B (b — a0 =) T dnea 0 =2 (3.50)
k=1 Cif, jk
msJm m ¢ m) 14 (£)
X 1_[ Ul g qam_bp m)( r(rl[ : ypl(m) 1_[ qam_bm’l (X( : - y - ) .
m=2 LFim, jm
rew)

The first step in getting a lower bound for H, % ,, is to get rid of the dashed lines,
see Fig.4. We follow the steps we took in the proof of Proposition 3.8 for the upper
bound. In particular, we start the summation of (3.50) beginning from the end. Using
that forn € N and R € (0, 00)

Y oa@=1- Y qa@z1-F, (3.51)

7€Z%: |z|<R/n z€Z2:|z|>Ryn

by (3.13), we get that

_.p2
> [T 600 =x©) = (1 —eFH.

wer |y =\ \<Ry/Br=ay, Firdr
1<, bHir s

We leave the sum

§ : i i
U (b _a y(r) 'Er))
. b!-E[ar,/V],
w2 |y =" | <Rv/Br—ay

as is and move on to the time interval [b,_1, a,]. We use (3.51) to deduce that

¢ _p2
) [T daba@® =32 = (1= e ®)r.

ezl 3O |<KRar =y, Firr
1<e<h e;éz, Jr

(ir) (ir)
ar€ (by—1,b/], x(’) 72 qar bp(,)( ro yp(,)

can continue this procedure since due to rewiring all the spatial variables y

Again, we leave the sum > ) intact. We

(9]

r—1°

£ #i._1, jr—1 arefree, i.e. there are no outgoing laces starting offyr(?l A FE i1, jr—1
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ag bg

7Bi i\ Gi.))
Fig. 5 Graphical representation of a term of the chaos representation of || 1<i<j<h E[e logN "N ] for

h = 3. This diagram captures the main contribution, which is when all a’s and b’s are distinct. Configurations
where more than one pair of walks collide at a same time n < N have lower order contributions

at time b,_1, and there are no diffusivity constraints linking xri’) xr(j’) with
) ,0r) (rew)

¥, 1> ¥, 2 by definition of C_ "% M(i ). Iterating this procedure we obtain that

_oR2
Hr(.rzevv,vl)z,M >(l—e cR )2Kh Z

T=(li1 1), i ) € TO

.
> ]_[Uf,ik'ik (bx — ar, yi — xx)

O:=a;<h1<ar <<a, <by <N, k=1
aj+1=bi>M(bj—b;_1), 1<i<r—1,
0:=X1,Y1,.-.s x,-,_v,EZZ

.
w2

X o . — -1 s

[T ow" it o = Yoim) {1k x| < RVBR—ar. [t — Yo | < R Ck.p1 n/eim—piom |

m=2

WM%M:M_%Q_ %3) o

To proceed with the last steps of our proof it is useful to record two chaos expansions
ij G
of [T, <i<j<h E[e Tog L ] These read as

mij |G
s ]- % >
I<i<j<h ((ilaj]},---»{ir‘jr})e 7@ O=a1<hi<ar<...<a,<b <N,
0:=X1, 1,0, Xy, Yy €27

,
H Uf,ik’jk (bx — ak, y — xx)
k=1

p
% l_[ U;\;,.vjm . qu_bp(m) (xm — Yp(m)) (352)

m=2
oo
ife Jk
= > > [To"" (b = ax)
(i1, 1)l ) e 7@ 0=01$b1S@ <. Sar <hr SN k=1

r

x T on"" @2am o (©)- (3.53)

m=2
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This follows from (2.6) and (2.7) and by grouping together intervals [a, b] where
one observes collisions of only a single pair of random walks. Firgure 5 presents a
graphical explanation / representation of these chaos expansions.

Proposition 3.11 We have that
K 1
lim lim lim lim Y H"™ = S
K—>ooM—>ooR—>ooN—>ooZ r.N.R.M 1_[ 1 _lgij
r=0 1<i<j<h ’

Proof We are going to prove this Proposition via means of the lower and upper bounds
established in Propositions 3.8 and 3.10. By Proposition 3.8 we have that

(rew)
H y gy S > >
(ti1, 1), iy ) ) e T@ 0=01Sbi<a2<<ar by SN
0:=X1,Y1,wes Xy, yr €22

,
T[T U™ (bx — ax. e — ) (3.54)
k=1

r
imﬂjm 2
X l_[ GN : qam,bp(m) ()Cm - yP(m)) .

m=2
Summing the spatial points on the right hand side of (3.54) we obtain that

HYew < > >

(ti1,jthooliv ) € IO 0= Sb1<a2 <<, Sbr SN
r ﬁ ) r . .
]_[ Uyt (b — ak) ]_[ N @2 (am by (0) - (3.55)
k=1 m=2

Using (3.52) one can deduce that

7Bij G
Sa < T E[emg,éL;,m]:(]JwN(l)) I 1_1

r>0 1<i<j<h 1<i<j<h Pi.i

Next, by Proposition 3.10 we have that

(rew) —cR%\2Kh
H ygy=d—e ) Z Z

(1 i - 2 O=a;<hi<ar<--<a, <by <N,
1 ({ll’]l}wm{lr,]r})ez a,-+1—h,v>M(b,-—h,-_1),lgiér—l,

0:=X1,Y1,vesXp, Yy €22

’ r
l_[ U]/\s;lk‘jk (bk — Ak, Yk — .Xk) x l_[ O';\;n’jm ’ qazm_bp(m) (xm B yp(m))
k=1 m=2

1
{ [V =Xk | <SR/ br—ag, |xm —Yp(m) I<R CK,M«/ am*bp(m) } ’

(3.57)
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A multivariate extension of the Erdés—Taylor theorem

Lifting the diffusivity conditions imposed on the right-hand side of (3.57) can be done
using arguments already present in Lemma 3.4. More specifically, we use that for
0<m<NweZand1<i<j<h,

Z Ullf,i‘j(n—m,z—w)

nefm,NJ,
7€Z2: |z—w|<R/n—m

= Z Uf,”" (n—m)— Z Uﬁi"i (n—m,z—w)

nefm,N] n€[m,N],
ze€72: |z—w|>R+/n—m

> Z U]’\B;'f(n—m o—KR Z ﬁu —m)

n€lm,N] nelm,N]

> (=) 3 Ufn—m).

ne[m,N]

where in the first inequality we used (3.22) from Lemma 3.4 with a suitable constant
k(B) € (0, 0o). Similarly we have that

> Gy (2 — W)

n€lm,N],
2€Z*:|z—w|<R Ci pp /n—m

> @em)(©) — > Gy (2 — W)

ne[m,N] ne[m,NJ,
2€Z%:|z—w|>R Cg p /n—m

> (1 — _KR CKM Z q2(n— m)(O)
ne[m,N]

by tuning the constant « if needed. Therefore, we finally obtain that

_p2 _ —
Hr(rIeVWI)QM>(1_e cR )th (1 —e KR)K (1_ Kk R2 CKM) %
Lo Lo @2  O=a1<by<ax<-<a,<b <N,
(1)l jr)) e 2@ D= SO S <o S SNy (3.58)

, r
[T (=0 TT o 20 ©)

The last restriction we need to lift is the restriction a;+1 —b; > M (b; —b;_1), 1 <
i < r — 1. This can be done via the arguments used in Proposition 3.5, so we do not
repeat it here, but only note that there exists a constant c K = c x (B, h) € (0, 00)
such that for all 0 < r < K, the corresponding sum to the right hand side of (3.58),
but with its temporal range of summation be such that there exists 1 <i <r —1:

@ Springer



D. Lygkonis, N. Zygouras

ai+1 —b; < M(b; — bj_1), satisfies the bound

2 2

A - @ 0:=a;<h1<ar<--<a, <b <N,
R N ) B e I A

, r
1_[ U;\glik,jk (bk — ak) 1_[ O—]’\;"’-/”’ : qz(”m_bp(m))(o)
k=1 m=2

< Ck -en,m,

where €y p is such that limy_, o €y, = O for any fixed M € (0, 0o). Therefore,
the resulting lower bound on Hr(r]evwge  Will be

_~R2 _ _ 2 0
H’.(’I'IC;,V’\I;’M 2 (1 —e cR )2Kh(1 S KR)K (1 —e K R CKM)K

x ( 3 > [T (- o)

(i1, i jr)) €7@ O=1<br<a2<<ar <y KN k=1 (3.59)

.
X l_[ o @2am—bpny) (0) — Ck -GN,M> :

m=2
Note that
K
7Bij G )
[Mel=)-y %
ISi<ish =0 (i )i ) € TO)

S e oo

O:=a1<hr<ar<<a, <bp <N k=1

-
im » Jm 1 2
X H o™ @2 (am—bpomy) (0) + Agv) + AEV?K,

m=2

mhij G
where A%) denotes the part of the chaos expansion of [ [, <i<j<h E[e TogN" =N ] where

there exists a time n < N at which multiple pairs collide. Moreover, Agg) x denotes
the corresponding sum on the right hand side of (3.60) but from r = K + 1 to oo, that
is

,
A=Y X )3 [Toy" (o~ a)

r>K ({il,jl} ..... {ir,jr})EZ(z) 0:=a; <by1<ar <---<a, <b, <N k=1

.
< [T on " @2an—byn (O -

m=2
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A multivariate extension of the Erdés—Taylor theorem

Next, we will give bounds for AS) and Aﬁ) k- Beginning with A N, K, let px =
{mJ . Since we are summing over r > K, there hastobe apairl <i < j < h
2

which has recorded more than pg collisions. We recall from (2.8) that U f,(-) admits
the renewal representation

UNm) =Y (on(B) R P(z" =n).

k=0

There are (g) choices for the pair with more than pg collisions. We can also use the

bound (2.9) to bound the contribution of the rest ( ) — 1 pairs in A( ) . Therefore, we
can write

Nk K—o0
)

h h
PYGPES <O Y enBRN PEY < N) < B Y B —=0,
(1=p0 a-me
uniformly in N, where 8’ € (8, 1).
Let us now proceed with estimating A () and showing that it has negligible contribu-

tion. AEV) consists of configurations where m > 2 pairs {i1, j1}, {i2, j2}, - -+, {im, Jm}
collide at a same time n < N. Referring to Fig. 5, a case of m = 2 could correspond to
a situation when, for example, a3 = ay4. Let n be the first time a multiple pair-collision
takes place. We can choose the pairs {i1, j1}, {i2, j2}, .., {im, jm}, Which collide at
that time, in (g) . ((g) 1) ((g) —m+1)/m! < (g)m ways. We can use bound (2.9) to

bound the contribution to AE\}) from the rest of the (g) —m pairs by c(1— 8’ )7(§)+m and
the contribution from collisions involving pairs {i1, ji}, {i2, j2}, ..., {im, jm} beyond
time n by c(1 — B’)~™. More precisely, we obtain that

hm (lzl) hy™ _
A“><Z G > HU (n, xi) \Z%Z(Uﬁ)m(m.

o U=B0 o T i o (1= B 55

Schematically (making reference again to Fig.5), we have summed out everything
except the ‘wiggle’ lines which span [0, n] and which correspond to the pairs that
simultaneously collide at time n and then summed out the spatial dependence of the
latters. We will next use Proposition 1.5 of [3], which provides the estimate

Ckan©® _ C'k

P(r" =n) < < :
Ry n log N

where the second inequality follows by the local limit theorem. Therefore, from this,
(2.8) and (2.10) we get that

)" = (xR P =m)" < (S gy)"

m m
k>0 " (log N) k>0
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for some " € (B, 1). Since B’ < 1 we have that Y~ k - (B")* < 0o and we deduce
that there exists a constant C = C(B’) such that (Uﬁ ) () < % Since

Zn>l nlm < 00, for m > 2, there exists a (different) constant C = C (ﬁ ) € (0, 00)
such that

Bym C N—o00
> (UR)" ) < o 0.

n>0

The two bounds above, in combination with (3.59) and (3.60), allow us to write:

2 2
ZHr(rzevWJ)? g = - e—ch)th (1 — e ®RYK (1 — g% R*Chan)K

7hi, j (t 7 ~
E[em® | - k- Cx - enu —on (D) = ox (D)),
1<i<j<h

which together with upper bound (3.56) entail that

K

. . . . 1
Iim lim lim lim Hr(r;ilw;e M= 1_[ .

K—00 M—00 R—00 N—00 1—8; j
r=0 1<i<j<h ’

O

We are now ready to put all pieces together and prove the main result of the paper,
Theorem 1.1.

Proof of Theorem 1.1 The joint convergence statement (1.3) will follow from the con-
vergence of the joint Laplace transform (1.2) for |8; ;| < 1 and general results
on the relation between convergence of Laplace transforms and distributional con-
vergence. Let us sketch this argument: Since (2 o L(’ ] ))1 <i<j<n AT€ nOn-negative
random variables, it suffices by the Cramer-Wold dev1ce (see [13], Corollary 4.5) to
establish the distributional convergence of any nonnegative linear combinations, i.e.
Lf;, = e ﬁ)’g’; LYY with ;. j = 0. The fact that Lg has exponential moments both
positive (as follows from our estimates) and negative (as is clear from the nonnegativ-

ity of Lﬁ,) implies that the sequence Lﬁ, is tight. Tightness together with exponential
moments imply that subsequential limits of the Laplace transforms exist, with the
convergence being uniform in the vicinity of O in the complex plane. This leads to
the analyticity of the limiting Laplace transforms in the neighbourhood of 0. We will
establish that the Laplace transform (1.2) with positive parameters converge to that of
the corresponding linear combination of independent exponential distributions with
parameter 1, which is also analytic in the vicinity of zero (see right-hand side of (1.2)).
Since the limiting Laplace transforms agree on an interval with non-empty interior (in
this case determined by the conditions §; ; € [0, 1)), by analyticity they have to agree
in the whole domain of analyticity, which includes an open disc containing O.
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A multivariate extension of the Erdés—Taylor theorem

Therefore, it only remains to establish the convergence of the joint Laplace trans-
form (1.2) for B; ; € [0, 1). Let us do so relying on the results we have proven so
far.

Let € > 0. There exists large K = K¢ € N such that uniformly in N € N

K
Mf, =D Hov| <e (3.61)
r=0

by Proposition 3.2. We have

K K K
3 = ] < (D + )
r=0 r=0 r=0

K K
(diff) (main) (main) (rew)
+ ‘ Z(Hr,N,R - Hr,N,R,M)‘ + ‘ Z(Hr,N,R,M - Hr,N,R,M)‘ :
r=0 r=0

By Propositions 3.1, 3.3 we have that

K K
. . (superdiff) (multi) . (superdiff)
lim lim H H < lim su H
R—>ooN—>oo(Z( r.N.R tH N )> \R_)OONG%Z r,N,R
r=0 r=0
K
. (multi)
+ ]\/121(1)0 H v =0.
r=0

Moreover, by Proposition 3.5 we have that

R—00 M—00 N—o0

K K
lim lim lim ’ Z Hr(dlllﬁ)R — Z Hr(n;\,a';)M =0.
r=0 r=0

Last, by Proposition 3.7 we have that

R—>o00o M—00 N—o0

K K
fim gim fim | S HR, - S HSS [ =0,
r=0 r=0

therefore

R—00 M—00 N—o0

K K
lim lim lim ‘ S Hoy -y H M( —0. (3.62)
r=0 r=0
By Proposition 3.11 we have that

K

1

lim lim lim Lim Y H"™ = S 3.63

K—00 R—>00 M—00 N%OOZ rN.RM l_[ 1—8i; ( )
r=0 1<i<j<h ’
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Therefore, by (3.61), (3.62) and (3.63) we obtain that

) 8 1

lim M = _—
N l_[ 1—=Bij

1<i<j<h ’

m}
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