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Abstract. We study the limiting behavior of an interacting particle system evolv-
ing on the lattice Z? for d > 3. The model is known as the contact process with
rapid stirring. The process starts with a single particle at the origin. Each particle
may die, jump to a neighboring site if it is vacant or split. In the case of splitting,
one of the offspring takes the place of the parent while the other, the newborn
particle, is sent to another site in Z? according to a certain distribution; if the
newborn particle lands on an occupied site, its birth is suppressed. We study the
asymptotic behavior of the critical branching rate as the jumping rate (also known
as the stirring rate) approaches infinity.

1. Introduction

The basic contact process with rapid stirring has state space S = {0, 1}Zd where
1 at site 2 € Z% means that site x is occupied by a particle and 0 means that the
site is empty. Each particle dies with rate 1 and splits at rate A. If a split occurs
at site x then one of the children replaces its parent at site x while the other child
is sent to a site y chosen uniformly within the nearest neighboring sites of z. In
addition, each pair of neighboring states exchange values at rate N (stirring).

The asymptotic behavior of this and related processes was studied by Durrett and
Neuhauser (1994). They obtained results about the existence of phase transition,
for various systems, when the stirring rate goes to infinity. Let MY denotes the
infimum of the rates for which the process survives with positive probability. For
the basic contact process with stirring, starting with a single particle at the origin,
Durrett and Neuhauser showed that AY — 1 as N — oo.

Later on, Konno (1995) improved the result of Durrett and Neuhauser by getting
a more detailed description of the asymptotic behavior of AYY. His main result is as
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follows. For N > 0 define:

A ifd=1,
3
Pa(N) =q el jf g =2,
~ d>2.
Then we have
MV~ 14 Cuga(N). (1.1)

Here =~ means that if C,, > 0 is small (large) then the right-hand side of (1.1) is a
lower (upper) bound of the left-hand side for all large enough N. After that, Katori
(1994) got bounds on C for dimensions d > 3. He showed:

m < liminf(\) ~ DN < limsup(A) ~ DN < G(%d)l
where G(-,) is the Green function of the simple random walk on Z<.

Later on, Berezin and Mytnik (2014) improved the results of Konno and Katori
by getting more precise information on the asymptotic behavior of A\ in dimensions
d > 3. They improved the lower bound on A\YY and by using Katori’s result in Katori
(1994) they got the sharp asymptotic behavior of the critical A.. Their main result
was:

b

N1 -1
lim Ac >— =1, where 9 = M .
Finally, Levit and Valesin (2017) studied the same model for d = 2 and estab-
lished a lower bound for A\Y. Their main result for d = 2, was

AN 1 1

c
logN — E
N

(1.2)

lim inf
N—o00

The aim of this paper is to study the limiting behavior of A for a more general
case. In particular, we generalize the model as follow: the location of one of the
offspring is distributed according to some symmetric, probability function P? which
satisfies Assumption 2.2 below, and not according to the uniform distribution on
its 2d closest neighboring as in the nearest neighbor contact process.

It is worth mentioning that in order to prove the upper bound in the nearest
neighboring case, Katori used the binary contact path process with exchange. This
is a class of interacting particle systems called the linear system (see Liggett, 1985,
Chapter IX). However, this technique is no longer available in the general case;
therefore, we believe that there would be exceptional difficulties generalizing the
matching upper bound.

The rest of the paper is organized as follows: In Section 2 we present the model
and state our main result. Section 3 is dedicated to the proof of our main result.
This proof is based on two propositions which we prove in Sections 4 and 5.

2. Model and Main Result

The contact process with rapid stirring is defined on the lattice Z¢. Let N be a
“large” integer parameter, which in the sequel we will send to infinity. The state of
the process at time ¢ is given by the function & : Z¢ — {0, 1}, where the value of
&N (x) represents the number of particles present at = at time ¢ (it equals zero or
one). Starting with a single particle at the origin, the basic rules for the evolution
of the process are:
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(1) particles die at rate 1 without producing offspring;

(2) particles split into two at rate \. If a split occurs at 2 € Z?, then one of
the offspring replaces the parent, while the other is sent to a site y with
probability P’(z,y). If a newborn particle lands on an occupied site, its
birth is suppressed;

(3) for each z,y € Z¢ such that ||z —y|[; = 1 the values of £V at 2 and y are
exchanged at rate IV;

(4) the above mechanisms are independent.

Remark 2.1. We say that events occur at some rate if the times between events are
independent and exponentially distributed with that rate.

In the rest of this paper we will frequently use the following assumption about the
probability function P?(z,y).

Assumption 2.2. Let P°(x,y) be a function of ||z — y||;. It means that there exists
a function f such that Pb(z,y) = f(||lz — y|1)-

Remark 2.3. The process is an interacting particle system with long range interac-
tions (depending on P%). It is easy to check that Condition (0.3) in Chapter 3 in
Liggett (1985) is satisfied and thus by Theorems 3.9 and 1.5 in Chapter 1 in Liggett
(1985) the process &N exists and, in fact, it is Markov.

Before we present the main result let us introduce the following notation:
o Let || =3, 170 &Y (@) denote the total number of particles at time ¢.
o Let QN = {|¢N]| > 0 Vt > 0} denote the event that the process survives.
e Let p¥ = P(QX) denote the probability that the process survives.

e Let \Y =inf{\ > 0: p{ > 0} denote the infimum of the rates for which
the process survives with positive probability probability (also known as
the critical branching rate).

Note that pﬁ\v describes the probability of survival of the process. For all A
smaller than A2 the process dies out almost surely, and for A greater than \Y the
process survives with probability py .

Our main result gives a lower bound on the critical branching rate. It is presented
in the following theorem.

Theorem 2.4. Let d > 3 and assume that P°(z,y) satisfies Assumption 2.2. Let
G(-,-) denote the Green function of the simple random walk on Z¢. Then,

N1

A
lim inf =< 5 >1,
N—oo ~

where

9= Y PHO,2)PY0,1)G(x, y). (2.1)
z,yeZd

Our main theorem shows that the asymptotic behavior of the critical rate is at
9
least 1+ .
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Conjecture 2.5. We conjecture that in our general model the lower bound is tight.

N
That s, we conjecture that limsup,,_, . % =1 and thus,
N

pYAAS |
lim =¢ =1.

n—o00 v
N

Special case considered in Berezin and Mytnik (2014). Let us show that our main
result is consistent with the result of Berezin and Mytnik who considered a special
case of our model. In Berezin and Mytnik (2014) the same model is considered
with a particular distribution of the location of a particle after splitting: when a
particle splits its child’s location is distributed uniformly over its closest neighbors.
That is, the branching probability function is P’(y,x) = (2d) 'L jz—y|,=1}. Let
¢0q={x € Z*: ||z||; = 1} denote the set of nearest neighbours of the origin. Thus,

according to (2.1),
EPIPIE- R

TEPL YEPd

For any x € Z4, let G(w,pq) = Zyaod G(z,y) denote the expected number of
times a simple symmetric nearest neighbour random walk visits at the set of sites
©d, given that it started from site . Thus,
11 1
V= (2d)"" ——G = (2d)? —G .
TEPY TEPA
Notice that when a simple symmetric nearest neighbour random walk jumps from
the origin, then with probability ﬁ it jumps to a site x in ¢4. Thus, by using first
step analysis we get,
G(0,0) —1
2d

which coincides with the result obtained by Berezin and Mytnik (2014, Theorem 3).

Note that the lower bound in Berezin and Mytnik (2014) is tight. This motivates
our Conjecture 2.5

¥ = (2d) 2G(0, pg) =

3. Proof of Main Result

Before we start the proof of the main result let us introduce an additional no-
tation. For any z,y € Z? we say that z,y are f-neighbours if ||z —y||; =¢. In
that case, we denote it by = TY- Let hy = ), cga I{O’Zy} be the total number of

{-neighbours of the origin.

Recall that in this work we focus on the probability function P®(z,y) that satis-
fies Assumption 2.2, which means that it depends only on the distance (in l1-norm)
between x and y. Thus, we may write

Pb :L‘ y Z » 1{m~y} (3.1)

for some discrete distribution p, on N. ThlS means that whenever a particle splits
one of its offspring jumps to an ¢-neighbor with probability p, and its position is
distributed uniformly within all the /-neighbors. We will also frequently use the
following notation:
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e We denote particles by Greek letters a, 3, .

e Since we start with a single particle and each particle may split into two we
use a binary vector representation of particles. For example, particle (1)
is the first particle, the one we start the process with; particles (1,0) and
(1,1) are the two children of particle (1) and so on.

e For each particle o let 6p(a) and % («) denote the two children of particle
a. For example, if a = (1,1) then %p(a) = (1,1,0) and %1 (a) = (1,1,1).
In addition, we say that particle 3 is the child of particle a if 5 = %p(«x) or
ﬂ = %1 (Oé)

e For each particle a let () denote the parent of particle a. In addition,
we say that particle « is the parent of particle 8 if () = a.

In order to prove Theorem 2.4 we set the branching rate A = 1+ % and we show
that for any 6 < ¥ the process dies out with probability one, which gives a lower
bound for the critical branching rate. It will be more convenient to deal with the
speeded-up process K

N =l (3.2)
This process obeys the same rules as &V with the exception that all events occur
with rates multiplied by N. Thus, particles die with rate N, split with rate 6 + N
and perform stirring with rate N2.

The next proposition is crucial for the proof of the main Theorem 2.4. It is
proved in Section 4.

Proposition 3.1. Fix an arbitrary 6 < ©. Then there exists Ny > 0 such that for
any N > Ny and for any t > 0,

i = B(EN)) < exp [(;w —ﬁ)) t+2] (33)

With Proposition 3.1 at hands we are ready to give the proof of Theorem 2.4.

Proof of Theorem 2./: From Proposition 3.1 it follows that for every # < 1, uni-
formly on all N sufficiently large, the expected number of particles approaches zero
(exponentially fast) when ¢ approaches infinity. Since the number of particles is
a non-negative integer random variable then with probability one the process dies
out for every 6 < ¢. This proves Theorem 2.4. O

4. Proof of Proposition 3.1

In order to prove Proposition 3.1, first of all, in Section 4.1, we derive the differ-
ential equation for the expected number of particles (ml¥): see (4.1) in Lemma 4.2.
The last term on the right hand side of (4.1) arises as a result of suppression of
births of the particles that are born on the occupied sites. The bounds on this term
are crucial for proving Proposition 3.1. The important steps for bounding this term
are performed in Section 4.2, and the results from that section allow us to finish

the proof of Proposition 3.1 in Section 4.3.

4.1. Differential Equation for the FExpected Number of Particles. The first ingredi-
ent in the proof of Proposition 3.1 is a derivation of the equation for the expected
number of particles. To do this we need the following notation:

e Let A; denote the set of all particles alive at time ¢ in the process & .
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e Let .#; denote the natural filtration of the process &V until time ¢.

o Let m¥ = E(|¢)V]) denote the expected number of particles at time ¢ and

5N _ N
let m;" = myy,.

o Let 1IN = ]E[ZI7U EN(2)€N (y)] denote twice the expected number of /-

neighbours alive at time ¢ and let I} = If\}iv.

In addition, recall that in the process &, each particle splits at rate 1 + %, dies at
rate 1 and jumps to each one of its closest vacant neighbouring sites with rate N.
Since each particle has 2d closest neighbours the total jumping rate of a particle is
2dN. Thus,

0
=24 — +2dN
pE=st g

denotes the total rate of events (splitting, dying and stirring) that can occur for
each alive particle.

Before we present the differential equation for the expected number of particles
in the speeded-up process (see (3.2)) let us state a lemma which will be useful for
the rest of the paper.

Lemma 4.1. For any finite time t and any stirring rate N it holds that:
(A1) P(|eN| < 00) =1 and m) < et < oo,
and consequently
(A2) P(IEN| < 0) =1 and ml < eV < oo,

The proof of this lemma is simple and is based on bounding |¢| by the Yule
process and the properties of Yule process (see Chapter 2, Example 2.5.1 in Norris,
1998). In addition, notice that (A2) follows from (A1) when speeding the process
by a factor of N. Since the proof is standard it is omitted. The differential equation
for the expected number of particles in the speeded-up process, {étN }i>0, is given
in the next lemma.

Lemma 4.2.
t t
. . . 0 De -
ml = m +/O omNds — (1 + N) Ee E/o NI®Nds. (4.1)

The analogous results are frequently stated as standard (see page 152 in Schinazi,
2014 and page 842 in Konno, 1995) so the proof of the lemma is omitted. A complete
proof of the lemma can be found in Shlomov (2017). The general idea behind
the construction of this equation is to calculate the change of the expectation of
the total mass of the process in an infinitesimal period of time. One considers
AN = lime,o LE[|EN.| — €], and shows that this limit exists. One gets an
expression for the limit by using the Markov property and conditioning on each
particle possible actions on time interval [¢,¢ + €]. Note that on this time interval
each particle either jumps or splits or dies, and as € | 0, the probability that more
than one of these events occurs is of order less than € and thus negligible.

Intuitively, the positive term fot 0 ds comes from the gap between the splitting
rate and the dying rate while the term (1+ £)3, = fot NItNds comes from the

loss of mass caused by collisions; collision is an event when one particle splits and
the newborn particle lands on the site occupied by another particle.
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4.2. Bounding the expected number of neighbors. Another ingredient in the proof
of Proposition 3.1 is bounding the expected number of /-neighbors. It is clear from
Lemma 4.2 that in order to bound from above the expectation of the total mass of
the speeded-up process étN , we need to bound from below the expected number of
f-neighbors for every ¢. The main idea that allows us to get a useful lower bound
on this quantity at time s is based on counting only particles that are ¢-neighbors
at time s and have a common parent that splits at some time in [s — 7, s), where
™ = 11’1]57];[) .
The reason for such a definition of 7 is that two particles need the order of N2
units of time to travel “long” distance so that a collision (recall again that this
is an event when one particle splits and the newborn particle lands on the site
occupied by another particle) between them, after this time, happens with very
small probability. This explains why we choose 7n a little bit bigger than N 2.
A similar technique is used in a number of papers (see Berezin and Mytnik, 2014,
Konno, 1995, Durrett and Perkins; 1999). In Lemmas 4.3 — 4.5 below, we will use
this idea in order to bound from below the expected number of £-neighbors.
Before we proceed, we need an additional notation:

(4.2)

o Let fl(t) denote the set of all particles alive at time ¢ in the process étN .
e Let .%, denote the natural filtration of the process ftN until time ¢.
e Let T, denote the time at which particle « dies or splits in the process égv .

e Let BY denote the position (on the lattice) of particle a at time ¢ in the
process V. If particle « is not alive at time ¢ (dead or not born yet) then
we write B = A.

o Let ZX(t) denote the

- ]]-{T(XE[t7t+TN]7B;g~&T(;)7B;i?£;)7T‘€1(u)Zt"l‘TNyT‘fo(a)Zt"FTN}
indicator of the event that the two children of particle a created during the

time interval [t, ¢+ 7] are f-neighbours at time ¢ + 7y and let Z} = Z£(0).
e Let (,(t) denote the indicator of the event that one of a’s children created

during the time interval [t,t+7y] died at the time of its birth T,, as a result
of collision.

Lemma 4.3. For any s > 7y and for any £ =1,2, ...

PN >2mll | R[Z{]-2E | Y la(s—7n)

S—TN
acA(s—7n)

Proof: Fix arbitrary ¢ and recall the definition of B?. Then, I LN can be written
as follows:

SN

IN=E| ) 1{Bgf7Bg}

Lo, BEA(s)

We bound the right-hand side from below by summing only pairs of particles that
share a common parent who splits during the time interval [s — 7x, s]. Thus,

ENzoE | N Zis-m)| 22| Y E[Zhs— ) | Feny]
OZEA(S—TN)

acA(s—7n)
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Note that given particle a alive at time s — 7y and given js,m we have for s > 7
E[Z(s = ™) | Fomry] + ElCals — ™v) | Faery] > E[Z1]. (4.3)
Thus,

N > 9E > (EIZf] — Ela(s — n) | Faery))
acA(s—7n)

=2ml . E[Z{] - 2E > lals =)
acA(s—7n)
O

Now we need to get an upper bound for thN NE {ZaEA(s—TN) Cals —7N)| ds.
This is done in the next lemma.

Lemma 4.4. For every N > No =0 and t > Tn

t t
De 20N
NE E o(s — ds < E —A4N NI dr.
/T Cals =) ds < — T TN/o o

N aEA(s—-rN)

Proof: In order to prove this lemma we first need to bound the term inside the
integral. That is,

E=E| Y Cals—Tn)|. (4.4)
aEA(s—TN)

To this end, we introduce the following notation: Let T (resp. TZ) denote the
potential split (resp. death) time of particle a; note that T, = min(7<, 7). Let
Jo. be the event that one of the particle o’s children died at the time of its birth
as a result of a collision with another particle. In addition, notice that from the
memoryless properties of the exponential distribution we can deduce the following
property of T5:
(P1) For any time ¢ > 0, given {%;,a € A(t)}, the random variable (TS — t) has
an exponential distribution with rate A\, := N + 6.

We start by bounding Z. By the law of total expectation and the linearity of
the expectation we have

E=E(E| > lals—7n) | Fary

acA(s—1n)

—E{ Y Elab-m)|Fmy

acA(s—7n)

By the definition of {,(s — 7) we have

(1]

—E( Y P|Tie(s—mns) TE>TE Ja | Fory]
a€A(s—7n)
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Since we sum only over particles which are alive at time s — 7y we have

(1]

S P[T;e(s—ms),Tg>T5,Ja\ﬁs,TN,T;>s—TN]
acA(s—7n)

By (P1), conditionally on the splitting time of particle o we get

=—e| ¥} NN E (1 g0y | By TS = t)
aeA(sf'rN) STTN
< Y / x E (1{Ja,Tg>t} | By TC = t) dt
OtEA(S—TN) STTN

Since the indicator in the expectation above is zero if T¢ < t we have

E<]E< 3 / )\bIE(l{J}|JSTN,TC—tTd>t>

acA(s—7n)
P (Tg St Fyry, T = t) dt)
Thus,
=<E| Y NE (1) | Fory T = 1,78 > ) dt
aEA(s—TN) STTN

By the tower property, and since T¢ and TS are continuous random variables we
get

EgE( Z / Ao

acA(s—1n) STTN

E[ (Lgy | Fe TS = £, T8 > 1) | By, TE =1, Td>t}dt>

Recall that n’,(t) denotes the number of f-neighbours of particle a alive at time
t. In addition, when a particle splits one of its offspring is sent to an ¢-neighbour
with probability p, and is distributed uniformly within all the ¢-neighbours. Thus,
since the filtration until time ¢— is given and particle « splits at time ¢, then the
conditional probability that its child lands on an occupied site, given its child is
(t)
Z

sent to an ¢-neighbour, is equal to 2=, Therefore, we get

(11
IN
=

> / )\bzm [ )| Fue TN,T°>tTd>t}dt

acA(s—7n)
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Notice that for each ¢ and a particle « alive at any time ¢,
E[n(t) | Fory T > 1]
=B [0 (6) | Fory TE 2 T 28| P (T2 2 1] Fory TS 2 1)
+E [n{;(t) | Fyr T > 1, T < t} P (Tgf <t| Fyry, TC > t) .
Since nf (t) = 0 if T4 < t, we get that

E[nh() | Fomry, T 2 1]

E [nﬁ(t) | Forne, TS > 1, T > t] - ’ .
P(Td2t] Fyry T 2 1)

Thus, for a particle « alive at time s — 7y we have
P(Td>t| e TE > 1, T >S—TN)
>p (ng > 5| Fyorn, TE> T > s —TN) = e NN 5 05,
where the last inequality follows by our choice of N > 0. Thus,
s

E<E > 2) heE[nf;(t) | Fro—rn, TS > t]dt

CEEA(S—TN) STTN

By the linearity of expectation and measurability of ,,Zl(s — 7n) with respect to
jS—TN we get

— * DPe > c
:S/STNZ/\sz:he]E El > nbt)]| Fary, Tt | dt

a€A(s—7n)
s De ¢
< 2\ —E n. (t) | dt.
- L—TN ’ ; h( Z a( )
C a€A(s—7N)

Recall that f,fN denotes twice the expected number of ¢-neighbours alive at time
t, and A\, = N + 6. Thus,

- g
:<Z 2N+0/ 1N at.
S—TN

Now we can use the bound on = to finish the proof of the lemma. Since N > 0
we have

[oe] 5 womlusf

acA(s—7n) ™
t
<Z PAN? / N ar,

and we are done. O

N+ N) S [ B
Vi S—TN

We also need the following two lemmas.
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Lemma 4.5. For any N >0 andt >0
(1+ Q)Zm/tNﬂNds < 1+/tamNds
N 7 hl 0 8 - 0 s

Proof: From Lemma 4.2 we immediately have

(1+ /NI‘)Nds——mt —|—1+/ OmNds<1—|—/ 0> ds

Lemma 4.6. For any N >0 and any s > 7n

~N ~N _ —O1Nn
My, =M € .

Proof: From Lemma 4.2 and since Thé\’ =1 we have
r =1+/ o ds — (1+ 2 Z /NI“Vds<1+/ Ol ds.

Thus, since 1 is a non-decreasing function, and mY < oo for all » € [0,#] (see
Lemma 4.1) Gronwall’s lemma immediately implies

ml < mNeft=) vr ¢ [0,1]. (4.5)
(I

In order to complete the proof of Proposition 3.1 we need the following proposi-
tion, which will be proven in Section 5.

Proposition 4.7. For every € > 0 there exists N. > 0 such that for every N > N,

9—e< S Pongz,
e

Now we are ready to complete the proof of Proposition 3.1.

4.3. Proof of Proposition 3.1. In what follows we assume that N > Ny where No
is defined in Lemma 4.4. From Lemma 4.2 we get

t 6 y t R
~ N ~ N LN
/N Omg ds — (14 AN) E; phl /N NISNds. (4.6)

Apply on (4.6) the bound on ff’N that we have from Lemma 4.3 to get

t
p <ml +/ oy ds
T,

N

(1+ / 2ml  E[Z{] — 2E > Cals—Tn)| |ds.

acA(s—1n)
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Apply the bound on thN NE [ZQEA(SiTN)Ca(S—TN)} ds that we have from
Lemma 4.4 to get,

mgvgmi\jv+/ 9mNds—1+ Z /QNASTN [Z!]ds

Pyns / NI%Ndr.
hy

Apply the bound on (1 + %) ‘ %f fg fo*Nds from Lemma 4.5, and the bound

md, < e’ from Lemma 4.6 to get

;’ngi\jer/ 9mNds_1+ Z /QNASTN [Zds

+8N7n(1 —|—/ ol ds).
0

it = [ = (f i) av0 3 i

+ €™ £ 8NTN (1 + / ol ds).
0

Thus,

Apply the bound on M’ -y that we have from Lemma 4.6 to get

t
0
¥ S/ o ds — </ miveeTNdS> 2N(1+ =) EE[ZQ
TN ™~ N 0 h[
™ t
+ €™ + 8N7y + 8Ny ( / Ol ds + / ol ds) .

Recall that N7 and 7y converge to zero as N approaches infinity. This and (4.5)
imply that there exists N3 such that for every N > Nj the following holds: /™~ < £
,8N7y < £ and 8N7y [ 6/l ds < &. Thus, for any N > max(Na, N3)

t
0
mN <e+ / mNds ) (01 +8N7y) —e '™ (1+ —) S ZonNE[z]) ).
~ N 7 he
Use Proposition 4.7, to see that for any € > 0 there exists N, such that

ml < e+ (/: mfds> ((1 +8N7N)0 — e ™V (1 + %)(ﬂ - e)) ,

N

for every N > max(Na, N3, N.). Again, by using Gronwall’s lemma we get

N <e-exp [((1 +8N7N)0 — e 0™V (1 + %)(19 = e)) (t — TN):l .

Since 7y = 1%};})7 there exists N4 such that for any N > N, we have

e 0N (14 %) > 1 and 8N7xN0 < €. Thus, for any N > max(Ny, N3, Ny, N.) we get
0 < e expl(6+e— (9 — ) (t— ).
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Recall that 9 — 6 > 0, and fix € := % to get
1
mY <e-exp {2(9—19)@—77\;) .
Choose Nj such that for any N > N5 we have 3(J — 6)7y < 1. Then,

1
m < exp [2 6—9)t+ 2], VN > Ny := max(Nay, N3, Ny, N5, N,).

5. Proof of Proposition 4.7

This section is devoted for the proof of the Proposition 4.7. In particular we
show that

T DPe ¢
9= lﬂlglof é h72N]E[Zl]’ (5.1)
which is enough to prove the proposition.

Remark 5.1. The intuition behind equation (5.1) follows from ¢ being a quantity
that represents rescaled rate with which the mass is lost due to the collisions.
Intuitively, this is proportional to an average number of neighbors that can cause the
collisions, where the average is based on the probability function P’ (see also (3.1)
for a representation of P?).

Let us first introduce an additional notation:

e Let ¢; denote the vector in Z% with 1 in the i-th coordinate and 0’s else-
where.

e For £ > 1, let p4(x) = {y € Z¢ : |ly—=|, = 1} \ {0} denote the ¢-
neighbourhood of z excluding the origin.

e For £ > 1, let ¢ = ¢4(0) denote the f-neighbourhood of the origin.

o Let wq(z) = pl(x) denote the nearest neighbours of z (excluding the ori-
gin), and recall that ¢4 = ©q(0).

o Lot Ay(x) ={y:vy € va, y € wa(x)} denote the set of points which belong
both to the nearest neighbours of the origin and to the nearest neighbours
of x.

In addition, recall that for any x € Z9, z[i] denotes the i-th coordinate in the vector
x.

Before we give the proof of Proposition 4.7 let us state a few auxiliary lemmas.

Lemma 5.2. For each x € g there is exactly one point (which we denote by z,)
in @q(x) such that |Aq(zz)| = 1. For any other point, w, € @q(z), the following
holds: |Ag(wy)| = 2.

Proof: Take x € @gq. Without loss of generality assume x = e;, for some ¢ =
1,2,...,d.

Take z, = €; + €;. Then z, € pg(x) and Ag(zy) = {e;} = |Aa(zz)| = 1.

Now, take y € pq(x) such that y # z,. Then y[i] = 1 and there exists only one
Jj€{1,2,3,..d}\{i} such that y[j] =1 or y[j] = —1. Thus, As(y) = {ei,e;} (or
Aq(y) = {ei, —¢;}) and the result follows. O



30 L. Mytnik and S. Shlomov

In order to express E(Z}) in terms of the Green function we are going to couple
the stirring process with a simple symmetric random walk. To this end we define
the following:

Definition 5.3. Let {V;"},>0 be a continuous time symmetric nearest neighbour
random walk on Z? with jump rate 4dN? and let QY be its transition rate ma-
trix. Let {W/ };>0 be a continuous time Markov chain taking values in Z? whose
transition rate matrix is defined as follows:

QV(z,y) ifz¢ g,

N? if v € pg and y = —x

w _ d Yy )

@ (z.y) = 2N? if x € pg and y € q(z)
0 otherwise.

In order to prove Proposition 4.7 we would like to show that the expected times
{VN}i>0 and {W},>0 spend in ¢4 are the same. To this end, we partition the
points that the processes can exit ¢4 U {0} via them. Notice that when {V,V};>¢
or {W}N}i>0 leaves pq U {0} it does it via some point in ?(0). Denote

Jl = U {l‘}, JQ = U {.23}

2€93(0) 1 |Aa(z)|=1 2€93(0) : |Aa(x)|=2

From Lemma 5.2 it follows that for any = € ¢2(0) either |A4(z)| = 1 or |A4(x)| = 2.
In the following lemma we prove that the probability that the random walk {V,V },>¢
exits the neighbourhood of the origin via points in J; is equal to the probability
that {WN},>¢ exits the neighbourhood of the origin via points in J;.

Lemma 5.4. Let V¥, W € pq. Let 7y and Tw be the time that {VN}i>0 and
{WN}i>0 leave g U {0} for the first time respectively . Then,

(1) P(VTV S Jl) = P(WTW S Jl), (2) P(WTV S Jg) = P(W-,—W S JQ)
Proof: As mentioned above, from Lemma 5.2 it follows that
JiNJdy = ] , JJUJy = 903' (52)

In addition, notice that 7y and Ty, are finite stopping times. Thus, (2) follows
immediately from (1).
Assume V§¥ € ¢4. Thus, using the first step analysis we obtain:

1 20—2 1 1
P(Vey €)= —40-2"2 4 PV, €)= P(Vy, € J)) = ——.
(Vry € 1) =5 +0- —55= + 5PV € 1) = P(Vey € 1) = 55

This holds since when {V,},~¢ jumps from V", its location after the jump is uni-

formly distributed within the closest neighbours of Vi¥. Thus, with probability ﬁ
2d—2
2d
probability ﬁ it jumps to the origin (and then jumps back to pg).

it jumps to a point in Ji; with probability it jumps to a point in Jo and with

Now consider {WN}i>o. Assume W' = z € 4. Thus, again using the first
step and (5.2) we obtain:

2 2(2d — 2) 1
P(WTVeJl)—4d_1+O- 101 +4d_1P(WTV€J1).
Thus,
1
P(WTVGJl)*

C2d—1
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This holds since when {W/ };>0 jumps from z, with rate 2N? it jumps to 2, € Ji;
with rate N2 it jumps to —W{¥ € ¢4 and with rate 2N?2(2d — 2) it jumps to a point
in JQ.

O

In the next lemma we show that the expected times V¥ and W/ spend in gpfl
are the same.

Lemma 5.5. For everyl € {1,2,3,...},

t t
E |:/0 1{VSNE¢§}d8:| =K |:/0 1{WSN€<pf;}dS:| .

Proof: Tt is shown in the proof of Lemma 3.4 in Berezin and Mytnik (2014) that
once {VN}i>0 enters ¢4 the time {V,V};>0 spends in ¢4 before leaving the set
04U {0} has the same distribution as the time spent by {W;¥ };>0 in ¢4 at any visit
of this set.

By Lemma 5.4, the strong Markov property and the fact that, in distribution,
the behavior of these two processes is exactly the same outside of ¢4 the result
follows. O

Let us state one more lemma (it is standard so its proof is omitted).

Lemma 5.6. Let {Vs}s>0 be a continuous time symmetric random walk on Z¢ with
Jgump rate \ started at Vo = 0. Let {D,,}n>0 be a discrete time symmetric random
walk on Z¢ started at Dy = 0. Let w(u) be a Poisson process with rate 1 independent
of {Dpn}n>0. Then, for anyl=1,2,... and for anyt >0

t t
/Ol{Vsewﬁ}dSz/O 1{D7r(,\s)€</7§}d8'

We are now ready to give the proof of Proposition 4.7.

Proof of Proposition /.7: Recall that we start the process {éiv}tzo with one particle
denoted as particle 1. If particle 1 splits, (1,0) and (1,1) denote the two children
of particle 1. Let F} = {T¢ < T, Tf < T, T(1,0) > TN, T(1,1)>ry } denote the event

that particle 1 splits before time 7 and its two children are alive at time 7. In
In(N)

addition recall that 7y = —z>. Then, we have
N + 0 — T, — T,
P(F)) = NG CN+O)TN (] — g~ N+, (5.3)

Now, fix arbitrary ¢. Notice that E(Z{|Ff) = 0. Thus, we only care about
P(BLY ~ BEY|F). Given Fiy, the time at which particle 1 splits is uniformly
distributed in [0, 7]. Thus,

1 [ 1 [
E(Z\Fy) = E/ P(L+WN _, e ph)dt = E/ P(L+ WY e ¢h)ds (5.4)
0 0

where L is the difference in position of the two children of particle 1 right after its
split.
Apply Lemma 5.5 on the right-hand side of (5.4) to get

1 ™
B(ZF) = E/o P(L+ VN € o')ds.
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Now, let {D,,},,>1 be a simple (discrete) symmetric random walk on Z¢ independent
of £ and started at Dy = 0. Let {m(s)}s>0 be the Poisson process with rate 1
defined on the same probability space and independent of {D,,},,>1 and L. Thus,
since {VN }s>0 is a continuous time symmetric random walk with jump rate 4dN 2,
by Lemma 5.6 we get

(Z1|F1 / P(L + Dr(4anzs) € Sﬁd)d

1 4dN?% 7y

-t (4dN?) " P(L + Dy, € ¢5)dr.
™~ Jo

Overall we have

N+0 T — T
E(Zf) 2N+9 (2N+9) N (1 —e (2N+9) N)

1 4dN TN
—(4dN?)~! / P(L + Dy € p)dr. (5.5)
N 0

Taking N to infinity, we get that for every £ > 1

o0

[ee]
lim NE(z{) = (4d)~! / P(L + Dy(yy € @i)dr = (4d)™" Y " P(L + Dy, € ¢Y),
N—o0 0 "0

(5.6)

where the second equality follows since the times between jumps of Dy, are ex-
ponential with mean 1.
Denote

= lim inf Z —QNIE (5.7)

From (5.5), it is easy to check that NE[ZZ] (140)>" o P(L+ D, € ¢f) for all
N > 1. Thus, by the Dominated Convergence theorem we get

=2 Z — hm inf NE[ZY].

Applying (5.6) on the right-hand side of the last term we get

_22m4d ZPL—i—D €)= Zmzz (L+ Dy =y).

= n= Oy€<p

By Tonelli’s theorem for non-negative functions and the total probability law we
get

sz 3 ZP (L + D)

* yeptn=0
ZWZZZPHD — y)P(L = z). (5.8)
y@pf n=0 xczd

Let P"(z,y) = P(D,, = y|Do = x) be the probability that a discrete time symmet-
ric random walk on Z¢, started at site x, lands on site y after n steps. Recall also
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that P(L = x) = P?(0,z). Thus, we get

0= (2d)’1z% Y NS Py PO, ).
4

y€eph n=0zczd

By Tonelli’s theorem for non-negative functions, and the definition of the Green

function we get
- Pe
O=(2d)" > P02 > h—ZG(x,y).

z€Z% L yeyt,

By the definition of P?(0,y) we have
©=(2d)" Y D> P0,2)P*(0,y)G(x,y),

reZd yeZd

and we are done.
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