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The g-voter model on the torus*
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Abstract

In the ¢g-voter model, the voter at x changes its opinion at rate fI, where f, is the
fraction of neighbors with the opposite opinion. Mean-field calculations suggest that
there should be coexistence between opinions if ¢ < 1 and clustering if ¢ > 1. This
model has been extensively studied by physicists, but we do not know of any rigorous
results. In this paper, we use the machinery of voter model perturbations to show that
the conjectured behavior holds for ¢ close to 1. More precisely, we show that if ¢ < 1,
then for any m < oo the process on the three-dimensional torus with n points survives
for time n™, and after an initial transient phase has a density that it is always close to
1/2. Readers familiar with long time survival results for the contact process and other
praticle systems might expect the conjecture to say survival occurs for time exp(yn)
with v > 0, however we show persistence does not hold for exp(n?) with 8 > 1/3. If
q > 1, then the process rapidly reaches fixation on one opinion. It is interesting to note
that in the second case the limiting ODE (on its sped up time scale) reaches 0 at time
log n but the stochastic process on the same time scale dies out at time (1/3) log n.
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1 Introduction

In the linear voter model, the state at time ¢ is &; : Z¢ — {0,1}, where 0 and 1 are
two opinions. The individual at z changes opinion at a rate equal to the fraction f, of
its neighbors with the opposite opinion. For the last decade physicists have studied the
g-voter model, in which the flip rate at x is fI. When ¢ is an integer, the dynamics may be
thought of as: select ¢ neighbors of x uniformly at random, and change the opinion of x if
all ¢ neighbors disagree with z. However, there is no reason to restrict ¢q to be an integer.
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The g-voter model on the torus

Abrams and Strogatz [1] introduced this system in 2003 as a model of language death,
and argued based on data on languages in 42 regions that ¢ = 1.31 £ 0.25. In the physics
literature there have been many studies of the system on lattices, complex networks, and
even on graphs that co-evolve with the state of individuals. See [6, 17, 21, 24, 25, 27, 28]
and references therein. According to [24], for finite but large systems, the process
with ¢ < 1 can remain in a dynamically active phase for observation times that grow
exponentially with n, while for ¢ > 1 the transition into an absorbing state is ‘abrupt’.

The difference between ¢ < 1 and ¢ > 1 is due to the different types of frequency
dependence in the two models. When ¢ < 1, rare opinions spread more rapidly compared
to the voter model, while for ¢ > 1, they spread more slowly. A more quantitative
viewpoint is provided by mean field theory. This analysis is often done by writing an
equation by pretending sites are always independent of each other. Here, we will instead
consider the system on the complete graph in which each site interacts equally with all
the others. In this case, the frequency of 1’s, u, satisfies

du/dt = —u(l —u)?+ (1 —u)u? = u(l — u)g(u)
where g(u) = u?! — (1 — u)?~!. This system has three fixed points: 0, 1/2 and 1.

» If ¢ < 1, g(u) decreases from oo to —oco as u increases from 0 to 1. So the fixed
points 0 and 1 are unstable and the interior one is attracting. In this case it is
expected that coexistence occurs.

» If ¢ > 1, g(u) increases from —1 to 1 as u increases from 0 to 1. So the fixed points
0 and 1 are stable and the interior one is unstable. In this case it is expected that
clustering occurs. That is, we will see larger and large regions occupied by one

type.

For more on the heuristics that lead to these conclusions, see the 1994 paper by Durrett
and Levin [12]. In most of the papers in the physics literature, the analysis is done by
using the pair-approximation, which is equivalent to supposing that the state of the
system is always a Markov chain.

Recently, Vasconclos, Levin, and Pinheiro [29] have considered a version of the g-voter
in which the powers ¢; and qq for flipping to 1 and O can be different. They did this
to study complex contagions which have been used to model the spread of idioms and
hashtags on Twitter [26] and in many other situations, see the book by Centola [7]. When
q1 # qo, situations arise when one opinion dominates the other, see Figure 2a in [29], but
the situation with ¢; = q¢ seems to capture of all of the interesting behavior.

1.1 Voter model perturbations

The linear voter model has a rich theory due to its duality with coalescing random
walk. This duality exists because the process can be constructed from a graphical
representation. See Section 2.1 for details. However, the inherent asymmetry between
1’s and 0’s in the graphical representation makes it impossible to construct nonlinear
voter models where the flip rates depend only on f,. See Section 2.2 for a proof.

To get around this difficulty, we will suppose ¢ is close to 1 and view the ¢-voter model
as a voter model perturbation in the sense of Cox, Durrett, and Perkins [10]. On Z?, this
theory requires d > 3 so that the voter model has a one parameter family of stationary
distributions v, 0 < u < 1. That is, for an initial voter configuration generated from the
product measure with marginals u, the distribution v, is the limiting invariant measure
of the voter model. For this and other elementary facts about the voter model that we
use, see Liggett’s 1999 book [23].
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In general, for a voter at z, the rate of flipping from state ¢ to j # ¢ in a voter
perturbation has the form

C?’j(.%',g) = fj(xvf) + §2hi,j(m7€)

where f;(xz,&) is the fraction of neighbors of the voter at « in state j, and h; ;(«, ) is the
perturbation to the rate of flipping from ¢ to j. Usually the perturbation variable is ¢, but
here it will be convenient to let e = §2. To simplify formulas we will assume h; ;(x, &) = 0
when £(z) # i. Here we will consider the special case in which the neighborhood has
size k and the flip rate only depends on the number of neighbors n(z) in state j:

cf’j(x,f) = fi(z,&) + 527"2’(1,) for 1 <n(x) <k,

where rfL’ (@) is the perturbation to the rate of flipping from ¢ to 7 and depends only on the
number of neighbors of x in state j. The rﬁ (@) do not have to be nonnegative, see (1.7) in
[101, but we will suppose 75 = 0 so that = 0 and = 1 are absorbing states. For simplicity,
we will restrict our attention to three dimensions. In that context, we will consider
neighborhoods = + A with 0 ¢ A and |A| > 3 chosen so that the group generated by A/
is 73

g-voter model. The rate at which a site z flips to 0 in the ¢-voter model is fZ, where
fz is the fraction of neighbors with the opposite opinion. Suppose for the moment that
q < 1. In this case, if we write

fi=Te+(f1 = o),

then the term in parentheses is > 0. Let ¢ = 1 — 62 and write u instead of f, Then,
ul —u=u (u*52 - 1) = u (exp(6®log(1/u)) — 1) ~ 6*ulog(1/u).
From this we see that if ¢ < 1 and m = n(z), then the perturbation is
rk = (m/k)log(k/m). (1.1)

which vanishes when n(x) = 0 or k.
If we let ¢ = 1 + 62 and again write v instead of f,, then

ul —u=u (u52 — 1) = u (exp(6®log(u)) — 1) ~ —6%ulog(1/u).
Hence when ¢ > 1, for m = n(z), the perturbation is

ri, = —(m/k)log(k/m). (1.2)

m =

Intuitively, Theorem 1.1 holds due to a separation of time scales. The voter model
runs at a fast rate, so when the density is v on the torus, the system has distribution
~ v,. The rate of change of the density can then be computed by looking at the expected
rate of change when the state is v,,. Writing ( ),, for expected value with respect to v,,
the right hand side of the ODE is

k—1

¢(u) = (hoy — hio)u = D T8 (ph, () = ph, (u)). (1.3)

m=1

This result will be proved by constructing the process on a graphical representation and
then defining a dual that is a coalescing branching random walk. The voter part of the
process leads to a coalescing random walk. When a perturbation event occurs at a point
x, the dual branches to include all of the points in = + N. This will be described in detail
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in Section 2.3. The proof of Theorem 1.1 is almost identical to the proof of Theorem 6 in
Cox and Durrett [8] so we will only outline the proof, referring to [8] for details. When
€n > n~2/3 the particles in the dual have time to wrap around the torus and come to
equilibrium in between branching events. It is known that on the torus if we start two
random walks from independent randomly chosen locations, then the time to coalesce
is of order n. Thus the assumption ¢, < n~! is needed for the perturbation to have an
effect.

1.2 ODE limit

Following the approach of Cox and Durrett [8], who used the voter perturbation
machinery to study evolutionary games on the torus in dimension d > 3, we will consider
the g-voter model in what they called the weak-selection regime. (For results in the
strong selection regime see Section 1.4.) Let T,, be the three dimensional torus with n
points and hence side length L = n'/3. Let ¢,, > 0 and define §,, such that ¢, = 62. The
first thing to do is to prove convergence of the density of 1’s in a scaled time regime,

Unt) =~ 3 e (a),

zeT,

to the solution of an ODE. Let p’, denote the probability that in v, the origin is in state
1 while exactly m of the neighbors are in state 1 — i. We write a,, < b, for positive
quantities a,, and b, to indicate a,, /b, — 0 as n — co.

Theorem 1.1. Suppose ¢ = 1 — ¢, withn™! < ¢, < n~2/3, IfU,(0) — uo, then U,(t)
converges uniformly on compact sets to the solution of the ODE

d k—1
= Db @) = (), u(0) = u, (1.4)
m=1

where 7% is as defined in (1.1).

Intuitively, Theorem 1.1 holds due to a separation of time scales. The voter model
runs at a fast rate, so when the density is v on the torus, the system has distribution
~ v,. The rate of change of the density can then be computed by looking at the expected
rate of change when the state is v,,. Writing ( ), for expected value with respect to v,,
the right hand side of the ODE is

k—1
QS(U) = <h‘071 - h’170>u = Z T’rkn(p’(r)n(u) - p’}n(u))'
m=1

This result will be proved by constructing the process on a graphical representation and
then defining a dual that is a coalescing branching random walk. The voter part of the
process leads to a coalescing random walk. When a perturbation event occurs at a point
z, the dual branches to include all of the points in 2 + N . This will be described in detail
in Section 2.3. The proof of Theorem 1.1 is almost identical to the proof of Theorem 6 in
Cox and Durrett [8] so we will only outline the proof, referring to [8] for details. When
€n > n~2/3 the particles in the dual have time to wrap around the torus and come to
equilibrium in between branching events. It is known that on the torus if we start two
random walks from independent randomly chosen locations, then the time to coalesce
is of order n. Thus the assumption ¢, < n~! is needed for the perturbation to have an
effect.
Computing the ¥ , see Section 5, leads to the following ODE
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Theorem 1.2. In three dimensions, when the neighborhood has size k, the limiting ODE
is
% = terpu(l —u)(1 — 2u) fr(u)
where ¢, > 0 and fi is a polynomial that is positive on [0,1] and f(0) = f(1) = 1. We
have + forq < 1 and — forq > 1.

When ¢ < 1, the fixed point at 1/2 is attracting and we have

Theorem 1.3. Suppose ¢ = 1 — ¢, and ¢, ~ Cn~? for some a € (2/3,1). There is a Tj
that only depends on ug, so that for any v > 0 and m < oo, if n is large then with high
probability

Un(t) —1/2| <~ forall t € [Ty, n™].

Here and in what follows “with high probability” means with probability — 1 as n — oc.

To prove Theorem 1.3, we will follow the approach of Huo and Durrett [20] who
proved a similar result for the latent voter model on a random graph generated by the
configuration model. Although the random graph has a more complicated geometry than
the torus, the proof in that setting is simpler than the one given here, since on the graph
random walks mix in time O(logn) rather that in time O(n?/3).

WA

.-h{‘;

Figure 1: Cross-section from a simulation of ¢ = 0.9 on a 100 x 100 x 100 grid with
periodic boundary conditions.

Outline of the proof of Theorem 1.3.

e Section 3.1 introduces a general result for proving convergence of stochastic
processes to limiting ODEs, due to Darling and Norris [11], which is the key to the
proofs of the persistence results for our model (and for the latent voter model).
The main difficulty is to bound the difference between the drift in the density U,
of the particle system and the drift in the ODE. In particular, one must prove that
the drift in the density of U,,, which is a function of the configuration, is almost a
function of the overall density.

* In Section 3.2 we take the first step in the proof, which is to show thatif2/3 < b < a
then we can ignore the perturbation on [t/e,, —n® t/e,], i.e., the process will evolve
like the voter model. This has the consequence that if there are n -« 1’s at time
t/en — n, then at time t/e, the process is close to the voter equilibrium v,,. The
argument here is an improvement over the one in Section 3.1 of [20]. We use
Azuma’s inequality to get error estimates that are stretched exponentially small,
i.e., < Cexp(en~?) with a > 0 rather than polynomial, i.e., < Ct~P.
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e In Section 3.3 we introduce a result about “renormalizing” the voter model, that
comes from work of Bramson and Griffeath [4] in d = 3 and Zahle [30] in d > 3.
They show that if we consider the number of 1’s in the voter model equilibrium
with density ), £*, in a cube Q(r) of side length r, then

~

Sp=A@=N)" 22 LN @) - A | = Normal(0, C) (1.5)
z€Q(r)

We use this to obtain information about a similar normalized sum 7;. of the number
of ones in a cube of side r on the torus at time ¢/¢,, when the number of 1’s at time
t/en — n® is An. To be specific, we let S, be the normalized sum of 5(;\(n)(:v) in the
process that starts at time 0 from product measure with density A\ and is run for
time o(n) = n%%. We show that S, < T/ < S, where T! is a small modification of
T,.

¢ In Section 3.4 we bound the difference between 7). and T,.. This in turn gives us
a bound on the largest coalescing random walk cluster in 7, in Q(r), see (3.14),
and a bound on the fluctuations of the density in the cubes, which is important for
completing the next step.

e In Section 3.5 we bound the difference between the drifts in the particle system and
the ODE. To do this, we have to show that the empirical finite distributions on the
torus T,, (see Section 3.5 for a precise definition) are close to the values that come
from voter model stationary distributions v,. In doing this we rely on the result
about the density in cubes proved in Section 3.3 to divide space at time t/¢,, + s,
into cubes with n?®) sites, where r = n*?/3 and b(3) > b(2). Here s,, = n(?t®)¥(2)/3
with « small, so that the empirical f.d.d.’s in cubes of volume n”® that do not touch
are almost independent. This leads to errors of size C exp(—n!~t(3)=2),

* In Section 3.6 we put the pieces together to prove the result. As in Section 3.5 of
[20] we do this by showing that if the density U, (¢) reaches |U,(t) — 1/2| = 4e, then
with very high probability (i.e., for any & with probability > 1 — n~* for large n)
it will return to |U,(t) — 1/2| < e before we have |U,(t) — 1/2| > 5e. Taking § = 5e
gives the desired result

In all of our estimates except those in Sections 3.3 and 3.4, the errors are stretched
exponentially small, so we have the following:

Conjecture. When q < 1 the process persists for time exp(n”) for some 3 > 0.

The could be proved with a rather small value of 3 if the errors in (3.12) and (3.14)
could be improved to be stretched exponentially small. Readers familiar with long time
survival results for the contact process, see e.g., Section 3 in part I of Liggett [23],
might expect the conjecture to say survival occurs for time exp(yn) with v > 0. However,
the conjecture above cannot hold for 5 > 1/3. If we run time backwards from t/e, to
t/e, —n?/? then the n initial particles in the CRW will have coalesced to n'/? particles. If
all of these happen to land on sites in state 0 at time /e, — n?/3, then the process will go
extinct at time t/e,,.

1.3 Rapid Extinction when ¢ > 1

When ¢ > 1, the fixed point at 1/2 is unstable while the ones at 0 and 1 are locally
attracting. To get rid of the constant ¢, in the ODE limit in Theorem 1.2 we consider

Un(t> = % Z ét/enck(x)

zeT,
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Theorem 1.4. Suppose ¢ =1 + ¢, and ¢, ~ Cn~“ for some a € (2/3,1). If U,,(0) = up <
1/2 and o > 1/3 then

P(U,(alogn)=0)—1 asn— oo.

This is proved in Section 5. Much of the work for the proof of Theorem 1.4 has
already been done in the proof of Theorem 1.3. Those results imply that the density in
the particle system stays close to the solution of the ODE. To be precise, we can show
that with high probability.

|Un(t) — u(t)] < eu(t) until 7=inf{t:z, <n 17O}

where 2/3 < b(0) < min{b,1 — a}. Since the ODE is v'(t) = —f(u) with f(u)/u — 1 as
u — 0, the limiting ODE has u(alogn) ~ n~%. Our proof shows that when the density
gets to < n~?() fluctuations in the voter model make the system go extinct in a time that
is < Cn’. See Section 4 for details. The keys to the voter extinction result are (i) the
observation that the number of 1’s in the voter model is a time change of continuous-time
symmetric random walk, and (ii) results on the size of the boundary of the voter model
in the low density regime due to Cox, Durrett, and Perkins [9].

Figure 2: Cross-section from a simulation of ¢ = 1.1 on a 100 x 100 x 100 grid with
periodic boundary conditions.

1.4 Results for strong selection

Let & be a voter model perturbation on Z? with flip rates

(@, 8) = f5(2,€) + O hi ()

where f;(z,€) is the fraction of neighbors in state j and the second term is the pertur-
bation. As before we let ¢, = ¢2. In this section we will examine the case ¢, > n~2/3,
which we call the strong selection regime.

Intuitively, the next result says that if we rescale space to 6,,T,, (recall T,, is the three
dimensional torus with n points) and speed up time by 4,2, then the process converges
to the solution of a partial differential equation on R3. The torus turns into R? in the
limit because §,, < n /3 while the torus has side n'/3. To make a precise statement, the
first thing we have to do is to define the mode of convergence. To simplify the writing we
drop the subscript n on §. Given r € (0,1), let as = [6"71]4, Qs = [0,a5)>, and |Qs| the
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number of points in Q. For z € asZ?> and ¢ € ()5, the space of all functions from §Z3 to
S=0,1,let
Di(z,£) = {y € Qs : {(x +y) = i}]/|Qs].

We endow (25 with the o-field F;5 generated by the finite-dimensional distributions.
Given a sequence of measures \s on ({5, F5) and continuous functions w; : R* — [0, 1],
we say that As has asymptotic densities w; if forall 0 < n, R < cc and alli € S

lim sup As(|Di(x, &) — wi(x)] >n) — 0.
00 2¢ca;73,|z|<R

Theorem 1.5. Suppose d = 3. Let w; : RY — [0,1] be continuous with 3", g w; = 1.
Suppose the initial conditions 53 have laws \; with asymptotic densities w; and let

uf(t,a:) = P(ffg,g(aj) =1).

If x5 — x, then ul(t,x5) — wu;(t,z), were u; is the solution of the system of partial
differential equations:

2
aui(t,x) = %Aui(t, x) + ¢i(u(t, z)) (1.6)

with initial condition u;(0, ) = w;(x). The reaction term is

Gi(u) =Y (1;i(0,€) = hij(0,)u, (1.7)
JF#i
where the brackets are expected value with respect to the voter model stationary
distribution v, in which the densities are given by the vector u.

This result is Theorem 2 in [8]. For more details see that paper.

The intuition is similar to that for the ODE limit in Theorem 1.1. On the fast time scale
the voter model runs at rate 62 versus the perturbation at rate 1, so the states of sites
near z at time ¢ is always close to the voter equilibrium v, ;). Thus, we can compute
the rate of change of u; (¢, z) by assuming the nearby sites are distributed according to
the voter model equilibrium v, ).

Cox and Durrett considered evolutionary games on the torus in d > 3 with game
matrix 1 + wG, where 1 is a matrix of 1’s. Their w corresponds to our ¢,. When w =0
the system reduces to the voter model. They found convergence to an ODE when
n~! < w < n~?/% and convergence to a PDE when w >> n~2/%. Their results can be used
prove a PDE limit for our system when ¢, > n~2/¢. Since there are only two opinions we
only need one variable u;, which corresponds to our u. The ¢ in (1.7) is the same as the
second term on the right hand side of our ODE, which should be clear from (1.3).

In the case of a 2 x 2 game with a stable mixed strategy equilibrium that uses
strategy 1 with probability p and strategy 2 with probability 1 — p, the limiting function
is ¢(u) = cu(p — u)(1 — uw) with ¢ > 0. Here, as in the case ¢ < 1, the fixed point p is
attracting.To translate Theorem 4 in [8] to our situation, we note that w = €7 and n = L3.

Theorem 1.6. Suppose that w ~ Cn—2/3, where 0 < o < 1, and that we start from a
product measure in which each type has positive density. Let N;(t) be the number of
sites occupied by 1’s at time t. There is a ¢ > 0 so that for any n > 0 if n is large and
logn <t < exp(en=)), then Ny(t)/N € (p —n, p +n) with high probability.

The intuition behind the answer is that after space is rescaled the volume of the torus
is asymptotically n(!~®). Theorem 1.6 is a lower bound so it does not rule out survival for
time exp(cn). However, Cox and Durrett proved for the contact process with fast voting
introduced by Durrett, Liggett, and Zhang [13]
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Theorem 1.7. There is a C' < oo so that extinction in the contact process plus fast voting
occurs by time exp(cn'=2%/?logn) in d > 3.

Theorem 1.6 can be generalized to the g-voter with ¢ < 1 since it only relies on the
hydrodynamic limit in Theorem 1.5 and a block construction. Theorem 1.7 does not
extend, because £ = 1 is an absorbing state, and this limits our ability to suddenly kill
the process.

2 Graphical representation, duality

2.1 Voter model

We begin by describing the graphical representation and duality for the voter model
in which the neighbors of z are z + N and N = {y1, ...y, }. The state of the voter model
at time t is & : Z? — {0, 1} where & (z) gives the opinion of the individual at z at time ¢.
We write y ~ x to indicate that y is a neighbor of z. In the usual voter model, the rate at
which the voter at x changes its opinion from i to j is

ci i(@,8) = Le(a)=i) £ (2, ),

where f;(z,&) = (1/k) Zle 1(&(x + y;) = j) is the fraction of neighbors in state j.

To study the voter model, it is convenient to construct the process on a graphical
representation, introduced by Harris [18] and further developed by Griffeath [16]. For
each z € Z% and y € x + N let T%Y, m > 1, be the arrival times of a Poisson process
with rate 1/k. At the times T2¥, n > 1, the voter at = decides to change its opinion to
match the one at y. To indicate this, at time T77*Y we write a ¢ at z and draw an arrow
from y to x. To calculate the state of the voter model on a finite set, we start at the
bottom and work our way up. We think of the 1’s in the initial configuration as sources
of fluid, the ¢’s as dams that block the fluid, while the arrows move the fluid in the
direction indicated. Arrows from y to = arrive just after the §. A nice feature of this
approach is that it simultaneously constructs the process for all initial conditions so that
if §o(x) < & () for all z, then for all ¢ > 0 we have &, (z) < & (z) for all .

1 1 1 1 1 1 0
t
é
§
)
6
é
)
6
)
0
0 0 0 1 0 1 0
Figure 3: Voter model graphical representation
EJP 26 (2021), paper 118. https://www.imstat.org/ejp
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To define the dual process starting from z at time ¢, we set ¢ * — 2 and work down
the graphical representation. A particle stays at its current location until the first time
that it encounters a §. At this point it jumps across the edge in the direction opposite its
orientation. A little thought reveals that the path of a single particle in (*¢, 0 < s <, is
a random walk that at rate 1 jumps to a randomly chosen neighbor. Intuitively, (*! gives
the source at time ¢ — s of the opinion at x at time ¢. That is,

Ee(@) = &-s(C)-

The example in Figure 3 should help explain the definitions. Here we work backwards to
determine the states of the two sites marked by ‘?’. The dark lines indicate the locations
of the two dual particles. The family of particles (! are coalescing random walks. That
is, if a particle (%! lands on the site occupied by (%!, the two particles coalesce to form
a single particle, and we know that & (z) = &(y).

Figure 4: Dual coalescing random walk

To illustrate the power of duality, we analyze the asymptotic behavior of the voter
model on Z¢, proving a result of Holley and Liggett [19]. In dimensions 1 and 2, nearest
neighbor random walk is recurrent, so the voter model clusters, i.e.,

P(&(x) # &(y) < PG #¢Y) — 0.

In d > 3 random walks are transient so differences in opinion persist as t — oco. Let
&' be the voter model starting from product measure in which 1’s have density u, i.e.,
the initial voter opinions are independent and = 1 with probability u. For a finite set
B C 74, 1et (Pt = U,ep(¢®t. The distribution of ¢(Z'* does not depend on ¢ so we drop the
superscript ¢. Duality implies

P(*=00n B) = P(¢(y) =0forall z € (P) = E((l —u)léf\)

Ast 1 oo, [¢P| ) |¢E|. From this it follows that

P(€%(z) =0 on B)—>E((1—u)‘<fo|) 2.1)
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The probabilities on the left-hand side of (2.1) are enough to determine the distribution
of the limit £ . Since the limit exists, it is a stationary distribution that we denote by v,,.
Before moving on, we note that the duality equation can be written as

P(EANB#0) = P(ANCE #0) (2.2)

where & is the voter model starting with 1’s on A and (7 is the coalescing random walk
starting with particles on B. This holds because the left-hand side is the probability of a
path from A x {0} up to B x {t}, while the right-hand side is the probability of a path
from B x {t} down to A x {0}.

2.2 Nonlinear voter models

There are several types of duality. In general, see page 11 in [23], n; and (; (with
possibly different state spaces) are in duality with respect to the function H if

EnH(nt, C) - ECH(W? Ct)

The one we have introduced above corresponds to H(A,B) =1 of AN B # 0, and 0
otherwise. Harris introduced this class of process [18] and showed that they wer e
exactly the processes that could be constructed from a graphical representation of the
type used in the previous section. since §t‘4 is defined to be the set of sites at time ¢ that
can be reached from a path starting in A,

M =glugl.
For this reason the duality is called additive.

Claim. Using the graphical representation described in the previous section we cannot
construct a voter model in which the flip rates depend only on the number of neighbors
with the opposite opinion n, and are nonlinear.

Proof. For simplicity, we only prove the result when the neighborhood has size 4. Con-
sulting Griffeath’s book we see that the only gadgets than can be used in the graphical
representation are combination of arrows and ¢’s. To begin, we will consider the set of
processes that can be constructed by only using gadgets that have a § at  and a number
of arrows that point to x from its neighbors. We call these objects arrow-ds. Since the
flip rates only depend on the number of sites, all arrow-Js with k& arrows have the same
rate, ay.

* When there is a 1 at z the § will cause the 1 to flip to a 0. However, the site will
only stay a 0 if all neighbors connected to x by arrows are in state 0.

e When there is a 0 at = then the § does nothing, and the site will flip to 1 if there is
at least one neighbor in state 1 connected to x by an arrow.

k

The number of k-arrow gadgets is (2

) so the flip rates are as follows

Ny rate 1 — 0 rate 0 —» 1

0 0 0

1 ai a1 + 3as + 3as + ay
2 2a1 + as 2a1 + bag + 4as + a4
3 3a1 + 3as + ag 3aq + 6as + 4az + ay
4  4ay + 6as + 4asz +as  4ay + 6as + 4ag + ay

If we add ¢’s with no arrows then they will flip 1s even when all their neighbors are
1. If ag, a3, or a4 is positive the rate of flipping 1 — 0 is < the rate of flipping 0 — 1.
when n, = 1,2, 3. Adding arrows with no §s will only further increase the rates of flips
0—1. O
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2.3 Duality for voter model perturbations

In the previous section we have shown that the ¢-voter does not have an additive
dual. In this section we will introduce a generalization of the graphical representation
used in Section 2.1 that allows us to construct voter model perturbations. This idea goes
back to [10]. Calculating the state of the process is not as simple as in the additive case,
but it does allow us to compute the state of the process on a finite set B at time ¢ by
working backwards from time ¢.

Voter model perturbations have flip rates

) j(,8) = fi(@,€) + 6%hi j(x,€), (2.3)

where f;(z,§) is the fraction of neighbors of « in state j. The perturbation function h;;,
j # i, may be negative (and this happens when ¢ > 1) but in order for the analysis in [10]
to work, there must be a law g of (Y1,...Y}) € (Z%)* and a functions g; ; > 0, so that for
some v < 0o, we have

hij(z,8) = =vfj(2,§) + Ey[gi;(§(x + Y1),.. . §(x + Y))] (2.4)

In our situation Y7, ...Y} are k neighbors in A and g¢; ;, which does not depend on ¢, is
the fraction of sites x + Y7, ...x + Y} in state j = 1 — ¢ raised to the ¢gth power.

Suppose now that we have a voter model perturbation of the form (2.3) which satisfies
(2.4). We construct the voter model portion as in Section 2.1. We call the arrow-Js voter
events. To add the perturbation we let

lgijll = sup gij(m,...0x)
ne{0,1}k

and introduce Poisson processes 7%/, m > 1 with rate r; ; = €||g; ;||, where ¢ = 62, and
independent random variables {UZ%7},,>1, uniform on (0, 1). At the times ¢ = T%"J with

m > 1 we draw arrows from = + Y to z for 1 < i < k. We call this a branching event.
If¢_(x) =4 and

Ti,jU;f’i’j < gij(§—(x+Y1),... & (2 + Yr)) (2.5)

then we set & (x) = j. The uniform random variables slow down the transition rate from
the maximum possible rate r; ; to the one appropriate for the current configuration.

To define the dual, we proceed as before. When a particle encounters a J associated
with a voter event, it jumps to the other end of the arrow. When a particle encounters
the head of an arrow associated with a branching event it gives birth to new particles
at the other ends of all of the arrows. If either action results in two particles on the
same site they coalesce to 1. Let IP! be the set of particles at time ¢ — s when we start
with particles on B at time t. Durrett and Neuhauser [14] called I, SB 't the influence set
because

Lemma 2.1. If we know the values of &_, on IP+, then using the graphical representa-
tion (including the associated uniform random variables) we can compute the values of
& in B by working our way up the graphical representation starting from time t — s and
determining the changes that should be made in the configuration at each jump time.

This fact should be clear from the construction. A formal proof can be found in
Section 2.6 of [10]. The computation process, as it is called in [10], is complicated,
but is useful because up to time t/¢, there will only be O(1) branching events affecting
particles in the dual.
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3 Prolonged persistence

In this section, we will prove Theorem 1.3. The key is to bound the difference between
the density of the particle system and the ODE, using a result of Darling and Norris [11].
Section 3.1 describes this result and the work needed to apply it to finish the proof of
Theorem 1.3. Sections 3.2, 3.3, 3.4, and 3.5 complete this work and Section 3.6 gives
the final details.

3.1 Darling-Norris theorem

To state the result from [11] result we need to introduce some notation. Let & be
a continuous time Markov chain with countable state space S and jump rates ¢(¢,¢’).
In our case &; will be the state of the ¢g-voter model on the torus. We are interested in
proving an ODE limit for X; = x(§,,., ) where

z(ét/en) = % Z gt/en(y)'

yeTy
For each £ € S we define the infinitesimal drift
BE) =D (@(&) —=(€)a(&.€)
§'#E

We let b be the drift of the proposed deterministic limit x;. In our case

xy = w9 £ /O b(zs)ds,  bly) =cry(l—y)(1 —2y) fr(y),

where fj is a polynomial with f5(0) = fx(1) = 1 that is positive on [0, 1] and only depends
on the number of neighbors k. The signis + forg =1 —¢, and — for ¢ =1+ ¢,. The
crucial theorem from [11] is

Theorem 3.1. For each fixed tg and n > 0,
P <sup |X, — x| > n) < 2777/ (24%) | p(Oe U QS U Q)
s<to

To make this statement meaningful we need more definitions. To measure the size of
the jumps we let o4 (y) = €I/ — 1 — 0|y| and let

$(&,0) = > ap(x(¢) — 2(£))q(&, &)

§'#E
The good sets €2;, i = 0,1, 2 are given by

Qo = {|Xo — ol <7} (3.1)
t

o = { [ 18(6,) - b0l ds <4}, (3.2)
0
t

0, = {/ $(Ey)e, 0)ds < 92At/2} . (3.3)
0

The parameters in these events are coupled by the following relationships. If we let K
be the Lipschitz constant of the drift b and n be the upper bound on the error in the
approximation by the differential equation in Theorem 3.1, then

y=ne K/3 and 6 =~/(Aty), where A > 0.

It is clear that b is Lipschitz continuous. Our assumption that U,,(0) — uo implies that
Q§ = 0 for large n. To bound P(Q5), we will choose an A > 0 that works well. We begin
with a useful lemma:
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Lemma 3.2. If Z ~ Poisson(\), then
P(Z > 2)) < exp(—7(2)))
where «(2) is a constant independent of \.
Proof. The moment generating function of 7 is
FEexp(87) < exp(A(e! —1)).

Taking 6 = log2, we have Eexp(Zlog2) = exp()), so using Chebyshev’s inequality we
have
P(Z > 2)\) < exp(—2log2\),exp(N)

which proves the result with v(2) = 2In2 — 1. O

The process X; has jumps of size 1/n at total rate n/e,. As 6ly] — 0, we have
oo(y) ~ 0%y?/2. So, when 0|y| is small, o¢(y) ~ 6%y>. Using Lemma 3.2, the probability of
2ton /e, jumps during time [0, ¢o] is < exp(—~(2)ton/€,). When this occurs, and n is large,
the integral in 5 is

< O 2ton 2

— = 0%, —.
n? e, 1

Thus, for the event Q5 to hold, we need 2/(ne,) < A/2. Sincee, ~ Cn~®with2/3 < a < 1,
we have

Lemma 3.3. Ift, and v are fixed and A = n=(1-9/3 then ¢=7"/(24%) _ 0 and P(Q5) — 0
exponentially fast as n — oo.

3.2 Ignoring branching

The remainder of Section 3 is devoted to bounding P(92$). To begin to do this,
we return to the original time scale. We define és to be the same as & at time s =
t/e, —nb, while on the time interval [t/e,, — n®,t/e,], £ only has voter events, ignoring
the perturbation. The value b € (2/3,a) is chosen so that lineages in the dual coalescing
random walk will have time to wrap around the torus but, as we will now show, the
perturbation will not have much effect. Let

- 1 -
Xy = ﬁ Z ft/en(l“)

zeT,

be the density of this new process f
We will now show that ignoring the perturbation changes the values of more that nn
sites with a stretched exponentially small probability.

Step 1. The number of perturbation events M in time n® is bounded by a Poisson(\)
random variable with A = Cn!**+?, Lemma 3.2 implies that

P(M > 2)) < exp(—7(2)\) < exp(—Cv(2)n?), (3.4)

since A > Cnb.

Step 2. Let 1, (z) = |&(x) —& ()], so that 7,(x) = 1 means there is a discrepancy between
the two processes & and &, at position z. We want to prove that > 2 Mt/e, () is more than
nn with a stretched exponentially small probability. To do this, note that when an edge
(x,y) with ns(x) = 0 and 75(y) = 1 is hit by a voter event (that is, there is an arrival in
the Poisson process T%¥ or T "), then the 1 is changed to 0 with probability 1/2 (when
the arrival is in T%¥) and the 0 is changed to a 1 with probability 1/2 (when the arrival
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is in T¥"). Thus, the change in the number of discrepancies due to voter events is a
martingale. Let Y,,, denote this value after m jumps. The change is always < 1 so if there
are N jumps, then by Azuma’s inequality

P(|Yy — Y| > 2| N =ng) < 2exp(—2%/2n0)

If N is the number of changes due to voter events in the time interval [t/e,, — n® t/e,],
then N < Poisson(n’*!). By Lemma 3.2,

P(N > 2n'*?) < exp(—v(2)n'™?).

Note that if ng < 2n'*?, then 2exp(—22/2ng) < 2exp(—2z2/4n'*?). So, taking z = nn and
N = 2n'*?, we get

P(|Yy — Yo| > nn) < 2exp(—n?n'~b/4). (3.5)

3.3 Bounding the density

The results in the previous section show that on the interval [t/e, — n® t/e,] we
can ignore the perturbation and assume that the process evolves like the voter model.
To understand the distribution of 1’s at time ¢/¢,, we will use results of Bramson and
Griffeath [4], and Zahle [30]. The first reference only treats d = 3. The second covers
d > 3 and is more detailed, so we will follow it.

Let ¢* : Z¢ — {0,1} have the distribution of the equilibrium of a finite range voter
model on Z¢ with density v,. For an explanation of this and the other basic facts about
the voter model that we will use, see Liggett’s book [23]. For simplicity we will do
calculations for the nearest neighbor case. The results are the same in the finite range
case, but are more awkward to write since, for example, the limiting normal has a
general covariance matrix, we cannot use the reflection principle, etc. To formulate the
limit theorem in [30], we will write the process at a fixed time as a random field

Fa(¢) = Y [¢M0) — Ne(i),

1€2.4
where ¢ is a member of a suitable class of test functions. To rescale space, we let
Fxr(¢) = Fa(¢r) where ¢,(z) =r="2¢(x/r).
Theorem 1 on pages 1265-1266 of [30] shows that in our nearest neighbor case
F) »(¢) = Normal(0, agA(1 — \)B(¢, ¢)),

where = denotes weak convergence as r — oo, Normal(y,0?) is a one-dimensional
normal distribution with mean ; and variance o2, and B is the bilinear function

B(¢,v) = //mdxdy.

Restricting our attention now to d = 3, Zahle’s result implies that

Se=AA=N]V22 3" [(Mx) — A] = Normal(0, c3,) (3.6)
z€[—r/2,r/2]3

Bramson and Griffeath [4] prove (3.6) by the method of moments, which gives

E(S8,)*™ = 3", where i, = (2m —1)(2m —3)---3 - 1. (3.7)
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In our situation, we need a slightly different result. In particular, these results are for
the voter model on Z3, and we need a result for the voter model on the 3-d torus. Let

T, = M1 =N N (e, (@) = A
z€Q(r)

where ) is the fraction of sites in state 1 at time /¢, — n®, and Q(r) is a fixed cube with
side r = n® with 8 < 1 /3. To prove a limit result for 7, we will sandwich it between S,
and -
Sr = N1 = N2 3 [0 () = A
z€Q(r)

where C 3(71) is the voter model on the torus starting from product measure with density A
and run for time o(n) = n%°. To couple this with 7, we create S, by running coalescing
random walks starting at time ¢/, from points in Q(r) backwards in time for o(n), and
then use independent coin flips with probability A of heads (1) and 1 — X of tails (0) to
determine the states of the sites.

(i) With stretched exponentially small probability, no coalescing random walk
will move more than »n°33 in any coordinate by time o(n) = n%6.

Proof. We will use a special case of (7.3) on page 553 in Feller volume II [15].

Lemma 3.4. Let wy, ws, ... wy be i.id. with P(w; = 1) = P(w; = —1). Then if W}, =
wy + -+ wg, € >0, and = o(k), we have

P(Wi/VE > ) < exp(—(1 — €)2%/2).

Taking k = n%6

walk starting inside the cube Q(r) and run for time o(n) moves by more than n
coordinate is

and z = 0.03, it follows that the probability some coalescing random
0-33 in any

<2613 exp(—(1 — €)n®%/2).

Here the 2 comes from using the reflection principle to relate the maximum to the value
at time %%, and 6 is 3 coordinates times 2 signs. O

The result (i) implies that with very high probability there is no difference between
the coalescing starting from Q(r) with r = n” for 3 < 1/3, run to time o(n) = n%° on the
torus or on Z3.

(ii) There is a v > 0 so that at all times ¢ > (k + 1)n?/3, the total variation be-
tween the distribution of a nearest neighbor random walk on the torus and the
uniform distribution is < (1 — 7).

Proof. To prove the result, we use a simple coupling. At time n2/? the distribution of
each particle has a density that is > v/n at each point of the torus. At time n?/3 the
distribution has the form ~ - u,, + (1 — 7)g,, where p,, is uniform on the torus and ¢, is
some transition probability. Uncoupled mass at time (k — 1)n2/ 3 can be coupled to the
uniform distribution with probability > ~ at time kn?/3 and the desired result follows. [

Definition of 7),. We continue the construction of 7;: from the end of the construction
of S, at time o(n), we run the coalescing random walk particles on Z3. To assign values
to the lineages at time n® we extend the configuration on the torus at that time to be
periodic on Z3. It follows from (ii) that with very high probability there is no difference
between flipping coins at time n°-% to determine the states of the sites in the sum S,, or
continuing to run the coalescing random walks on Z? until time n®. Having done this, we
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no longer perfectly reproduce T,,, so we call the result 7). The good news is that when
we run the coalescing random walk on Z3 starting at o(n), we will have 7/ < S,,. That is,
the coalescing random walk clusters in 7/ are contained in clusters in 5.

To prove the result in (3.6), Zahle defines a cluster to be a set of sites that coalesce to
the same limiting particle, and lets Z,. 5, 1 < k < K(r) be the cluster sizes and lets 7, j
be independently = 1 with probability A and = 0 with probability 1 — A. As she notes in
(3.6) on page 1274,
K(r)
§r =d 7"_5/2 Z Zr,k: ' (nmk - )\) (38)
k=1
If we condition on the Z, ;, then we have a sum of independent random variables. If
we let vZ = Y7, Z2,, then using Lyapunov’s theorem (see the bottom of page 1275) it
follows that '
(Sr/vn | 2) = x,

where Z is the o-field generated by the Z, ; and Y is a standard normal. In Lemma 1
on page 1276 in [30] she shows that v2 converges in probability to a constant, so if we
remove the conditioning we get the same limit. Lemma 2 computes the limit of Fv2 and
(3.6) follows.

The last argument can be applied to S, to conclude that it converges to a normal
distribution. To find the limiting variance we compute

Z E(iz/f\(n) (z) — )\)(@(n) (y) = A)
z,y€Q(r)

When the coalescing random walks starting from x and y do not coalesce, the states at «
and y are independent; otherwise, they are equal. Thus, if we let 7, be the time the
two coalescing random walks hit, then the above sum is

Z A1 = N)P(7y, <00
z,y€Q(r)

Using the local central limit theorem,
o0

P <7, , <o0) 2ﬁd/

2
e Wexp (—|$_y| /Qt) dt
n0.6

The right-hand side gives the expected amount of time the two particles spend together.
When they hit they spend an exponential rate 2 amount of time together. In addition, they
will hit a geometric number of times with success probability 5,;. Changing variables
t = |z —yl?/2s, dt = —|x — y|?/(25?) the integral becomes

/m_ylz/m6 s 82 wle —y? d
_ e —~ ) ds
0 e — y|? 252
1 le—y|?/n®°
= 23/2||/ 871/2678 ds S Cnio‘s.
w32z —y| Jo

Consulting Lemma 4 in [30] we find
P(7yy < 00) ~ c3/|z —yl

Using the formula for ¢} it follows that the asymptotic variance for S, is the same as for
Sy
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Limit theorem for 7). Let X, ; < YT’) & = Zp1 be the cluster sizes in S,, T!, and §T. The
limiting variances of the unnormalized sums are

ZEXik < ZE(Yr/,k)Q < ZEZTQ,k
% 3 3

Since the top and bottom sums have the same asymptotics, this gives us the Gaussian
limit theorem for 7). Replacing 2 by 2m and recalling that Bramson and Griffeath [4]
proved their result for S, by the method of moments gives the desired results for 7}:

K(r)

T = (A1 = \)] Y252 Z Y e (e — A) = N(0,¢3,0) (3.9)
k=1

E(T))*™ — 3% (2m —1)(2m —3)---3-1 (3.10)

The last result implies
B P(T! > rP) < B(S,)*™ — Ex®™ (3.11)
so if we let D! = [\(1 — \)]'/2r%/2T7, (i.e., we remove the scaling) then
P(|D.| > [A(1 = N)]Y/2r5/248) < ¢, 2m5, (3.12)

This is the concentration result we desired for 7). Recall that 7, was constructed as a
slight modification of T),, which is the true rescaled and centered density that we which
to prove results about.

3.4 Controlling the difference between 7, and 7,
The goal in this section is to generalize (3.12) to T...

Bounding the number of extra coalescences in 7. When we went from the
torus to Z* we may have eliminated some coalescence in T}, at times in [n?-%, n®]. For
this to happen the difference in two particles positions must have wrapped around the
torus, an event we call GG, and the particles projected back to the torus must have hit, an
event we call H. To bound this event we note that

P(GNH) <min{P(G),P(H)}.

Let @ = 2(1 — €)/3. Lemma 3.4 implies that the probability G happens during [, n®] is
< exp(—n") for some 7 > 0. On [n“, n’], the probability that a random walk is at a fixed
site is < 1/n'~¢. Thus, for a fixed pair of particles,

P(H) < Cn®/n'~¢.
If r = n®®@)7/3, then n®@ is a trivial upper bound for the number of particles at time
o(n), which holds with probability 1. We will now estimate the number of collisions of a

fixed particle with all of the others. This number is increased if we ignore coalescence,
and run the particles as independent. We do this so that

Lemma 3.5. If m > 1 and a particle belongs to a cluster of size 2m or 2m +1 withm > 1
formed by coalescence during [n®, nb], then there are at least m disjoint pairs of particles
that have coalesced.

Proof. Recall that on this time interval we are running the lineages on Z3. We will prove
the result by induction. To be able to disentangle the graph constructed by coalescence
we will number the particles. Once two particles hit the two future trajectories could
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be assigned to either particle so we allow ourselves the liberty of be exchanging the
labels at any collision. If the cluster has size 2 or 3, this is trivial. Suppose now that
m > 2. Locate the time ¢y at which the first two particles coalesced. Call them = and y
and let t; be the first time after ¢ that the coalesced particle collided with another one
that we call z. Remove the Y-shaped part of the genealogy leading from x and y to the
coalescence at time t;. Label the lineage coming out ¢; the same as the one coming in
on z’s trajecctory. We have identified one pair of coalescing particles and reduced the
number of sites in the cluster by 2, so the result follows by induction. O

Given Lemma 3.5, our next task is to estimate the probability that m disjoint pairs
will coalesce. Using the trivial upper bound n*(®) on the number of lineages, the number
of coalescing pairs is

N < Binomial(n?*®, Cn®/n'~¢).

Note that this bounds the number of coalescing pairs that coalesce in the system, not
just those that form one cluster. The expected number is Cnb+20(2)+<=1 where b is larger
than 2/3 and can be assumed to be < 0.7. If 5(2) < 0.1, then —v =b+2b(2) +e—-1<0
when € < 0.5. In this case,

n2b(2) , Ckp—v
— < +e—1\k <2
P =)= (", Jentri < SR

SO summing gives
P(N > k) <e“n . (3.13)

Bounding the size of clusters in S’T. Formula (3.7) tells us that
E(S,)*" — cgf'/(,um

Using (3.8) we have [(1 — A)A2™ + A(1 — A)2] S50 Z < E(5,)?™. From this we see
that when r is large
rnm/2P(mkax Zr,k > ,],,5.5/2) < Cmrfym

so we have
P(max Zy, > r25/2) < Oy ™2, (3.14)

Combining (3.13) and (3.14) we see that if Y. ;, are cluster sizes in T},, then

P (m}?xnk > ;nyr5-5/2) < Cpar™™? (3.15)

Combining (3.13) with £ = m/2r and (3.15) we see that the combined size of the
clusters in T, but not in 7, is

< 2ﬁn5-5/2 with probability 1 — Cyy xr~"/2. (3.16)
v
Using this with (3.12) and letting D, = [\(1 — A\]'/27%/2T,, it follows that
P(|D,| > [M1 = N)]Y25/28 < ©,, ar™™B/2, (3.17)

Suppose r = n*(?)/3 where 0 < b(2) < 1, then

P (|DT| > [)\(1 — )\)]1/2n5b(2)/6+5) < C«mn—mﬁb@)/ﬁ
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Now, partition the torus into cubes of side n?(2)/3. Letting N; be the number of 1’s in the
tth cube we have

g
For fixed 8 > 0, given a k < oo we can pick m large enough then the right hand side is
< n~1=02)~k Then we have,

Nr,i o
nb(2)

/\‘ > [A(1— )\)]1/2nb(2)/6+ﬁ) < O7nnfm5b(2)/6.

P ( for some ¢

5~ )\‘ > [M1 - A)]“Zn—b(?)/“ﬁ) <n". (3.18)

3.5 Bounding the difference in the drifts
For z,y1,...yx € Z% and vy, vy, ... v € {0,1} fixed we let

Goyo = {€(z) =vo,&(x+y1) =v1,...E(x +yr) = vk}

be a finite dimensional event. For simplicity, we do not display the dependence on the
sites y and the states i. The probabilities of these events for ¢; are the empirical finite
dimensional distributions.

Thus far we have been concerned with the overall density of particles on the torus.
However, to successfully bound P(£2{) we need to show that if u is the density of ones in
the voter model at time ¢/¢,, — n®, then the empirical finite dimensional distributions on
the torus are close to those of the voter model equilibrium v, at time t/e, + s,,, where

5, = n2HAR)/3, (3.19)

The reasoning for introducing this extra time s,, is described below.

The first step is to partition the torus at time t/¢,, into boxes with side r = nb@)/3,
Using (3.18), we can conclude that with high probability the density in each box is close
to u, the density of 1’s at time t/e,, — n’. We divide the torus at time t/¢,, + s, into
cubes with side n*(®)/3, where b(3) > b(2). The 3 in the time guarantees that if we work
backwards from time t/¢, + s, to t/¢,, the probability a random walk particle will move
by an amount much larger than n*®)/3, the size of the boxes at time ¢ /€n, is stretched
exponentially small. See Lemma 3.4. As in [14] and [10] this implies the conditional
distribution of the position given that the lineage ends in a specific box is almost uniform,
and hence the probability it lands on a 1 will be close to u. A second consequence is that

Lemma 3.6. With very high probability, the empirical finite dimensional distributions at
time t/e,, + s, will be close to v, (G y.0).

Proof. To see this, note that we compute the probabilities of finite dimensional sets in
the voter model equilibrium v,, by starting the CRW with points at yo, . . . ¥, and running
time to s,. The particles that coalesce are a partition of the original set. We then flip a
coin with a probability v of heads (state 1) to determine the states. Here we are only
running time to s,, so our partition is finer, but the final particles are roughly independent
and uniform on the torus so whether they land on 1 or 0 are roughly independent coin
flips. O

The last paragraph shows that probabilities of the f.d.d.’s are close to the voter model
equilibrium v,,. This enables us to conclude that the expected value of the drift of our
process when the density is x is close to b(x). The next step is control the fluctuations
about the mean. Using normal tail bounds on random walks in Lemma 3.4, it follows that
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if B,, is the event that some coalescing random walk at time t/¢,, + s, moves by more
than n*®)/3 in time s,,, then for any v > 0 we have for large n

P(B,) < nexp(—(1— ,y)n2b(3)/3/2n(2+ﬁ)b(2)/3)

—nesp (_1—2771[%(3>—<2+ﬁ>b(2>]/3> (3.20)
denjty f.d.d.
cube b2 | :0: nb®)
si1zes :: ne
t/e, —nb time j/:en t/€n + 8n

Figure 5: Picture summarizing the proof. Here s, = n(?t#%(2)/3 The words at the top
indicate the quantity that is “good” at each time, i.e., close to its average value on the
cubes. The dark line at time ¢/¢,, shows the interval in which we will with high probability
find the lineage of the black dot when it is worked backwards in time.

For the last inequality to be useful we need to choose 3 so that 2b(3) — (2 + 3)b(2) > 0.
The estimate in (3.20) implies that the states of sites in cubes in the decomposition at
time t/e,, + s, that do not touch are independent on BS. We can divide our collection of
cubes into 27 subcollections C; of size n' ~*(3) /27 so that no two cubes in the subcollection
touch. For 1 <7 < 27, let N; be the number of times G, ,, occurs in the union of the
cubes in C;, let N; ; be the number of times G ,,,, occurs for z in the jth cube in C;. If
is close to the edge of the cube then some of the z + y; may be outside. However, the y;
are fixed, so for large n they will at worst be in an adjacent cube.

For fixed i, the N, ; are independent on the event B, and 0 < N; ;/n*®) < 1. Let
Pij = E'Ni)j/nb(?’). Let

Ny,
Xi,j = nb('o’j) — pi,j € [_pi,ja 1-— Pi,j]~

Finally, let ¢; ;(0) = Eexp(6X;;),letY; = 3_. X; ;, and let M = n'~"(3) /27 be the number
of cubes in each collection C;. If § > 0, then, assuming B;,, we have

?Mp(y; > Mn) < H%/Ji,j(e)’

J
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using the independence of the N; ; across j. So, we have

P(Y; > Mn) < e”?Mn H%,j(@)
j

=exp | M —977+M_1210g1/}i)j(9) (3.21)

J

Since we do not know much about ¢; ;(6), we will let n,, = n~%, and later choose 6,
so that lim,,_, 0,, = 0. Expanding log 7); ; around O:

p i (0)
<5 108 i;(0) = i ;(0)’
42 _ v 0)  (,00))2
g7 108 i (6) = Wj(e) - gj(e) '

When 6 = 0, we have ¢, ;(0) = 1 by definition, and also

d
d? 9
7d02 IOg’lpZJ(O) = EXi,j'

So, if 6; , =+ 0, then we have the approximation
2

ein
log i j(0in) ~ —5" EX7;.

Since X,‘J S [—pi7j, 1-— pid‘] and EXi’j =0,
EX?,]- < pi (1= pij)
To optimize the bound in (3.21) we d/df the term in square brackets in (3.21) to get

0=—nn+0;,M* Zpi,j(l — Pij), (3.22)
J

which says we want to take 0,, = n,,/7;, where 7, = M ! Ej pi;(1 — p; ;). This gives the
following large deviations bound

noon?
P(Y; > Mnj,) < exp (M [—” + 712Tl:|>
Ti W

M 2
= exp ( 27’"

7

(2

) < exp(iMnsz)v

since 27; < 1. The same reasoning can be used to get a bound on the other deviation.
Since we have expanded the moment generating function around 0 the bound is the
same, giving the final result

P(|Y;| > Mn,) < eXP(—MUi)
Define Y = Zf; Y;, and then use the triangle inequality to get

P([Y| > 27Mn,) < 27exp(—Mn;)
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The last task is to relate this to the difference of the drifts. To do this, we note that
Y=n"@N Ny = iy
4,7 4,7

so we have
NI e
- b(S = zy.0) nl—b(3) 2P
1,7

Let p} , , be the probability of G , , when we work backwards in the coalescing random
walk starting from x,x + y1, ...z + y;, then we have

1
1003 Zp” - pr’yv
i.j

In the three neighbor case we only have to consider: y; = e, y2 = €3, and y3 = es.
When there are more neighbors, we have to consider a number of other possibilities, see
the calculations in Section 5. Let r(v) = r(vg, v1, v2, v3) be the jump rate of vertex x when
the states are v;. Multiplying by r(v), summing over the relevant values of y, v we have

_1 Z ,y'u B(Et/enJrsn)

T,Y,v

so we have

P (’ﬁ(&t/ewﬁ-%z Z Pryo”

z,Y,v

> 16n_a> < 27exp (—nl_b(3)_20‘/27) (3.23)

The choice of s,, guarantees that as we work backwards in time the particles in the CRW
move by an amount > n®®3). The bound in (3.18) implies that each particle in the CRW
lands on a 1 with probability close to u. It follows that

me,

with very high probability. The bounds derived above only works for fixed ¢. However,
it is easy to extend them so that they hold uniformly on [0, ¢y] and hence are valid for
the integral. To do this, we subdivide the interval into subintervals of length 1/n'/2¢,
Within each interval the probability there are more than 2n'/2 flips is < exp(—cy/n). If
we add this to previous error probability and multiply by the number of subinterval we
still have a result that holds with very high probability.

)| <n/2

3.6 Final details
To get long time survival, we will iterate. Let

To = inf{t: |z, — 1/2| < n}

and note that x; is the solution of the ODE so this is not random. Theorem 3.1 implies
that | X (To) — 1/2] < 2n with very high probability. Let

Ty =inf{t > Tp : | Xy — 1/2| > 4n}
and note that on [Ty, T1] we have |X; — 1/2| < 4n. There is a constant ¢, so that if

x(0) = 1/2 +4n or x(0) = 1/2 — 47 then |x(t,) — 1/2| < n. Let S; = T} +t,. Since T} is
random, S, is a random time. However, due to the Markov process, we can translate time
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to apply Theorem 3.1 again. That is, consider X, := X, 7,. Then since | X, — 1/2| = 4y,
Theorem 3.1 implies that with high probability | X;, — 1/2| = |X(S;) — 1/2| < 27 and
|X: —1/2| < 5non [T1,S51]. Form > 2, let

T =inf{t > S,,1 1 | Xy —1/2| > 4n} and S, =T+t

We can with high probability iterate the construction n* times before it fails. Since each
cycle takes at least ty units of time, taking = /5 the proof of Theorem 1.3 is complete.

4 Rapid extinction for ¢ > 1

In this section we will prove Theorem 1.4. There are two steps to the proof. First, we
use the results in Section 4 to show that the fraction of 1’sin the random process is close
to solution of the ODE until time

7 =min{t: z, < n~ 10O} (4.1)

where b(0) will be defined in the proof of Lemma 4.1. The second step is to prove that
when we start with < nb©) ones, then fluctuations in the voter model will cause it to
hit 0 in time < Cnb©. This time is < n’ for large n, so by results in Section 3.2, it is
legitimate to assume that the process acts like the voter model. The proof for the second
step is based on a Green’s function calculation and estimates for the rate of change of
the number of ones in the voter model.

4.1 First step

Lemma 4.1. Suppose X, < 1/2 and let 7 be defined in (4.1). Then, for any n > 0, as
n — oo,

q (IXT _ A0 < m—(l—bm))) 1

Proof. We use (3.18) from Section 3.4. If Xy = u and we divide the torus at time t/e,
into boxes of side = n?2)/3, then taking m large in(3.18) gives

P ( for some % e

Nr,i B U‘ > [U(]. . u)]l/an(2)/6+5) < Tlik, 4.2)

for any 8 > 0 and k < co. Since u'/? > (u(1 — u))'/2, we can change this to

P ( for some ¢ b2

Nr,i, _ U’ > u1/2nb(2)/6+6> < ’ﬂik. (4.3)

For this estimate to be useful, we need u > u'/?n=)/6+8 which is equivalent to
u > n~P2)/3+28 1f p(2) is close to 1 and 3 is small, we can define b(0) by

1 - b(0) = b(2)/3 — 26,

so that b(0) < min{b,1 — o} where o > 1/3 is the quantity from Theorem 1.4. Combining
these estimates and using results from the previous section we have that if ¢y < 1/2 and
n > 0thenasn — oo

P(|X; —x¢| <nzyforallt < 1) — 1.

Lemma 4.1 follows. O

This result shows that the number of 1’s gets driven to < (1 + €)n®® at the deter-
ministic time 7. To complete the process of extinction we will rely on fluctuations in the
voter model.
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4.2 Green’s function calculation

To motivate the calculation in the next lemma we note that the voter model is a time
change of simple random walk.

Lemma 4.2. Let S; be continuous-time simple random walk on {0, ...,n} with jump-rate
r(j) at position j. Let 0 < x < z < n be integers, and Tj , the first time that S; hits 0 or z.
Then,

x z z

v 20§~ 2
e =2 705 2 0 T Ly @y

y=1 y=z+1

Since P, (T, < Ty) = x/z, this is enough to bound the extinction time if /2 — 0.

Proof. First consider the embedded discrete-time chain of S;. For 0 < y < z, let N, (y) be
the number of times the random walk visits y before hitting 0 or z, starting from position
x. Consider the Green’s function

Go(z,y) = E[N.(y)].

Fix y and write g(z) = Go(z,y). Then we have that g satisfies

9(0) =0
g(z) =3 (glz+1)+gx—1)), z#0,y,2
gW)=1+3(gly+1) +gy—1) '
9(z) =0

From this it is clear that g should be linear and increasing on [0,y] and linear and
decreasing on [y, z]. That is,

{g(x):clx 0<z<
gx)=cy(z—xz) y<z<z

To satisfy the conditions for g(z) and g(y), the constants must be

_2(z—y) _ %
= ——=5, g =—.
z z
The walk will spend an average of 1/r(y) units of time at position y before jumping.
Thus, if G(z,y) is defined to be the expected amount of time the continuous time walk
spends at y, started from z, before hitting 0 or z, we have:

7(y) 7(y)

1 1 2e(z—y)/z =<y
G(x’y)_.GO(x7y)_.{2(Z—l‘)y/Z l'zy

Thus, the expected total time before being absorbed, started from z, is

z x z
2y 1 2(z —vy) 1
Ex[To,z]ZZG(’I,?J)ZZ?'(Z—%)'$+ Z - T
y=1 y=1 Yy y=x+1 Yy
L2 z 2x L 2y
"2y 2 )
y=1 y=z+1 y=0
which establishes (4.4) O
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4.3 Boundary size calculations

To use (4.4) to bound the extinction time, we need to understand the size of the
boundary of the voter model: 9¢ = {{z,y} :  ~ y, {(x) # £(y)}. Here = ~ y means that
and y are neighbors and {z, y} is the un-oriented edge that connects them. For a voter
model configuration ¢, let || = > &(x) be the number of 1s. The next result gives trivial
upper and lower bounds on |9¢| when || = k:

Caktd < |9¢| < 2dk. (4.5)
Using (4.4), we see that if z = nP and z = n? for some 0 < p < ¢ < 1, then for r(y) =y,
“. 2y L 2 ,
BTy <Y S > = < Cu+ 2x(log(z) — log(x)] < C'zlog(2) (4.6)
y=1 y=x+1

If p = b(0) and ¢ > p, this gives us what we want, an extinction time < n’.
On the other hand, if we use the lower bound and plug in r(y) = '/, then

°L 2 2
E, T . < Z Ty?) + Z % < C(x5/3 + m2/3z) < CO'x?¥3; 4.7)
y=1 Y y=z+1 Y
If we take 2 = n%(©) and z = n¢ then this is < Cn5%()/3, which is much longer than the
interval of length n® over which the process behaves like the voter model. Combining

(4.5) and (4.7) gives
Lemma 4.3. If x = n? with p < 3b/5 and z = n? with ¢ > p and 2p/3 + q < b then

P, (Tp,, < n) =1 asn — oco.

This will let us show that the time spent at small values of |0¢;| can be ignored. For
larger values, we need a more precise statement about the size of the boundary. This has
been done by Cox, Durrett, and Perkins [9], in order to show that in d > 2 the rescaled
voter model converged in distribution to super-Brownian motion. This was later used by
Bramson, Cox, and LeGall [3] to prove a result for the voter model in d > 3 started at 0.
See Theorem 4 on page 1012 in [3].

To prepare for stating our lemma we describe the result from [9]. They use a general
probability kernel p(z). In our case p(z) = 1/6 for the nearest neighbors of 0. If {;(z) =1
we let

Vi(@) = > p(y — 2)1e,)=1)
Y

If & (z) = 0 we set Vi(x) = 0. This part of the definition is not really needed in the
statement since X is supported by points on the rescale lattice in state 1. On page 202
of their result you find the following result.

(I1) There is a finite v > 0 so that for all ¢ € C§°(R?) and 7 > 0
- 2
E (/ XM (Vs —11¢%) ds) —0
0

Here X}V is the voter model with space scaled by VN and time scaled by N and turned
into a measure by assigning mass 1/N to states in state 1, see (1.4), and Vy s(z) is a
suitably rescaled version of V;(z). The formula on page 202 has V' because they want to
write the formula so that it is valid for d = 2 and d > 3.

In our situation v = 2d3;. However, in this proof we need control on the size of the
error. The reader should think of s as a point in the time interval [t/e,, — n®/2,t/e,] over
which our process behaves like the voter model.
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Lemma 4.4. If k is large and the density of 1’s is small then

P ( Iafj' ¢ (1~ )2dBak, (1 + €)245K] ’ 6] = k) < ks
Proof. Pick a site x at time s with &;(x) = 1. When this holds the coalescing random
walk starting at = at time s lands on a site in state 1 at time t/¢,, — n®. Let r = k* where
« is small and follow the CRW path backwards in time for r units of time. If we let
h(s, ) be the probability the CRW starting at time s lands on 1 at time /¢,, — n’, then
an elementary conditional probability shows that the probability our conditioned CRW
particle at x at time s is at y at time s — r is

h(r,y)
h(s,x)

ﬁs,’r'(xa y) = Dr (x, y)

This result is often known as Doob’s h-transform. Since the lineage will wrap around the

torus in the remaining > n®/2 units of time, the ratio is close to 1 and can be ignored.
For each neighbor y of an z with &(z) = 1, let V, , = 1 if it does not coalesce with z

by time r and 0 otherwise. For any a > 0, if k£ is large and the density of 1’s is u which is

small then

P (V'L',y =1)

- -1 2.
2dBak ‘ <l

Here we are using the hydrodynamic limit Lemma 3.6 to conclude that the distribution
of the process is close to v, at time r.
Let Wo =32 . Vo () =32, EVyy, and

Sk = Z W, where W, — u(z)
xr

where X7 is short for 3, .o, ;. Arguments in Section 3.5 imply that if [z — 2| > s then
the correlation between W, and W, is small enough to be ignored so

E(S}) =YY EW.W,] < 36k - Cr®
z oy

since |W,| < 6 and for a given z there are at most Cr3 values of y with |z — y| < r. If we
use Chebyshev’s inequality

36k - Cs3
k2
If @ < 1/10 this gives the desired result. O

P(|Sk| > €k) < < Cgm1H30

4.4 Extinction time

The results about the boundary of the voter model can now be applied to the Green’s
function calculation to get the result

Lemma 4.5. Consider the voter model started with configuration |§y| = = and let T, , be
the first time the configuration hits 0 or z. If x = n®®) and » = n® with ¢ > b(0) then

E,[Tp..] < Cn®©®

Proof. We can divide the sum in (4.4) into the pieces where Lemma 4.3 can be applied.
That is, define 2’ = n” < z so that p < 3b(0)/5 and 2p/3 + ¢ < b(0). Then,

Ea: [TO,z] S Em’ [TO,Z] + Ea: [Tx’,z}-
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The first term is less than a constant times n*(®) by Lemma 4.3. To bound the second

hitting time, we use (4.6) and Lemma 4.4 to conclude that the expected amount of time

when |0¢;|/|€s| is not within e of 2dg, is
L2 —2/3 2 —2/3 L2 2 b
Szywzy + Z y1/3y S223/1/3Jr Z 1/ <Cn
y=1 y=z+1 y=1 y=z+1
which finally completes the proof. O

Theorem 1.4 now immediately follows: apply Lemma 4.1 to get that U, (alogn) <
n~(1-0(0)) with high probability. Next, use Section 3.2 so that with high probability we
can assume the g-voter model only experiences voter branching events for the remainder
of the time. Lemma 4.5 then proves that with high probability the unscaled voter model
started with n*(®) occupied sites will hit 0 or n¢ in an additional time of Cn®®. The
probability that the process hits 0 first is simply (n¢ — n?®)/n¢ — 1. Since b(0) > 2/3,
this additional time is o(1) for the time-scaled process U, (t). Thus,

P(U,(alogn)=0)—1 asn— 0.

5 Computing the perturbation

In this section, Theorem 1.2 is proved. Recall Theorem 1.1 state that the limiting
ODE for the model with a k-sized neighborhood is

k—1

du

o= 2 e (w) = oy (w)),
m=1

where p! (u) is the probability under the voter model equilibrium v, that the origin is in
state ¢ and a exactly m of the neighbors are in state 1 — . In this section, we analyze
these quantities. Before stating the proof for a general k, we first show an explicit proof
for a neighborhood of size 3 to give a flavor of how the individual terms are computed,
while introducing some necessary notations in an organic manner.

5.1 k=3

To compute p? we have to compute the coalescence fate of 0, e1, €5, e3. There are 7
possibilities

one 0;3 1: 2 2;1 3;0
two 0;2,1 1: 1,1
three 0;1,1,1

The first number in each string gives the number of neighbors that coalesce with
0. The others give the size of the limiting coalescing clusters formed by the remaining
neighbors. The word at the beginning of the row is the number of numbers after the
semi-colon. We can ignore 3; 0 because in that case all the neighbors have the same state
as 0.

Let p? be the probability that in the voter equilibrium v, the origin is 0 while exactly
i of the neighbors are 1. Factoring out the probability the origin is we have p{ =
(1 — u)g;(u).To compute the ¢;(u) we use the following table.

* The coefficients of © come from the “one” terms.

* The coefficients of u? and u(1 — u) come from the “two” terms. There is no (1 — u)*
since all the neighbors would be 0. p(1;1, 1) appears three times since only 0,0 is
impossible. p(0;2, 1) only appears twice since 0,0 and 1,1 are impossible.
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* The coefficients of u?(1 —u) and u(1 — u)? come from the “three” terms. There is no
u® or (1- u)3 since all neighbors would be 0 or 1. For this reason py.1,1,1 appears
23 — 2 = 6 times

The meaning of the first column will become clear when the reader reaches (5.2)

A (u) term q1(u) q2(u)
0 U P21 P1;2
-1 u? D111

(5.1)
u(l—u) po21+2p111 Po2a

1
1 u(l —u)? 3po;1,1,1
0 U2(1 - U) 3p0:1,1,1

so reading down the columns we have

q1(u) = pau+ [2p11.1 + poz1]u(l —u) + 3po1,11u(l —u)?
q2(u) = p1ou + p111u* + pooiu(l —u) 4+ 3pg.1.1.1u*(1 — )

3Lyl

Let p; be the probability that in the voter equilibrium v, the origin is 1 while exactly
i of the neighbors are 0. From the previous calculation we see that p; = ug;(1 — u) so we
have

(ho1 — h10)u = ZW(P? - p;)
i=1

The quantity in parentheses is A;(u) = (1 — u)g;(u) — ug; (1 — u). Taking difference we
have (the first column indicates the term in ¢;(u))

v u(l—u)—(1—-uwu=0

uw? w1l —u) — (1 —w)u® =u(l —u)(2u —1)
u(l—u) u(l—u)? —u?(1 —u) =u(l—u)(l—2u) (5.2)
u(l—u)? w(l—u)® —v*(1—u) =u(l —u)[(1—u)?—u?] =ul—u)(l-2u)
w?(1—u) v?*(1—u)?—(1—u)u®>=0

so consulting (5.1) we have

Ai(u) =[2p11,1 +po,2,1 + 3po,1,1,1]u(l —u)(1 — 2u)
Az (u) = [—p1,1,1 + po2,1]u(l —u)(1 —2u)

and the reaction term is

¢(u)
=72 3
W —w)(1—20) r12p1,11 + Po,2,1 + 3po,i,1,1]

+ ro[—p1,1,1 + Po,2,1]
If 27“3” > rg’ so the right-hand side is positive. Using (1.1) we see that in the g-voter model
with ¢ < 1
2r? = 2/31og(3) > 2/31log(3/2) = rj

so the reaction term is czu(1 — u)(1 — 2u) with ¢3 > 0. When ¢ > 1 the reaction term is
—czu(l —u)(1 — 2u).
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5.2 General k

In this case we have to compute the coalescence fate of 0 with k£ neighbors. Again
p? = (1 — u)g;(u), where the functions ¢;(u), i < k — 1 defined as before are polynomials
with terms of the type u®(1 — u)®. First let us look at the difference A, ,(u) of these
terms, where A, (u) = p? — p} = u®(1 — u)**! — ub+1(1 — u)®. Note that A, ,(u) = 0 if
a=0b+1.

In the case a < b we have

Agp(u) =u(1— u)bJrl — ub“(l —u)?

(- e

b—a
=u*(l—w)*(1—2u) Zuj(l _ u)bfafj

To see the last step write 1 — 2u = (1 — u) — u and the telescope the sum. In the case
a>b+1

Agp(u) = u(1 —u)"™ — "1 —u)®
— ub+1(1 o u)b+1[ua7b71 o (1 o u)afbfl]
2

a—

= —ub (1 — w) (1 - 2u) Z

b_
ul (1 — u)a_b_Q_j
7=0

Since .7, u/(1 —u)"~/ > 0 on [0,1] we have that 0,1 and 1/2 are the only roots of
Agp(u). Also note that A, p(u) = —Apt1 q—1(u). We claim

¢(u)
w(l —u)(1l —2u)

where f(u) is a positive polynomial in u with no real roots. To prove this, given a
coalescence fate sg; s1, 52,53, - ,5; where Zj s; = k we look at number of ways to
obtain a clusters with opinion 1 (which gives the coefficients of the terms u%(1 — u)b,
a > b+ 1) and compare it with the number of ways to obtain b + 1 clusters with opinion 1

(which gives the coefficients of the terms u’*1(1 — u)*~1).

First, suppose b = 0 and a > 2. Let sy be the number of neighbors that have coalesced
with 0, and s1, s9,- - - , S, be the sizes of the limiting coalescing clusters formed by the rest
of the neighbors, where we assume that the sizes are arranged in an increasing order, i.e.,
51 < 89 < --- < s,. The coefficient of A, o(u) in ¢(u) is given by 74, 4... 45, Dsgis1,--- .5, (SiNCE
all the clusters have opinion 1, there is only one way to choose). Similarly the coefficient
of Ay q—1(u) in ¢(u) is given by (rs, +- - -+rs, )Dsy:sy,-- s, (Since exactly one of the clusters
has opinion 1, there are a different choices, the coefficient of each of the clusters needs
to be added individually).

Since s;’s are increasing in ¢, so

IOg(k/Sa) < IOg(k/sj) Vj € {1727"’ aail}'
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So by the definition 7% = % log(k/i), and using the inequality above we have

814+ 38q

Fartoton = T dog /(51 4 5,)
< Wlog(;@/%)
51 52 Sa
=% log(k/sa) + % log(k/sa) + -+ 7 log(k/sa)
< %1 log(k/s1) + 2—2 log(k/s2) + -+ % log(k/sa)
=7rs tre, +--+7Ts,.
Since A, o(u) = —Aq 4-1(u), if we only look at terms of the type A 4_1(%)Psgisy, - 50

(which is non-negative) in ¢(u), we get a non-negative polynomial in u with no roots
other than 0,1 and 1/2.

Now suppose b # 0 and a > b+ 2. As explained in the previous case, let sy be the
number of neighbors that coalesce with 0, and sy, s2, - - - , Sq+5 be the sizes of the limiting
coalescing clusters formed by the rest of the neighbors, where we assume that the sizes
are arranged in an increasing order, i.e., s; < s3 < - -+ < s44p. There are (“:b) ways of
choosing a clusters out of the a+b clusters. Denote the total size of each of these clusters
by z;, where 1 < i < (“;’b), where wlog we assume that the sizes are arranged in an

a+b

ascending order. The coefficient of A, ;(u) in ¢(u) is given by psg.s; sp, - 1s0s Zgj ) Ta;-
Given 1 <17 < a + b, the number of clusters in which cluster s; has opinion 1 is given by
(a+b_1). Hence the total size of all the clusters, where a of them have opinion 1, is given

a—1
(“a")

by
Z b-1
xZ:(a+ )(31+82+"'+5a+b)~

a—1
i=1

Zif) ways of choosing b + 1 clusters out of the
a + b clusters. Denote the total size of each of these clusters by y;, where 1 < < (Zﬁ’)
where wlog we assume that the sizes are arranged in imb ascending order. The coefficient
of Api1,a—1(u) in ¢(u) is given bY payis; s, ,sass Zi(fll) ry;. Given 1 < i < a + b, the
number of clusters in which cluster s; has opinion 1 is given by (“*0") = (“I7"). Hence
the total size of all the clusters, where b 4 1 of them have opinion 1, is given by

Using a similar argument there are (

(513)

a+b—1
> i = (514824 + Satb) -
| a—1

For ease of notation, let us denote (“}") by n and (Zﬁ) by m. Then m > n since

(- ()1 )
L) ()

Since > x; = 2111 y;, and the x;s as well as the y; s are arranged in ascending
order, we have x; > y; + m —n, for 1 <i <n.

zylogwy + o logwa + -+ + xp log xy, — y1logyr —y2logys — -+ — ym log ym
>xqlogxy + x2logxs 4+ - - - + xplogz, —y1logy; —y2logys — -+ - — yp, log xy,
=x1logzy + xologxe + -+ + wplogxy, —y1logyr —yalogys — - —y;_1logy; 1 — clogy;,
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where y,, + yp41 + - +y; — ¢ = z,. Now we have Z?z_ll T, =c+ Zf;ll 1;. Repeating the
same process as explained above n — 1 times, we have

m

Zl‘z log z; > Zyz log y;.

Now using the definition of 7%,

n n xl
Sk =3 Dlog(k/a) = 3 % og(h) —log(e)
i=1 i=1 i=1
N~ Ui @i - Yi - Yi
2 b3 st <3 st -3 bt
S gk = S rk
k
i=1 i=1
Now using the above inequality along with the fact that A, , = —A 1 41, if we only look
at terms of the type Ayy1,q—1(u)Psy;s,, - 5.4, (Which is non-negative) in ¢(u), we get a

non-negative polynomial in « with no roots other than 0,1 and 1/2. This proves Theorem
1.2 for g < 1.

Corollary 5.1. Fix g > 1. For a g-voter model with k-neighbors, the reaction function
defined in (1.3) simplifies to

P(u) = —cpu(l —u)(1 — 2u) fr(u), (5.3)
where ¢, > 0 and fj(u) is a strictly positive polynomial in u.

Proof. Recalling the perturbation from (1.1) and (1.2), note that the perturbation when
q > 1 has the same value as the perturbation when ¢ < 1 but with the opposite sign. This
along with the above work proves the corollary. O
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