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Abstract

The rebellious voter model, introduced by Sturm and Swart (2008), is a variation of the
standard, one-dimensional voter model, in which types that are locally in the minority
have an advantage. It is related, both through duality and through the evolution of its
interfaces, to a system of branching annihilating random walks that is believed to belong
to the ‘parity-conservation’ universality class. This paper presents numerical data for the
rebellious voter model and for a closely related one-sided version of the model. Both
models appear to exhibit a phase transition between noncoexistence and coexistence as
the advantage for minority types is increased. For the one-sided model (but not for the
original, two-sided rebellious voter model), it appears that the critical point is exactly a
half and two important functions of the process are given by simple, explicit formulas, a
fact for which we have no explanation.
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1 Introduction

1.1 Definition of the models

Let
{0,1}% := {2 = (2(4))sez. : x(4) € {0,1} Vi € Z} (1.1)

be the space whose elements x are infinite arrays of zeroes and ones, situated on the integer
lattice Z. We will be interested in Markov processes taking values in {0, 1}Z . More precisely,
we study the rebellious voter model introduced in [SS08a], and a variation on this model,
which we call the one-sided rebellious voter model. For expository reasons, we will also shortly
discuss two other models, the disagreement and swapping voter models.

In the one-sided rebellious voter model, initially, each site i € Z has a type z(i) € {0,1}
assigned to it, and these types are updated according to the following stochastic dynamics.
Independently for each site i € Z, one constructs times 0 < 71(7) < 72(i) < --- according to a
Poisson process with rate 1, i.e., 71(¢) — 0, 72(2) — 71(4), 73(2) — 72(4), . . . are i.i.d. exponentially
distributed with mean 1. At each time ¢ = 73 (i), with £ = 1,2,. .., the type of site ¢ is updated
according to the following rules. With probability «, the site ¢ looks at the site ¢ — 1 on its
left, and if the type of site ¢ — 1 is different from the type of i, then site ¢ changes its type.
With the remaining probability 1 — «, the site ¢ looks at the two sites ¢ — 2 and ¢ — 1 on its
left, and if the type of site ¢ — 2 is different from the type of 7 — 1, then site ¢ changes its type.
If we let X;(i) denote the type of site i at time ¢, then (X¢);>0 is a continuous-time Markov
process taking values in {0, 1}%, which we call the one-sided rebellious voter model. Another
way of describing its dynamics is to say that in this model, for any i € Z, the process X makes

the transition

z — 3 with rate
(1.2)
alzii-nza@)y + (1 — ) lei-2)£a(i-1)}5

where 14 denotes the indicator function of an event A and for any = € {0,1}* and A C Z, we
let . G) PN
Ay . AV iy e A,
20={ 5" A (13)

denote the configuration obtained from x by changing the types of all sites in A.

The original rebellious voter model as introduced in [SS08a] is similar to the process de-
scribed above, except that sites do not only look to the left, but also to the right when deciding
whether to update their type. More precisely, in this case, at each time 75 (i) as defined above,
the site ¢ decides, with probability 1/2 each, to look either to the left or to the right. If the
site looks to the left, then its type is updated as before. If the site ¢ looks to the right, then
with probability «, it looks at the site ¢ + 1 on its right, and if the types of ¢ and ¢ + 1 are
different, then ¢ changes its type. With the remaining probability 1 — «, the site 7 looks at
the two sites i 4+ 1 and ¢ 4+ 2 on its right, and if the types of i + 1 and i + 2 different from each
other, then ¢ changes its type. Another way of describing these dynamics is to say that in this
model, for any ¢ € Z, the process makes the transition

r — 2t with rate

30 (L)) + Va2 r)}) (1.4)
+5(1 = ) (La(-2)e-1)) T Va1 £e6+2)))-



We note that our description of the rebellious voter model differs a factor 1/2 in the speed of
time in comparison to the original definition in [SS08a].

A third and fourth model, that we also shortly discuss in this introduction, are the dis-
agreement and swapping voter models. The disagreement voter model evolves as

r +— 2t with rate

(1.5)
a(Lai-1)a(y T Haarny) + (1 — 0)Lui-1)a(irn)s
while the swapping voter model evolves as
z — gt with rate a(l{x(i_l)#c(i)} + l{x(i)¢$(i+1)}), (16)

e with rate (1= )10 0(i41)}-

In case of the rebellious voter model and its one-sided counterpart, the parameter 0 < o < 1
can be interpreted as the competition parameter. For a = 1, the model is a standard, one-
dimensional voter model, as first introduced in [CS73| [HL75]. For o < 1, one can check that
the dynamics give an advantage to types that are locally in the minority. As a consequence,
at least on a heuristic level, decreasing o should make it harder for any type to die out. The
rebellious voter model has been introduced in [SS08a] in an attempt to model the distribution
of two closely related species where competition between organisms belonging to different
species is less strong than competetion between organisms of the same species.

1.2 Interface and dual models

The models introduced so far are in two ways related to parity preserving branching annihi-
lating particle systems. First, if X is any of the models defined in ([1.2)) and (1.4)—(L.6)), then
setting

YVt(Z) = 1{Xt(i)7éXt(i+1)} (t >0, 1€ Z) (17)

defines a Markov process taking values in {0, 1}? that we call the interface model associated
with X. (The sites ¢ such that X(i) # X;(i+ 1) are called interfaces, or also kinks or domain
walls.) Indeed, in case of the one-sided rebellious voter model, it is not hard to see that Y
jumps as

{i,i+1}

Yy with rate al{y(i)zl} +(1- a)l{y(z’—l):l}, (1.8)

where we use notation defined in (1.3)). For the two-sided process, the dynamics of Y are given
by
y — yl»t with rate (19)
1 1 .
20 (=1 + Lyern=) + 31 = ) (Lyya-=1) + LyGr=1))
(see [SS08al, Section 1.2]), while for the disagreement voter model we get the ‘swapping anni-
hilating random walk’ (SARW)

y - y{i,i—l-l}

with rate  a(Lgy)=1) + Liyarn=13) + (1 = @) Lgye ey, (1.10)
and for swapping voter model we get

{3,i+1}

Yy with rate  a(Lyye)=1y + Lyat1)=1})

y=y

i (1.11)
{i—Li+1} with rate (1 — ) Lgy@y=1}-



Following [Sud90], we call this latter model the double branching annihilating random walk
(DBARW); very similar models (usually in discrete time) have been called BARW2 or BAW
in the physics literature (see, e.g., [T'T92]).

In each of these interface models, since Y always flips the types of two sites at once, it is
easy to see that Y preserves parity, i.e., if Y is started in an initial state Y, which contains a
finite, even (resp. odd) number of ones, then Y; contains an even (resp. odd) number of ones
for each ¢t > 0. In particular, if Y is started with an odd number of ones, then the ones can
never completely die out.

There is a second relation between our models and parity preserving branching-annihilating
particle systems, namely, through duality. Let zy(i) := z(i)y(i¢) denotes the componentwise
product of configurations x,y € {0,1}%, and let |z| := ", 2(i) denote the number of ones in
a configuration z. Then, since our models are cancellative particle systems in the sense of
[Gri79], for each of our processes X there exists a dual Markov process Y whose transition
probabilities are uniquely determined by the requirement that

P[] X:Yy| is odd] = P[|XY;| is odd] (t>0) (1.12)

whenever X and Y are independent (with arbitrary initial laws), and either |Xo| or |Yp| is
finite.

A special property of the rebellious voter model (that motivated its introduction in [SS08al)
is that its interface model and dual model coincide, i.e., if X is the rebellious voter model,
then holds for the same Y, with dynamics described in , that also describes the
interfaces of X (see [SS08al formula (1.8)]). For the one-sided rebellious voter model, this is
not quite the case; however, its dual is the mirror image of its interface model, i.e., its dual is
the model with dynamics described by (compare (1.8]))

Y — y{i_l’i} with rate al{y(i):l} +(1- a)l{y(i+1):1}~ (1.13)

It turns out that the dual of the disagreement model is the DBARW (which is the interface
model of the swapping voter model) while the dual of the swapping voter model is the SARW
(which is the interface model of the disagreement voter model) (see [SS08a, Section 2.1]). Note
that in the SARW there is no branching, which has far-reaching consequences for both the
disagreement and swapping voter models.

1.3 Coexistence, survival and interface tightness

It is easy to see that the constant configurations 0 and 1 are traps for the various voter models
we have introduced. By definition, we say that a Markov process taking values in {0, 1}Zd
exhibits coexistence if there exists an invariant law that is concentrated on configurations that
are not identically zero or one. It is known that nearest-neighbor voter models on Z¢ exhibit
coexistence if and only if d > 2; in particular, for o = 1, our models, being one-dimensional
voter models, do not exhibit coexistence. On the other hand, our models exhibit coexistence
for a = 0 since in this case one can check that product measure with intensity a half is an
invariant law.

The question is whether there is a nontrivial phase transition between coexistence and
noncoexistence. For the disagreement and swapping voter models it turns out that this is not
the case. Indeed, it can be rigorously proved [Sud90, NP99, [SS08a] that these model exhibits
noncoexistence for all &« > 0. On the other hand, it appears that the rebellious voter model



and its one-sided counterpart do exhibit a nontrivial phase transition between coexistence and
noncoexistence at some 0 < o < 1.

We will mainly be interested in two functions of our processes. It is said that a voter
model survives if there is a positive probability that the process started with a single one
never gets trapped in 0. In view of this, for the (one- or two-sided) rebellious voter model
with competition parameter «, we will be interested in the survival probability

pa) :=P%[X; # 0Vt > 0], (1.14)

where P% denotes the law of the process started in Xy = dy, with 0o(i) :== lyi—oy- It seems
plausible that for many models of the type we are considering, survival is equivalent to co-
existence. Indeed, using the fact that its interface and dual models coincide, this can be
rigorously proved for the rebellious voter model [SSO8al Lemma 2]; the same proof works for
the one-sided process. One of the main aims of the present paper is to obtain good numerical
data for the function p.

The function p quantifies, in a sense, how strongly the process exhibits coexistence (see
also formulas and below). We need a similar formula to quantify noncoexistence.
For any i € Z, let 21! € {0,1}%, defined as

denote a ‘Heaviside’ configuration of zeros and ones that are ‘completely separated’. Following
[CD95], we say that a model X (with given parameter «) exhibits interface tightness if

x(a) == tlim ) (X = z8 for some i € Z]) >0, (1.16)
—00

i.e., if the process started in a Heaviside configuration spends a positive fraction of its time in
such configurations. It is intuitively plausible that interface tightness implies noncoexistence.
It is rigorously known that the swapping voter model exhibits interface tightness for all a > 0
[SSO8b].

The main aim of the present paper is to obtain good numerical data for the functions p
and y, both for the rebellious voter model and for its one-sided analogue.

1.4 Known results

The study of parity preserving branching-annihilating particle systems has a long history in
the physics literature. Their main interest lies in the fact that they provide a rare example
of systems that exhibit a phase transition of survival/extinction type (the physics literature
usually speaks of a transition between an ‘active’ and an ‘absorbing’ phase) that does not
belong to the directed percolation (DP) universality class.

Indeed, the phase transition of these models appears to belong to a different ‘parity conser-
vation’ (PC) universality class, characterized by its own critical exponents. The first example
of a phase transition belonging to this universality class was described in [GKTS84]; this con-
cerned a one-dimensional model for interfaces, motivated by solid state physics. Numerical
simulations for parity preserving branching-annihilating particle systems on Z¢ in dimensions
d = 1,2,3 and also on Sierpinski gaskets can be found in [T'T92]. Further simulations for a
one-dimensional model were made in [Jen94]. This paper also contains the conjecture that the
order parameter critical exponent (3 equals 13/14; in another paper the author has conjectured



that 0 = 1. The latter value was also found in [IT98], while more recent literature seems to
agree on a value of =~ 0.92 or slightly higher, see e.g. [Hin00, (0S05]. Our work is relevant to
the question of determining the value of 3 since our proposed explicit formula for the survival
probability p of the one-sided rebellious voter model, if it is correct, implies that g = 1.

Field-theoretic (renormalization group) work on the PC universality class was carried
out in [CT98], who found two critical dimensions. The (usual) upper critical dimension is
d. = 2, above which one should find mean-field exponents. There is, however, a second critical
dimension d], ~ 4/3 (the literature is unclear as to whether this is an exact or approximate
value) such that only in dimensions below d.. there is a nontrivial absorbing phase. Except for
field-theoretical arguments, it seems no reasons have been suggested in the literature explaining
the origin of this second critical dimension.

We suggest the following possible explanation. Consider three independent random walks
started from some arbitrary but fixed initial positions, and let 7;; be the first time the -th
and j-th walk meet. In dimensions d < 2, it seems plausible that

P[Tlg N Toz AN T31 > t] X t_’Y(d) as t — oo, (1.17)

where v(d) is some critical exponent depending on the dimension. It is known that (1) = 3/2.
It seems plausible that v(d) is decreasing in d and that v(d.) = 1, since this is the point where
the expected time until two of three annihilating random walks annihilate each other becomes
infinite, hence the branching becomes infinitely effective, in a sense. Unfortunately, we do not
know the function ~y(d). A naive linear interpolation between (1) = 3/2 and v(2) = 0 is
consistent with a critical dimension d, = 4/3, however.

Of course, from the mathematical point of view, there is a considerable ambiguity in how
one defines noninteger dimensions, while field-theoretical renormalization group arguments
are out of scope of present day rigorous methods. From the field-theoretical perspective, the
existence of a second critical dimension leads to considerable difficulties, to which the authors
of [HCDDMO5] reacted by considering non-perturbative techniques.

Recently, some rigorous mathematical work has been carried out on models belonging to
the PC universality class. The DBARW from has been studied in [Sud90]. This model
can be exactly solved, in a certain sense, but unfortunately the model is in the absorbing phase
for all @ > 0, hence there is no ‘true’ phase transition. (Nevertheless, its solution has been
used in papers such as [CT98| to draw conclusions that presumably hold for the whole PC
universality class.) No solvable models seem to be known that exhibit a true phase transition.
(The one-sided rebellious voter model may be such a model, but we have not solved it; our
proposed explicit formulas are backed up by simulations but not by calculations.)

Strong impetus to the mathematical study of models from the PC universality class
came from the paper of Neuhauser and Pacala [NP99], which proposes a variation on the
d-dimensional range-N voter model governed by a parameter « similar to our models. (This
paper also considers more general models, where the symmetry between ones and zeros is
broken, which fall outside the scope of the present paper.) Their model is dual to a system of
parity preserving branching-annihilating random walks. For d = 1, N = 1, up to a rescaling
of time, this dual model is the DBARW; this implies that the model of Neuhauser and Pacala
with d = 1, N = 1 exhibits noncoexistence for all & > 0. For N > 2 and d = 1, their model is
supposed to exhibit a nontrivial phase transition between coexistence and noncoexistence. For
d = 2, their model is supposed to exhibit noncoexistence only for = 1 while in dimensions
d > 3 noncoexistence holds for all «, in line with the predictions made in [CT98].



Much of this lacks rigorous proof. First of all, it is not rigorously known that coexistence
is a decreasing property in «, or, in terms of the dual model, that increasing the branching
rate leads to more particles in the system. Obvious as this may seem, finding a rigorous
proof seems hard. Second, there exists no rigorous proof of noncoexistence (or equivalently,
the existence of an absorbing phase for the dual model) except in the trivial cases a = 1
(pure voter) or d =1, N = 1 (related to DBARW). On the other hand, there exist a number
of rigorous results proving coexistence (or equivalently, the existence of an active phase for
the dual model). Neuhauser and Pacala proved that their model exhibits coexistence for a
sufficiently close to zero for all values of d and N except d = 1, N = 1. The analogue result for
the rebellious voter model was proved in [SS08a, Theorem 4]; see also [BEMO06] which proved
a similar result for branching-annihilating random walks which allow for more particles at
one site. In [CPO06], it has been proved that the model of Neuhauser and Pacala exhibits
coexistence in dimensions d > 3 for « sufficiently close to one (the case of intermediate « is
still open due to the lack of a proof of monotonicity in «). The analogue result in d = 2 is
proved in [CMP09).

2 Main results

In this and the next section, we present data obtained by numerical simulations of the rebel-
lious voter model and its one-sided counterpart. One of our main results is that two important
functions one the one-sided process seem to be given by explicit formulas (see below).
In spite of our efforts, we have found no theoretical explanation for this apparent fact, not
have we been able to find explicit formulas for any other functions of our processes. For those
interested, the data underlying our figures are available from the homepage of the first author.

2.1 Methods

In our simulations, we start the interface process Y of either the rebellious voter model or
its one-sided counterpart with an odd number of ones on an interval of N sites with periodic
boundary conditions. Note that in this case, because the number of ones is odd and because of
the periodic boundary conditions, we can no longer represent Y as in , but the dynamics
in and , as well as the duality relation (1.12)), still make sense. Since we start with
one particle, because of parity conservation, the system cannot die out. Letting Y, denote the
process in equilibrium, we assume that for large N, the following approximations are valid:

(i) pla) = 2P[Y(0) = 1] = 2E[|Val],
(i) x(a) ~B[|¥a] = 1].
The arguments why formula (2.1)) (ii) should hold are obvious from (1.7) and (1.16]). The
justification of formula (2.1)) (i) is more subtle. Let Y/ denote the interface process of the

rebellious voter model on Z, started in an initial law such that the (Yy(i));cz are independent
with P[Yp(i) = 0] = P[Yp(i) = 1] = 3, and let X be the rebellious voter model started in

Xo = dp. Then by duality (1.12)),

B¥2(0) = 1] = B[[¥2Xo | is 0dd] = Bv, X, is 0dd] = JE[X, £0],  (22)

(2.1)

where 0 denotes the constant zero configuration. It is known that the law of Ytl/ 2 converges
as t — oo to an invariant law, which is in fact the unique spatially homogeneous, nontrivial
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Figure 1: The interface model Y of the rebellious voter model for a = 0.4, « = 0.5, a = 0.51
and o = 0.6, started with a single interface. Space is plotted horizontally and time vertically,
with a black spot at a point (7,¢) indicating that Y;(z) = 1. Total time elapsed in each picture
is 1800.

invariant of the process [SS08a, formula (1.12) and Theorem 3 (b)]. Taking the limit ¢ — oo
in , we see that for this invariant law, formula (i) holds with equality. Since it seems
reasonable that the invariant laws of our finite systems approximate the invariant law of the
infinite system, this justifies (i). Similar arguments apply to the one-sided model.

2.2 A first qualitative look

Before we present our numerical data for the functions p and y from , we first take a look
at the qualitative behavior of the interface model Y of the rebellious voter model and its one-
sided analogue. In Figure [I}, we have graphically plotted Y for the two-sided process, started
with a single one, with time running upwards and a black spot at a point (4, ¢) indicating that
Yi(7) = 1. The figures shows the process for four values of «, where o, = 0.51 is the estimated
critial value for this process (see Section [2.3| below).

The pictures show that for a < a., all ones are contained in an interval with edges that
grow at an approximately linear speed, and that inside this interval, ones occur at some
approximately constant equilibrium density. On the other hand, for o > «., the process
spends a positive fraction of its time in states where there is just a single site in state one,
which indicates that the rebellious voter model exhibits interface tightness (see ) What
happens exactly at o = . is less clear from these pictures, but our numerical data, presented
in Sections and [3.3| below, suggest that at o = a, the edge speed is zero and the rebellious
voter model exhibits neither coexistence nor interface tightness.

The picture for the one-sided process is very similar, except that now, due to the nature of
the process, the process as a whole tends to drift to the right at some approximately constant
speed; see Figure
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Figure 2: The interface model of the one-sided rebellious voter model for a = 0.3, &« = 0.5
and a = 0.6.

2.3 The two-sided model

We simulated the interface model Y of the rebellious voter model on an interval of N sites
with periodic boundary conditions by slowly increasing or decreasing « from some initial value
ay, to some final value a, during a time interval of length 7. We then divided our time interval
into n equal pieces and plotted the average value of 2|Y|/N (for the function p) or the fraction
of the time that |Y| = 1 (for the function x) against the average value of a, for each of the
n time intervals. The resulting approximations for p and x for one such run are plotted in
Figure [3] These data use the parameters:

forp: N =2 n=2% T =108 o, =0, ae = 0.55,

for y: N=2Y n=2% T=10"2, ap, =0.99, a, = 0.49. (2.3)

The values p(0) = 1 and x(1) = 1 are expected on theoretical grounds. Indeed, it is easy
to check that the rebellious voter model with av = 0 never dies out (recall (1.14))) while in the
pure voter case o = 1, the process started in a Heaviside state stays in such a state for all

time (recall (|1.16)).

The numerical data for p are well fitted by a linear fractional function of the form

1—c«o

pla) = 1 with ¢ = 1.958 £ 0.001 and ¢y = 0.975 £ 0.002, (2.4)

— Cx
(see Figure . Assuming this sort of function fitting is justified, we arrive at an estimate for
the critical point of

ae = 0.5107 & 0.0003. (2.5)

This estimate is to be viewed with caution, since this is based on extrapolation of data for
(approximately) 0 < « < 0.35, assuming that the linear fractional form holds for all
a < ac. A more robust method (see Figure [5)) based on our best data for the functions p and
x near the critical point leads to the estimate:

ae = 0.510 £ 0.002. (2.6)
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Figure 3: The functions p and x for the rebellious voter model. Data obtained with parameters

as in (2.3)).
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Figure 4: The function p(«a) — (1 — c1ar) /(1 — coax) for the values ¢; = 1.957, co = 0.973 (left),
c1 = 1.958, co = 0.975 (middle) and ¢; = 1.959, ¢ = 0.977 (right).
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Figure 5: Estimation of the critical point of the rebellious voter model. Above: The function
pla)/(ap — ) for the values ag = 0.508 (left), ap = 0.510 (middle) and ap = 0.512 (right).
Below: the function x(«)/(av — ) for the values ag = 0.508 (left), ap = 0.510 (middle) and
ap = 0.512 (right). Our simulations for p use the parameters N = 2% n = 27, T = 107,
ap = 0.55, ae = 0.45 and those for y use the parameters in .
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Figure 6: The functions p and x for the one-sided rebellious voter model. Data obtained with
parameters as in (2.3)).

(See also Figure ) It seems that linear fractional functions do not fit the numerical data for
x really well.

Our data strongly suggest that p(a.) = 0 = x(ac), which implies that at criticality, the
process exhibits neither coexistence nor interface stability. Summarizing, the picture that
emerges from our numerical data is as follows:

There exists a critical value a. =~ 0.510 such that the rebellious voter model exhibits
coexistence if and only if a < a. and interface tightness if and only if & > .. The
function p from has a finite negative slope and is concave on [0, ], and is
approximately given by a linear fractional function of the form . The function
x from has a finite positive slope and is concave on [ag, 0].

2.4 The one-sided model

We have run the same simulation as described in the previous section, with parameters as
in , also for the one-sided rebellious voter model. The resulting approximations for the
functions p and x are plotted in Figure [6]

At first sight, Figure [6] looks extremely similar to Figure A closer inspection reveals,
however, that the two plots are not identical. Indeed, it seems that for the one-sided model,
the functions p and x are described by the explicit formulas:

). (2.7)

pla) =0V and X(a):O\/(Q_é

l1-a
In particular, one has the symmetry p(1 — a) = x(«) and the critical parameter seems to be
given by

ac=0.500+£0.002 =3 (?) (2.8)

In Figure |7, we have plotted the differences between the explicit functions in (2.7) and our
data for p and Yy, respectively. We have no idea why these explicit formulas should fit our
numerical data so precisely. In fact, most hypothetical explanations that come to one’s mind
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Figure 7: Difference between the explicit formulas in (2.7)) and the functions p and y for the
one-sided rebellious voter model, with detail of the left and right side of the picture.

should apply to the two sided model as well, for which our numerical data convincingly show
that the formulas in (2.7)) do not fit. We have no idea why the one-sided model, which has less
symmetry than the two 51ded model, should be more tractable than the latterE A detailed
comparison of the two-sided and one-sided model near the critical point is shown in Figure

2.5 Finite size effects

To gain more insight into how close our numerical data are to the real functions p and y, we
tested the effect of varying the system size N. In Figure[9] we have plotted our approximation
(see (2.1)) of the function p for different values of the system size N. The pictures for the
two-sided and one-sided process are extremely similar, except for a shift of the critical point.
In view of Figure [J] it seems that we can rule out the possibility that the observed differences
between the two-sided and one-sided process are due to finite space effects (and a hypothetical
slower convergence for the two-sided model).

Note that in Figure[9] our approximations to p near the critical point become more rough as
the system size is increased. This can be understood due to two effects. On the one hand, near

!Perhaps the only aspect in which the one-sided model is potentially simpler than the two-sided model is
that in the former, information is passed only from left to right. A third model, which we have only studied
briefly, in which voter model updates look to the right and rebellious updates look to the left, seems to have a
critical point a. = 0.510 4+ 0.003 and functions p, x that are close, but not identical to those of the two-sided
rebellious voter model.
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Figure 8: A detailed simulation near the critical point of the functions p and y for the two-
sided process and the one-sided process. Our simulations for p use the parameters N = 25,
n=2",T=10° ap, = 0.55, e = 0.45. Our plots for y show detail of a simulation with the
parameters N = 21 n =29 T =102, ap, = 0.99, o = 0.5.

criticality, the random variable |Y,| assumes the values 1,3,5,7, ... with approximately equal
probabilities (see Section , which means that the number of ones in the system fluctuates
from being close to one to a positive fraction of all sites in the lattice. As the system size
gets large, this means huge fluctuations, which are moreover slow since at criticality, the edge
speed is zero.

In Figure we have plotted our approximations for the function x for various values
of N. To counteract the ‘roughening’ effect we have just described, in these simulations, we
have increased the total time T together with the system size N. Again, the pictures for the
two-sided and one-sided process are similar except for a small shift in the critical point.

We have also run simulations for different values of the total elapsed time, to investigate
the effect of this parameter on the quality of our data. Since short times mean the system
does not have enough time for time averages to reach their equilibrium values, the main effect
of increasing T is to smoothen our approximated functions. For the function p, this effect is
demonstrated in Figure A second effect of choosing a too short time T is that the numerical
functions ‘lag behind’ in that they show values belonging to an « that lies somewhat in the
past. This effect is demonstrated in Figure In this case, our approximations near the
critical point depend on the direction in which we vary a: the graph produced by increasing «
‘overshoots’ the critical point while the graph produced by lowering « picks up too late. Also
note the ‘hook’ at the beginning of the graph started with a below the critical point, which
is due to the fact that we start with a single one and the finite edge speed needs several time
steps to fill out all space. This sort of effects only occur when T is small relative to N; in
all our simulations (except those in Figure we have taken care to avoid such a choice of
parameters.
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Figure 12: Effects of choosing the time too small compared to the system size, in simulations
of p for the one-sided model. The blue curve was produced by raising « from ap = 0.4 to
e = 0.6 while for the red curve we lowered « from oy, = 0.6 to o, = 0.4. The other simulation
parameters were n = 27, N = 213 and T = 106.

3 Other functions of the process

3.1 Harmonic functions

We have obtained numerical data for a number of other functions of our processes. We have
mainly concentrated on the one-sided model, in view of the apparent explicit formulas for the
functions p and x in this case. We have not been able, however, to find explicit formulas
for any other functions than these two. Nevertheless, our additional functions show some
interesting phenomena, which we discuss here. In the present section, we discuss a harmonic
function for the (one-sided) rebellious voter model. In the next two sections, we look at the
equilibrium probabilities of seeing 3,5,7,... ones in the interface model, and edge speeds,
respectively.

We first need to introduce some notation. In this section, we let X; denote the rebellious
voter model, X; the one-sided rebellious voter model, and X; the mirror image of the latter,

i.e., the model that jumps as
z — 8 with rate
(3.1)
alie(iyza(ivn)) + (1 — @) Lip(it1)£a(it2))-
Let }715 be the interface model of this mirrored one-sided rebellious voter model on an

interval of N sites with periodic boundary conditions, started with an odd number of ones,
and let Yo, denote the process in equilibrium. For each x € {0, 1}N , we define
_ PljaYa| is odd]

fanla) = P[}?OO(O) is odd]. (3:2)

(The reason for this notation with the vector on fx (@) pointing to the right is that this is

a harmonic function for the one-sided rebellious voter model X , as explained below.)
We will mainly be interested in the case that z contains just a few ones close together.
In view of this, we only write down only the part of x that is nonzero. For example, we
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write fiwLN(a) to denote the function ﬁw(a) where z is any element of {0,1}*" such that
(x(i),z(i+1),z(i+2),2(i+3)) = (1,1,0,1) for some i € {0,..., N — 1} and z(j) = 0 for all
j#i,i+ 1,94+ 2,7+ 3. Note that since the law of 5700 is translation invariant (modulo N),
this definition does not depend on the value of 7.

Using the fact that 12 is dual to )?t in the sense of formula , it is not hard to show
that ]?m ~n(a), as a function of x, is a harmonic function for the one-sided rebellious voter model
)?t (on a finite interval with periodic boundary conditions), i.e., this is a function such that
the process with competition parameter a started in Xo = = satisfies ED?)_(},N(O‘)] = fa.n(Q)
for all t > 0.

Our simulations suggest that the functions fx ~n(«) converge as N — oo to a nontrivial
limit function fx(a), which is a harmonic function for the one-sided rebellious voter model )?t
on Z, started with finitely many ones. If @ < «,, then on theoretical grounds one may expect
that

fx(a) = g,?ézg, where py(a) :=P* [)?t #0Vt > 0] (3.3)

denotes the probability that the one-sided rebellious voter model )?t started in the initial
state x survives. For o > a, it is less obvious how to interpret f,(a), but we still expect the

limiting function to be harmonic. The fact that f;(«) is harmonic means that G f;(a) = 0,
where G is the generator of the one-sided rebellious voter model, defined as

Gfy = Z (01 gp(im1)a(iyy + (1 — ) igima)2ai—1)}) (ot — f2)- (3.4)

%

In particular, the facts that (_jfl(a) =0 and C_ifu(oz) = 0 lead to the relations

o(fole) = fi(@) + (@) ~ f@) + A=) (fin(e) ~ (@) =0
a(fin(e) = fur(@) + (Ji(@) = fir(e) + (1= a) (fiuor(a) = fus(@) =0,
where f@(a) = 0 and fl(a) = 1. An inspection of our numerical data shows that these

equations are satisfied within the precision of our simulations.

Our numerical data for the functions f;(«), for some simple choices of the pattern x, are
shown in Figure Note that fl(x) (not shown in the figure) is by definition identically one,
because of the normalization chosen in 1’ A surprising fact is that the functions fx(a)
and their derivatives (shown in Figure appear to continue smoothly across the critical
point. Note that the normalization in is crucial here, since above a., both the numinator
and the denuminator tend to zero as N — oo. For a@ = 1 one has fx(a) = |z|, which is a
well-known harmonic function for the pure voter model. For o = 0, one has fz(a) =1 for all
nonzero x, reflecting the fact that the process with ae = 0 never dies out.

A few regularities may be observed from Figures [13] and Let

Ty = 111111111 and a:;l := 10000001. (3.6)
n ones n—2 7eros

One expects that for a < a,

lim p,,(a) =1 and lim py (o) =1—(1— pi()) (3.7)
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ae = 0.51 (right half of the pictures). The other functions are a combination of simulations
using the parameters N = 211 n =287 = 108, o, = 0,06 = 0.5 and N =29, n = 28, T =
1019, oy, = 0.99, ae = 0.51.
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Hence, in view of (3.3)), one expects that

lim fr,(a) =pi(a)™" and  lim fy (o) =2 — pi(a), (3.8)
n—oo n—oo
which is indeed what we observe.
From Figure [14] we moreover observe that
%fmn (oz)‘ =2(n—1) (n>2). (3.9)

a=1 "

This can be explained on theoretical grounds. Indeed, if we write G = aévot +(1- a)éreb,
where Gyot and Giep are the (one-sided) voter and rebellious parts of the generator, then a
simple calculation shows that

—

Gvot

|

aﬁ(a)‘azl = (_jreb]?:v(l)- (310)

Q|

Setting g, := %fx(a)‘a:l, this yields

—

g11 + g9 — 2g1 = Gvotgl = Grebfl(l) = 2,
9111 + 91 — 2011 = Guorgr1 = Grenf11(1) =0,

_ S (3.11)
g1 + 911 — 29111 = Gvotg111 = Grebfi11(1) =0,

etcetera

Since fp(a) = 0 and fi(a) = 1 we have gy = g1 = 0 and we can solve g, inductively for
r=11,111,1111,... from (3.11).

The fact that the critical point and various other functions of the invariant law are different
for the one-sided and two-sided model implies that the law of 5700 cannot be mirror symmetric.
Indeed, we observe that the functions fio11(c) and fi101(«) are not identical, as show in

Figure

3.2 Frequencies for three and more particles

As in the previous section, letting 1700 denote the equilibrium interface process for the one-sided
rebellious voter model, we have plotted in Figure [16| (picture on top left) the functions

Xi(@) =P[|[Yoo| = k]  (k=1,3,5,...). (3.12)

In particular, x1 is the function y from ({2.1)) (ii). Except for the case k = 1 (see (2.7))), we have
not found any simple explicit formulas that fit these curves. Nevertheless, some regularities
may be noted. In particular, if we define

 Xk2(@)  Orga(@) B

Or(a) = (@) and  ¢p(a) = Ola) (k=1,3,5,...), (3.13)
then it seems that the functions 6 converge very fast to a limiting function O (a) :=
limg o0 O (). (See Figure picture on top right; the functions 3,05, ... all seem to fall
on top of each other.) Likewise, the functions ¢ converge very fast to the function that is
identically one. (See Figure two bottom pictures.) It is hard to obtain sufficiently precise
data, but our best data (shown here) suggest that the function ¢3 is not identically one, al-
though it is close. This means that the functions 63 and 5 are probably not identical, even

18



3 T T T
25

2 L

f1011
fllOl

15 F

1 1 1 1

0 0.2 0.4 0.6

Figure 15; The functions fig11 and fi191 for the one-sided model, demonstrating the asym-
metry of Y,,. Combination of data obtained with the parameters N = 21, n = 28 T = 108,
ap,b =0, =05and N=2% n=2% T=10°, ap, = 0.99, o = 0.51.

1.014
1.012

1.01
1.008
1.006

[N

0.998
0.996

Figure 16: The frequency xi(a) = P[|Yoo| = k| of seeing k particles for & = 1,3,5,. ..
one-sided model. The second and third plot show the functions 0 («) := xg12(a)/xx(a) and
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though they almost fit each other in the picture on top right. Our numerical data are well
fitted by the linear/constant functions:

d1(a)~co+ cr(a — %) with ¢g =0.91154+0.0015 and ¢ = —0.13£0.01,

3.14
$3(r) ~ 1.0027 £ 0.0005. (3.14)

and ¢r(a) = 1 for k£ > 5. We note that if one assumes that the explicit formula for y;(«)
in (2.7) is correct, and one knows the functions ¢x(a) for each k = 1,3,..., then using the
fact that > 7 ; x2n+1(@) = 1 one has enough equations to solve the functions xj(«) for each
E=1,3,....

The limiting function O () := limg . 0x() seems to be be strictly decreasing and
concave on [5,1] and satisfy 6(3) = 1, 6(1) = 0. This implies that the distribution of the
number of particles in equilibrium has an exponentially decaying tail for each a > % In

particular, the mean number of particles
() = E[|Ya] (3.15)

is finite for all o > % and diverges as a | %
The picture for the (two-sided) rebellious voter model is extremely similar, except that the
critical point is no longer 0.5 and we have no explicit formula for y;(«).

3.3 Edge speeds

Let Y; be the interface model of the (two- or one-sided) rebellious voter model started with a
finite number of ones and let

Iy =inf{i € Z:Y;(i) =1} and ry:=sup{i € Z:Y (i) =1} (3.16)

denote the position of the left-most and right-most ones, respectively. Our simulations suggest
that there exist constants v_(«a) < vy(«), called the left and right edge speed, respectively,
such that

l
tlim ?t =v_(«) and tlim % =vi(a) as. (3.17)
Set
Zy(i) = Yi(ly +4) (i >0, t>0). (3.18)

Then Z; describes the process Y; as seen from the left-most one. It seems reasonable to assume
that the law of Z; converges as t — oo to some equilibrium law. Let Z., denote the process
in equilibrium. The left edge speed v_(a) can be obtained as the equilibrium expectation
E[f(Z)] of a suitable function f which sums the sizes of all possible changes of I; multiplied
with the rate at which they occur.

We have simulated the process Z; on a finite interval of N sites by neglecting all particles
that fall off the right edge of the interval due to the dynamics of Y; or the shifts in l;. This
process does not preserve parity, but if NV is large enough the probability that all particles
annihilate each other is very small. For most of our data points, such events never occurred,
and when they occurred (especially near the critical point) they were so rare that they likely
had no big influence on our estimate of the speeds. By slowly lowering or raising a in our usual
fashion and keeping track of all changes in Z; that correspond to a change in I; we obtained
numerical data for the left edge speed v_(a) and, in a similar fashion, also for the right edge
speed vy («), both for the two-sided and one-sided model.
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Figure 17: Edge speeds for the rebellious voter model (left) and its one-sided counterpart
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Parameters used are N = 21, n =29 T = 10, ap, = 0, . = 0.5 (left half of each picture)
and N =21 n =29 T =10, ap, = 0.999, o, = 0.5 (right half of each picture).

0.922 T T T

0.004 }ﬂ ' ' ] .l |

\ 0.918 i
o “( \'M “| ! \“w {‘ i 0.916 W‘

-0.002 H ] 0.914 | | i
. 0.912 _
-0.004 “’ right edge - I right edge
l left edge 0.91 left edge E
-0.006 ] ] ] ] ] ]
05 0505 051 0515 052 0.49 0.495 05 0505 051

Figure 18: Detail of Figure Parameters used are N = 2% n = 29 T = 10!, with
ap, = 0.52, ae = 0.5 for the two-sided model and ap, = 0.51, o, = 0.49 for the one-sided model.
The curves have been smooted a bit, corresponding to (effectively) n = 2°/3.

The results are shown in Figure One has v_(a) < vy («) if and only if o < . and the
functions v_(«) and vy («) are strictly increasing resp. decreasing on [0, «.). For the two-sided
model, by symmetry, v_(a) = —v4(a) and hence v_(a) = 0 = vy («) for a > a., while for the
one-sided model one has 0 < v_(«), but otherwise the two pictures are remarkably similar.
A detailed simulation near the critical point (shown in Figure shows that the estimates
for the critical points which one obtains from these simulations are consistent with our earlier
estimates. Apart from the obvious values v_(0) = 0 and v_(1) = v4(1) = 1 (for the one-sided
model) and v_(1) = v4(1) = 0 (for the two-sided model) we are not able to say anything
explicit about the curves v_(a) and vy («).
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