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In the voter and many other opinion formation models, agents are assumed to behave as congregators (also
called the conformists); they are attracted to the opinions of others. In this study I investigate linear extensions
of the voter model with contrarian agents. An agent is either congregator or contrarian and assumes a binary
opinion. I investigate three models that differ in the behavior of the contrarian toward other agents. In model 1,
contrarians mimic the opinions of other contrarians and oppose (i.e., try to select the opinion opposite to) those of
congregators. In model 2, contrarians mimic the opinions of congregators and oppose those of other contrarians.
In model 3, contrarians oppose anybody. In all models, congregators are assumed to like anybody. I show that
even a small number of contrarians prohibits the consensus in the entire population to be reached in all three
models. I also obtain the equilibrium distributions using the van Kampen small-fluctuation approximation and
the Fokker-Planck equation for the case of many contrarians and a single contrarian, respectively. I show that
the fluctuation around the symmetric coexistence equilibrium is much larger in model 2 than in models 1 and 3

when contrarians are rare.
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I. INTRODUCTION

Dynamics of collective opinion formation is widely studied
in various disciplines including statistical physics. In typical
models of opinion formation, agents interact and dynamically
change the opinion, which I call the state, according to others’
states and perhaps the agent’s own state. The voter model
is a paradigmatic stochastic model of this kind [1-4]. In
the voter model, each agent flips the binary state at a rate
proportional to the number of neighboring agents possessing
the opposite state. In arbitrary finite contact networks and in
some infinite networks, the stochastic dynamics of the voter
model always ends up with perfect consensus of either state.
The time required before the consensus is reached has been
characterized in many cases. The possibility of consensus
and the relaxation time, among other things, have also been
examined in other opinion formation models [2,5].

The voter model as well as many other opinion formation
models assume that the population is homogeneous. In fact,
real agents are considered to be heterogeneous in various
aspects. The agents’ heterogeneity has been incorporated into
the voter model in the form of, for example, heterogeneous
degrees (i.e., number of neighbors) in the contact network
[6-11], positions in the so-called Watts-Strogatz small-world
network [7,12,13], heterogeneity in the flip rate [14,15], and
zealosity [16-18].

In the present study, I examine extensions of the voter
model in which some agents are not like-minded voters. Such
contrarian agents would transit to the state opposite to that
of others and were first studied in Ref. [19]. It should be
noted that contrarians are assumed to dynamically change
their states; contrarians are assumed to be zealots (i.e., those
that never change the state) in a previous study [20]. In
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models in which consensus is the norm in the absence of
contrarians, contrarians often prohibit the consensus to be
reached such that the dynamics finally reaches the coexistence
of different states. This holds true for the majority vote
model [19-23], Ising model [24], so-called Sznajd model [25],
a model with a continuous state space [26], and a general
model including some of these models [27]. These models
show phase transitions between a consensus (or similar) phase
and a coexistence phase when the fraction of contrarians
in the population (i.e., quenched randomness) [21,24,26] or
the probability of the contrarian behavior adopted by all
the agents in the population (i.e., annealed randomness) is
varied [19,21,22,25,27]. The effects of contrarians have been
also examined in the so-called minority game [28].

In contrast to these nonlinear models, I focus on three
linear extensions of the voter model with contrarian agents
(i.e., quenched randomness). By linearity, I mean to pertain
to stochastic mass interaction. A previous study numerically
examined coevolutionary dynamics of a linear extension of
the voter model with contrarians and network formation [29].
In contrast, I focus on a fixed and well-mixed population.
I show that even a small density of contrarians changes
the collective dynamics of the extended voter models from
the consensus configuration to the coexistence configuration.
I also analytically quantify the fluctuations in the agents’
behavior in the coexistence equilibrium.

II. MODEL

I consider three variants of the voter model with contrarians.
The agent that obeys the state transition rule of the standard
voter in the voter model is referred to as congregator. The
fraction of congregators and that of contrarians are denoted
by X and Y(= 1 — X), respectively. Contrarian is assumed to
be a quenched property. In other words, an agent is either
congregator or contrarian throughout the dynamics. Each
agent, either congregator or contrarian, takes either state 0 or
state 1 at any time. I denote the mean fraction of congregators
in state 1 within the congregator subpopulation by x and that

Published by the American Physical Society


http://dx.doi.org/10.1103/PhysRevE.88.052803
http://creativecommons.org/licenses/by/3.0/

NAOKI MASUDA

TABLE I. Agents’ behavior in the three models.

Behavior Model 1 Model 2 Model 3
Congregators toward congregators  Like Like Like
Congregators toward contrarians Like Like Like
Contrarians toward congregators Oppose  Like Oppose
Contrarians toward contrarians Like Oppose  Oppose

of contrarians in state 1 within the contrarian subpopulation
by y (0 < x,y <1). The mean fractions of congregators
and contrarians in state 0 in the congregator and contrarian
subpopulations are given by 1 — x and 1 — y, respectively.

I assume that the population is well mixed and contains N
agents. The continuous-time stochastic opinion dynamics is
defined as follows. Each congregator in state 0 independently
flips to state 1 with the rate equal to the number of 1 agents,
no matter whether they are congregators and contrarians.
Likewise, each congregator in state 1 flips to state 0 with
the rate equal to the number of 0 agents. This assumption is
common to the three models. The behavior of the congregator
in the present models is the same as that of the voter in the
standard voter model.

The three models are different in the behavior of contrarians
as follows. In model 1, it is assumed that contrarians oppose
congregators and like contrarians. In other words, each
contrarian in state 0 independently flips to state 1 with the
rate equal to the sum of the number of 0 congregators and that
of 1 contrarians. In model 2, contrarians like congregators and
oppose contrarians. In other words, each contrarian in state 0
flips to state 1 with the rate equal to the sum of the number of 1
congregators and that of 0 contrarians. In model 3, contrarians
oppose both congregators and contrarians. In other words, each
contrarian in state O flips to state 1 with the rate equal to the
sum of the number of 0 agents. In all models, the parallel
definition is applied to the flip rate for the contrarian to transit
from 1 to 0. It should be noted that the cognitive demand for
the agents is considered to be the lowest for model 3 because
the contrarian does not have to recognize the type of other
agents when possibly updating its state. The definition of the
three models is summarized in Table I.

III. RESULTS

A. Mean-field dynamics

The rate equations for model 1 are given by

d
d_’t“ =(1—x)Xx+Yy) —x[X(I—x)+Y(1 =yl (1)
d
d_f =1 =PXA-x)+ Yy —y[Xx+Y(1 -y (2

If0 < Y < 1, the steady state is given by

@y = (4,1, 3)
where * denotes the values in the equilibrium. It should be
noted that putting X = land Y = 1 — X = 0in Eq. (1) yields
the standard voter model. In this case, we obtain dx/dt = 0,
which implies that x is conserved. It is an artefact of the

mean-field equation. In fact, stochastic dynamics of the voter
model drives the population toward x = 0 or x = 1, which are
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absorbing configurations. In contrast, x = 0 and x = 1 with
whatever y values are not absorbing in the present model with
0<Y <1

Using the relationship X + Y = 1, the following character-
istic equation is obtained for the mean-field dynamics in the
steady state given by Eq. (3):

M 4+A4+2Y(1—-Y)=0. )

Because the real parts of the two eigenvalues obtained from
Eq. (4) are negative, the steady state is stable.

Therefore, consensus is not asymptotically reached in
this model, and the dynamics starting from an arbitrary
initial condition tends to the steady state given by Eq. (3),
regardless of the density of contrarians, Y. If ¥ > (2 + +/2)/4
or Y <(2-— ﬁ)/4, the two eigenvalues are real, such that
the dynamics overdamps to the equilibrium. If (2 — +/2)/4 <
Y < (2++/2)/4, the two eigenvalues have imaginary parts
such that the relaxation accompanies an oscillation.

The equilibrium fraction of agents in either state is equal to
1/2, for both the congregator subpopulation and contrarian
subpopulation, regardless of the density of contrarians in
the population. The influence of even just a few number of
contrarians on the dynamics can be huge; they prevent the
consensus. The behavior of the model is very different from
that of the voter model, for which consensus is necessarily
reached via diffusion.

In the limit ¥ « 1, the larger eigenvalue, which determines
the decay rate of the dynamics to the steady state, is
approximately equal to ~—2Y . Therefore, for a small density
of contrarian, the actual dynamics would fluctuate around the
steady state in a long run. I will quantify fluctuations of the
stochastic dynamics in Secs. III B and IITI C.

For model 2, the rate equations are given by Eq. (1) and

d
==X+ YA =] = YXA =D+ 1y ()

The equilibrium is in fact given by Eq. (3). The characteristic
equation in the equilibrium is given by

W4+ 42Y)0+2Y2 =0, (6)

which has two eigenvalues with negative real parts, implying
that the equilibrium given by Eq. (3) is stable. However, the
leading eigenvalue when Y « 1 is given by A &~ —2Y2, which
is much closer to zero than for model 1 (i.e., A &~ —2Y).
Therefore, the fluctuation in the equilibrium for model 2 is
expected to be much larger than that for model 1. This is in
fact the case, as shown in Sec. III B.
For model 3, the rate equations are given by Eq. (1) and

d
d_i =1 =XA-x)+YA =yl -yXx+Yy). ()

The equilibrium is again given by Eq. (3). The characteristic
equation in the equilibrium is given by

A2+ (142Y)A +2Y =0, (8)
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which has two eigenvalues with negative real parts. Therefore,
the equilibrium given by Eq. (3) is stable. When Y < 1, the
eigenvalue scales as A &~ —2Y, the same as for model 1.

B. van Kampen small-fluctuation approximation

To understand the fluctuation around the equilibrium of the
mean-field dynamics, I carry out the small-fluctuation approxi-
mation of the master equation developed by van Kampen [4,30]
for the three models. The van Kampen expansion reveals the
relationship between the system size N and the magnitude of
fluctuation under the Gaussian assumption of the quantities of
interest.

To this end, let us shift from the density description used
in Sec. IlITA to the number description. The number of
congregators and that of contrarians are denoted by N, and
N,, respectively. Let n, and n, represent the number of state
1 congregators and that of state 1 contrarians, respectively. It
should be noted that N = N, + N,, 0 <n, < N,, and 0 <
ny < N,. The ansatz for the van Kampen small-fluctuation
approximation is given by

ny(t) = Nex(t) + /N, &, )
ny(1) = Nyy(@) + /Ny, (10)

where x and y are the mean densities of state 1 congregators
and state 1 contrarians in the congregator and contrarian
subpopulations, respectively, as introduced in Sec. III A. &
and n are stochastic variables, which are assumed to be
intensive quantities. I represent the probability that there
are n, state 1 congregators and n, state 1 contrarians by
P(ny,ny,t) =I1(§,n,1).

N(E_\/N»xd_xg_

dy oIl
at dt o0&

Ydr on
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1. Model 1
For model 1, the master equation in terms of P is given by
dpP
N? = (Ex — D[ny(Ny —ny + Ny - l’ly)P]

+(E7! = 1)[(Nx = n)(ns +n,)P]

+(Ey, — D[ny(ny + Ny, —n,)P]

+ (E;" = 1)[(Ny — ny)(Nx — nye +ny)P],

(1)

where E,, E;', E,, and ET I are the operators representing
an increment in N, by one, a decrement in N, by one, an
increment in N, by one, and a decrement in N, by one,
respectively. For example, the first term on the right-hand side
of Eq. (11) represents the inflow and outflow of the probability

induced by a decrement in N, by one. The operators are given
by

13182

E.=1 — 12
+ — —ag N ag2+ (12)
E7'=1 ! a+ ! 82+ (13)
o VN, 06 ' 2N, 92 ’
1 9 1 92
E, =1 — 14
+ — 5377 N, + - (14)
1 9 1 9
El=-1- — 4+ _— — ..., 15
Y ,/N),817+2Ny 8n2+ (15

By substituting Egs. (9), (10), (12), (13), (14), and (15) in
Eq. (11) and replacing the time derivative of P by that of I1, I
obtain

1 0 1 92
=( > >(Nx+F5)[N(1—x>—F€+N(1—y) Nawily

JN, 06 ' 2N, &2

19 1 92
—
N, 06 = 2N, 982

+

+

—

2
0 —)[Ny(1 —

* 2N, an?

0 + —
N, dn

The highest order terms on the right-hand side, where N,
and N, are regarded to be of the order of N, are equal to
oIl
Nylx(1 —y) = (I = x)yl—

VLN 08

oIl
+ No/Ny[xy — (1 — x)(1 — y”%' (17)

)[N (1 = x) = VNENNx + /No& + Nyy + /Nyl

1 0 1
(Na_+2N82>(N}y+\/>n)[Nx+\ﬁ$+N(l_y) VNI
\% y
( ¥) = VNNl = x) = Y N& + Nyy + /Nyl (16)

By comparing Eq. (17) to the highest order terms on the left-
hand side of Eq. (16), I obtain

dx _ Ny o

=N (1 —=x)y —x(1 =y, (18)
dy _ Neyq 1 19
i N[( —x)(1 —y)—xyl, (19)
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which are equivalent to the mean-field dynamics given by
Egs. (1) and (2).

By equating the second highest order terms in Eq. (16), I
obtain

M D e — /iy 0
o VoE SRAUPY*
[ 9211

N,
+ _Nxx(l —x)+ 7’(x +y— 2xy)}8—52
9 oIl
+Nx%(nn)+\/ NXN}sa_T]

N, 9211
+ _7(1 —x—y+2xy)+ Nyy(l —y) FIcE

(20)

Application of [ [ d§dn& and [ [ d&dnn to Eq. (20)
yields

VaE
— = —N(E) + VNN, () @b
and
an)
N=—= = =NV, (&) = Ne(n). 22)

respectively. Because the characteristic equation for the Jaco-
bian of the dynamics given by Eqgs. (21) and (22) coincides
with Eq. (4), (§) and (n) converge to the unique equilibrium
given by (£)* = (n)* = 0.

Application of [ [ dédné?,
[ [ d& dnn? to Eq. (20) yields

J [ dsdnén, and

N oy ’
5 = 2Nl =) Ny(x + y = 2xy) = 2N, (6%)
+2/N.N, (En), 23)
a
N ‘f_tm = —V/NN,(87) = Nigm) + VNN (), (24)
and
2
N3<a"t ) = Ni(l = x =y +2xy) + 2N, y(1 = y)

—2/N.Ny(En) — 2N, (n?), (25)

respectively. By substituting (x*,y*) = (1/2,1/2) in Egs. (23),
(24), and (25) and setting the left-hand sides to O, I obtain

N, + 3N,
2\ % X y
= —) 26
(67) 8N, (26)
1 N, N.
L Ry s AV G 27
@nr =3 (\/ N, N),) @7)
3N, + N,
2\ % X Y
=" "7 28
{n°) SN, (28)
In terms of the original variables, I obtain
N,
ne = + +/N,& (29)
and
N,
ny = 7+‘/Ny77 (30)
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in the infinite time limit. Therefore, in terms of the fraction of
1 congregators in the congregator subpopulation and that of 1
contrarians in the contrarian subpopulation, I obtain

2
2 Z00 (€ N3N,
N, N, &N,N,
2
o(y) = 2 =\/m :\/—3"’””«“, (32)
N, N, 8NN,
where o stands for the standard deviation.

The results obtained from direct numerical simulations
of model 1 are compared with the theoretical results given
by Egs. (31) and (32) in Fig. 1. I set N = 10000. The
numerical results agree well with the theory except when
N, is small. The van Kampen expansion assumes that the
relevant distributions are Gaussian. Numerically calculated
distributions of the fraction of congregators in state 1 and
that of contrarians in state 1 are compared with the Gaussian
distributions with mean O and standard deviations as given by
Egs. (31) and (32) in Fig. 2. I set N = 10000 and examined
the cases N, =5 [Fig. 2(a)], N, = 50 [Fig. 2(b)], and N, =
500 [Fig. 2(c)]. The numerically obtained distributions are
very close to the theoretical ones when N, is not small; in
Figs. 2(b) and 2(c), the numerical and theoretical results almost
completely overlap each other for both x and y. In contrast, the
numerical and theoretical distributions are not similar when N,
is small [Fig. 2(a)]. Discrepancies between the numerical and
theoretical results for small N, values are also nonnegligible
in Fig. 1(a). The deviation in the case of small N, owes at least
partly to the fact that the distributions are significantly affected
by the boundary conditions at x,y = 0 and 1. The deviation
may be also due to the fact that the distribution of y is very
discrete when N, is small.

Equations (31) and (32) imply the following. First, if
the fluctuation of the fraction, not the number, of state 1
congregators and that of state 1 contrarians are compared,
they are of the same order. However when the contrarians
are rare, o(x) and o(y) are different by a factor of 3.
Second, substitution of Ny = N(1 — Y)and N, = NY, where
Y (0 <Y < 1) is the density of contrarians (Sec. III A), in
Egs. (31) and (32) yields

| 142y 2
7=\ Nra— vy &9
] 3-oy ”
=\ ENra -y .

When Y is fixed, o(x),0(y) l/\/ﬁ. When N is fixed, it
holds that o (x),0(y) x Y™ 1/2as Y — 0.

2. Model 2
For model 2, the calculations in Appendix A yield

NN 2Ny [ iy
O=\"snaz “Veara-vn P
N I

S L - . 36
W =8Nz =V anre (36)
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FIG. 1. (Color online) The standard deviation in the fraction of congregators in state 1 within the congregator subpopulation (i.e., x) and
that in the fraction of contrarians in state 1 within the contrarian subpopulation (i.e., y). I set N = 10000 and varied N,. The distributions are
calculated on the basis of the results from ¢ = 0.5 x 107 through ¢ = 107 in a single run starting from x = y = 0.5. This condition is common
to the following numerical results unless otherwise stated. (a) Model 1; (b) model 2; (c) model 3.

When Y is fixed, o(x),0(y) l/«/ﬁ. This result is the same
as that for model 1. When N is fixed, it holds that o (x),0 (y)
Y~'as Y — 0. This scaling is different from that for model 1.
Model 2 generates larger fluctuations than model 1 when the
contrarians are rare.

The numerically obtained o (x) and o(y) values are com-
pared with Egs. (35) and (36) in Fig. 1(b). The numerical and
theoretical results agree well when N, > 100. It should be
noted that the fluctuation is larger for model 2 than for model 1
when N, takes intermediate values, i.e., 10 < N, < 2000. The
numerically obtained distributions of x and y are compared
with the Gaussian distributions whose standard deviations are
given by Eqgs. (35) and (36) in Figs. 2(d), 2(e), and 2(f) for
three N, values. The numerical and theoretical distributions
agree well when N, is large enough [i.e., N, = 500; Fig. 2(f)].
In Fig. 2(f), the numerical and theoretical results almost
completely overlap each other for both x and y. However,
when N, is smaller, the numerically obtained distributions of
x and y have peaks at x,y &~ 0 and 1 such that they are far
from the Gaussian distributions shown by the dotted lines in
Figs. 2(d) and 2(e). It should be noted that the theoretical
results for x and that for y are indistinguishable in Figs. 2(d)
and 2(e). In this range of N,, the small-fluctuation expansion
breaks down, which is consistent with Fig. 1(b).

3. Model 3
For model 3, the calculations in Appendix B yield

o [ NNy
T T\ 8NN, (N, + 3N,)

1+5Y
SNY(1 — Y)(1+27)’
(37)

= N = . (38)
T TV SN, (N, +3N,)  \ SNY( +21)

When Y is fixed, o(x),0(y) l/ﬁ. When N is fixed, it
holds that o(x),0(y) &« Y~/ as ¥ — 0. The scaling is the
same as those for model 1.

The numerically obtained o (x) and o (y) values are com-
pared with Egs. (37) and (38) in Fig. 1(c). The numerical
results agree well with the theory unless N, is small. The
numerically obtained distributions of x and y are compared
with the Gaussian distributions whose standard deviations are
given by Eqgs. (37) and (38) in Figs. 2(g), 2(h), and 2(i) for
three N, values. The theoretical results agree well with the
numerical results if N, is not small [Figs. 2(h) and 2(i)]. In
Figs. 2(h) and 2(i), the numerical and theoretical results almost
entirely overlap each other. The results for model 3 are similar
to those for model 1.

C. Case of a single contrarian

The small-fluctuation approximation cannot capture the
behavior of the model when N, is small (Sec. III B). To better
understand this situation, I calculate the stationary distribution
of the Fokker-Planck equation for the single-contrarian case,
i.e., Ny = 1.Inthis extreme case, the single contrarian does not
find other contrarians in the population. Therefore, model 1 and
model 3 are equivalent. I analyze this model in the following.
Model 2 is reduced to the standard voter model and therefore
is irrelevant.

There are N, = N — 1 congregators. I denote by P(n,,0)
[P(ny,1)] the probability that there are n, congrega-
tors in state 1 and the n, =0 (n, =1) contrarian in
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FIG. 2. (Color online) The distribution of the fraction of state 1 congregators (i.e., x) and that of state 1 contrarians (i.e., y) in the equilibrium.
I'set N = 10000. (a) Model 1 with N, = 5, (b) model 1 with N, = 50, (c) model 1 with N, = 500, (d) model 2 with N, = 5, (¢) model 2 with
Ny = 50, (f) model 2 with N, = 500, (g) model 3 with N, =5, (h) model 3 with N, = 50, and (i) model 3 with N, = 500. In (d) and (e), the
distributions are calculated using the results obtained from r = 0.5 x 10% through # = 10% in a single run, 10 times longer simulation time than in
the other cases. This was done because the convergence of the distributions is much slower in the cases shown in (d) and (e) than in the other cases.

state 1. The normalization is given by ZZ;B[P(nx,O) + P(n,,1)] = 1. The master equations are given by

dP(n,,0) 1 n, (N=1)—(ny — Dny — 1 ne TN =1 =@, —1)+1
N—— = P(n,,1)— P -1,0 P 1,0
dt Dy y—g TR0 10 N n_1 TPt LOTE N1
1 (N—-1)—n, N-—-1)—n, X c((N—=1)—n,+1
Py 2N D (WD e e (Vo Dz 1 (39)
N N —1 N N —1 N N —1
dP(n,,1 1 N—1-—n, N—-1)—((n,—1 =1 1
N g AN ey Z D e 2 D = D
dt N N-1 N N —1
LA TN =) = (n, + 1 1 n, NeD-nn+1 n (N—1)—n,
4Py 41y N Z Dot D) L e VDbl e (VD ]
N N —1 NN -1 N N —1 N N —1

(40)

The Fokker-Planck equations on the basis of Eqs. (39) and (40) are given by

N8P(nx,0) _ Ny P | Ny p 0 1 8% [n,2N —2n, — 1)P 0 N—-1-—n, p 0
o NN =1y e )+8nx[N(N—1) s )}Jri@[ NN 1) e )}_ NN =1y O,
41)
_1— _1— 2 _1_
NP N -1 nxP(nx,O)—i[uP(nx,l):I+la—{[N 1 nx)(znx+1)]P(nx’l)}
at NN — 1) any| NN — 1) 2 9n2 NN — 1)
ny
— N =T P (42)
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In terms of the fraction of state 1 congregators in the congregator subpopulation, i.e., x, Eqs. (41) and (42) are given by

NZBP(x,O)

IP(x,1)
at N—1

N2

2

1 ad 1 ad 1
:XP(.X,l)—(l —x)P(x,O)+ ma—x[xP(x,O)]—l— mw{x[l —x+ m}f’(){f,o)}, (43)

2

1 9 1 9 1
= (1 —x)P(x,O) —)CP(X,I) - —a[(l —X)P()C,l)] + ﬁﬁ{[x + m}(l —x)P(x,l)}. (44)

When N is large, P(x,0) and P(x,1) evolve on a fast time scale until

xP(x,1)—(1 —x)P(x,0) =

g(x)
N -1

(45)

is satisfied, where g(x) = O(1). Although I am interested in the equilibrium, the adiabatic approximation given by Eq. (45) holds
true in the course of the dynamics on a slow time scale as well as in the equilibrium. By substituting Eq. (45) in Eqgs. (43) and

(44), I obtain the following equations in the equilibrium:
2

+_3[x PG,1)— — 2 ]+_32{[1+—1 ][210 ) “—o 46)
S (N—l)(l—x)g(x) dx? 21— - | D=y =0

91— 0Pl ki ! _Ju—wranl=o 47

—8() = [ =0)PE. DI+ - x+2(N_1)]( —x)P(x, )}— : (47)

By ignoring O[1/(N — 1)] terms, which is justified unless
x=0{/N)orl—x = O(l/N),1obtain

()+i[ 2 p 1)}+8—2[ Pl =0,  (48)
g ax|1—x * ax2 D=5
0 92
—8(0) = [l = )P, DI + o5 [x(1 = 0)P(x, D] = 0.
X 0x

(49)
By summing Egs. (48) and (49), I obtain

o[ —142x 92
— | ———P(x,1 —[xP(x,1)] =0. 50
8x|: - (x )}Jraxz[x (x, D] (50)
The general solution of Eq. (50) is given by
P(x.1) = Ci(1 = x)log - L LG -x). (D)
—x

where C; and C, are constants. Equation (51) and the
symmetry relationship P(x,0) = P(1 — x,1) yield

xPx,)—(1—-x)P(x,0)=xPx,1)— (1 —x)P(1 —x,1)
= 201%(1 — x)log - al (52)

For this quantity to be of order O(1/N) [see Eq. (45)],C; =0
is required. It should be noted that I have already discarded
O(1/N) terms in deriving Eqgs. (48) and (49). Therefore,
Eq. (51)isreduced to P(x,1) = C>(1 — x). The normalization
condition f 01 P(x,1)dx = 1/2, whichin fact should be applied
with a caution because the solution given by Eq. (51) may be
invalid near x = Oand x = 1, leads to C; = 1. Finally, [ obtain

P(x,0) = x, (53)
Px,1)=1—x. (54)

Equations (53) and (54) imply that the fraction of 1
congregators that is not conditioned by the state of the
contrarian, i.e., P(x,0) + P(x,1), is uniformly distributed on
[0,1]. These equations also imply that the congregators would

be in the O state when the contrarian is in the 1 state. This
phenomenon occurs because the contrarian tries to escape
from the congregators. Numerically obtained equilibrium
distributions are shown in Fig. 3 for N = 1000. The results
are in an excellent agreement with Egs. (53) and (54).

The uniform distribution of x implies o(x) = 1 /(2\/3).
This value is in fact approached as N, is decreased in models
1 and 3 [squares in Figs. 1(a) and 1(c)].

IV. DISCUSSION

I proposed extensions of the voter model with contrarian
agents. Even a single contrarian turns out to change the final
configuration of the dynamics from the consensus of one state
to the coexistence of the two states. Among the three models
analyzed in the present study, model 2 behaves differently from
models 1 and 3 in that the coexistence equilibrium is much less
stable in model 2 than models 1 and 3 when contrarians are
rare. This difference is likely to owe to the fact that contrarians

1 f~

o
o0

S
foN

T Px0) — |

N
S

probability density

e
o

0 0.2 0.4 Y 0.6 0.8 1

FIG. 3. Distribution of the fraction of 1 congregators when N, =
1. The distribution conditioned that the contrarian is in state 0 and
that conditioned that the contrarian is in state 1 are shown by the solid
and dotted lines, respectively. N = 1000.
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are assumed to like congregators only in model 2 (Table I).
The results that model 1 and model 3 behave similarly suggest
that the behavior of contrarians toward the conspecific does
not much affect the collective behavior of the model, at least
in the current framework. It should be noted that, with model
2 included, the collective dynamics of the model is robust with
respect to the behavioral rule of the agent (Table I) if there are
sufficient contrarians in the population.

The effect of contrarians has been investigated in various
models of opinion formation, as reviewed in Sec. I. Most
of the previous models also found that contrarians promote
coexistence of different states when consensus is inevitable
in the models without contrarians. The strength of the current
study lies in that I confined myself to linear models, as is the
original voter models, and reached strong analytical conclu-
sions. [ used the van Kampen small-fluctuation approximations
and solved the case of a single contrarian to characterize
the fluctuations around the coexistence equilibrium. As the
number of contrarians increases, the equilibrium distributions
change from the uniform distribution to the Gaussian distri-
bution with small standard deviations. It should be also noted
that the present models do not show phase transition, whereas

PHYSICAL REVIEW E 88, 052803 (2013)

nonlinear models usually show phase transitions between the
consensus-like phase and the coexistence phase.

The voter model is peculiar in the sense that it is linear and
thus without assumed threshold behavior (see, for example,
Refs. [2,5,31,32] for nonlinear models). In contrast to the
present models, nonlinear opinion formation models with
contrarians can show rich behavior. For example, periodic and
chaotic behavior is briefly described in a model with contrari-
ans constructed on the basis of the Ising spin system [24]. In the
context of nonlinear coupled phase oscillators, rich behavior
including traveling waves and partial synchrony was reported
[33]. Further investigating nonlinear as well as linear opinion
formation models with contrarians warrants future work.
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APPENDIX A: SMALL-FLUCTUATION APPROXIMATION FOR MODEL 2

For model 2, the master equation in terms of P, the increment operators, and decrement operators is given by

N B D
- = x Ny (IVy
dt

+ (E) - 1)[nv(Nx

—ny + N, —n,)P]

+ (E;" = 1)[(Nx — n)(ny + ny)P]

Substitution of Egs. (9), (10), (12), (13), (14), and (15) in Eq. (A1) yields

oIl dx 0Tl
V(I teon

at dt o0&

VN 9§ 2N, 082
VN 0§

(e, ]
N, on 2N, o

—ny +ny)Pl1+ (E;' = 1)[(Ny — ny)(n, + Ny —ny)P]. (A1)
dy oIl
VoY
1 0 1 92
= ( —+ ——)(Nxx + VNN = x) = /Ni& + Ny(1 — y) — /Nyl
1 0 1 92
+<——— A asz)w (1 = x) = V/N&EIWN,x + /N + Nyy + /Nyl
)(Ny+fn>[N (1= x) — /No& + Nyy + /NynTl
(A2)

1 3 1 9
+<___ 2N82>N(1—y) VNN x +/NE + Ny(1 — y) — /NIl
g

VN

The highest order terms of Eq. (A2) recover the mean-field dynamics given by Eqgs. (1) and (5). The comparison of the second

highest order terms in Eq. (A2) yields

NEAL I NiN, on
Yl yaé(g )= Mg

N, N, NER
,/NN5—+(N +2N\,) LMD+ | S 4y =20+ 2= 2y +27) | 75

N,
[Nxx(l —0)+ S E+y- 2xy)}

o
9E2

2
(A3)

Application of [ [ d§dné and [ [ d§ dnnto Eq. (A3) yields Eq. (21) and

a
N% = NxNy<$) -

(Ny +2Ny)(n), (A4)

respectively. Because the characteristic equation of the Jacobian of the dynamics given by Eqs. (21) and (A4) coincides with
Eq. (6), the dynamics converges to the unique equilibrium given by (£)* = (n)* = 0.
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Application of [ [ dé dn&?, [ [ dEdnén,and [ [ d& dnn* to Eq. (A3) yields Eq. (23),
a(&n)
N=—"5 = NNy (£%) = (N + 3N {Em) +/NeNy (), (AS)
and
3(n?)
ot
respectively. By substituting (x*,y*) = (1/2,1/2) in Egs. (23), (AS), and (A6) and setting the left-hand sides to 0, I obtain
N(Ny +2N,)
2\k __ X y
N«/

8N;

= No(x +y = 2xy) + Ny(1 = 2y +2y%) + 2\/N. N, (§n) — 2N, +2N,)(n?), (A6)

, (AT)

(Em)* = (A8)

and

9% TV
n”) =8N, (A9)

By using the relationship o (x) = 1/(§2)*/N, and o (y) = /(n%)*/N,, I obtain Egs. (35) and (36).

APPENDIX B: SMALL-FLUCTUATION APPROXIMATION FOR MODEL 3

For model 3, the master equation is given by

dpP 1
NE = (Ex — D[ny(Ny —ny + Ny - I’l})P] + (Ex - 1)[(Nx —ny)(ny +ny)P]

+(Ey — Diny(ny +ny)P1+ (E;' = 1)[(Ny — ny)(N; — ny + Ny —n,)P]. (B1)
Substitution of Egs. (9), (10), (12), (13), (14), and (15) in Eq. (B1) yields

V(I oy

at dt & dt an

1 3 1 92
=(¢N_£ N 852)(Nx+fs>[1v<1—x> VN&E + Ny(1 = y) — /NyylTl

T R T
+<_J_N_X¥ T 352)[ No(1 = x) — N EINx + /N + Nyy + /Nyl

1 9 1
+<\_W% 2Naz)(Ny+Fn>(Nx+fs+Ny+Fn)n
y

1 0 1 92
+ <_/_V£ + Wa_nZ)[Ny(l = ¥) = /Nynl[N,(1 —x) =/ N§ + Ny(1 — y) — {/Nyn]Il. (B2)
y y

The highest order terms of Eq. (B2) recovers the mean-field dynamics given by Eqs. (1) and (7). The comparison of the second
highest order terms in Eq. (B2) yields

oIl 92
NEZ (%‘H) VN n |:Nx(1—x)+—(x+y 2y)] PTS;
ATl N, 9211
+ ﬁ/NxNyéa + (N, + 21\@)5(;71'1) + [7(1 —x—y+2xy)+ Ty(l —2y + 2y2)} PR (B3)
Application of [ [ dé dn& and [ [ d& dnnto Eq. (B3) yields Eq. (21) and
9
NI NN E) — (N + 2N, (B4)

respectively. Because the characteristic equation of the Jacobian of the dynamics given by Eqgs. (21) and (B4) coincides with
Eq. (8), the dynamics converges to (§)* = (n)* = 0.
Application of [ [ dé dn&?, [ [ dEdnén,and [ [ d& dnn? to Eq. (B3) yields Eq. (23),

N (aim —V/NeNy(E%) = (N +3N,)(En) + /NN, (), B
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and
N 2xy) + Ny(1 — 2y +2y%) — 2,/N, N 2Ny + 2N, (1 B6
o = (1 —x —y+2xy)+ Ny(1 =2y +2y7) — Ny (En) —2(Ny +2N,)(n7), (B6)
respectively. By substituting (x*,y*) = (1/2,1/2) in Egs. (23), (B5), and (B6) and setting the left-hand sides to 0, I obtain
N(N, + 6N,)
(£ = o, (B7)
8Ny (N 4 3N,)
. NNy
(En)" =— . (BY)
8(Ny +3N,),/N,
and
3N
2\ % — , B9
") 8N, + 3N, (B9)

which lead to Egs. (37) and (38).
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