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ABSTRACT. In this work an opinion formation model with heteroge-
neous agents is proposed. Each agent is supposed to have different
power of persuasion, and besides its own level of zealotry, that is, an
individual willingness to being convinced by other agent. In addition,
our model includes zealots or stubborn agents, agents that never change
opinions.

We derive a Bolzmann-like equation for the distribution of agents on
the space of opinions, which is approximated by a transport equation
with a nonlocal drift term. We study the long-time asymptotic behavior
of solutions, characterizing the limit distribution of agents, which con-
sists of the distribution of stubborn agents, plus a delta function at the
mean of their opinions, weighted by they power of persuasion.

Moreover, explicit bounds on the rate of convergence are given, and
the time to convergence is shown to decrease when the number of stub-
born agents increases. This is a remarkable fact observed in agent based
simulations in different works.

1. INTRODUCTION

In recent years, opinion formation, as well as other sociological and eco-
nomical phenomena, have attracted a considerable attention from physicists
and mathematicians, as it was realized that concepts from statistical me-
chanics could be successfully applied to model them. We refer for instance
to the papers by S. Galam [23, 25|, Sznajd and Sznajd-Veron [42], Deffuant
et al. [14, 15], and Slanina [40] among other works. From them, quickly
emerged two very active new fields, usually called sociophysics and econo-
physics, devoted to the description of these phenomena from the physicists
point of view. We underline some recent books [11, 26, 39, 40] for an overview
and up-to-date references.

In the sociophysics community, a customary procedure for modelling the
formation of opinion in a population consists in representing the opinion
of an individual, with respect to certain subject, by a real number. This
number can vary in some discrete set or in a fixed interval, say [—1,1],
meaning —1 to be completely against the subject. Individual changes of
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opinion are assumed to be a result of binary random interactions between
agents. The opinions w and w, of two agents will turn to new opinions w’
and w, as a consequence of the discussion enclosed by the two agents, and
also by the influence of external factors such as media or propaganda, and
spontaneous changes of mind. Denoting by f(¢,w) the proportion of agents
in the population with opinion w at time ¢, it is possible to describe the
time evolution of f(¢,.) with a Boltzmann-like equation, whose collision part
reflects the dynamics in the changes of opinion due to encounters. Thus, the
long-time asymptotic behavior of f(¢,.) can be analyzed theoretically and /or
numerically.

This procedure, which is by far not the only way of modelling opinion
formation, is strongly inspired by the kinetic theory of rarefied gases and
granular flows. The recent advances in the mathematical foundations of
kinetic theory (see for instance [46, 48]), motivated several mathematicians
to perform a rigorous study of this kind of problems, using tools from par-
tial differential equations, optimal transport, game theory and stochastic
processes. This approach has been successfully implemented by Bellomo,
Pareschi, Toscani and their collaborators in a wide variety of settings, we
refer the interested reader to their works [2, 4, 5, 38] and the surveys in Ref.
[37] for further details.

In this work we introduce a continuous model of opinion formation, where
agents opinions are real numbers in [—1, 1], and agents change their opin-
ions both through binary interactions and random changes due to external
influences as mentioned before.

Most of the agents are assumed to have some propensity to reach an agree-
ment, the so-called compromise hypothesis and hence after each interaction
they tend to get closer positions. However, we introduce a high degree of
heterogeneity among the agents, and each agent ¢ has a priori two individual
characteristics:

e some power of persuasion, represented by a probability p; € [0, 1]
that the agent will convince the other agent involved in the interac-
tion, and

e some willingness to change his/her own opinion, represented by a
probability ¢; € [0,1] that the agent is persuaded.

Observe that the assumption that ¢ could be zero introduces zealots or
stubborn individuals, i.e., agents who have strong opinions and they are not
affected by other agents’ opinions, not changing their mind after interactions.
As long as we know, the presence of stubborn agents was studied only in
discrete models of opinion dynamics, related to consensus formation, game
theory models, and diffusion of innovations, among other applications, see
[16, 33, 36, 51, 53, 52, 54].

In these works it is shown, mainly through simulations, how the stub-
born agents affect the process of consensus formation, specially the kind of
expected equilibria that could arise due to their influence, and the time to
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convergence. Let us remark that in [54] and related works, several results
were proved theoretically using probabilistic arguments. Also, a striking fact
was observed in the simulations: the time to convergence decreases when
the number of stubborn agents increases.

Much fewer in number are the works considering continuous opinion mod-
els with zealots or persuasion, see for instance [9, 27]. Let us note that the
presence of leaders and followers as in During et al. [20] has a somewhat sim-
ilar dynamics when a leader and a follower interact, since only the follower
update its opinion. However, the interactions among leaders are allowed,
and hence they can change their opinions.

Our aim in this work is to rigorously show that the long time behavior of
the agent based model can be described with a Boltzmann-like equation sat-
isfied by the distribution of agents f(t,.), and it is properly approximated by
a non-linear non-local transport equation, which is well-posed for measure-
valued functions. We then establish the convergence of the solution to some
limit density, with explicit bounds on the time of convergence.

Essentially, the limit reveals that the part of the population composed by
individuals who are willing to change their opinion tends to share the same
opinion. Furthermore, we find out that this limit opinion is precisely the
mean opinion of the stubborn individuals, those who always keep their own
opinion (¢ = 0), weighted by their power of persuasion.

Moreover, the bounds for the rates of convergence point out that, the
greater the number of stubborn individuals is, the faster the system reaches
the stationary state. This fact has been observed in our simulations and also
in related discrete opinion models, see for example [33, 35, 36, 52|, exhibiting
that the asymptotic distribution of opinions in the population is completely
determined by the stubborn individuals, although their influence take a long
time to be observed when there are just a few of them.

1.1. Notations and definitions. We denote K = [—1,1] x [0, 1] x [0, 1]
and a generic point of K as w = (w,p,q). Let P(K) be the convex set
of probability measures on K. Given f € P(K), we write the integral
of a function ¢ against f as [, ¢(w)df(w) or as [, ¢(w)f(w)dw. The
expression f(w)dw is merely a notation, we are not assuming that f has
a density necessarily. By f(w)dw we understand the marginal of f with
respect to the first variable w, namely

/ f(w)dw = / f(w)dw  for any A C [—1, 1] Borel.
Ax[0.1]x[0.1] A

Here again f(w)dw is merely a notation, we are not assuming in general
that this measure has a density.

M(K) stands for the space of finite measures on K, M, (K) denotes
the cone of nonnegative measures and P(K) the convex cone of probability
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measures. These sets are endowed with the total variation norm, namely

(1) [ f[l = sup {/K ¢df : ¢ € C(K) such that ||¢]|ec < 1} .

Let us remark that M (K) becomes a Banach space with this norm.

Later on, we will need to endow the set P(K) with the weak convergence
of the measure topology. It will be convenient then, to recall from [47] that
the Wasserstein distances W),, with p > 1, between two probability measures
w, v are defined as

1/p

@ W= ( [ eegpdaen) ez,
a€l(p,v) JKx K

being I'(p, ) the collection of all measures on K x K with marginal measures

v and p on the first and second factor, respectively. When p = 1 the

Kantorovich and Rubinstein Theorem provides a dual representation of Wy,

namely

(3) Wi (v, ) = sup {/ ed(p—v): ¢ is1- Lipschitz} .
K

1.2. Organization of the paper. The paper is organized as follows.

Section §2 contains a detailed description of the rules governing the up-
dates of the individuals opinions during encounters, determining a Boltzmann-
like equation satisfied by the agent distribution f(t,.). We introduce in
addition the so-called grazing limit that yields a Fokker-Planck equation,
modelling the long-time asymptotic behavior of the density, when the in-
teractions among the agents produce very tiny changes in their opinions,
namely when the parameters o, — 0. This idea of studying Boltzmann-
like equation in the limit of small changes in each interaction comes from the
literature about the Boltzmann equation (see e.g. [16, 17, 18, 49, 50| and
references therein) and was first applied in the context of opinion formation
model by Toscani [44].

Section §3 is devoted to the analysis of the asymptotic behavior as ¢t —
400 of the equation arising when in the grazing limit "72 — 0, namely, when
the transport term dominates the diffusive term. In this case, the following
transport equation is obtained

O f(w,p,q) + Ow((me — w)q(p) f(w,p,q)) =0,

where (p) is the mean Value of the persuasion power p, which remains con-
stant in time, and m(t) = | KT w dfi(w) is the weighted mean opinion.
We study the long- tlme asymptotlc behavior of the solutions, charac-
terizing the limit distribution of agents, which consists of the distribution
of stubborn agents, plus a delta function at the mean of their opinions,
weighted by they power of persuasion. We determine explicit bounds on the
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rate of convergence and show that the time to convergence decreases as the
number of stubborn agents increases.

Finally, some computational experiments illustrating our theoretical re-
sults are included in Section §4. We perform an agent based simulation of
the dynamics of our problem without noise.

We conclude the paper including an Appendix, where we prove the exis-
tence and uniqueness of solutions to the Boltzmann equation introduced in
section 2, using the ideas in Chapter 6 of the book of Cercignani, Illner and
Pulvirenti [13]. For the reader’s convenience, also we provide in this Appen-
dix a detailed proof of the approximation of the Boltzmann-like equation
by a diffusion-transport equation, via the grazing limit. This proof is based
mainly on Toscani [44].

2. DESCRIPTION OF THE MODEL

2.1. Microscopic interaction rules. Let us introduce our model of opin-
ion formation. We consider a population composed by N agents. The
opinion of an agent with respect to certain matter is represented by a real
number w € [—1,1] (meaning —1 being completely in disagreement with the
subject and 1 in complete agreement). In addition, we take into account
the ability (or difficulty) of an individual to persuade another agent, as well
as his/her reticence (or facility) to change his/her opinion. We denote by
p € [0,1] the probability of the agent to convince the opponent and by
q € [0,1] the probability that the agent is persuaded to change his/her own
opinion. Each agent is thus characterized by three parameters (w,p, q).

Agents’ parameters (w, p, q) could be modified during binary encounters.
For simplicity, in this work the parameters (p;q) are assumed to be fixed
and to remain unchanged in time, although there exist models where the
agents’ persuasion also evolve, as in [9, 45].

We now describe the up-dating rules of the opinions. Consider two inter-
acting agents with parameters (w, p, q¢) and (wx, p«, g«) before the encounter.
Denote by (w',p’,¢') and (wl, p, ¢.) the new values for the parameters after
the interaction, respectively. As we mentioned before, the parameters (p, q)
will remain unchanged: p’ = p, ¢ = ¢, p. = p«, ¢, = q.. Regarding the
up-dating of the opinion, we propose the following rule:

(4) w' :w+7qp*(w*_w)+an(|va

/

w, = ws + P (w — wi) + Ngu D(Jwi]).

Observe that the change of opinion w’ — w is the sum of two parts. On the
one hand, the term ygp.(w, — w) reflects the idea that the agents tend to
reach a compromise. This tendency is directly proportional to both his/her
willingness of changing his/her own opinion, g and also the power of persua-
sion of the opponent, p,. Here v is a given real number in (0,1/2) modelling
the strength of the interaction.

On the other hand, the term ngD(|w|) represents the inclination of an
agent to change his/her opinion due to random external or internal factors.
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Obviously, this term is proportional to the facility g of the agent to modify
his/her opinion. By 7 and 7. we denote two independent and identically
distributed random variables, with null expected value and variance o2.
More precisely, we will write n = oY, being Y a symmetric random variable
such that E[Y] =0, Var[Y] =1 and E[|Y|?] < oo, and the same is assumed
for n.. The function D(Jw|) € [0, 1] is supposed to be non-increasing in |w].
Some typical examples are 1 — w?, 1 — |w| and v/1 — w?. Notice that in
these examples D(£1) = 0. ThlS is in accordance with the fact that the
more extreme an opinion is, the more difficult to be changed.

2.2. Macroscopic kinetic model: Boltzman equation. The set K =
[—1,1] x [0,1] x [0,1] stands for the space of the triple (w,p, q). To simplify
notation, let us denote w = (w, p,q) and @’ = (v, p, q).

Let f(t,w) be the distribution of the agent w at time ¢ > 0, hence
f(t,-) is a probability measure on K. We usually denote this measure as
df; or fi(w)dw bearing in mind that f; may not necessarily be absolutely
continuous with respect to Lebesgue measure. In fact, f; could be a Dirac
measure.

In case of binary interactions the time evolution of the density f is a bal-
ance between gain and loss of opinion terms through an integro-differential
equation of Boltzmann type:

d
Ch/Kd)(w)dft(w

5 S ﬁ(w,u&)—)(w’,wi)(qﬁ(w/) - (]5(?7/')) dft(w)dft(w*)dndn*’
for any ¢ € C(K), see [13]. The kernel § is related to the transition
rate and takes into account the external events acting on the opinion. For
simplicity, we can take

B(w,uu)—)(w’,w;) = Q(U)G(W*)X|w/|§1)(\wi\§17

where by x4 we understand the indicator function of the set A and 6 is
a symmetric probability density with zero mean and variance o2, charac-
terizing the diffusion of information. To avoid the dependence of B on the
probabilities w, w, through the indicator function, we can ensure the bound-
edness of |w'| and |w|, assuming that the support of the random variables
1, N« is conveniently delimited. This reckons on the choice of the function
D; for instance, if D(Jw|) = 1 — |w| it suffices to take B = (—(1 —~),1 — )
to obtain |w'| <1, |w.| < 1 While if D(Jw|) =1 — w?, it is enough to have
In| <5 =7 since then |n| < 1+| | (see [44]). With these choices, equation (5)
corresponds to a classical Boltzmann equation

dt / ) (e / |, (0 = 6(@) dfi()dfo(.) 20 ),

for any ¢ € C*°(K).
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Taking ¢(w) = p and ¢(w) = ¢ as test functions in (6) it is easy to
see that the average of the persuasion ability, (p), and of the zealotry, (q),
respectively, are constant in time. We assume that (¢) > 0, otherwise no
opinion will change.

Our first concern is to show the existence of a solution to (6). This is the
purpose of the following Theorem. The proof follows classical ideas and is
detailed thereafter in the Appendix for the reader’s convenience.

Theorem 2.1. Given fy € P(K), there exists a unique f € C1([0, +00), P(K)),
where P(K) is endowed with the total variation norm (1), such that

(7)
@)dfy (@)

/ @+ [ [ (6 ~ o) d (),
for any ¢ € C(K).

2.3. Grazing Limit. Given some initial condition fo € P(K), consider the
function f solution to the Boltzmann-like equation (6) given by Theorem
2.1. We will prove that, after an appropriate time rescaling, the asymptotic
behavior of f(t) as t — 400 is well-described when «y, o — 0 by the solution
g € C(]0,+00), P(K)) of some diffusion equation, whose form depends on
the limit of the quotient "72 Namely, it reckons on the balance between
the diffusion strength, represented by ¢ and the tendency to an agreement,
measured by the parameter . Indeed, we will see that in case they are
proportional, i.e, 02 = v\ for some A > 0, then g satisfies

& [ o0 @ = [ () - w)o)e)2u() dgo()
K K
+3 [ DA (w)0utt) dgr ()
for any ¢ € C*°(K). Here m(r fK wdgT w), where (p) is the mean
value of p, which remains constant in tlme In other words, m is the mean

opinion weighted by the normalized power of persuasion.
Notice that (8) is the weak form of the Fokker-Planck equation

© 9.9+ 9 ((m(t) ~ w)a(p)g) = 20w (D(Jw]) ).

subject to the following boundary conditions satisfied for any 7 > 0:
(10)

(7)) (p)a9- ()~ 500 (D (w)gr(@)) =0, w =1, (p.g) € [0,1]

1 1
(11) D(juw])? /0 /0 Po(rw)dpdg =0,  w=+1.
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These conditions are the result of integrating by parts assuming that g, is
smooth. In a wide choice of noise terms D(#1) = 0 (e.g. if D(|w|) = 1 — w?
or D(|Jw|) = 1—|w|), thus (11) holds straightforward and (10) simplifies into

(12) (m(7) — w)(p)qg-(w) =0, w==+1,pel0,1],¢q € [0,1].

The left-hand side of (9) corresponds to a transport equation describing
the tendency to agreement in the interacting rules. It amounts to a transport
towards the mean opinion m with a velocity being proportional to ¢(p), the
product between the tendency of an agent to change his opinion and the
mean power of persuasion. The right-hand side of (9) is a diffusion term
representing the possibility for an agent of changing his opinion under the
influence of random external factors.

Notice that the limit equation (9) has both a diffusion and a transport

term according to the assumption "72 — A > 0. If we suppose instead that

(’72 — 0 or that "72 — 400, the limit equation has only the transport term
or the diffusion term, respectively.
Namely, if ‘772 — 0, the limit equation turns out to be

/ bdg, = / by + / / (p) a6 () dgs()ds,

whereas 1f 2 5 400 the arising equation is given by

/¢dgf—/¢dfo+ // bun(@)g* D[] dgr ().

Observe that those are the weak formulation to the transport equation

Ouf (w,p, q) + Ouw((me — w)g(p) f(w, p,q)) =0,

and the diffusion equation

A
(13) 0 = 50w (D)1,
respectively.

The above mentioned facts regarding the grazing limit are summarized in
the following Theorem.

Theorem 2.2. In the interaction rule (4) admit that 0> = Y\ for some
A > 0. Given an initial condition fo € P(K), consider the solution, f, of
the Boltzmann-like equation (6) given by Theorem 2.1. If f,(1) = f(t),
stands for the time rescaled probability density according to T = ~t, it holds,
up to subsequences, that f, — g asy — 0 in C([0,T], P(K)) for any T > 0.
Furthermore, the limit g € C(]0,+00), P(K)) satisfies for any 7 > 0 and
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any ¢ € C(K),

[ odg= [ g+ [ [ m(r) — ) )a6u() dos()ds
5 [ [ D)) don()as

Moreover, if "72 =\ — 0, then g € C(]0,+00), P(K)) verifies the transport
equation

) [ odg= [ oatn+ [ [ n(r) - w)plaou() do.()as.

If conversely, ‘77 — 400, rescaling time as T := y*t, for some a € (0,1), it
holds that f, — g as v — 0, where g is determined by

/qbdgT /¢dfo+ // bu(@)g D (1)) dgs (),

being A > 0 now such that o = \y®.

(14)

This kind of result is classical in the literature concerning the Boltzmann
equation. We provide in the Appendix a full detailed proof based on the
arguments in [44].

3. ASYMPTOTIC BEHAVIOR OF THE FOKKER-PLANCK EQUATION
WITHOUT NOISE

This section is concerned with the asymptotic behavior as ¢ — +oo of
solutions to the Fokker-Planck equation

(17) Ouf(w, p, q) + Ow((my — w)q(p) f(w,p,q)) =0,

or its weak form (15). This equation arises when in the grazing limit domi-
nates the transport term, namely < - 0, see Theorem 2.2.

Recall that (p) is the mean Value of the persuasmn power p, which remains
constant in time and that m(t) = [ KT wdft w) is the weighted mean
opinion.

The following observation ensures the uniqueness of solutions to (15).

Remark 3.1. Given fo € P(K) and f € C([0,+00), P(K)), f(0) = fo, it
is easily seen that the vector-field

B() = olf)() 1= ([ [ 15 dh(=)=u]alp).0.0) = (m()=w)a(o).0.0)

where (p) = [ pdfo(w), satisfies the following:
(1) E is continuous in (t,w),
(2) |E(t,@)| < C for any (t, @),
(3) |[E(t,w) — E(t,w)| < Clw — @'| for any t,w,w’.
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Moreover if g € C([0,+), P(K)), g(0) = fo, then
max [v[fil(@) — vlg (@) < CWA(ft, gt),

for any t > 0.

Invoking the theory developed in [12] by Canizo, Carrillo and Rosado ,
we can ensure that the equation O f + div(v[fi](w)fi) = 0, which is exactly
(17), has a unique solution in C(]0,400), P(K)) with initial condition f.

The long time behaviour of the solution will be accomplished by rewriting
equation (17) in a simpler form due to Li and Toscani [32]. To apply this
idea we need to bear in mind some facts about the generalized inverse of the
cumulative distribution function of a probability measure. Only measures
supported in [—1, 1] will be considered, since this is the case of interest in
this paper, see the next subsection.

3.1. A change of variable. Let f € P([—1,1]). The cumulative distribu-
tion function (cdf) F' : R — [0,1] of f is defined as F(x) = f((—o0,x]).
Notice that F' is non-decreasing and right-continuous with left limit.

The generalized inverse of F is defined as F~!:[0,1] — [-1,1]

(18) F~Y(p) =inf{z € [-1,1] s.t. F(z) > p}.

Observe that F'~! is non-decreasing, left-continuous with right limit in (0, 1]
and

(19) [F~1(0%), F~1(1)] D supp f.

Furthermore, for any « € [—1,1] and any p € [0, 1] the following inequalities
hold:

(20) If F(z) > 0 then F~}(F(z)) <z while F(F~(p)) > p.

See the note of Embrechts and Hofert [21] for the above (and further) prop-
erties of F~ 1.

The use of the generalized inverse enables us to rewrite an equation
like (17) in terms of the generalized inverse of the cdf of f;, and the re-
sulting equation is usually much simpler. More precisely, cons1der f e
C([0,00); P([~1,1])) and let F; be the cdf of f; and X; = F; ! its gen-
eralized inverse. Then, it can be proved that

(21) / o( X (r dr—/ o(w) dfy(w

for any ¢ integrable (to prove this identity it suffices to check the formula
for ¢ of the form 1_ 4, @ € R). This change of variables formula is the
key of the next result.

Proposition 3.1. Let v : [0,400) x [—1,1] = R be continuous and globally
Lipschitz with respect to the second variable. Then f € C([0,400), P([—1,1]))
is a weak solution of

(22) Ofe + Ox(v(t, @) fi) =



OPINION FORMATION MODELS WITH HETEROGENEOUS... 11

in the sense that for any ¢ € C*([—1,1]) and any t > 0,

(23) /¢ ) dfu /¢ ) dfo //¢ o(s, z) df(z)ds

if and only if for any r € (0,1], X¢(r) is a solution of
(24) X (r) = v(t, Xe(r)).
Here Xy is the generalized inverse of Fy (the cdf of fo).

The proof can be found essentially in Theorem 3.1 of Ref. [1]. However,
we rewrite it here under the point of view of the ordinary equation for the

flux (24).

Proof. Assume that X; satisfies (24). Thanks to (21), for any smooth ¢ we
have that

2 [ s = /¢Xt ar= [ S X))
_ / & (2)o(t, z) dfs (),

which easily implies (23).
Reciprocally, suppose that f solves (22). By Fubini’s theorem,

/_11 d(x)Fy(x)dr = /_11 qb(x)/l(_oo@] (y) dfu(y)dz

= /11 ( e o(x) dx) df(y).

Y

Differentiating with respect to time and taking into account (22) yield

/¢ \Ey(a /¢ o(t, ) dfuly).

Moreover, 0, F; = f; in the distributional sense. Thus F' is a weak solution
of the transport equation

(25) o Fy + U(t, x)@th =0.

Let ¢¢(x) be the flow of v, i.e. the solution to ;¢ (z) = v(t, p¢(x)), starting
at ¢o(x) = x. Then, as usual F' is determined by the relation Fy(¢:(x)) =
Fo(x). Tt is now simple to conclude that (24) holds i.e. that X (r) =
Pt(Xo(r)).

First Fy(¢1(Xo(r))) = Fo(Xo(r)) which is greater than r by (20). Hence
¢t(Xo(r)) > Xi(r) for any t.

Conversely, for any z < Xy(r) we have Fy(x) < r so that Fy(¢i(x)) < r
and then ¢y (z) < X;(r) by definition of X(r). Letting © — X(r) we obtain
G(Xo(r)) < Xi(r).

The proof is finished. O
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3.2. Conditional distributions. Another useful tool to achieve the as-
ymptotic analysis is the concept of conditional distribution.

Let X, Y be two random variables defined over the same probability space
with values in R? and R¥, respectively, and denote by Px and Pixy) the
distributions of X and (X,Y). Then there exists a map v : (z, B) € R% x
F(R*) — v(x, B) € [0,1] (where F(RF) is the Borel o-field) such that:

i) v(z,.) € P(RF) for any = € RY,
ii) v(., B) is measurable for any B C R* Borel,
iii) P(X € A;Y € B) = [,v(z,B)dPx(z) for any A C R?, B C R*
Borel.
We write v(z, B) = P(Y € B|X = z).
The following Fubini formula holds: for any ¢ : X XY — R Py y)-
integrable, the function x — [, ¢(z,y) P(dy|X = z) is measurable and

) [ odrr = [ ([ oy Planlx = a) apx(a)

Of course the same results can be written in terms of a probability measure
p € P(R? x R¥) and its marginal in R?, ;;. In that case we let W = v(z,.)
and any p-integrable ¢ satisfies

(21) e[ ([ o) waw) du.

The existence of v is guaranteed by Jirina’s theorem. There are several
classical references in this subject, see for details [3, 10, 30, 43].

3.3. The asymptotic behavior of solutions. We are now ready to ana-
lyze how the interaction of stubborn agents with those more likely to change
their opinions affects the population’s opinion dynamics. Indeed, the agents
with fixed opinion will drag the opinion of the rest of the individuals to
certain average of their own initial distribution, no matter the initial dis-
tribution considered for the whole population, see Theorems 3.1 and 3.2
below.

On the contrary, the asymptotic behavior when ¢ > 0 for every agent,
which will be studied in a future work, takes into account the values of the
initial distribution of every individual.

Precisely, we consider an initial distribution fy € P(K) of the form

(28)  fo(w,p, q)dwdpdq = a f (w, p)dwdp @ Sg—o + (1 — a) fy,

for some o € (0,1], where f} € P(K) is supported in {q > ¢} for some
e > 0, and fJ is a probability measure on [—1,1] x [0,1]. This means
that there exists a positive fraction ag of stubborn people whose opinion is
distributed according to fJ, and that the parameters (w,p, q) of the rest of
the population verify ¢ > ¢ and are determined by f&.
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Notice that the dynamics described in (4) deny changes in (p, q) for each
agent and in consequence, the solution f; of (15) with initial condition fy
given in (28) will have the form

(29)  fi(w,p, q)dwdpdg = o fo (w, p)dwdp @ 40 + (1 — @) f; (w, p, ).

We prove that in this case the non-stubborn agents share asymptotically
the same opinion m«,, which is completely determined by the opinion of the
stubborn individuals. Indeed, we shall see that my, is the mean opinion of
the stubborn people weighted by their persuasion power.

The occurrence of this fact is specially well observed if we assume that
the marginal in (p,q) of the distribution of the opinion among the non-
stubborn population, f(} (p,q)dpdq, is given by a finite convex combination
of Dirac masses Zfi 1 Qi0p—p, g—q;- As we will see, the analysis of the asymp-
totic behavior of the opinion distribution f}(w)dw of the population with
(p,q) = (pi,q;) can be conveniently reduced to the study of a linear system
of ordinary equations M’ = AM + B in RY.

It is known (see [6]) that any probability measure y € P(R?) can be ap-
proximated with high probability by the empirical measure iV := % ZZ]\L 100X,
being X1i,.., Xy N random variables identically distributed with law pu.
Then, it is reasonable to think that the results obtained for the discrete
model enlighten the asymptotic behavior of the general case, as it indeed
occurs.

Therefore, we first examine the simplified discrete system to provide us
with some intuition, before accomplishing the proof for any general initial
distribution given by (28). This is the core of the following theorem.

Theorem 3.1. Let fo € P(K) be an initial distribution defined as in (28),
where the initial distribution f& of the variables (w,p,q) corresponding to
the non-stubborn population has the form

N
(30) fo =D aigh(w)dw © bp—p, g
i=1

being N € N, aq,..,any > 0 with ag + .. +any = 1, q1,..,q8 € [, 1] all
distinct, p1,..,pn € (0,1], and g§, .., g5 € P([=1,1]). Its evolution in time,
fl, verifies

N
(31) Wi(fL, om0 @ Z Qi0p=p; q=q;) — 0, as t — +o0.

i=1
Here m{ denotes the mean opinion of the stubborn people weighted by the
power of persuasion, namely

o 1 1 1 y 0 "

Remark 3.2. An estimation of the velocity of convergence in (31) will be
determined for the general case in Theorem 3.2.
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Furthermore, for an intuitive explanation for the fact that the opinion of
the non-stubborn agents converges to m8, see Remark 3.4 below.

Proof. Observe that the distribution f! in (29) has the form:
N .

(33) fi = Z @iy (w)dw @ p=p, =g,
i=1

with g}, .., g € P([~1,1]). Notice that for any i = 1,.., N,
ft1|p=pi,q=qi =9
and
(34) 0egi(w) + Ou((my — w)ai(p)gs(w)) = 0,
in weak formulation, namely for any ¢ € C1([-1,1]),
d (! i ! i
@) [ s = [ =0 diw)
This follows from (15) extending ¢ to a smooth function with support in

[(—1,1] x (pi —n,pi + 1) % (¢ —n,¢; +n) with n > 0 small enough so that
(pi —n,pi + 1) x (¢ — 1, ¢ +n) does not contain any other (p;, ¢;).

Let us study the behavior of g{, i = 1,.., N, as t — +o00. We claim that
forany i =1,.., N and t > 0,

(36) Wl (gzv 5m§

) < 9e—c(P)t

)

where .
mii= [ wdgiw)

is the mean opinion of agents with (p,q) = (pi,¢;). Indeed, according to
Proposition 3.1, it follows from (34) that the generalized inverse Xj of the
cumulative distribution function corresponding to g; satisfies

0 X (r) = (my — X{(r))ai(p),

for any r € (0,1]. Then,
B(X{(1) = X{(r)? = —2q:(p)(X{(1) — X{(r))?,
so that by Gronwall’s Lemma
(37) Xi(1) = X{(r) < (X§(1) = Xj(r))e 0P < e,
On the other hand, since mi = fol Xi(r)dr, it holds that X{(07) < mi <
Xi(1) for all t. As a result,
1 1
Wildhdg) < [ fw—mildgiw) = [ 1Xi(r) = mildr
< X1 - X5 (0),

which, combined with (37), gives (36).
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In view of (36), it is natural to study the asymptotic behavior of m¢,
i=1,..,N. Taking ¢(w) = w in (35), we obtain

d i
dtmt (my —my)qi(p).

According to (29) and (33), we have

(pymy = / //pwdftwp,)

= ao(p)= omg + (1 — ao) Zajpjmt,
7j=1

where m] is defined in (32). Thus for any i = 1,.., N,

limé = ((1 — ap)ayp; — <p>)m;

qi dt
(38) . 0
+ (1 —ayp) Z arprmy + ao(p) jg=0myo-
k=1..N, k#i
Introducing M (t) := (m},..,mi¥ )T this can be rewritten as
M'(t) = AM(t) + B,

with B = ao(p>‘q:0m0(q1, ..,qN) and A = (aij)ij with

_ {%((1 — ap)a;p; — <p>) ifj=i
Qij = e
(1 — ao)giovjp; if j #i.

The solution is explicitly
M(t) = e M(0) + /t et=)4Bds = M (M(0) + A'B) — A7'B.
Notice that for any i = 1,(?., N,
_Qi<<p>|q:0a0 + (1 — ap) Z aij)-

J=1,.,N, j#i

It is then easily seen that A(1,..,1)T = —ao(p)|g=0(q1, -, qn)T, which yields
that
AT'B =-—miQ,..., )T

According to Gerschgorin’s disc theorem,

N
CUD<G¢¢, > |aik|>a
i=1

k=1..N ki

where o(A) denotes the spectrum of A and D(z,r) the disc in the complex
plane centered at z of radius r. Thus, for any ¢ =1, .., IV,

(39) ai+ Y lair] = —¢i(p)g=000 < —£00(p)g=0,
k=1.N ki
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which implies that
(40) 0(A) C{ze€C: Re(z) < —eap(p)g=0}-

We thus deduce that as t — +o0o, M(t) - —A~1B =mf(1,..,1)T exponen-
tially fast. This together with (36) is enough to obtain that Wy (g, o) — 0
for any i = 1,..., N. We are ready now to show (31). Using that W; com-
bines properly with convex combinations (see [47]), we have

(41)

=

N
Wl(ftlv Z ai6m8 ® Op=pi.g=q;) < aiW1(9; ® Op=p;.q=q;» 5m8 ® Op—pi,g=a;)

=1 %

I
—

ain (91%7 6m8)7

-

=1

which goes to 0 as t — +o0o. This completes the proof. O

Remark 3.3. The problem without the presence of stubborn agents will be
treated in a forthcoming work. Observe that in this case the inequality (39)
is no longer strictly negative. Therefore, this situation requires very different
arguments.

We now study the general case:
Theorem 3.2. Assume that the initial distribution has the form
fo=aofg + (1 - ao)fy,

where fJ € P(K) is supported in {g = 0} and fi € P(K) is supported in
{g > c0}. Admit also that the map

(p,q) € [0,1] x [0,£0] = fo(p.q) € P([=1,1])

is globally Lipschitz for the Wi-distance: there exists L > 0 such that for
any (p,q), (P, q") € [0,1] x [eo, 1],

(42) Wi ol Jolray) < Tla = '+ p = ')
Then,
(43) Wl(ftla f&(p’ q)dpdq ® 5m8) S 46—01080<p>|q=0t,
where
(14) mhim [ wdffwp)

<p>|q:O

is the mean opinion weighted by the normalized persuasion power within the
group of stubborn agents. Here (p)jq—o = [ pdfd(p) stands for the mean
value of p among the stubborn agents.
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Remark 3.4. Let us give an intuitive motivation for the convergence of
the opinion of the non-stubborn agents to m8. Suppose we know that there
exists Moo = limy_s oo m¢. In view of equation (17), it seems reasonable to
conjecture that f} converges to 6m_ (w) ® fd(p,q)dpdq so that fi — aofd +
(1 — )0, (W) ® fi(p,q)dpdg. In particular we can pass to the limit in the
definition of my to obtain that

(p)meo = (p) lim my = ao/pw dfg + (1 - ao)moo/pdfé(p, q).

t——4o00

Moreover,

(p) = ag /pdfé)(p) + (1= ap) /pdf&(p) = ap(p)jg=0 + (1 — ag) /pdf&(p)-
Furthermore,

0 (P)|g=0Moc = Q0 /P’w dfg,

which implies that My, = m8.

Remark 3.5. Sufficient conditions on f} ensuring the reqularity assumption
(42) can be easily found. Suppose for instance that fo1 has a density in the
sense that f§ = fi(w,p,q)dwdpdq with f} € LY(K). Then, f&|(p q)(w) =

f‘;lfgl&;%;]) if fi(p,q) # 0. Let us assume that
0 k]

(1) 0 < C < fo(p,q) < C" < o0 for any (p,q) such that f§(p,q) # 0,
(2) there exists C" > 0 such that
\fo(w,p,q) — folw,p'.d) < C"(Ip—p|+la— 1),

for any w and any (p,q), (v',d') with fq(p. q), fo (', ¢') # 0.
In that case f&‘(p 9 verifies

| foi) (@) = £y (@) < C"(Ip = P'| + g — '),

for any w and any (p,q), (¥, ') with f3(p,q), f3(',¢') # 0. Consequently,
for any ¢ : [~1,1] — R 1-Lipschitz and any (p, q), (', q') such that fi(p,q), fa(p',q) #
0, there holds

1 1
/yww%mwm—#mwwm=/}ww%mmm—ﬁwmwmm
1

gc%m—ﬁrwq—do/ ()] duw.

-1

Without loss of generality, it can be assumed that ¢(—1) = 0, since the
above inequalities are still valid when adding a constant to ¢. Accordingly,
|o|loo < 2. Taking the supremum over such ¢ in the above expression gives
(42) with L = 4C".

In the course of the proof we will use the following envelope Theorem due
to Milgrom and Segal in [34]:
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Theorem 3.3. Let X be a set. Consider the function V (t) := max,ex h(x,t),
€ [0,1]. Admit that h is absolutely continuous with respect to t for any x
and there exists b € L'([0,1]) such that |0sh(z,t)| < b(t) for any z € X and
almost any t € [0,1]. Then V is absolutely continuous.
Assume in addition that h is differentiable in t for any x € X and that
for any t € [0,1] the set X(t) := argmaz h(.,t) is non-empty. In this case,
for any selection of x*(t) € X (t) we have

-I-/O Oth(x*(s), s) ds

3.4. The proof of Theorem 3.2. We have all of the ingredients to show
the asymptotic behaviour in the general case. For convenience, we divide
the proof in several steps.

Proof of Theorem 3.2. For any t and any p,q € [0,1] X [g0,1] denote by
ft1|(p 0 € P([—1,1]) the conditional distribution of opinion among the agents
with parameter (p,q).

Step 3.1. For any (p,q) € supp (fo(p,q)dpdq), ft1|(p 9 is the unique solution
to
(45) atftl o) T O ((my w)Q<p>ft1|(p7q)) =0,
Fizolpg) = Folwa)
Moreover, the function (p,q) — ft1|(p 9 18 Lipschitz with respect to the
Wasserstein distance Wy. Namely, for any (p,q), (v, q") € [0,1] x [e0, 1],

(46) Wl(ft1|(p,q)’ ft1|(p’,q’)) < Ct(|q - q/’ + ’p _p,‘)
Furthermore, it fulfils

7 /Mft // /Mfupq dflpq), VéeC(K)

Proof. The existence of a unique solution to (45) is ensured by the results
of Canizo, Carrillo y Rosado [12], see Remark 3.1.

Denote by ¢; the flow of the vector-field (w,p,q) — (¢(p)(m: — w),0,0).
Since my is considered to be a known C! function, this flow can be rewritten

as ¢¢(w,p,q) = (o} (w,p,q),p,q) and f} = ¢ffy being the push-forward
measure defined as

/ b(w, p. q) dfi (w, p. q) = / b(n(w, p, 0)) dfi (w, p, ),
K K

for all v € C(K).
This implies that for any ¢ € C'([-1,1]) and ¢ € C([0,1] x [0, 1]),

/ ¢ dft w,p,q / ¢ ¢t w,p,q ¢(p,q)df8(QU,p,q),
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/1 /1 (0. /1 V(w) il ) () df (0. 9)

//¢>p, (] ot @ @) 0

The arbitrariness of ¢ € C([0,1] x [0,1]) yields, for any ¢ > 0 and any
continuous function v, that

(43) / P(w) dfl o (w / B w, 9, @) dfd g (),

i.e.

for almost any (p, q), except for a fi(p, ¢)dpdg-null set.

In particular, for any k € N, there exists a fg (p, ¢)dpdg-null set, denoted
as Ay C [0,1] x [0, 1], for which ¢(w) = w* verifies the previous inequality
at any (p,q) € A;k

Note that A; := Up>0drk is a fa(p, q)dpdg-null set such that (48) holds
for any polynomial 1) and any (p,q) € Af{. The density of the polynomials
in C(]—1,1]) implies that indeed, (48) holds for any ¢ € C'([-1,1]) and any
(p,q) € AY with A; of f}(p, q)dpdg-null measure. This equality can then also
be expressed as

(49) ft1|(p,q) = ¢t1(-7 b, Q)ﬁf(h(p,q)a

for any (p,q) € Af. We would like this identity is fulfilled for any (p,q) €
supp( fg (p, q)dpdq).

Fix certain ¢ > 0 and assume for the moment that there exists a constant
C; > 0 depending only on ¢ such that for any (p,q), (p/,¢') € [0,1] x [g0, 1],

(50) Wl(qbtl(ap> q)ﬁf(}|(p7q)7¢t1(‘7p/7q/)ﬁf01|(p/,q/)) S Ct(’q - q/‘ + ‘p _p/|)'

Note that this claim also shows the Lipschitz continuity stated in (46).
Using the decomposition f3(p,q)dpdq = fo1 , non—atom fé atom - sbserve
that (49) is also satisfied for any (p,q) belonging to a larger set, A§ U
{ fo1 atom 0}, since fo1 »atom oives positive mass to each of its atoms. This
observation and the continuity given in (46) conclude that (49) is satisfied
in AS U supp(fh atom).
It remains to modify the definition of ft1|(p,q) at the variables (p,q) €

Ay nsupp(fy? "™ in such a way that ftl‘(p ;) Preserves its continuity in

t and (49) holds for any (p, q) € supp(fa(p, q)dpdq).

Take first some (p, q) € A;N{fy """~ **™ > 0}. Since A; has null measure,
there exists a sequence (pg, q) € AFN{ fy 1 non—atom 0} such that (pg, qx) —
(p,q). As a consequence of (46), (ftl(pk,qk))k is a Cauchy sequence in the
complete space (P([—1,1],W7), hence it converges to some limit g¢, ) €
P([—1,1]). Furthermore, (46) ensures also that this limit does not depend
on the approximating sequence (pg, qx ) k-
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We then declare ftl‘(p 0 = Ypa) OB AN {f&,non—amm ~ 0} That way
ftﬁ(p 9 is continuous and (49) holds for any (p,q) € {fbnen—atom > (o},

Proceed with (p, q) € supp (f1 "°"~%°™) similarly, taking an approximating
sequence (pg,qx) € {fLmon—atom 5 01,
In conclusion, redefining ft1|(p g on [ (p, q)dpdgnull sets in such a way

that ft1|(p,q) and the right hand side of (49) are continuous with respect to

(p,q), guarantees that (49) and (48) are satisfied for any ¢ > 0 and any
(p,q) € supp (fa(p,q)dpdq). Moreover, it is clear that this modification is
in accordance with the application of Fubini’s Theorem, thus (47) holds.

To conclude the proof, it remains to prove the claim (50). Let ¢ :
[—1,1] — R be 1-Lipschitz. Note that

/wd((b%(‘ﬂpa Q)ﬁfol\(p,q) - ¢%(‘7p/7q/)ﬁf(}‘(p’,q’))

= [ w6k, 0) @) — [ 6} w5 D) iy g w0)
(51)

= /w(@l(w,p, q)) = »(; (w, ', 4")) Ay (W)

+ /w((ﬁ%(w)plaq/)) d(f(h(p/’q/) - f&‘(nq))(w) = I + II

The second term can be estimated using the definition of the Wasserstein
distance Wr,

11 < Lip((o¢ (0, )W (510 ary Folp.a)
< Lip(¢t (.0, d"))L(lg — ¢'| + [p — P']),

where L is the Lipschitz constant given by the assumption (42). On the
other hand, the first term in (51) can be bounded as

I < max (8t (. p ) — Y(dt (0, d))| < max 6t (., q) — &t (P, )]

Summ|ar|izing,
[ a6l Cp i - B D)
< mex |9 (w,p,q) = & (w,p', )| + Lip(é1 (¢, 4N Llla — 4| + |p ~ ')
At this stage, recall that

t
ot (w,p,q) = w+ q<p>/0 (ms — ¢4(w,p,q)) ds,

therefore,

t
ot (w,p,q) — ¢t (w,p,q") = (¢ —¢) <p> /0 (ms — ¢r(w,p',q)) ds

+q<p>/0 (ps(w,p’,q") — ¢s(w,p,q)) ds.
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Taking now into account that |¢f (w, p, ¢)| < 1 for any (w, p, q), we infer that

|6¢(w, p, @) — ¢e(w,p',¢)| < 2tlg — ¢'| + /Ot |65 (w, ', ") — ¢s(w,p, q)| ds.
With the use of Gronwall’s lemma this yields
|6t (w,p,9) — 61 (w, 0, q)| < 2teflg — g
Similar arguments prove that for w,w € [-1,1 and p, q € [0, 1],
|61 (w,p,q) — ¢4 (@0, p, q)| < €'|w — ],

hence Lip(¢}(.,p,q)) < e'. In conclusion, we have shown that

/wd(cbtl(-,p, D fojpg) — Pt (0 o) < CO (g = | +1p = p))-

The desired claim (50) follows now taking the supremum among all functions
1 1-Lipschitz. ]

Remark 3.6. It would be natural to conjecture that ftl‘(p q)’ modified in

f&(p, q)dpdg-null set as in Theorem 3.3, still defines a conditional density.
Indeed, it is straightforward to see that

pw(p, q) == ftl‘(pg)(w) € P([0,1] x [0,1]) for any w € [—1,1],

and P(X € A;Y € B) = [, [5dpw(p,q) dftﬁ(p,q)(w) for any A C [-1,1],
B C [0,1] x [0,1] Borel sets. However, the fact that fl(., B) is measurable

for any B C [0,1] x [0, 1] Borel, is not so immediate, and nevertheless is out
of the scope of our results. In particular, for our proof it suffices with (47).

We denote by

52 ) = [ wify g

the mean opinion among the agents with parameter p,q € [0, 1] x [gg, 1].
Step 3.2. There holds

(53) Wi £l (pg): Omitpna)) < 2600,

Proof. Tt can be deduced analogously to (36). O

In view of the previous step, it is natural to study the asymptotic behavior
of the function m(t,.) as t — +oc.

Step 3.3. For anyt > 0 and any (p,q) € [0,1] x [eo, 1] the function m(t,p,q)
defined in (52) satisfies

om(t, p,q) = qao(p)|g=o [mg —m(t,p, q)}

(54
+(1=ao)a | o[mlt.p'.d) = mlt.p.0)] (w5 0).
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Proof. Given that ftl‘(p 2 fulfills (45) for any (p,q) € [0,1] x [eq, 1], in par-
ticular

d

1 1
(55)0im(t,p.q) = Lﬁ/_lw‘lftl(p,q)(w) = q(p) /_l(mt—w) dftl\(pth)(w)

= q(p)(my —m(t,p,q)).

Moreover according to the definition of my,

(pyme = /KPWdft(wapa(J)

1 1
_ Oéo/_l/o pwdf8<w,p>+<1ao>/prdf3<w,p,q>,

being

[ roditwsa = [ 1 / o / twdff(pﬂ)(w))df&(p,q)
= /01 /Olpm(up, q) dfo (p, q)-

Denote as (p)jq—0 = [ pdf(p,w), that is, the mean value of p among the
agents with ¢ = 0. We have

(p) = /Kpdft(w,p,q)=ao<p>|q:o+(1—ao)/Kpdftl(w,p,q)-

In terms of (p) and (p)m: equation (55) is equivalent to
1 1 1 0
Som(tpa) = ool [ [ pwdidw.p) — wh-am(t.p.0)

+(1 — ap) /Kp' [m(t,p’, q') —mf(t,p, q)} dfs (w,p',q'),
which in view of the definition of m§ in (44), can be rewritten as (54). [

At this stage, our aim is to determine the behavior as ¢ — +oo of the
solution m(t,p,q) to the linear system (54), which is exactly the system
appearing in (38), when fi had the special form f} = Zf\il aigh(w)dw @
Op=pi,q=q;-

The following step proves that m(t,p, q) is Lipschitz continuous in (p, q)
uniformly in .

Step 3.4. For any eg < € < 2/(L(p)) (where L is given in (42)), and for
any (p,q), (1',¢') € [0,1] X [e0, 1], there holds
2

(56) Im(t,p,q) —m(t,p',q')| < @(Iq —d'|+1p -7
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Proof. Using (54) we have

de[m(t,p,q) —m(t,p',q')]
= ao(p)jg—omo(q — q') —ao< Vg=o(a — ¢")m(t,p,q)
—ao(p) |g=0d'[m(t, p,q) — m(t,p',q")]

+(1—a)(g—¢ / / m(t,p,q) — m(t,p,q)] dfy (B, §)

1 1
—ﬂ—%wmmnnwwwymlﬁp%m@
:4q—4ﬁa<mFMm“—m@pﬂn

+(1— g / / mf(t, p,q) — m(t,p,q)] dfy (b, q)}
~[m(t,p,q) —m(t,p',q")ld (p)-
Consequently,

10
20t

— (g a) [m(t,p.q) = m(t,', )| { a0 (p) golml — m(t,p, 0)]
+H(1 = a0) [ plm(t,5.0) — m(t.p.0)) df} (5.}
(

—|m(t,p,q) = m(t,p',d)*d (p)-
Recalling that [mQ]|, |m(t,p,q)| < 1, it is straightforward to see that

ao(p)|g=o[mp —m(t, p, Q)]+(1—ao)/ﬁ[M(t,ﬁ, Q) —m(t, p, q)] dfy (P, d)‘ <2

The fact that ¢’ > &g allows to deduce that

—|m(t,p,q) —m(t,p',q)?

10
t t /1|2
28t\m( ,0,q) —m(t,p',q)]
<2lg—{| ‘m(typ, q) —m(t,p, q’)’ — eo(p)|m(t,p,q) — m(t,p, q)|?
<2(lg— ¢l +Ip—pD|mit.p.) = m(t.¥ )
—eo(p)Im(t,p, q) — m(t,p',d)%
Let u(t) > 0 be the solution to
{ u'(t) =4(lg— ¢+ p— )V ult) — 2e0(p)ult)
u(0) = |m(0,p,q) —m(0,p',q)|*

Note that |m(t,p,q) — m(t,p',¢")|> < u(t). Moreover, writing the equation
for u as

/() = 20(p) V/alt) (u” — Vulh))
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where

ot 2a=dl+ o =)

eo(p)

we see that if u(0) < (u*)?, then u(t) < (u*)? for any t and u(t) — (u*)2.
Observe that in view of the assumption (42),

2

1 1
w(0) = [m(0.p.q) = m(0.¢,¢) = ‘/1Wdf&|(p,q)(w) - /1wdf&|(p’,q’)(w)

IN

2
(Wl(f&\(p,q), fol\(p/,q/))) < L(lg— |+ p—P])*.

Taking & > 0 such that g9 < e < 2/(L(p)), ensures that u(0) < (u*)? and
thus u(t) < (u*)? for any ¢t. It follows then |m(t,p,q) —m(t, ', ¢')|* < u(t) <
(u*)?, which proves (56).

U

We have all of the ingredients to show the convergence of m(t,p, q) to m9:

Step 3.5. For any (p,q) € supp (fa(p,q)dpdq) and any t > 0 it holds that

Im(t, p,q) —mp| < ( max  |m(0,p,q) — m8|)€_500‘0<p>\t:0t_
(p,g)€supp(f})

Proof. Relation (54) implies that for any ¢ € [eo, 1] and ¢ > 0

(57)
10
20t

= —C]a0< >|q 0[ 0— (t b,q

(1= ag)[mlt, p,q) mo// m(t, 5,d) — m(t,p.q)| df(5.d)-

—|m(t,p,q) — mJ|*

In particular, choosing (p, q) = (p*,¢*) a maximum point for [m(t,.) — mJ|
(its existence is ensured since supp( fa(p,q)dpdq) is compact and m(t,.) is
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continuous). Then,

1 r1
+4"(1 = ao)[m(t, ", ") — mg] /O /O B|(m(t,5.@) = mf) + (m§ — m(t.p".a")] df§ (5, 0)
= —q"a0(p)jg=olmo — m(t,p", ¢")

+a° (L= ) m(t, 17, 0" m// m(t,,3) — m§] drd (5, )

—q*(l—ao)[m<t,p*,q*)—m8]2/ / Bafi(5.9)
0 0
=JT+II+11I.

The choice of ¢* assures that
1 1
11 < g*(1 = ao)|m(t,p*,q") — m8|2/ / pdfo(p,q) = —111.
o Jo
The cancellation of these two terms gives
8 >k *
(58) §|m(t7 ) = Mgl gy < —22000(p)|g=0lmg — m(t, p*, ¢")|*.

pa)esupp(f) Pt (P, @) with h(t; (p, q)) = [m(t, p, q) —
mJ|?, which in ¢ is a C! function since m is C! in t. Moreover, by (57) it
holds that |0:h(t; (p,q))] < C. Now the envelope Theorem 3.3 applies to
obtain that V is absolutely continuous with derivative

V(t) = 8t(|m(t, 7 — m8|2> ae..
Thus, in view of (58),

Denote V(t) = max

V/(t) < —2e0a0(p)jq=0V (1)

and as a result
V(t) < V(0)e2e000Phg=ot

which completes the proof. O

We are now in position to accomplish the proof of Theorem 3.2. The
previous Step ensures that for any ¢ > 0 and any (p,q) € supp fa(p, q)dpdyq,

" (‘5 (t.) Omg ) Im(t, p, q) — mY| < 2e00Pia=0t,
According to (53) and noticing that (p) > 040<]3>|q:o, we infer that
Wi <ft|(p 02 Omg > < 2e7%000(P)jg=0t 4 2 —20(PIt < go—c00(P) (g0t

We now claim that

W (ftla Omg ® fo (p, q)dpdq> < dem=0o0(P)got
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Indeed let ¢ : K — R be 1-Lipschitz. Then,

/ (dft 8y @ fo (P, )dpdq)

// /wwp, (dft)(p.q) — g))dfo(p,Q)-

Since (., p, q) es 1-Lipschitz, the inner integral is bounded above by Wi (fy|(p,q)» mg),
which imphes that

/K w<dft1—5m8®f&(p,q)dpdq) < dem00Plig=ot / / dfo(p,q

—  4e—c020(P)|g=0t

The claim follows taking supremum over all functions ¥ 1-Lipschitz. The
proof of the theorem is now complete. O

4. COMPUTATIONAL EXPERIMENTS

We close the paper with some agent based simulations.

The numerical experiment considers a population of N = 10000 agents
with ag = 60% stubborn agents. We take such a high proportion to speed
up the computations in view of (43) whereas it does not change the value
of M.

Initially,

e cach non-stubborn agent has opinion chosen uniformly at random in
[0.3; 1], parameter ¢ is chosen uniformly at random in [0.2; 1] and we
set p=1—gq,

e one third of the stubborn agents has p = 0.6 and opinion chosen at
random in [—0.8; —0.6] uniformly, whereas the others have p = 0.2
and opinion chosen uniformly at random in [0.4;0.8].

Notice in particular that

(p) = 1><06—1—2><02—1
Pla=0 = g x0T g2 0e= 3
1
(p)y = a0<p)q_0+(1—ozg)/pdf0120.6*34—0.4*(1—0.6)
= 0.36,
. 1 2
pwdfy (w,p) = 3 x 0.6 x (—0.7) + 3 x 0.2 x 0.6.

It follows that

pw 0
Moo = dfy (w,p) ~ —0.18.
/ (P)g=0 0

We then let the agents interact following the rules with v = 0.01. We
depict in the figures in Table 4 the density of (w,q) parameters among
the non-stubborn population for different times in gray scale (the whiter
is the graphic, the higher is the density). This picture clearly reveals the
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convergence of the density of opinion fy,(w)dw among the population with
q towards its mean value m,(t) (at a faster pace for higher ¢ as predicted),
and then the displacement of the curve-like density to a vertical segment
located at w =~ —0.18. This is in complete agreement with the theoretical
value mq, given above.

DensityEvol_jO. jpg DensityEvol_j37.jpg

DensityEvol_j96. jpg DensityEvol_j700. jpg

TABLE 1. From left to right and top to bottom, the figures
represent the density of (w,q) parameters among the non-
stubborn population in gray scale (the whiter is the graphic,
the higher is the density) with opinion w in the horizontal
axe, and ¢ in the vertical axe after respectively 0,37,96,700
x 50000 interactions. The initial values of (w, p,q) are those
given in the text.
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APPENDIX A. EXISTENCE OF A UNIQUE SOLUTION TO THE BOLTZMANN
EQUATION. PROOF OF THEOREM 2.1

The existence of a unique solution to the Boltzmann equation results as
an application of the classical Banach Fixed Point Theorem, as it is sketched
n [13]. We provide here a detailed proof, for the reader’s convenience.

Proof. Let us first introduce some notations. If f,g € M(K) are given
measures, we define a finite measure Q(f,g) by

QU0 = 5[ (@)= o) di@)dg(.)d00)

1

(59)
L1 / (G(@) — ¢()) dg(w)df (=) dO(n),
K2xB

2
for any ¢ € C(K). Notice that
(Q(f,9),0)] < 2[llsll Fllllgll,

where || f|| and ||g|| denote the total variation norm (1) of f and g, respec-
tively. Consequently, the total variation norm of the measure Q(f, g) verifies
that

(60) 1Q(f, )l <20 f1lllgll-
Observe for future use that Q(f, f) — Q(g,9) = Q(f + g, f — g) which yields
(61) 1Q(f, ) = Qg, )l < 2|f + gllllf — gll-

Fix some T > 0 to be chosen later on. Denote by Cr := C([0,T], P(K))
the space of functions from [0, 7] with values in P(K) being continuous for
the total variation norm. The estimate (60) ensures that for all f, g € Cp, it

holds ||Q(fs, gs)|| < C for any s € [0,7]. Thus fg |Q(fs,9s)| ds is finite and

we can consider the integral fg Q(fs,gs) ds in the Bochner sense. Since P(K)
is separable (because K is compact), the integration is indeed understood
in the Pettis sense. In particular,

(62) ( /O Qfrg2) ds, &) = /0 (QUwgs) &) ds,  for any é € C(K).

Under these notations, (7) can be rewritten as

/¢dft /<z>dfo+/ QU f2),6) ds
i.e.

t
(63) fi=fot /0 Qs f3) ds = J(f)(0).

Our purpose is to find a fixed point of J in the closed subspace X1 of Cr
defined as

X7 = {f e Cr: f(O) = fO and Ogltag}gﬂnftH < 2”f0H}7
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where T is sufficiently small. We endow X with the sup-norm given by
| fllx, = maxo<t<r ||fe]|. For any f € Xp, a direct application of the
Dominated Convergence Theorem ensures that J(f) € Cpr. Moreover, in
view of (60), we get

A

t
ITOO1 < foll+ [ 1QUs Flds < 1ol +27 gmas, 151

< | foll + 8T fol*.

Taking T' < 1/(8|| fo||) guarantees that J(f) € X7. Next we prove that J is
in fact a strict contraction. Recall that by (61) we know

7)) = J(g) DI < ]ﬁ 1Q(fs, fs) = Q(gs, 95)|l ds

A

IN

t
2AHﬁ+%Mﬂ—%Ms

< 8T follllf — gl

The choice e.g. T = 1/(16]|fo||) provides that ||J(f) — J(9)|| < 3/lf — gl|-
The existence of a unique fixed point of J in X7 consequently follows.

Taking ¢ = 1 in (7) and recalling that fo € P(K) shows that [, fi(w) =
1. It just remains to see that f; > 0 to infer that f; € P(K) with [|f]| =
|l foll = 1. At this point, we could then repeat the previous argument to
extend f; to [T,2T1], [2T,3T], and so on, and conclude the existence proof.
Proposition A.1 below is devoted to prove the non-negativity of f, which
completes this proof. ([l

AN

Remark A.1. Bearing in mind that f is continuous in time, it is no difficult
to see that [, p(w)dfi(w) is a C' function with respect to t, whose derivative
is specified by (6).

Indeed, with the notations introduced in the previous proof, it holds that
t+h

|20 o, ) QUfss f3) ds = QUfes £

i
</ @t £ - Qe ) as.

Thanks to (61) we infer that

|20 o, 1| < sisoll - /:M Ifs — fill ds,

which goes to 0 as h — 0, since f is continuous. Therefore, (7) can be
rewritten as

Ohf =Qf f).

We complete the proof of Theorem 2.1 showing the uniqueness and non-
negativity of f;.
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Proposition A.1. Let g9 € P(K) and A\ > 1. There exists a unique g €
C([0,400), M1 (K)) such that gu—o = go and for t > 0 solving

(64) Orgt + Agt = Q(gt, 9t) + \gt / dgy.
K

Remark A.2. Notice that || f|| = 1 guarantees that f; is a solution to (64).
By uniqueness fi must belong to M (K), hence is nonnegative.

Proof. We begin introducing some definitions. Let I' : M(K) x M(K) —
M (K) be a measure determined by I'(f, g) = Q(f,g9) + %(gf f+f/]g). De-
note I'(f) :=T'(f, f) and Q(f) = Q(f, f). In view of (61), I'(f) is continuous
in f with respect to the total variation norm.

Moreover, we claim that I'(f,g) > 0 if f and g are non-negative. To see
this, note that the measure @) can be represented by Q(f,g9) = Q+(f,9) —

Q-(f,g) with
1

69) Q) d)=5 [ ol (4(=)o() + dg(=)df (=) )b

and

06 Q- ([ datasm o[

KxB

df(=)ab) ).
for any ¢ € C(K).

Then, I' can be expressed as

() = Qulhar 500 (1 [

because A > 1 and the claim follows.
Furthermore, whenever g > f > 0,
(67) I'(g) = T'(f) = 0.
Indeed, since g + f and g — f are non-negative measures,
I(g) —T(f)=T(g+f,9—f) =0
We need to find g € C([0, 400, My (K)) such that [ g <1 and

dg(w)db(n) +g/

KxB

df<w>d9<n>> >0,

x B

t
(68) g = e Plgo + / =)D (g,) ds.
0

It will be obtained as the limit of the following sequence g" : [0, +00) —
M(K), n > 0, defined iteratively by ¢° = 0 and

t
(69) = e Mgy + / e AE=IP(gn 1) ds.
0

Since gg > 0 and the measure I' is continuous, non-negative and non-
decreasing, it is easy to see that g;" > g[‘fl > 0 for any n and t > 0.
Clearly, ¢g" € C([0,400), M(K)). Even more, by integrating equation (68)
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in K, taking into account that [Q(f) = 0 for any f € M(K), we deduce
that the total mass g'(K) = [, dgi* satisfies

t 2
G (EK) = e 4 A / N (g2 (K)) ds.
0

By induction, ¢gf'(K) < 1 for any ¢t. Therefore, for any non-negative ¢ €
C(K), the sequence ( [y ¢ dgf"), is non-decreasing and bounded. It ensures
the existence of a limit (g¢, @) := limy, o0 [ ¢ dg}.

The estimate (60) yields that ||I'(¢g)|| < 2+ A uniformly in n,¢. Then for
any T > 0, it follows then that

lg' = g1l < C(T)ls — ¢,

for any s,t € [0,7] and any n. Applying Arzela-Ascoli theorem, we have,
up to a subsequence, that ¢g" — g in Cjye([0, +00), M (K)), which implies
that g € Cioe(]0, +00), M4 (K)) and ¢:(K) < 1. Passing to the limit in (69),
we get that g satisfies (68).
Observe that the continuity of I' guarantees that ¢ belongs in fact to C.
Eventually, if g is another solution of (68), then, by (61),

t t
lg: — Gl < / e D(g,) — T(3,)]| ds < C / 9|, — |l ds,

so that ||g; — g¢|| = 0 by Gronwall’s Lemma. As a result g = g and the proof
is finished. O

APPENDIX B. GRAZING LiMIT. PROOF OF THEOREM 2.2

We perform exhaustively the passage to the grazing limit, considering all
of the possible balances between the transport and the diffusion terms. Our
proof is based on the arguments given in [44], adapted to our specific model.

Proof. First of all consider the case 02 = y for some A > 0. Let ¢ € C3(K).
The rescaled measure f,(7) solves

/¢ @) f(r,

-2 /B K2<¢<w> B(@)) (7, @) (7, 0 o d0 ).

Recall that @ = (w, p, q) and @’ = (', p, ¢). We perform a Taylor expansion
of ¢ (with respect to the w variable) up to second order:

H') — 8(@) = bu(w@) (0 — w) + Soun(@)(w' — w),

with @ = (W, p, q) being w = 6w + (1 — O)w’ for some 6 € (0,1). Note that
[znO(n)dn = 0 and [ n*O(n)dn = o2. Then substituting this expansion
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into the previous equation and using the updating rules (4), it yields

(70)
d
= | st m)ie

:/ gbw(w)p*q(w* _w)fv(Taw)f'y(T» w*)dwdw*
/ Guns ()2 D2([]) f (, ) dw

47 [ bun @B . — P, () ()i, + R 7,0,
K2

where

R =5 [ [ ) (watw. =)+ maD(ju))

(¢ww (@) - ¢ww (w))f’y (T’ w)f’y (7—7 w*)dew*dﬂ

Observe that the first integral in (70) can be written as follows

. /K 460 (@) £, (7, @) de /K petw, f (7, ) deo,
~ [ qwout@) s, (i [ pfy (7,
K K

- / ((wp) — (p)w) (@) f (. w)dew
= [ () = w)p)au() ()i,

where m, (1) := é S wpfy(T, @

= | st rm)ie
e

'y( ) — w){(p)qduw(w@ )fV(T,w)dw

)dw. The previous analysis implies that

2
5 /K D2 () () f (7, @) do
"‘1 ¢ww( ) 2 2( *_w)2f7(7—7

9 w)f'Y (Ta w*)dwdw* + R(Ta s J)
K2
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which integrated in time gives,

| #(@)w) ~ )i
-/ ’ [0 = ) Bl () 5, ) s
(71) +§,j / ’ | DAl (5, )
=7 T @R~ w5, 5 7 s

+/ R(s,7,0)ds.

We now show that, whenever 02/ remains bounded as v, — 0, then

(72) lim R(1,v,0) =0 uniformly in 7 € R.

v,0—0

USiIlg that @ = (w’pa Q)v w = (w/apa q) and |,LZ) - w| = (1 - (9)|UJ/ - w| <
|w" — w|, we easily see that

|¢ww(@) - ¢ww(w)| < ||¢www|‘00|w - w| < |‘¢www||00|w, - ’LU|.

As a result,

Rl < 10l [ [ o) peatu. -

3
+naD(w))|f, (7, @), (7. . dzwdw. o,

Applying the inequality (a + b)® < 8(a/2 + b/2)? < 4(a® + b?) and taking
into account that p.,q,~v, D(Jw|) € [0,1] and w, w, € [—1,1], we deduce that

Iypeq(ws — w) 4+ ngD(Jw|) > < 4(|ypug(ws—w) [P+ |ngD(jw]) ) < 32y +4n?.

Consequently,
2 20 3
(73) [R(7,7,0)| = lpwwwllo { 167 +70EHY\] :

and the limit (72) follows since we assumed E[|Y ]3] < co.

We denote X = C3(K) with the usual norm ||¢||x = > laj<s 1079 oc-
Recall that p,q,p*,q*, D(|w|) € [0,1], fy(r,-) € P([-1,1]) for all 7 and
m~(t), w,w* € [-1,1]. Invoking (71) and (73) it can be inferred that
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[ ot@)h )~ £ (5 yam]
< [2houle + 6wl (22 + Z)
Hiowenle (1677 + oY) | 7 =)

2, 20° 3, O /
<|[éllx (24 2y + 164 +70E[|Y| |+ 5 (7" —71).

= Cllgllx ("= 7).

Taking supremum gives

@ s | @) nw) - 1 @am] < O - ).
X, ||Pl|x<1 /K
Define
(75) lull :=  sup / dp.
peX |9 x<1JK

Then, (74) can be read as
1£5(r) = £ (I < Clr' = 7,

for any v € [0,1] and any 7,7’ € [0,400), where the constant C is in-
dependent of ~,7,7’. It can be shown that the norm in (75) induces the
weak topology on P(K) (see Ref.[17], Lemma 5.3 and, Corollary 5.5). We
have thus shown that the sequence of continuous probability measure valued
functions f : [0, +00) — P(K) are uniformly equicontinuous. In addition,
| f4(7)]] <1 for any 7 and ~, hence Arzela-Ascoli theorem, together with
a diagonal argument, ensure the existence of g € C([0,00); P(K)) and a
subsequence (7y), converging to 0 such that f,, — ¢g in C([0,T]; P(K)) for

any 1" > 0.

It remains to pass to the limit in (71). Since the norm in (75) metrizes

the weak convergence, it is well known (see for example [47]) that

— —0 — 00,
e 1£5,() = 9(7)] s 1 — 00

can be expressed in terms of the Wasserstein distance as

(76) lim max Wi(fy,(7),9(r)) =0.

n—00 r€[0,7)

We can rewrite (76) as

(77) /K (@) f, (. @)d — /K o(@)g(r, @)dw,
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uniformly on compacts 0 < 7 < T for any T > 0 and for any Lipschitz
function . As a result we have

1 1
my(7) = — | wpfy(rT,w)dw = — | wpg(r,w)dw =: m(7),
(p) Jx (p) Jx

uniformly for 7 € [0,T], T > 0. Passing to the limit in (71) this shows that
for any ¢ € C3(K) and any 7/ > 7 > 0,

[ oo = [ odsc+ [ [ i)~ wphaou(@) o=
27 [ D () da (s,

which proves (14) as desired
Admit now that & — 0. Taking limit as A — 0 in (71) shows (15).
Finally, suppose that 02 = My for some A > 0 and a € (0,1). In
partlcular — +00 as v — 0, hence the diffusion dominates the transport.
Rescaling tlme as 7 := %t (70) now reads as

d
= | st )i

=7 / Pu(@)Paq(ws — w) f (7, @) f (7, @) dwde,
/ bunn( @) D2 (Jw]) £, (r, =)de

g [ ounl @, — w7, )3, ) dwdw + (7, ,0),
2 K2

where R(7,v,0) = y3~“R(7,7,0). Using (73), we have

[R(7,7,0)| < [|¢llx (167°~ + 220 B]Y °) = o(1) ]| 6] x

Arguing as before it can be shown that the limit g satisfies (16), and the
proof is complete.
O
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