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Abstract:  We study the distribution of wealth in a market economy in which the trading
propensity of the agents is uncertain. Our approach is based on kinetic models for collective
phenomena, which, at variance with the classical kinetic theory of rarefied gases, has to face the
lack of fundamental principles, which are replaced by empirical social forces of which we have at
most statistical information. The proposed kinetic description allows recovering emergent wealth
distribution profiles, which are described by the steady states of a Fokker-Planck-type equation with
uncertain parameters. A statistical study of the stationary profiles of the Fokker-Planck equation then
shows that the wealth distribution can develop a multimodal shape in the presence of observable
highly stressful economic situations.

Keywords: kinetic models of wealth distribution; Fokker-Planck-type equations; kinetic models of
opinion formation; uncertain parameters

1. Introduction

The mathematical modeling of elementary interactions among agents leading to the correct
description of the emerging wealth distribution in Western societies has attracted both applied
mathematicians and physicists in the last few decades. A significant part of this research activity
applied the methodology of statistical mechanics to build kinetic-type equations [1-18] able to
reproduce at best the typical features of economies, including the formation of fat-tailed distributions
observed by Pareto in capitalistic societies [19]. The modeling of the economic aspects of multi-agent
systems has benefited greatly from related research in which statistical physics has been applied to
interdisciplinary fields ranging from the classical biological context [20-24], to the new aspects of
socio-economic [25-29] and traffic dynamics [30-33].

Besides the kinetic models able to produce, in agreement with the discoveries of the Italian
economist Vilfredo Pareto, the fat-tailed behavior of the stationary profile [26,28], a class of
Fokker-Planck-type equations has a distinguished role. These equations, parameterized by a constant
0 < 6 < 1linked to the interaction frequency [34], describe the evolution in time of the density f(w, t)
of a system of agents with personal wealth w > 0 at time t > 0 according to:
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In Equation (1), A, ¢, and m denote positive constants related to the relevant properties of the
trade rules of the agents. Equation (1) has a unique equilibrium density of unit mass, given by the

inverse Gamma function: s o
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In (2), 1 denotes the positive constant:
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This stationary distribution, as predicted by the analysis of Pareto in [19], exhibits a power-law
tail for large values of the wealth variable.

The Fokker-Planck Equation (1) was first obtained by Bouchaud and Mézard in [35] through a
mean field limit procedure applied to a stochastic dynamical equation for the wealth density and later
found in [36] by resorting to an asymptotic procedure (the limit of grazing interactions) applied to
a Boltzmann-type kinetic model for binary trading in the presence of risks. These results refer to
the case 6 = 0. Several studies then made use of this equation, still with 6 = 0, to describe various
problems related to the time-evolution of wealth density towards a Pareto-type equilibrium in a trading
society [3,37—41].

The kinetic equation considered in [36] is a bilinear Boltzmann-type equation in which agents
perform binary trades characterized by universal rules and where the interaction kernel has been
selected to be of the Maxwell type [42,43].

At variance with the interaction law defined in [8,36], which generates a bilinear Boltzmann-type
equation in which agents perform binary trades and where the interaction kernel has been selected
to be of the Maxwell type [42,43], we will consider a linear exchange mechanism. While this choice
does not modify the polynomial tails of the resulting equilibrium [34], it is simple enough to clarify
in a precise way the connection between the interaction parameters and the equilibrium shape for
intermediate values of the wealth variable. Further studies should include interactions that do depend
not only on the microscopic state of the interaction entities, but also on the dependent variable, namely
the distribution function over the microscopic state [44]. According to the modeling hypotheses
in [8,36], the elementary change of the wealth w € R of an agent of the system trading with the
market is the sum of three different contributions [34]:

w' = (1-A)w+Ayv+nw. 4)

In (4), A is a positive constant, such that A < 1. The first term in (4) measures the wealth that
remains in the hands of the trader who enters into the trading market using in each trade a (small)
percentage Aw of his/her wealth. Hence, the constant A quantifies the saving propensity of the agent,
namely the human perception that it can be quite dangerous to trade the whole amount of wealth in
a single interaction [8]. The second term represents the amount of wealth the trader receives from
the market as a result of the trading activity. The wealth v € R is sampled by a certain distribution
£, with mean value M, which describes the (constant in time) distribution of wealth in the market.
This distribution is usually assumed to possess moments bounded up to the order two. We define:

M, :/ v*E(v)dv < 400, 0<a <2,
Ry

and, for simplicity, M; = M. Note that in general, the constant A); < 1 in front of the wealth v

is different from A. Lastly, the centered random variable 7, of variance o, characterizes the risks

connected to the trading activity. In the limit procedure, the variance o of the risk variable # and the

saving propensity A of the trade (4) become the coefficients of the diffusion and drift terms of the
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Fokker-Planck Equation (1). Last, the constant m is proportional to the mean value M of the wealth of

the market, and it is given by:
_ AmMigs

A marked economic rule is played by the parameter §, which characterizes both the diffusion
and drift coefficients of the Fokker—Planck Equation (1), but it is not directly linked to the elementary
interaction (4). As extensively discussed in [45], when ¢ = 0, the convergence results of the equilibrium
of the solution to (1) are not fully satisfactory. Indeed, convergence in the strong sense was established
at a polynomial rate for general initial densities [46] or at an exponential rate for a very restricted class
of initial densities, which need to be chosen initially very close to the equilibrium [45]. This results in an
essential difference between Equation (1) and the standard Fokker-Planck equation, where convergence
to equilibrium has been proven to hold exponentially in time with an explicit rate for all initial data
satisfying natural and non-restrictive physical conditions [47]. As outlined in [34], the proof of
exponential convergence to equilibrium is not only a pure mathematical result. The (apparent) lack
of exponential convergence to equilibrium for the solution to Equation (1) brings into question if the
kinetic modeling leading to the choice § = 0 in the Fokker-Planck Equation (1) takes into account in
the right way all the principal aspects of the agents trading. Indeed, as happens for the solution to the
famous Boltzmann equation [48,49], exponential convergence to equilibrium is the main motivation
to justify why in the real world we are always observing a wealth distribution with Pareto tails.
The weak point was identified in [34] in the hypothesis of Maxwell interactions. In classical kinetic
theory, Maxwell pseudo-molecules describe a gas in which the collision kernel does not depend on
the relative velocity of the molecules. Analogously, in the economic context, the hypothesis of the
Maxwell interaction corresponds to making the strong assumption that the frequency of trading does
not depend on the amount of wealth put into the trade. While this choice is easy to handle from
a mathematical point of view, it naturally leads to eliminating essential aspects of human behavior
from the trading. Consequently, this simplification could introduce some fault into the model, since,
in contrast to the classical kinetic theory of rarefied gases, human behavior plays a substantial role into
the mathematical modeling of socio-economic phenomena [50-55].

To account for the human behavior, a variable collision kernel, designed to exclude unphysical
trading interactions, was introduced in the underlying kinetic equation of the Boltzmann type [34].
Within this choice, the class of Fokker-Planck equations with 6 > 0 was obtained. The main
consequence related to the choice 6 > 0 in the Fokker-Planck Equation (1) was that its solution,
at variance with the case § = 0, was proven to converge exponentially in relative entropy, at an
explicit rate, towards the equilibrium density (2) [34]. It is remarkable that the possibility to
introduce this further parameter into the Fokker-Planck equation is restricted to its derivation from a
kinetic description in terms of a Boltzmann-type collision operator, which enlightens once again the
advantages of a modeling based on classical kinetic theory.

The mathematical goal in [34] enlightens the importance of considering at best the human
behavior of agents in the trading activity. In this context, a further parameter of the interaction (4),
which deserves to be better analyzed, is the saving parameter, which is strongly related to the
personal behavior of agents. Starting from its introduction in [8], the role of the saving parameter A in
determining the profile of the steady distribution has been studied in various papers. The effects of
a personal randomly distributed saving propensity were considered in [5,56-59]. At variance with
the case of a fixed value of A, where the equilibrium wealth distribution can be a simple inverse
Gamma distribution with a well-defined mode, in the presence of randomly distributed values of the
saving parameter A with a finite number of possible values, it has been recognized that the observed
power-law arises from the mixture of Gamma distributions corresponding to agents with different
values of A. Moreover, in systems where the saving propensity is distributed according to an arbitrary
distribution function, individual agents relax toward a Gamma distribution similarly to systems
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with a global saving propensity, with the important difference that in this case, the various Gamma
distributions corresponding to different A’s will mix in such a way to produce a power-law.

The case of a saving propensity that takes only two different values is of independent interest.
As observed by Gupta in [13] and studied in [60], this case could lead to a steady distribution with
a bimodal shape, as observed in the wealth distribution as a consequence of the economic crisis in
Argentina around the year 2002 [61,62]. Furthermore, bimodal distributions can appear in the presence
of a stressful situation, like for example the one determined by the rapid spreading of the COVID-19
epidemic in Western countries and the consequent lockdown measures assumed by the governments
to control and limit its effects [63,64]. Indeed, in the presence of the infectious disease, the trading
propensities require being suitably modified to take into account the personal response of agents to the
new unexpected economic situations. Last, in a different economic context, a bimodal shape can follow
an international trading activity in which different countries apply different saving coefficients [40].

The results of most of these research works pointed out that bimodal distributions are the
consequences of extremal phenomena and that the distribution of the saving propensity of agents in
these situations plays an essential rule. However, the appearance of a bimodal distribution has been
observed only in a highly stylized and somewhat non-realistic situation, which requires the splitting
of the population into two classes that trade by different saving constants. On the other side, in the
case of a randomly distributed saving propensity, like in [5,56,58,59], the consistency of the choice of a
particular distribution has never been taken into account.

In this paper, we aim at building, through a solid basis, the distribution of saving propensity
in a system of agents, by resorting to the well-established kinetic modeling of opinion formation,
as studied in [28,65] (cf. also [66] for recent applications). The main hypothesis of our analysis is
that, in the presence of a highly stressful event, agents react first by adapting their opinion to the new
situation and then entering into the trading market with an established opinion. Hence, assuming that
opinion reaches a steady state at a quicker time scale with respect to the economy, we justify the choice
of a randomly distributed saving parameter, distributed according to the steady profile of opinion.

Let us describe now in detail the structure of the paper. In Section 2, we briefly illustrate the
kinetic model of opinion formation introduced in [65], together with its application to the formation of
a distributed saving propensity. Then, in Section 3, we deal with the new kinetic model for wealth
distribution that incorporates the randomly distributed saving propensity in the elementary interaction.
The new kinetic equation for wealth distribution is modeled according to the recent paper [34], which is
based on the original kinetic model considered in [36], with the addition of a variable collision kernel.
Then, in Section 4, we study the possible effects of a stressful economic situation by looking at the
range of parameters that can determine, through the distribution of the saving propensity, a bimodal
distribution in the marginal wealth distribution density. A rigorous statistical analysis then shows that
a bimodal distribution can appear even in the presence of a randomly distributed saving propensity in
which, with a sufficiently high probability, agents split into two different classes of traders.

2. A Brief Excursion on Kinetic Modeling of Opinion Formation

In this brief section, we describe the process of opinion formation using the toolbox of classical
kinetic theory [28]. Within this choice, one will be able to present an almost uniform picture of opinion
dynamics, starting from a few simple rules. The kinetic model of reference was introduced by one of the
authors in 2006 [65] and was subsequently generalized in many ways (see [27,28] for recent surveys).
The building blocks of kinetic models are the elementary interactions. In classical opinion formation,
interactions among agents are usually described in terms of a few relevant concepts, represented
respectively by compromise and self-thinking. Once fixed to characterize interactions, the microscopic
rules are responsible for the formation of coherent macroscopic structures.

In opinion formation, the remarkably simple compromise process describes mathematically the
way in which pairs of agents reach a fair compromise after exchanging opinions or agents agree with
the mean opinion of the society. The rule and the consequences of compromise have been intensively
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studied both theoretically and from the numerical point of view [67-72]. The second aspect is the
self-thinking process, which allows individuals to change their opinions in an unpredictable way.
It is usually mathematically described in terms of some random variable [65,69]. The resulting
kinetic models are sufficiently general to take into account a large variety of human behaviors and to
reproduce in many cases explicit steady profiles, from which one can easily elaborate information on
the distribution of opinion.

The opinion variable x is commonly assumed to take values in the bounded interval Z = (—1,1),
the values 1 denoting the extremal opinions. Among the various kinetic models introduced
in [65], one Fokker-Planck-type equation has to be distinguished in view of its equilibrium
configurations, which are represented by Beta-type probability densities supported in the interval 7.
This Fokker-Planck equation for the opinion density v(x, t), x € Z, is given by:

o(x 2
J (at’t) - %% ((1 —~ x2)v(x,t)) + B% ((x =po(xt)). (©)

In (6), A, B, and yu are suitable constants, with A,B > 0 and —1 < u < 1. Suitable boundary
conditions at the boundary points x = +1 then guarantee the conservation of mass and momentum of
the solution [28]. The steady states of Equation (6), reached exponentially fast in time for a wide range
of the parameters [73], solve:

7= (1 =)p@)) + (x = wo(x) = 0.

¥l

where:
vy=A/B )

In the case a mass density equal to unity is chosen, they are given by the Beta densities:

1+u

1—u
0 (%) = Cpy(1 —2) 7 (14 2) 0" ®)

In (8), the constant Cy,  is such that the mass of v, , is equal to one. Since —1 < u < 1, v, is
integrable on Z. Note that v, , is continuous on Z and as soon as ¢ > 1+ || tends to infinity as
x — *1.

To better clarify the origin of the parameters appearing in the Fokker-Planck Equation (6), we will
explain briefly the construction of the kinetic equation of the Boltzmann type, which, in the so-called
quasi-invariant opinion limit (cf. the derivation in [45,65]), has a solution that converges to the solution
density v(x, t) of Equation (6).

On the basis of statistical mechanics, the kinetic model for opinion formation is built under the
fundamental assumption of indistinguishable agents [28], which corresponds to assuming that agents
in the system are completely characterized by their opinion value x € Z. The unknown is the density
(or distribution function) u = u(x,t), where x € Z, and the time t > 0, whose time evolution is
determined by repeated interaction with the external society. Without loss of generality, it is assumed
that the density function is normalized to one, that is:

/Iu(x,t)dx =1

Then, the integral:

/D u(x,t)dx

measures the number of individuals with the opinion included in D C 7 at time ¢ > 0. Following [65],
the microscopic change of opinion is here modeled as:

X" = x — B(x — 1) + EF(x) ©)
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In (9), the constant u € Z denotes the average opinion prevalent in society. The coefficient
B € (0,1) is a given constant, while ¢ is a centered random variable with variance A, taking values on
a suitable set B C 7 that guarantees that the post-interaction opinion does not violate the boundaries
x = £1. The constant B and the variance A of the random variable ¢ measure respectively the
propensity to move towards the average opinion in society (the compromise) and the degree of
spreading of opinion due to diffusion, which describes possible changes of opinion due for example to
personal access to information (self-thinking). Finally, the function F(x) takes into account the local
relevance of self-thinking. The presence of the function F(-) is linked to the hypothesis that openness
to change of opinion is linked to the opinion itself and decreases as one gets closer to extremal opinions.
This corresponds to the natural idea that extreme opinions are more difficult to change. A function

F(x) =V1—x% (10)

see [65]. By the classical methods of kinetic theory [28] and resorting to the derivation of the classical
linear Boltzmann equation of elastic rarefied gases [43], one can easily show that the time variation of
the opinion density depends on a sequence of elementary variations of type (9). In our case, the density
u(x, t) of the agent system obeys, for all smooth functions ¢(x) (the observable quantities), the linear
integro-differential equation:

with these characteristics is:

o et = ([ (o6) - plx)) utx 1) dx), )

dt Jr, T
where T > 0 is a suitable relaxation parameter. In (11), the notation (-) denotes mathematical expectation
and takes into account the presence of the random variable ¢ in (9). Then, the quasi-invariant opinion limit
is obtained by scaling all the parameters in the kinetic Equation (11) through the small parameter ¢ < 1 as:

A—¢eA, B—eB, T—eT,

which implies that the interaction (9) produces only an extremely small variation of the
post-interaction opinion, while the frequency of interactions is increased accordingly. Note that
in this scaling, the evolution of the mean opinion value does not depend on ¢. Furthermore, the same
property holds for the constant y defined in (7). As exhaustively explained in [45], this asymptotic
procedure is a well-consolidated technique, which was first developed for the classical Boltzmann
equation [49,74,75], where it is known under the name of the grazing collision limit.

Then, taking the limit ¢ — 0 [28,65], the solution u(x, t) to the kinetic equation converges to the
solution v(x, t) of the Fokker—Planck Equation (6). It is important to note that the parameter A, namely
the variance of the random variable ¢ measuring the self-thinking, appears in Equation (6) as the
coefficient of the diffusion operator, while the parameter B measuring the compromise is the coefficient
of the drift term. Consequently, small values of the parameter 7y correspond to compromise-dominated
situations, while large values of  denote self-thinking-dominated situations.

In agreement with the previous analysis, let us consider now the situation in which agents in
the system enter into the trading market with a personal opinion, which has been formed according
to compromise and self-thinking, and that their saving propensity in trading activity reflects this
personal opinion. To further clarify this point, compromise-dominated situations correspond to
a saving propensity parameter concentrated around the mean saving propensity of the market,
while self-thinking-dominated situations correspond to a diffuse random propensity parameter.
The saving propensity parameter can be easily built from the steady opinion of the multi-agent
system as follows.

Let Y be a standard Beta distribution supported in the interval (0, 1) obtained as:

Y = 2(X(um) + 1), 12)
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where the random variable X(y, ) is distributed according to v, ,, as given in (8), the steady state of
the Fokker-Planck Equation (6) describing the opinion formation in a society of agents. The change
of variables:

g (13)

n=—",
v v

is such that Y is a B(«, B) distribution. For any given pair of positive values A_ < A, let:
A=A+ Ay —AL)Y. (14)

Then, A is a Beta distributed random variable, with parameters «, 8, taking values on the interval
(A=, A+), and due to the previous analysis of the opinion formation model, can be assumed to describe
at best the distribution of the saving propensity in the society. To outline the random character of A,
we adopt the notation A = A(w).

This gives a solid basis to the choice of a random saving propensity following a Beta distribution.
It is interesting to remark that the extremal case v — 0 (completely compromise-dominated situation)
defines the case in which all agents in the system use the same saving propensity, which takes the value:

On the contrary, when v — oo (completely self-thinking-dominated situation), the Beta
distribution reduces to a Bernoulli random variable A, defined by:

PA=A)=(1—p), PA=Ay)=3(1+p).

Hence, this situation corresponds to the radicalized situation in which agents use only two saving
values in their trading activity, a situation that was considered in [13,60], where it was shown that the
resulting steady state profile of wealth distribution density can be bimodal.

3. Kinetic Modeling of Uncertain Trading Activity

As discussed in the Introduction, the mathematical description of the evolution of wealth in a
multi-agent system has its roots in statistical physics and, in particular, in methods borrowed from the
kinetic theory of rarefied gases.

The building blocks of kinetic modeling are represented by microscopic interactions, which,
similarly to interactions between velocities in the classical kinetic theory of rarefied gases,
are specialized to describe in an appropriate way the variation law of wealth. Then, from the
microscopic law of the variation of the number density consequent to the (fixed-in-time) way of
interaction, one will construct a kinetic equation able to capture both the time evolution and the steady
profile of the phenomenon under study [27,28].

The population of agents (the traders) is considered homogeneous with respect to the
personal wealth and indistinguishable, so that an agent’s state at any instant of time ¢t > 0 is completely
characterized by the amount w > 0 of his/her wealth. The unknown density (or distribution function)
of the wealth w € R, at time ¢+ > 0 with uncertain saving propensity A will be denoted by
f = f(w,t; A). It is assumed that the density function is normalized to one at t = 0:

f(w,0;A)dw = 1.
Ry

The change in time of the density is due to the fact that agents of the system are subject to trades
and continuously upgrade their amount of wealth w at each trade. To maintain the connection with
the classical kinetic theory of rarefied gases, we will always refer to a single upgrade of the quantity w
as an interaction.
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According to the result of Section 2, the elementary change of wealth w € R of an agent of the
system trading with the market is given by:

w'=(1-Aw)w+Ayv+1yw, (15)

At variance with the standard interaction (4), in (15), A(w) quantifies the randomly distributed
saving propensity defined in (14), which takes into account the steady personal opinion of agents
obtained through the mechanism of opinion formation. The second term represents the amount
of wealth the trader receives from the market as a result of the trading activity. As outlined in the
Introduction, v € R is sampled by a certain distribution £, which characterizes the situation of
the market. The last term takes into account the risks. In (4), 7 is a centered random variable with
finite variance o, which in this case is assumed such that # > —1 + A, to ensure that even in a risky
trading market, the post-trading wealth remains non-negative. We will further assume that the random
variable # takes values on a bounded set, thatis —1 4+ A1 <# < A* < 4-c0. This condition is coherent
with the trade modeling and corresponds to putting a bound from above at the possible random gain
that a trader can have in a single interaction.

We assume, according to the analysis of [34], that the wealth density f(w,t; A) of the agent
system obeys, for all smooth functions ¢(v) (the observable quantities), the linear integro-differential
equation [28,43]:

G L fwn)pt)do=( [

dt Jr. -~ K(v,w) (p(w”) — ¢(w)) f(w, £ A)E(0) dvdw>. (16)

In (16), the function £(v), v € Ry is the distribution density of the wealth of the market, while the
function K(v, w) denotes the collision kernel, which assigns to the transition w — w* a certain
probability to occur. In (16), the notation (-) denotes mathematical expectation and takes into account
the presence of the random variable # in (15). The model defined in (16) is parametrized by A, and the
trading uncertainty induced by A affects the global dynamics and has to be averaged a posteriori at the
collective level. Therefore, f is a stochastic distribution, since it depends on the uncertainty expressed
by A. We point the interested reader to [76] for a detailed discussion of the modelistic implications of
this choice.

We will moreover assume that the market density £ has a certain number of moments bounded,
more precisely:

M,x:/ v E(v)dv < 400, 0<wa <4 17)

Ry

Remark 1. It is important to note that, while the saving propensity A(w) is a random variable Beta distributed,
it is left unchanged by the mathematical expectation, which in Equation (16) acts only on the risk variable
1. As already discussed, the leading idea about maintaining the uncertainty on the saving propensity is to
understand its real effect on the steady state of the kinetic equations.

Remark 2. The presence of the collision kernel K(v,w) was proposed in [34] to discard possible
unphysical interactions. This choice, while economically relevant, does not allow making use of the simplifications
that occur when considering Maxwellian pseudo-molecules, characterized by the value 6 = 0. The main
consequences of this choice can be fully understood by looking at the exhaustive review by Bobylev [42], who first
discovered the possibility to resort to Fourier transform analysis in the nonlinear Boltzmann equation for
Maxwellian pseudo-molecules. The choice of a kernel independent of the relative velocity is also at the basis of the
famous one-dimensional kinetic model known as the Kac caricature of the Boltzmann equation, introduced by
Kacin [77].

For a clear understanding of the economic improvement linked to the presence of the kernel K,
it is enough to outline that the transaction (15) considers as possible also interactions that individuals
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would exclude a priori. This is evident for interactions in which the wealth w of the agent trading
with the market is equal to zero (or extremely small). In this case, the outcome of the trade results in a
net loss of money for the market, and it seems difficult to justify that an agent of the market would
accept to trade. Likewise, this is true if the agent that trades with a certain amount of wealth does not
receive (excluding the risk) some wealth back from the market. In other words, trades in which w
or v are equal to zero or extremely small should be considered as unrealistic by the trading agents.
On the contrary, the possibility to receive a consistent amount of wealth from the market, or for a
market agent, the possibility to trade with agents that have a consistent wealth, needs to be considered
more probable. Hence, in the economic setting, it seems natural to consider collision kernels that select
this behavior. A simple but consistent assumption is to define:

K(v,w) =« - (vw)°, (18)

for some constants 0 < § < 1and x > 0. This kernel, which is clearly different from the collision kernel
of elastic particles, excludes the economic transactions in which one of the agents has no wealth to put
in the game and enhances transactions in which the amount of money of both agents is conspicuous.
By taking into account this new assumption, the kinetic Equation (16) for the wealth density f becomes:

g L fwnmp@do=x( [ (@) (o) - gw)) flw, b NE) dodw).  (19)

The model includes the standard Maxwellian linear kinetic model, which is obtained for é = 0.
While the presence of the collision kernel is more realistic from a modeling point of view, it introduces
additional difficulties, not present in the original Maxwellian assumption. This is evident for example
when computing the evolution of moments, which, as happens for the classical Boltzmann equation,
obey equations that are not in closed form.

As in Section 2, we briefly recall the main steps leading from Equation (19) to its
Fokker-Planck limit. An exhaustive and detailed mathematical derivation for linear kinetic equations
with a Maxwellian kernel can be found in [45]. The non-Maxwellian case was treated in [34].

Let us suppose now that the interaction (4) produces a very small mean change of the wealth.
This can be easily achieved by introducing the scaling:

Alw) = eA(w), Ay —eAm, 11— Ven, (20)

where ¢ is a small parameter, ¢ < 1. Note that the scaling is such that the quotients between two
of the quantities A, Aj; and o do not depend on e. Letting ¢ — 0 and evaluating the integrals with
respect to the market density £(v) show that as a consequence of the scaling (20), the weak form of
the kinetic model (19) is well approximated by the weak form of a linear Fokker-Planck equation
(with variable coefficients):

4
dt Jr,

K /IR+ <(Pl(w) wts(AMMHo‘ — A(w)Msw) + ;(p”(W)tTM(sw2+‘5) f(t,w; A) dw.

¢(w) f(t,w; A) dw =
(21)

By choosing ¢(w) = 1 in (21), one verifies that the mass density is preserved in time, so that,
for any given time ¢ > 0:

k. flw, t)dw = - f(w,t =0)dw. (22)

Therefore, if the initial value is given by a probability density function, the (possible) solutions of
the Fokker—Planck Equation (21) remain probability densities for all subsequent times.
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If boundary conditions on w = 0 and w = +co are added, such that the boundary terms
produced by the integration by parts vanish, Equation (21) coincides with the weak form of the
Fokker—Planck equation:

2
%:KM(5 {(zfaawz (w”zsf)—t—Aaaw(w‘s(w—m(w))f)} : (23)
In (23), m(A(w)) is the random variable:

m(A(w)) = )

Remark 3. It is interesting to remark that the presence of the collision kernel in the Boltzmann Equation (16)

results in a modification of both the diffusion and the drift terms in the Fokker—Planck equation.
These modifications cancel by choosing 6 = 0, which corresponds to the Maxwellian case studied in [36].

With respect to the Maxwellian case, the presence of the parameter § > 0 in (23) does not
modify the shape of the equilibrium density, which can be easily recovered by solving the first-order
differential equation:

2 (@F) = —u(aw)) (@@ - m(A@))Ff), 5)
where y(A(w)) is the random variable:
p(aw) = 22 26)

Using g(w; A) = w?*° f(w; A) in (25) as the unknown function shows that the unique equilibrium
density of unit mass is the inverse Gamma function:

V1+5+;4(A(w)) exp (_%)

9 . _
Jeo@WiA) = T s A (A (@))) W oAl @7

which depends on the random parameter y(A(w)). In (27), v is the constant:

My
M;

VZZ)\M

4. Statistical Study of the Marginal Wealth Distribution

As discussed in Section 1, the effects of a randomly distributed saving propensity parameter on
the wealth distribution profile comprise a challenging problem that has been dealt with in a number of
papers [5,56-59], mainly devoted to a numerical study. Among the previous approaches, an interesting
numerical study was performed by Gupta [13], who analyzed a model in which A can assume only two
different fixed values, which represent two extreme behaviors of traders. We remark that this situation
can summarize a simplified society composed by only two kinds of people: savers and spenders.
The aim of our statistical analysis is to consider a more general framework in which the opinion
model of Section 2 enters in the characterization of the random saving propensity, and consequently,
in the estimation of the (random) steady wealth distribution profile. From a statistical point of view,
the novelty of this paper is proposing a solution based on parametric Bayesian statistics.

4.1. Literature Approaches

The analysis of Section 2 allows considering a full class of random saving propensities,
which range from the original approach in [35,36] in which the parameter A of Equation (27) is
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considered as a constant, to the radical situation described by Gupta [13], in which the society is split
into two distinct groups characterized by two different saving propensities. This results in a substantial
difference between the present approach and the previous ones, in which the propensity factor has
been treated as a random parameter [5,56-59]. In a different context, we mention also the approach
proposed in [30,32,78,79] based on the methods of uncertainty quantification.

These works are in general based on suitable numerical simulations that mimic the elementary
trade interactions among agents in two different ways: The first method is to introduce the random
saving propensity during the simulation of each trade between agents, so that the steady state wealth
distribution is calculated numerically after a huge number of interactions between agents. The second
approach draws the propensity factor from a distribution and, via Monte Carlo methods, simulates the
resulting mean wealth distribution.

The present approach relies both ion the results in opinion modeling, which are evaluated and
integrated in this field to appropriately treat the propensity factor distribution, and in a robust statistical
framework based on Bayesian theory to support the statistical methodology.

As stated in Section 2, the random saving propensity is well described by the Beta distribution (14),
defined as Beta(w, ), where a and B are given as in (13). Having in mind the extreme situation
described by Gupta [13], it is reasonable to conjecture that a bimodal distribution could appear
when opinions are polarized, namely when the parameters & and § are such thata < land g < 1,
respectively.

Our objective is to understand in which range of the parameters « and f and in which range of the
interval (A_, A ) the saving propensity factor A determines observable segregations in the expected
distribution of wealth (27). We outline that the randomness of the parameter A is introduced in the
steady state solution, given by an inverse Gamma density function. To reach this objective, we perform
a study based on parametric Bayesian statistics.

4.2. Bayesian Approach

In the Bayesian framework [80], the information extracted from the data at hand is integrated to
obtain a posterior distribution of the parameter of interest.

The a priori information is expressed through a prior density function p(A), where A is the
parameter to estimate. The information extracted from the data is summarized in a likelihood function
L(A) = p(x|A).

As a consequence of the classical Bayes theorem, the posterior distribution of the parameter A is
given by:

A)p(A
plape) = LA @)
where p denotes the marginal distribution:
p(x) = [ LA)p(A)dA 9)

Since p(A|x) describes the distribution of the parameter A updated with respect to the data at
hand, p(x) summarizes the distribution of the data updated on the basis of the prior distribution.

Applying these definitions to our problem, let p(A) be a prior function distributed as
Beta(a, B), i-e.,

A1 = AP
PA) = —na D

where B(a, B) represents the Beta function. The likelihood function in this context is not estimated
from observed data, but it is the distribution resulting from the kinetic model described in Section 3,

(30)
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which is coherent with the realistic wealth distributions of capitalistic societies [28]. Hence, adopting
the likelihood defined in (27), the corresponding marginal function takes the form:

1 /1 A%thxflef%(l —A)ﬁ—l
x) = dA. (31)
PO) = 5w, ) Jo ooT(L)x?

p(Alx) = (32)

Clearly, this formulation does not allow explicit computations. For this reason, in the next section,
the integrals will be numerically analyzed.

5. Numerical Results Based on Markov Chain Monte Carlo

The aims of this numerical analysis are two fold: first, to estimate the marginal distribution
function (31), and second, to compute the posterior probability density function (32). In order to obtain
these estimations, we resort to Markov Chain Monte Carlo methods.

5.1. Estimation of the Marginal Function

The main goal of the numerical simulations is to understand how the shape of the inverse
Gamma distribution (27) is affected by the choice of different Beta density functions used to sample
the parameter A.

Without loss of generality, we set in the inverse Gamma distribution (27) o equal to one, and we
sample the parameter A from different Beta distributions. Figure 1a shows different Beta distributions
based on different values of its parameters « and . Notice that a Beta distribution with parameters
« < 1and B < 1 represents a situation in which opinions are polarized, while in the other three cases
considered in Figure 1a, the opinions are distributed around a modal value.

In order to estimate the marginal function of Equation (31), N = 1000 different values of parameter
A are sampled from each of the three Beta distribution, and the inverse Gamma distribution for each
of the A values is computed. Finally, the average of these N = 1000 inverse Gamma distributions
is plotted in Figure 1b. This picture represents the estimated marginal function, i.e., the resulting
wealth distribution.

We remark that all the results were obtained by changing the support of the Beta distribution in
the following way:

The support was shifted by 0.3 (which in the case of the function (27) is the value of the parameter 6).
The support was multiplied by a factor equal to 10 to highlight the shape of the
wealth distribution.

A well-visible segregation case is obtained by fixing « = 0.1 and 8 = 0.1, which describes a
polarized situation. The corresponding Beta distribution has two defined peaks, which represent the
two polarized opinions of the traders: one more conservative and the other one more inclined to invest.
As a result, the marginal wealth distribution obtained by numerical simulation shows a bimodal shape,
clearly visible in Figure 1b. On the other side, if we consider a Beta distribution characterized by only
one peak, the corresponding marginal wealth distribution presents the classical unimodal shape.

On the basis of these results, it is possible to connect the shape of the wealth distribution with the
distribution of the saving propensity, as given by resorting to the opinion formation model of Section 2.
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Figure 1. (a) Beta probability distribution functions plotted for different values of parameters « and .
(b) marginal distribution functions computed for each of the Beta distributions.

To best clarify the relationship between the shape of the wealth distribution and the shape of
the opinion distribution, one can resort to a sensitivity analysis in terms of the parameters of the
Beta distribution and of the length of the support of the saving parameter A. In Figure 2b, different
shapes of the wealth distribution are shown. The bimodal shape is more evident only in the case of
small values of the Beta distribution parameters. This is due to the fact that small values of « and j
correspond to an opinion distribution more polarized into two extreme values, as depicted in Figure 2a.

IS
-

0.754

S =

& .- «=01,B=01 = 0504 .= @=01,p=01
3, .+ 0=034=03 a @=03,p=03
—  «=05pB=05 —  =050p=05
0.254
|
0 i 2 3
X
(a) (b)

Figure 2. We report the sensitivity analysis on the marginal distribution in Figure 2b performed for
different parameters of the Beta distribution in Figure 2a obtained for the length of the support fixed

to five.

Figure 3 describes the shapes of the wealth distribution based on different values of the
length support. A larger support of the saving parameter A implies a strong distinction between the
extreme opinions described by the Beta distribution and, as a consequence, produces two defined
peaks in the wealth distribution. On the opposite side, a small support represents a weaker distinction
between two different opinions and implies a unimodal behavior.
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1.254

0.50 4

0.251

Figure 3. Sensitivity analysis performed on different values of the length of the support using a Beta
density function with « = 0.1, = 0.1 as the opinion distribution.

Lastly, in Figure 4, we present the Lorenz curves corresponding to different choices of prior
Beta distributions; see also [38,64]. The Lorenz curve is defined as:

LF@) = [ folw. ot

where F(w) = [1" foo(ws)dw, is the cumulative density function. Once having defined the Lorenz
curve, we can compute the so-called Gini index as follows:

1
G =1 —2/ L(x)dx.
0

This coefficient can be understood as an indicator of the inequality of a country, and it can be
easily seen that it varies in [0, 1]. In Western economies, a Gini index between 0.2 and 0.5 has been
often measured.

In the present setup, one can observe in Table 1 that in the presence of a radicalized situation,
the measure of the area included between the diagonal and the curve is smaller for small values of the
parameters « and B, which corresponds to a Gini index that is smaller in radicalized situations than in
normal ones.

Table 1. Gini index for each inverse Gamma distribution derived from the corresponding Beta
distribution with parameters shown in the legend.

Prior Parameters Gini Index

x=01,p=01 0.55
x=36=3 0.61
x=2p=8 0.56

x=8p=2 0.67
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Figure 4. Lorenz curve computed for each prior Beta distribution.

5.2. Estimation of the Posterior Function

As described in Section 4, this problem can be solved in the Bayesian framework. This allows us
to compute the posterior distribution function using data and prior opinion.

In order to compute the posterior density function, the Metropolis—Hastings algorithm has been
implemented [81]. The number of iterations was set equal to 1000. Figure 5 depicts the posterior
estimation obtained according to four different prior distributions elicited with different values.

Note that in the case of a Beta distribution with « = 0.1 and 8 = 0.1, namely in the case of
our prior choice, we obtain a posterior estimation very unbalanced with respect to the initial prior
choice. The shape of Figure 5a is indeed very close to a Beta distribution, but one of the two extreme
opinions is more pronounced than the other. On the contrary, in the other three examples, the posterior
distributions present a behavior analogous to the prior distributions.

The Anderson-Darling test performed on a random under-sampling of the observation generated
confirms that in all four cases, the resulting posterior distribution is again a Beta distribution (p > 0.05).
Table 2 shows how the parameters of the posterior Beta distribution change with respect to the
parameters of the prior Beta distribution.

Table 2. Estimation of the posterior parameters of the Beta distribution fixing the prior distribution.

Prior Parameters Posterior Parameters

A

x=01,=01  &=041,3=022

x=3p8=3 & =341,p =317
x=2B8=8 & =262, =833
x=8p3=2 & =828 =223
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Figure 5. Posterior estimation through Metropolis—-Hastings for different prior distributions:
(a) Beta distribution with parameters & = 0.1 and 8 = 0.1, (b) Beta distribution with parameters
« = 3 and B = 3, (c) Beta distribution with parameters « = 2 and B = 8, and (d) Beta distribution with
parameters « = 8 and = 2.

6. Conclusions

We studied in this paper the consequences of stressful situations in the wealth distribution
profile by considering a random saving propensity in the form of a Beta distribution. This choice
is consistent with the opinion formation model developed in [65] and takes into account a general
class of saving propensities, which range from the normal situation in which all agents in the society
apply the same strategy to trade, to the extremal situation in which agents in the society split into
two distinct classes, each using a constant saving propensity, but with marked differences between
the two. It is subsequently shown that in highly stressful situations, one can observe the formation of
a bimodal profile, which determines a marked emptying of the middle class. The statistical analysis
of the random profile of the wealth distribution then shows that the choice of a Beta distribution
allows obtaining most of the characteristic wealth distribution profiles observed in real economies.
The analysis of the present paper seems very well adapted to study the consequences on the economy
of a lockdown strategy, which naturally determines a splitting of the population on the basis of the
immediate consequences on wealth of the part of the population that relies on an economy based on
social contacts. Furthermore, the present analysis indicates that the model could be used as an early
warning system for stressful economic situations, by regularly studying the effects of a trading activity
in which the uncertain saving propensity parameter is built starting from well-targeted statistics on
the population’s opinion.
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