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Abstract

In this paper a two agent wealth distribution model for a closed economic system developed in [2]
is presented and extended. We first extend the model by randomly distributing the propensity
to save of the agents. We derive a closed form of the stationary relative wealth measure of an
agent. We also see that if we take both the propensity to save and the redistribution measure
to be uniformly distributed, then the stationary wealth distribution of agent 1 cannot be Beta
distributed. Furthermore we conjecture that given a uniform redistribution measure and Beta
distributed propensity to save, the resulting wealth distribution cannot be Beta distributed
either. The absence of Beta distributions in the wealth distribution shows that there cannot
be product stationary measures in these cases. We also extend the model by assuming zero
propensity and that the stationary product measure of one agent is conditionally Gamma(c, [3)
distributed, where we condition on « be independently distributed as well. We find that the
class of distributions for o defined by 1 (a) = a™*, k € N always leads to the wealth distribution
for agent 1 to be heavy-tailed. We also take steps in showing that there exists a distribution for
« that solves for the wealth distribution of agent 1 to be Pareto Lomax distributed.



1. Introduction

The wealth distribution of a given population is a problem that has interested economists, gov-
ernments, and other parties alike for centuries. Given such a distribution, understanding the
mechanics behind the economy of a population would take great leaps forward. However this
remains to be quite a challenging task. In recent years, techniques and ideas from mathematical
statistical mechanics have entered this area of research in order to explain the wealth distri-
bution in an economy of interacting agents. The term econophysics was first used in 1995 to
describe this particular field of physics that had to do with the statistics of the economy and
finance. However using years of research in statistical mechanics as a mathematical foundation,
this section of wealth distribution analysis soon became quite prominent in its own right [9].

The wealth distribution models are inspired by a similar energy redistribution model from
physics literature. Heat (or energy) transfer can be modelled with a basis in the individual
particle heat transfer; assuming we have a closed system (i.e. the total energy within the system
is constant), the interaction of particles through collisions causes energy to be randomly redis-
tributed among these particles. The field of econophysics takes this energy model and applies
it to a system of wealth instead of energy. Now instead of particles we have economic agents;
these are entities in the system that can interact in the form of transfer of wealth as opposed to
transfer of energy in the original model. The distribution of wealth of the whole system is then
comparable to that of the energy distribution in the physical model. Due to its strong roots in
physics it becomes clear why analyzing these models using mathematical phenomena produces
relevant results [9].

In this paper we take the model introduced in [2] and investigate some realistic extensions
that pertain to an economic agent’s propensity to save. In [2] a two agent model is used to
represent the interactions of the system as a whole. The two economic agents interact through
wealth transactions, where the total wealth in the system stays constant. In each transaction,
a certain amount of wealth is saved for each agent and the rest is redistributed among them
according to some random mechanism. The saved wealth corresponds to the aforementioned
propensity. In [2] the focus lies on the different types of wealth redistribution measures that
can be used for this model to give realistic results. The purpose in [2] is to find the condi-
tions under which there are product stationary measures, and how the system evolves in time
(for example the expected wealth of an agent). For the latter duality techniques are used as well.

In this paper we first mathematically define the model from [2]. We then look at the influence
of randomly distributing the propensity to save of an agent in this model, and focus on the
stationary measures. We also look at the influence on the model when randomly distributing
the parameters and taking propensity to be equal to zero. We ask the following questions

e For the random propensities independently distributed, are there corresponding wealth
distribution models that have stationary product measures?



e We conjecture that with the propensity and the redistribution of wealth per transaction
Beta distributed that there are no stationary product measures for the wealth distribution.

e What form does the general stationary wealth distribution have with random propensity
to save?

e When randomly distributing the parameters in the Gamma redistribution measure for the
zero propensity model, can the resulting wealth distribution be heavy tailed? Specifically
can it be (Lomax) Pareto distributed?



2. Two agent model

In this section the two agent the model for wealth distribution from [2] is introduced. We first
introduce some definitions and concepts from probability theory that will be helpful later on.

2.1. Markov Processes

The two agent model assumes that the process of redistributing the total wealth in the sys-
tem is a Markov Process. The motivation behind this is as follows: Markov processes have the
appealing quality that their distribution of future states only depend on the current state; i.e.
conditional on the present, the past is independent of the future. Computationally (as well as
mathematically as we shall see) this is more efficient, and it does not produce extremely unre-
alistic results in the model; on the contrary, the Markov property is one that is often used in
other financial models, see [7]. Furthermore we choose a continuous state space Markov process
with discrete time.

Mathematically speaking, a discrete time Markov Process can be defined as follows. We have
a stochastic process {X;,t € N} defined on a given measurable space (€2,.%#). The Markov
property described in the previous paragraph is then defined as: for all ¢, e Ny n € N, 0 < t; <
to--- <t, <t,and f:Q — R bounded and measurable, we have

E(f(Xo)| Xy, Xtos -5 Xe,) = E(f(Xe)[ Xe,) (2.1)

This essentially mathematically expresses that conditioned on Xy, X;4+1 and X;_; are indepen-
dent. We call 2.1 the Markov property. This can be easily extended to continuous time processes,
as shown in [6].

2.2. Transition operator

Having defined the Markov process for the redistribution of wealth between two economic agents,
we now continue to define its transition operator. Let {X;,¢ > 0} be a Markov process as
before defined on a given measurable space (€2, F'). We define the operator Sy on all bounded,
measurable functions f : Q@ — R as

Sif(x) = Eo(f (X)) = E(f (X4 Xo = 2) (2.2)
We notice that this operator (known as the semi-group) also has the property [6]:

Seysf(w) = SSs f(x) (2.3)

Now we define the transition operator S,, as P!, where

Pf(x) = E(f(X)[Xo)



2.3. Model definition

We are now ready to mathematically define a general redistribution method of the total wealth
in a closed economic system with two economic agents. Recall that this model comes directly
from [2] and will therefore be defined in a similar manner.

We denote the wealth configuration as the pair (z,y) within the state space E = [0,00)2.
Furthermore we have the propensity to save, A, and redistribution value, €, which take values
in [0,1]. The propensity to save is the fraction of wealth that an agent decides to keep and not
redistribute. The remaining fraction of wealth is then redistributed according to e. We then
define the following map as the redistribution of the wealth configuration after one transaction.
For TX(z,vy) : E — E we have

TNz, y) = Az + (1= Ne(z+y), o+ (1 =M1 —e)(z+1y)) (2.4)

It should be noted that the redistribution map T (x,%) conserves the total wealth in a closed
economy; i.e. if (w,z) = TA(x,y), then  +y = w + z = s is a constant.

We first observe the transition operator with fixed A € [0, 1] and redistribution measure v(e):

1
vawzjkﬂ@wwwﬁ (2.5)
0

This is the model as described in [2]. We note that this can be written in recursive notation
as follows: if we have the current state of the wealth distribution as (X,,Y,), then the wealth
distribution after one transaction (i.e. at time n + 1) has the form

(Xns1, Yos1) = (Xn 4 (1 = Neénst (Xn + Y0), Yo + (1 = Neng1 (Xn + Y3)) (2.6)

where the ¢, are i.i.d. according to v(e).

2.4. Stationary product measures

When inspecting wealth distribution we look at the stationary distributions that could be formed
from a given transition operator. The idea behind this is that under a Markov Process, a
distribution would be stationary if it does not change throughout time. This is usually seen as
taking the limit £ — oo over the process. The resulting process is of great interest, if it exists at
all. We want the change in time to be irrelevant, meaning that the change from one state to the
next after an exponential waiting time should not influence the wealth distribution; transactions
can keep occurring without the wealth being distributed any differently. In terms of our process,
this means that after a transaction there is no change. Thus for our transition operator this
means that for the wealth distribution u(z,y):

/vawMawmw—/}mmmemw

for all bounded and continuous functions f. Perhaps a more intuitive form of stationary mea-
sures is obtained using the recursive notation of the process. For a stationary process, if we
have (Xo, Yo) = p, then for all ¢ € N, (Xj,Y;) = . This once again states that through time the
distribution of the process stays the same. Another name for stationary measures is invariant
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measures.

A specific type of (stationary) measure that we are interested in is a product measure. These
are measures of the form pu(z,y) = wp(x)u(y). These are the type of distributions we look
for in the wealth distribution model. The motivation behind this is as follows; while a two
agent model is relatively simple and thus easy to interpret, the real life applications are limited.
Expansions to a model with N agents is possible, however the distribution if such a model is not
necessarily comparable to that of two agents. However if we have product measures, we see that
as p(x,y) = p(z)p(y), we can easily extend this to, for example, u(z,y, z) = p(x)pu(y)u(z). Thus
for an N agent model, the distribution of a two agent model would be directly applicable. Because
of this we focus primarily on finding product stationary measures for the wealth distribution.

2.5. Relevant theorems

Now that we have fully laid a mathematical foundation regarding the wealth distribution of two
agents as done in [2] we can continue with some results from this paper. Naturally not all results
are mentioned here, but there are a few that pertain to our own goals of analyzing the more
complicated model of taking random propensity, as well as a class of functions derived in [2].
Showing these results here allows us to use them later on.

We define a new variable r = -2 =2

Ty s and call it the relative wealth of agent 1. Note that as
we have used the same information as the pair (z,y) in this change of variables, (7, s) follows the
same process as the wealth configuration (z,y) as described in previous sections. Thus seeing
as we take s to be constant, (ry,,s,) = (r,) then defines a Markov process. In terms of the

transition operator we then get for all bounded and continuous f:

Pf(r) = /f(m«+ (1= N)e)w(e)de (2.7)
The recursive form is given by
Tnt1l = A + (1 = Nep,

This recursion represents the transaction after an exponential waiting time; 7,11 is the relative
wealth of agent 1 after the transaction , 7, is the relative wealth of agent 1 before the transaction,
and €, is the redistributed according to v(e). Solving for this recursion gives the following
stationary measure

e = i A1 — Nep (2.8)
n=0

A result from [2] is then that a random variable of the form 2.8 has stationary measures of the
form (e}, S, (1 — €))S), for some non-negative random variable S. Furthermore, given A\ > 0
there are no product stationary measures for this distribution.

It should be noted that in this paper we work with an agent independent propensity, mean-

ing that we take the propensity per transaction to be the same for both agents. Other more
realistic models could include that there are two propensities, A1 and Ao, one for each agent per

11



transaction. However this would complicate computations significantly and thus we will not be
pursuing such methods. For results concerning such models, refer to [2].

One particular class of stationary distributions that was deduced in [2] is where the propensity
is taken to be 0. If we take the redistribution measure v(¢) to be Beta(a, §) distributed, i.e.

@11 —€)f1
B(a,B)

then we necessarily have a product stationary wealth distribution u(z,y) = p(x) x u(y) of
Gamma((1,w)x Gamma((2,w), i.e.

v(e) =

¢
w
_ (-1 _—wz
wlxr) = —=a*""e

IN(Q)
Furthermore, this is the only stationary product measure for an s-independent redistribution
measure: v(e,s) = v(e). When looking at heavy tailed distributions later on, this is the set of
wealth measures that will be analyzed. For more information regarding these particular types of
redistribution measures and their connection to the corresponding stationary product measures,
refer to [2].

12



3. Random propensity

We now have a strong mathematical definition for the wealth distribution between two agents.
In the previous section we were restricted to a constant propensity to save of both agents. This
section focuses on the expansion of this model to the propensity to save to be random in each
transaction. This means that we let A\ be distributed in a certain way, where each transaction
will have an i.i.d. instance of this distribution for A.

3.1. New transition operator

Taking random A does not have an extremely large influence on the model itself, however math-
ematically we do need to make some changes. Previously the redistribution process was defined
by the transition operator 2.5 and had the following expansion

1
P f(a,y) = / (TN, y))u(e)de
0

1
= /0 F(Az+ (1 =Ne(z +y), Ay + (1 = A)(1 = €)(z +y)))v(e)de

In the expanded version above, we see that we integrate over € which has a wealth redistribution
measure v(€). However when considering random A, this alone does not suffice; A now has a
distribution of its own which requires integration as well.

For the propensity to save A we assume the distribution ¢(\) so as to keep things general.
Naturally since we cannot have a negative propensity we assume this distribution takes only
non-negative values. We can then define the new transition operator as follows

1 1
Kf(ey) = /0 /0 T ()05, )p(N)dedA (3.1)

Furthermore it can be noted the requirement for stationary measures does not change, however
the resulting equation would require integrating over 3 measures, which is a considerably more
difficult task.

We now have a two agent model for wealth distribution with the propensity to save of both
agents being randomly distributed according to ¢(\). We are interested in finding out whether
stationary measures for this redistribution process exist, and what these may entail. Due to
the complicated nature of using two arbitrary distributions (i.e. the distribution of € and the
distribution of \) we will focus on certain specific examples to draw results. In particular, us-
ing common distributions such as uniform or beta distributions leads to comparable results as
derived in [2].

13



3.2. Stationary measure of the relative wealth distribution

We take the same approach as done in [2] with the relative wealth variables (r,s). Naturally
we assume that €, and A, are instances of their respective distributions, with both ¢, and A,
being i.i.d. for all n € N. Furthermore we assume that each ¢, and A, is independent for all
n € N. This gives a helpful result in terms of indexing a sequence of i.i.d. instances between
the distributions: if we have two initial sequences (A1, Ao, ...) and (€1, €, ...), then for indexing
sequences (o(1),0(2),...) and (p(1),p(2),...) we have the following equivalence

()\1, /\2, ey €1,€2,. .. ) = (Aa(l)v AO‘(?)? ey €1,€2, .. ) (32)

= ()\U(l)?)\a'(Q)"‘ . ,ep(l),ep(g),...) (33)

Given the transition operator defined in 3.1, we then have the following recursion for the
relative wealth of agent 1, r:

T'n4+1 = )\n—&—lrn + (1 - )\n—l—l)en—i-l (34)

This recursion equation represents the same transaction qualities as that in described in the
previous section. We state the following theorem regarding this recursion:

Theorem 1. The stationary distribution generated by the recursion 3.4 is given by

=30 m(ﬁ:&-)en (35

n=0

Proof. Tterating backwards from 3.4 we get

Tnt1 = An17n + (1 — A1) €nta
= A1 Anrn—1 + (1= Ap)en) + (1 — Ag1)€nt1
= A1 An(An—1rn—2 + (1 = Ap—1)en—1) + (1 — Ap)en) + (1 — Apg1)€nta
=(1—=Xps1)ent1 +Ant1(1 — An)éen + A1 dn (1 — A1) €n—1
+ A1 An—1(1 = A2)en—2. ..+ (Apg1--- A2) (1= A)er + (Ng1 .- A1)
We apply the following indexing re-sequencing to A, and €,: (1,2,...,n+1) = (n,n—1,...,0).
We then see from 3.2 and 3.3 that the following is well defined
Trnt1 = (L= Xo)ent1 + Ao(1 — A1)ep oA (1 — A2)en—1
+ AoAA2(l = A3)en—2...+ (Ao Ap—1) (L= Ap)er + (Ao - .. A\p)m1
= (1= Xo)eo + Ao(1 — A)er Ao (1 — A2)ea
+ XA (I —Az)ez ..o+ (Mo A1) (T — An)en + (Mo - - A7
In this form we can take the limit lim,,_,o, 7,4+1. We notice that since \,, € (0,1) for all n € N, the
last term in sequence above tends to 0 as n — 00; we conveniently do not have to worry about the
rq factor. Thus we can conclude that with \,, €, being i.i.d. with their respective distributions

®»(A), v(e) and independent from each other for all n € N, the stationary distribution of the
recursive formula in 3.4 is given by 3.5 0

The underlying wealth distribution of a model with redistribution measure v(e) and propensity
to save with a measure of ¢(\) converges to the stationary form of the one described in 3.5. Note
that at this point very little is known about these distributions; their underlying assumptions
mentioned above and that they take non-negative values. Furthermore we can see that if we
take A to be constant in 3.5 it turns into 2.8, thereby further solidifying our argument.

14



3.3. Uniform ¢ and )\

While the closed form of the stationary relative wealth distribution 3.5 is helpful, it does not
give a lot of information on the stationary distribution of the actual wealth distribution (x,y), or
in particular whether there are product stationary distributions. In this section we look at the
simplest case of our model: we take both the redistribution measure and the propensity measure
to be uniform. We manipulate these assumptions into ruling out certain common distributions
that 3.5 could not uphold.

We first have an important theorem regarding the stationary recursion from the previous
section

Theorem 2. The invariant distribution generated by 3.5, where the propensity to save A has
distribution ¢(N), has for its moment generating function My (t) the following identity

/M e L (3.6)
t(1=2A) '

Proof. We begin with taking only the redistribution measure to be uniform, i.e. v(e¢) = 1. For
now we assume that A still has an arbitrary distribution ¢(\). Then for the moment generating
function we have

My, (t) = Myia(t) = E(e ) (3.7)

This becomes

Moo (t / / O 1-2)6), (€) oA dedA
// HAP+(1-) 6 1) ded A

= / / E(e*m)e M Vep () ded A
0 JO

The decomposition of the expected value over two different measures is justified as we have
taken them to be independent. We see that E(e!Afn) = M,,(t)\) is contained within the integral,
meaning we can define a type of recursive equation

M1 (t / / M, (tN)et A= Vep(N)ded ) (3.8)

Now we need to integrate over A and €; € is only apparent in a minor part of the integrand so
we shall start there. We use

1 (1-a)t _q
t(l—z)y _ €
/0 e dy S (3.9)

As M, (t\)¢(\) is not dependent on €, we can apply 3.9 directly to 3.8 to obtain
(1 At _ 1
My, (tN)p(N) ————dA 3.10
Mo = [ Teeyy (310)
In 3.10 we now have a recursive relation of the moment-generating function of r,, 1. Seeing that

we know from 3.5 that r, exists and is defined under the current conditions, we are justified in
taking the limit as n — oo in M,,41(¢). The required identity follows. O

15



Applying the assumption to 3.6 that A is uniformly distributed as well, meaning that ¢(\) = 1,
produces the following identity

1 e(lf)\)t -1
My (t) = Moo (tA) ————dX 3.11
wt) = [ MG (3.11)
This is the relation that the moment generating function of the stationary distribution of the
relative wealth must satisfy in the case that ¢ and A are uniformly distributed.

3.4. Numerical approximation

We now have the general framework for the type of stationary measures one would be looking
for in our model. In this subsection we show some numerical methods that lead to graphical
representation of these distributions. While exact results cannot be obtained this way, it does
give the general direction that these distributions would be taking. From here we know what
attributes these distributions might have and can thus start looking for analytic answers in
those areas. All the simulations run and approximations made in this section were made using
MATLAB. Further information as to how these were produced can be found in Appendix A.

3.4.1. Probability density functions

We are interested in the resulting wealth distribution after a large number of transactions. In
this simulation we let 10000 transactions take place according to transaction operator 3.1, where
€ and )\ are distributed in several ways.

We first look at both measure being uniformly distributed. Using a kernel density estimator,
the following graph was produced.

Kernel density estimator of relative wealth of agent 1 (r)

Figure 3.1.: Kernel density estimator with € and A uniformly distributed

Based on the simulated transaction data we also let MATLAB attempt to fit a Beta distributed
density. This gives an idea as to whether uniform A and € are likely to lead to a wealth measure

16



with a type of Beta distribution. The Beta distribution of best fit had parameters (2.44383,
2.48190), whose probability density function is graphed below

Probability density function of fitted Beta distribution

0 0.1 02 03 04 05 06 07 08 0.9 1

Figure 3.2.: Probability density function of a Beta(2.44383, 2.48190) distributed random variable

While the kernel density estimator and the Beta fitted probability density function look sig-
nificantly different, when taking a goodness of fit using the chi2gof function in MATLAB the
null hypothesis that the data fits this Beta(2.44383, 2.48190) distribution is not rejected at sig-
nificance level 0.01.

This numerical result shows that it seems unlikely that the wealth distribution would have
a Beta distribution given the fact that ¢ and A were uniformly distributed. We try a different
numerical approach through the moment generating functions of the wealth distribution. For
more information regarding this numerical integration and the graphs produced, refer to the
Appendix.

3.4.2. Moment generating functions

In 3.11 we saw a requirement for the moment generating function of the stationary wealth
distribution. While this involves several complicated integrals, we can show that given the
moment generating functions of the Uniform and Beta distributions, numerically the left and
right hand side to not approach each other. We begin with assuming that wealth distribution
is uniformly distributed, meaning that

el —1

Moo(t) = — (3.12)

Then from 3.11 we numerically approximate the following integral

1 (1=M\t _ 1th 1 1=\t _
/ Mo (t)) e 1d)\ _ / e le 1
0 t(1—M\) 0 tA t(1—X)

From here M. (t) as in 3.12 was computed for various t. The error between these two is graphed
below, first for values for ¢ € [1,10] and second for ¢ € [1,100]

dA (3.13)
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Figure 3.3.: Error value of 3.11 for ¢t € [1, 10]

exponentially afterwards. This can be observed in the graph below
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Figure 3.4.: Log error value of 3.11 for ¢ € [1, 100]
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A logarithmic scale was chosen in order to more accurately show the error. Therefore it seems
unlike the wealth distribution is uniformly distributed in this case.

We now look at the possibility that the wealth distribution is Beta(a, a) distributed given e,
A uniform. The method is as in the uniform case: were the wealth distribution Beta distributed,
its probability density functions would be of the form

(z(1 — =)
=== 3.14
Fule) = (3.14)
Here we have restricted ourselves to taking 5 = a. From the definition of the moment generating
function Mx(t) = E(e!X) we therefore see that we must numerically validate the following
equality

6(1 Nt _
/ Ma(t) Ly
=)

1 a—1/(1 _ a— 1 _ -1 (1-M)t _
/ ot AAYTH(L d>\ / / oA 1 A InE 1 I\
0 B(a, (o, ) t(1—M\)
We notice that on the right hand side we have a double integral in the same measure, meaning
that this becomes

[ o ([ ) ([ )

We numerically integrate the integrals in 3.15 for various values of ¢ as well as . We know
that the moment generating function should apply for all ¢ € R. Therefore we have taken the «
with the lowest error value for all respective t values, instead of making a 2D plot with all the
values. These error values were then graphed and provide a lower boundary on the error for the
numerical approximation, which is graphed below.
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Figure 3.5.: Error value of 3.15 for ¢t € [1,10], « € [1,100]

We see that while the error boundary has gone down through the values for «, it appears to be
reaching some sort of limit that does not equal to 0. This again suggests that given a uniformly
distributed € and A\, the stationary wealth distribution cannot be of the form Beta(a, «). For

more information regarding this numerical integration and the graphs produced, refer to the
Appendix.

3.5. Uniform and Beta(«, 3) distributions

From the approximations in the previous section we suspect that given uniform redistribution
law e and propensity to save A, we cannot have the wealth distribution be either uniformly
distributed or Beta(a, §) distributed. We show in this section that this is indeed the case by
evaluating the requirement 3.11 for the moment generating function. Seeing that uniqueness
of distributions is preserved in these functions, showing that the right hand side of 3.11 is un-

equal to the known moment generating functions of these distributions shows that the stationary
wealth distribution is not of this form.

3.5.1. Uniform wealth distribution

In this subsection we state and prove the following theorem which confirms the conjecture formed
by the numerical analysis.

Theorem 3. Given that the redistribution measure € and propensity to save X are both uniformly

distributed, the stationary relative wealth distribution generated by 3.5 cannot be uniformly dis-
tributed.
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Proof. We begin with assuming that the wealth distribution is uniformly distributed. We then
find a contradiction in 3.11. Given a uniform wealth distribution the moment generating function
would be of the form 3.12. We see that if we take the infinite series representation, we get the
following for real ¢

=y ° o (3.16)

k=1

Then using 3.12 and 3.16 on the right hand side of 3.11, we obtain the following representation
e(1=Nt _ 1
——d\
0, M
-t _q
dA
-
o~ t)\ R (1 — )t
YD 3 oG ILES Via
0 TL'

k=1n=

tnl

Oooot k-1 n—1
kggkn!/A (1—x)""dA

The integral at the end of the summation above looks familiar, and for good reason seeing that
for a Beta(a, 8) distributed random variable, we have have probability density function 3.14

where B(a, f) = % the Beta function. We know that integrating this function over

(0,1) gives 1, thus we simplify

o0 o0 tkfltnfl
A%Jﬂ—§:§:7g*n,3%ﬂ)

k=1n=1
_Siiiﬁ?wnlw—qﬂm—lﬂ
- ! ! — 1)

= k! onl (k+n-—1)!

ZZ tk-i—n 2

P _1kn kE+n—1)!

In order to rid ourselves of the double infinite summation we apply a change of variables described
below

k4+n=wv
k=v—n
n=v—=k

We then get an equivalent representation using a single infinite sum of finite sums

o
t”_Q 1
Z (3.17)
T k=1

In 3.17 we now have a single infinite sum representation for the moment generating function
Moo (t). Recall that in 3.12 we have another infinite sum representation for this function, meaning
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that these sums should have equal terms.
1st term
We look at the first term of 3.12 and 3.17 and see that they are equal

-1 2-2 1
_ = 1 e
1! (2—1)!(1(2—1))
2nd term

At the second term we see that for 3.12 we have

2= ¢

21 2’

(Al (RS SIS W Y & SN & W
B-DI\13-1) 23-2)) 2\2 2/ 2
3rd term

Here we see a discrepancy. For 3.12 we have

and for 3.17 we have

t3_1 t2

3167

and for 3.17 we have

42 LS S 2 L 1, 1) _ (1 ¢
4-DI\14—-1) 24-2) 34-3)) 6\3 4 3/ \12/)6
Thus from the terms of the infinite series in 3.12 and 3.17 being unequal, we see that 3.11 does
not hold. Therefore because the moment generating function of the uniform distribution does

not follow the moment generating function of the wealth distribution, we can conclude that they
are distributed differently.

O]

3.5.2. Beta(q, 5) wealth distribution

We now look at the case where we assume the wealth distribution is Beta(q, 8) distributed.
While the uniform distribution in the previous section is a special case of this (« =1, § = 1),
there might still be other parameters «, 8 for which 3.11 is valid. The following theorem shows
that there are no such «, .

Theorem 4. Given that the redistribution measure € and propensity to save A are both uniformly
distributed, the stationary relative wealth distribution generated by 3.5 cannot be Beta(a,[3)
distributed for any o, 8 € R.

Proof. We start by first assuming that for certain a, € R with n = 0,1,2..., the moment
generating function has the form

(3.18)
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We then apply 3.11 and 3.16 and produce the following equation

-t _
/M t/\ d)\

- A)
/ (Zak ) (I;A)_t ;)1@
[ (B ()

We can now apply a similar method to that used in the previous section with the uniform wealth
distribution. Rearranging gives

k=0n=1
oo o0 tk‘-i-’n—l 1 i n
- ar— /0)\ (1— A)"LdA
k=0n=1
> argry ) A A
=0 =0 k(n—i—l) 0

We once again use the fact that integrating 3.14 over [0,1] is equal to 1 and that for the Beta
(a=D!(B-1)!

function we have B(«, 8) = N CET giving
o o0 tk+n
Moo(t) ZZakk,( 5 Blk+1,n+1)

k:OnzO

- LN !
== Elln+ 1) (k+n+1)!

tk+n
_g%ggkk+n+1(n+n

The same change in notation with the following substitution is applied in order to get rid of the
double infinite summation

k+n=wv
k=v—n
n=v—=k

This then gives following infinite sum for the moment generating function of the wealth equation

[e.9] v

v 1
a
! —
:O(v—i—l).kov kE+1

v =

Moo(t) = (3.19)

Recall we assumed that the wealth distribution is Beta(a, ) distributed and thus has moment
generating function of the form

- at+r \tF
- *Z(HW)
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We make a change in notation in order to work more comfortably in the field of infinite series.
The product operator H]:L:O x,, is usually only defined for all k € Z*. We now add a definition
for the term at £k = —1 as simply an empty product; i.e. it is equal to 1. Due to this change in
notation and the fact that g—(; = 1 we rewrite

X A e \
M@®:£S<Ila+5+m>m (3.20)

k=0 “r=0
This means that the coefficients a,, need to be of the form
an — ]ﬁ a—+r
¥ et Bt

We now compare the first few terms of the infinite series representation of 3.19 and 3.20 to see
that there are no parameters «, 5 for which they are equal. This comes down to the following
equality’s in v

ﬁ at+k 1 zv: 1 Ul:[l a+s
k:Oa—i—ﬁ—i—k_v—i—lk:Ov—i—l—kS:Oa—i—ﬁ—i—s

or equivalently
v

1 1 U_loz—i—,@’—i-s
=1
v+1k§_:00+1—k81:[k a+s

We compare these for the first 3 terms in v

S
|
o

11
() =1

<
I
—_

1(la+8 1
- = )l =1
2(2 o +1>

This is only the case when @ = 5. We continue with this requirement to the third term.

<
I
N\

3 -

1(latfa+pf+1 latpf+1 1 .
3 « a+1 2 a+1 1)

Taking the requirement from the previous term o = 3, we get an answer for a = 3 where this
is equal.
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l(latBa+B+latf+2 latf+la+pf+2 latBf+2 1 _g#_l
4 « a+1 a—+2 3 a+1 a—+2 2 a+2 1) 307

We see that for @« = 8 = 3 the term does not satisfy the requirement. From the term by term
expansion of infinite series we can thus see that the moment generating function of the Beta
distribution does not satisfy 3.11. Finally we can conclude that given a uniformly distributed
propensity A and redistribution ¢, the wealth distribution cannot be Beta distributed. O

Corollary 1. When the redistribution € and propensity to save are both uniformly distributed
there cannot be stationary product measure for the two agent model

Proof. The result follows directly from the result of [2] as described in previous sections. O

It should be noted that the term comparison done in this section is different from that in
the numerical approximations done in previous sections. Here we have looked at the infinite
expansion of the moment generating function and determined term by term that these cannot be
the same. However in our numerical approximation we numerically estimated what the difference
in 3.11 would be for various values of t € R. There was no infinite series expansion and was
thus a completely different computation whose purpose was to examine how the difference in
3.11 would act.

3.6. Uniform ¢ and Beta )\

Having investigated the stationary wealth distribution with s-independence for € and A being
distributed uniformly, we now turn our attention to a different example; how would the wealth
distribution fare when we once again take a uniform redistribution measure ¢, but now with a
Beta(z1, 22) distributed propensity to save A.

We note that the deductions produced in the previous section are a specific case of the cur-
rent example (where we take (z1,22) = (1,1)), so we take a similar approach and develop a
requirement for which the s-independent wealth distribution is Beta(a, 8) distributed. We start
by once again stating the requirement for the stationary wealth distribution shown in 3.6 with
an unknown A distribution ¢(\):

6(17>\)t -1

1
Moo(t):/o Moo(t)\)ﬁb()\)md/\

We have taken A to be Beta(«, §) distributed, meaning that the measure for A is of the form

a—1 _ B—1
o0 = 55

Thus the requirement for the moment generating function of the stationary wealth distribution
in this specific case becomes

1 a=1(1 _ y\8-1 (1=t _
1\400@):/01\400(15A)A (1= A7 e Lax (3.21)

B(a, B) t1 =)
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We now apply the same infinite series expansion techniques shown in the previous section to
give a requirement for the the wealth distribution to be Beta(z1, 22) distributed. We know that
the moment generating function of such a distribution would have the form

M t_oo Mo th
~0=2 \lI-7 )

Here we have once again defined the empty product in £ = —1 to be equal to 1. Thus 3.21 turns
into

B 1 )\a—l(]_ _ )\),3—1 e(l—A)t -1
Moo (8) _/ Mool 1) 55— =7
1 oo

/ zi4r O\ (ENFATL = NPT (0N Loy
0 Z1+22+7“ k! B(a, ) t(1—2A)

/0 ( Zli;: T)(t,jfw_}zaf/jfﬁ_l(m <t<1-n?>>”—1> i

n=1

k-1 n—1 1
2 +r t kta—1 n+5—2
= A 1—AX d\
ZZkIB <]1)21+22+T) n! /0 ( )

k=0n=1

iit“nl Hl a4+r \Bk+a,B+n—1)
o nlk! o tztr B(a, )

k=0n=1

To once again use work in the space of a single infinite series we apply the transformation

k+n=wv
k=v—n
n=v—k

This gives the following identity for the wealth distribution

k—1
w1 z1 47 Bk+oa,f+v—k—1)
;t Z (v—k 'k'<H21+z2+r) B(a, B) (3.22)

The question then becomes, can the coefficients of the moment generating function of the Beta
distribution solve for this identity, or are there z1, 29, o, and ( such that for all £k € N

]ﬁ 2147 l_zv: 1 ]ﬁ 2147 Bk+a,f+v—k—1) (3.23)
T:021+zz+rk!_k:0(v—k)!k! St atr B(a, B) '

This is a analytically complex identity to solve for parameters z1, 29, «, and 3; however it seems
unlikely that parameters of this form exist that would satisfy 3.22. We end the section with the
following conjecture regarding this matter.

Conjecture 1. Given that the redistribution measure € is uniformly distributed and propensity
to save X is Beta(a, ) distributed, the stationary relative wealth distribution generated by 3.5
cannot be Beta(z1,z2) distributed for any «, B3, 21, z2 € R.
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4. Heavy-tailed distributions

In this section we take a step back from the propensity to save of the economic agents and
instead look at ways in which the classical energy redistribution model described in [2] can
be expanded. This can be done by letting the redistribution model have random (and thus
distributed) parameters. Given the right distribution this leads to heavy-tailed distributions,
the likes of which have been empirically observed in finance and economics; while the previous
norm was to take all distributions to be normal, recent analysis and advances in computing
power show that heavy tailed distributions are realistic. For example, [1] states that financial
asset returns are now considered to be heavy-tailed. With this assumption, risk in such financial
assets is increased as heavy-tailed distributions associated a much higher volatility than those
of the normal distribution. Even in an agent based model volatility phenomena associated with
heavy-tailed distribution can be observed, as shown in [3]. Therefore it is logical to attempt
to expand the agent based model for a closed economy to produce heavy-tailed distributions as
well; this is then exactly what will be discussed in this chapter. We look at the case where A = 0
and attempt to find stationary product measures with heavy tails.

4.1. The zero-propensity model

In [2] forming a model for the distribution of wealth between two agents was done by observing
the existing model for the redistribution of energy on the particle scale in a closed physical
system. From this point one introduced the notion of economic agents and saw that these two
systems could be modelled in the same way. The adding of propensity was then an extension
only applicable to the wealth model. To add the extension of distributed parameters, we first
mathematically describe the model.

We now explain the energy distribution model at the hand of the existing wealth distribution
model, however one should note that originally this was derived in the opposite manner. The
irrelevance in direction shows that the this energy model is also a type of wealth distribution
model, given the right assumptions. We thus continue with the notation of economic agents
used in our previous model; we have agents with wealth (x,y) respectfully, where x +y = s
remains constant. We define the following map for use in the generator: for Te(z,y) : E — E
we have

Te(z,y) = (e(z +y), (1 —€)(x +y)) (4.1)

Note that T.(z,y) = TO(z,y) as defined in previous chapters. Now for a given distribution
measure v(€) the transition operator for the zero-propensity distribution model becomes, for all
bounded continuous function f(x,y)

1
Pi(r.y) = /0 F (T, )0 (s, €)de (4.2)
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4.2. Characteristics of agents

From [2] it is known that given the wealth distribution model with zero propensity to save
(A = 0) and redistribution measure Beta(aq, as), that the resulting stationary wealth measure
will be product. Furthermore this is the only case in which stationary product measures occur,
with the stationary distribution being Gamma distributed, i.e. u(z,y) =I'(aq, ) x I'(az, 8) for
scale parameters . Here a I'(ay, 8) distribution has the following probability density function:

aa—1
_ B pe

o (4.3)

p(x)
We therefore take interest in this o parameter that seems to be conserved in these product
stationary measures. We can see « as a ’characteristic’ of the economic agent. With this view it
is reasonable to assume that a1, as are independent for different agents; this inevitably leads to
the question of whether they can be seen as randomly distributed and of the form ¥ (a9 (az).
This is we investigate in this section; we ask whether this random distributing of the the agents
quality can lead to heavy tailed product measures for the stationary wealth distribution.

We now look at how the model evolves when one takes a randomly distributed shape parameter
a. For generality we say that « has distribution ¥ («) with support on [0, 00). We note that
because we have another random variable, the wealth distribution of agent 1 no longer looks
like 4.3, but now has the form

oo Baxa—l 5
() :/ ———e P"Y(a)da (4.4
@)= Crage ) )
Having the general wealth distribution for agent 1 given s-independence and no propensity to
save, we show some interesting properties given certain distributions for a.

What we are particularly interested in when it comes to wealth distributions of the kind de-
scribed in 4.4 is how their moments function. Particularly interesting is the class of distributions
that have infinite moments passed a certain point; these are called heavy-tailed distributions.
One such type of distribution is the Pareto distribution which has been found empirically in
the world of finance and economics [9]. Therefore we first take a look at what could possibly
produce such heavy tailed distributions.

The ¢’th moment of a continuous non-negative random variable X with distribution fx(z) is
defined as follows

oo
E(XY) = / 2 fx(x)dx
0
Seeing that the wealth distributions are based on continuous non-negative random variables this

is the definition we will use. We then define a heavy tailed distribution as a distribution who
for some ¢. € R has the following quality

/ 2 fx(x)dr = o0 q > qec
0

This means that after a certain point the moments of the distribution are infinite as mentioned
before.
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We apply this to the general wealth distribution for agent 1. For simplicity we take 3 =1 for
the scale parameter. We then get the following expression for the ¢’th moment of agent 1, X;

E(X7) = /0 ” /0 h quf?;;e—w(a)dadx

oo oo .qta—1
:/O /0 xf(a) e “Y(a)dadz

The following theorem then defines a class of distributions for « that lead to heavy tailed wealth
distributions.

Theorem 5. The class of distributions for shape parameter a given by
Y(a)=a™F, keN (4.5)
lead to heavy tailed product invariant measures, given that they follow 4.4.

Proof. We use an alternative representation of the Gamma function: T'(z) = [~ 2" 'e*dx for
z € RT. Thus integrating over only z the above double integral simplifies to

Bxt) = [ p(a)da

o0
~ [(@+a-Da+a-2)... (@)
0
Here we have used the original definition of the Gamma function I'(z) = (z — 1)!.

Looking at (¢+a—1)(¢+a—2) ... («), we see that this can be expanded to form a polynomial
of order q in «; i.e. it is of the form P(a) = cjad + coa7 ... + cq, Where ¢; are constants in R
for all i = 1...q. We are therefore inclined to look at the following for for the distribution of a:
Y(a) = a=F for some k € N. This can be seen by substituting this form into the expression for
the ¢’th moment:

E(X{) = /OOO(Cmq + 2007t 4 e (@) da

® ol 4+ et 4+ Cq
= T do
0 «

o
= / 10?7 F 4 eoad k1 4 a_kcha
0

We know that [;° 2"dz = oo if k > 0 and [;° 2*dz # oo if k < 0. Thus we have found a class of
distributions for which have heavy tails; if the s-independent wealth of agent 1 is Gamma(a, 1)
distributed and « has distribution of the form t(a) = a*, k € N, then for moments ¢ > k have
a value of infinite. Therefore this class of distributions is heavy tailed. O

4.3. Random scale parameter

In the previous section we looked at the invariant product measure for the s-independent wealth
distribution of agent 1 where the shape parameters a was randomly distributed. The probability
distribution function then had the form 4.4. We now let the shape parameter o be constant
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in 4.3 and instead condition the distribution on the scale parameter 3, which we give general
distribution «(8). This produces the following pdf parallel to 4.4

[e'e] am,afl
uo) = [ e P aeis (46)

As before we make things simpler by this time letting the shape parameter a = 1. Instead of
viewing the moment generating function of agent 1, we now continue to work with the probability
density function. We first off note that in letting o = 1 we have created a conditional exponential
distribution in the wealth distribution, i.e.

p(z) = /OOO Be Py (B)dp

We now assume that g is Gamma distributed with shape and scale parameters 6, k respectively.
This means that (53) is of the form 4.3 with («, ) = (6, k). We then rewrite 4.6 as

00 B kG/BB—l B
_ Bz kp

= Le /Oo BlePlatklgp
I'(0) Jo

We know from the probability distribution of Gamma that the following equality holds

00 0
/ F(eﬁ+ 1) (.’E + k)9+1596*6(z+k)dﬂ -1
0

and so

> 20 —Blatk) 15 L(O+1)
/0 Be dp = 39(z + )i+

Thus the probability density becomes

_ A 0 —B(z+k)
M(ff)—r(e)/o pe +d5

kK TO+1)
- T(0) B(z + k)P
oK

Gt R

This final density is exactly that of the Lomax Pareto distribution with parameters (6, k) [5].
This distribution is of Pareto Type II which also has heavy tails. Thus we can conclude that
given an conditionally exponential distribution s-independent wealth distribution for agent 1,
if one conditions the parameter to be Gamma(#, k), the original distribution in question is dis-
tributed to a Lomax Pareto distribution with parameters (6, k). One can even take this result
further if we take the shape parameter 8 to be Gamma distributed, which leads to a Generalized
Pareto distribution as shown in [4].

While these results appear to be positive, they are in fact not applicable to our original
model. Recall that we are manipulating the stationary wealth distribution of agent 1 relative
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to that of the whole economic system with 2 agents. From [2] we recall that this was justified
if the redistribution measure v(€) was Beta(ay, ag) distributed, as this would produce invariant
product measures of the form u(z,i) ~ I'(«;, 8), ¢ = 1,2 with some shape parameter 3. However
if we condition on the shape parameter instead of the scale parameter, these will no longer be
the same for both agents; this means that even if we take wealth distribution of agent 1 to
be Gamma distributed, the inconsistency in the shape parameter prevents the translation from
being justified. Conditioning over the scale parameters a2 still produces product measure,
so the results in the previous section are justified. While it is unfortunate that the result for
pu(x) = % is not applicable in the form that we have presented here, it does give reason
to further investigate this type of distribution.

4.4. The Pareto distribution

As previously mentioned, heavy-tailed distributions are common occurrences when viewing real
life data and attempting to find a distribution that fits such data. We see that in particular the
class of Pareto distribution is of interest, both from a real life perspective and from that of the
previous section. Fitting of empirical data to form a wealth distribution has been attempted
already, as shown in [9] and [8]. Getting an agent-based justification for the Pareto distribution
is thus a logical choice of wealth distribution. In this section we show the mathematical require-
ments of the chosen parameters in the model to produce such a wealth distribution.

As before we assume that the s-independent stationary wealth distribution of agent 1 is
Gamma distributed with parameters (o, 3). As we have seen in the previous sections, the only
logical choice of conditioning when it comes to these parameters is the scale parameter «. This is
due to results found in [2] pertaining to product stationary solutions in the model. We therefore
set the shape parameter to 1 for simplicity. Now as we know, conditioning on the parameter «
gives the following probability density function for agent 1 as given in 4.4. We then see that the
foll lowing must be satisfied

0 pa—1 9]{?9
T) = e “Yla)da = ———— 4.7
o) = [ Fme vlada = (17)
This is the probability density function of the Pareto Lomax distribution as seen in the previous
section. Here we have chosen for this particular form of Pareto distribution instead of the Pareto
Type 1 to have full support on [0,00). These two types of distributions are very similar, the
Lomax variant essentially being Pareto Type 1 with a shift to include the support on [0,1] that
lacks in the Pareto Type 1 distribution.

The identity in 4.7 is once again quite difficult to solve for general distribution ¢ («), so we
shall produce a secondary criteria in which both sides of the equation are more comparable. We
note the following in the Pareto Lomax probability density function

kb IO+ 1)k°

(z+ k)0 T()(z + k)OH1
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Manipulating the integral form of the Gamma function we see that
rO+1) = / (B(x + k)Pl Pathgg
0
=(z+k) / ple=Platklgp
0

Combining these two equations gives

0K’ K 50 ,~Bla+k)
T = / B’e dg
(x 4 k)0t L) (x+k) J

thus we can conclude that for the probability density function of the wealth distribution of agent
1 to be Pareto Lomax distributed, we must have equivalence in the distribution of a, ¥(«) in
the following identity for the probability density function u(z):

/Oo xa_le*xw(a)da = L /OO Ble Ptk g (4.8)
o (o) L(0)(z +k) Jo '

If this applies, then the stationary wealth distribution of agent 1 will have a Pareto Lomax
distribution with parameters (6, k). This does not seem like a unlikely scenario, so we end the
section with the following conjecture.

Conjecture 2. There exist a class of distributions 1(«) for the shape parameter o such that 4.8
18 satisfied and thus the stationary product wealth measure of agent 1 is Pareto Lomax distributed.
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5. Conclusion

In this paper we have studied a two agent model for the wealth distribution in a closed economic
system introduced in [2] and extended it in two significant ways concerning the parameters given
in the model. These expansions were then analyzed to see how the wealth in this closed economic
system would be distributed among the agents and given certain assumptions for the model,
what distributions we could exclude from consideration.

The first extension added to the model was to introduce a distributed propensity to save. In
the original model for wealth distribution, the transactions between the two agents were based
on a redistribution measure € and a constant propensity to save A. In each transaction, a fraction
of the total conserved wealth was redistributed among the two agents according to e. When
we took the variable A to be distributed as well, it meant that the amount of wealth that was
being redistributed between the agents was decided randomly for each transaction according to
the distribution of A. We then looked at how the wealth of agent 1 would be distributed after
a large number of transactions and assuming that the redistribution measure was independent
of the total wealth in the system i.e. we looked for stationary distributions for the wealth of
agent 1 relative to the total independent wealth in the system. This newer model and its (po-
tential) stationary distributions were first mathematically defined and then analyzed accordingly.

In the model with random propensity A, we derived a result concerning the relative wealth
distribution of agent 1; through recursion we saw that this had the form

e’} n—1
SEDNIE m(jr%xj)en

Here the A\, and ¢, are independent instances of the randomly distributed propensity to save A
and redistribution measure € respectfully.

We also examined specific stationary distributions with the assumption that the redistribution
measure € was uniformly distributed and the propensity measure A had density ¢(\). By ex-
amining the moment generating function My (t), we defined a identity that a stationary wealth
distribution of this sort has to comply with:

1 6(17)\)7& -1

My (t) = Moo (EN)P(N) ————d A 5.1

) = [ Mo G (51)
After first investigating using numerical methods, we can conclude that given A uniformly dis-
tributed, the stationary wealth distribution of agent 1 cannot be Beta(a, §) distributed for any
parameters «, 8. As a consequence we saw that for the two agent model no invariant product
measure can exist. Furthermore if we take the the the propensity to save to be Beta(z1, z2) dis-
tributed, it was shown that the following identity must hold for the moment generating function
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of the wealth distribution

_ -1\ 1 oozt Blktaft+v—k—-1)
Moo(t> = ;t kgo(v_k)lkl(n 21 +22+7’> B(OJ,B) (5'2)

r=0

The second expansion that we considered was where we take the propensity to save to be 0
and focus solely on the case where the redistribution measure € is Beta distributed and once
again independent of the total wealth of the system. Based on results from [2], we then know
that the stationary wealth distribution of the whole system is comprised of product stationary
distributions in the two agents. These product measure are always Gamma(a, 8) distributed
according to [2]. We then took the parameters (a, ) and distributed them individually and
in separate cases (meaning that if o was distributed then 5 was constant and the other way
around). These stationary product measure were mathematically defined and then manipulated
to form certain wealth distributions.

In randomly distributing the parameters of the stationary wealth distribution when this is
Gamma(a, 3), we looked for distributions of these parameters that would lead to heavy-tailed
distributions. When taking the shape parameter « to be random, we found a class of distri-
butions that would lead to the wealth distribution of agent 1 to be heavy-tailed; this class was
defined as all the distributions of the form (o) = a~* for k € N. Furthermore it was shown
that while taking a random scale parameter § would lead to interesting results, ultimately the
restrictions on the model would not allow this for any distribution for 5. This did however
lead to a requirement for wealth distributions to be Pareto Lomax distributed, given that « is
distributed according to 1 (a):

oo :L’a_l . _ kﬁ 0o 6 —Blath)
/0 e “Y(a)da = F(0)(1:+k)/0 B’e dg (5.3)

If this applies, then the stationary wealth distribution of agent 1 will have a Pareto Lomax
distribution with parameters (0, k).

The two agent model suggested in [2] is a relatively simple representation of a closed economic
system and how the wealth in such a system is distributed. The extensions to this model created
in this paper add some variability to the possible parameters by distributing them and show
what the effect of this variability to the model as a whole. Furthermore multiple criteria have
been proposed such that if the distributed parameters fulfill these criteria, it is clear what type
of wealth distribution the model will be able to provide.
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6. Discussion

This paper has investigated several methods expanding the model generated in [2] and drawn
several conclusions from specific cases of the extended models. However due to time constraints,
not all potential results could be pursued in the investigation. This chapter highlights possible
extensions of the research and its results.

Based on the identity described in 5.2, we have a requirement for a possible Beta(z1, z2) dis-
tributed propensity to save A. It cannot be ruled out that there are not parameters z;, 23, a,
and f such that the wealth of agent 1 given s-independence is Beta(a, §) distributed. However
it does seems unlikely, as posed in conjecture 1. Furthermore any number of moment generating
functions of common distributions could be attempted to conclude whether they abide by the
identity 5.1; with proper manipulation it may even be possible to construct a class of distribu-
tions which always solves this identity.

Using the criteria given in 5.3, one could investigate possible distributions for the shape pa-
rameter « in the wealth distribution for agent 1 assuming this is conditionally Gamma(c, 3)
distributed. In the case that common probability density functions cannot apply, a class of
distributions with the appropriate characteristics to satisfy 5.3 could be created based off of the
identity alone. Furthermore certain transformations could be investigated in order to solve the
integrals given in the identity with success. We thus ask the question: Do distributions exist
that satisfy the equations 5.1 and 5.3, and what might these distributions look like?

In this paper we have restricted our queries to the case where we only have two agents in the
closed economic system. However in [2] an N-agent model was also introduced. This idea could
be extended in the models in this paper, possibly with results concerning duality functions or
expected values of the system. For more information regarding such models refer to [2]. Finally
many of the methods used in this paper were applied to very specific common distributions in
order to produce results. Naturally other common distributions could be used in order to find
comparable results; i.e. instead of uniform or Beta distributions as the respective redistribution
and propensity to save measures, any number of common distributions could be used. Whether
still will provide interesting results is left to the researcher.

35



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

A. MATLAB

This appendix contains the MATLAB code used in generating the various graphs shown through-

out the report.

Wealth distribution with 2 agents

%Wealth distribution model with 2 agents with lambda propensity
clear;

rng (304) ;

%Parameters

t = 10000; %Amount of transactions

in_wealth_1 = 1000; %initial wealth of first agent

in_wealth_2 = 1000; %initial wealth of second agent

Economy = in_wealth_1 + in_wealth_2; %Total wealth in the economy

agent = zeros(t,2);
agent (1,:) = [in_wealth_1, in_wealth_2];

for i = 1:t
lambda = betarnd (1,1); %Amount of propensity
redist = betarnd(1,1); %Redistribution measure
agent (i+1,:) = [lambdaxagent (i,1)+(1—lambda)*redist*sum(agent (i
)
lambdasxagent (i,2)+(1—lambda)*(1—redist )*sum(agent (i,:))];
end

%Estimated probability density function of agent

figure (1);

ksdensity (agent (:,1) /Economy ) ;

title (’Kernel density estimator of relative wealth of agent 1 (r)’);
xlabel (’x7);

ylabel (’Density ') ;

%Probability density function of fitted Beta distribution

x = 0:1/t:1;
y = fitdist (agent (:,1)/Economy, ’'Beta’);
figure (2)

plot (x, pdf(y,x))

title ("Probability density function of fitted Beta distribution’);
xlabel (’x7);

ylabel (’Density ') ;
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%Goodness of fit at significance level 0.01
[h,p]=chi2gof(agent (:,1)/Economy, 'CDF’,y,  Alpha’ ,0.01)

Numerical integration for Uniform moment generating function

%Numerical integration of M_infinity (t) with R_infinity uniform
%for lambda, epsilon uniform

clear;

dt = 0.1; %timestep

%L = 10; %Largest value of t

L = 100; %Largest value of t

M_uniform = @Q(t) (exp(t)—1)./t; %Moment generating function of
unifrom distribution from 0 to 1

M_infinity = @(x,t) (exp(t.xx)—1)./(t.*x).*(exp(t.*x(1—x))—1)./(t.x(1—

x)); %Integrand
difference = zeros(L/dt,1);
int = zeros(L/dt,1);
t = zeros (L/dt,1);
for i = 1:L/dt
t(i) = ixdt;
int (i) = integral (@Q(x)M _infinity (x,t(

1)),0,1);
difference (i) = M_uniform(t(i)) — int (i

)5

end

%plot (t, difference);
semilogy (t, difference);
xlabel (’Time t’);
ylabel (’Error value’);

%title (’Error value in numerical approximation for various t values’)

)
title (’Log error value in numerical approximation for various t
values’);

Numerical integration for Beta moment generating function

%Numerical integration of M_infinity (t) with R_infinity beta(a,a)
after

%differentiating to x

%for lambda, epsilon uniform

clear ;

dt = 0.1; %stepsize t

L = 10; %Largest value of t

dh = 1; %stepsize a
H = 100; %Largest value of a
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M_beta = @Q(x,t,a) 1./beta(a,a).xexp(t.*x).*x(x.%(1—-x)). " (a=1); %
Integrand for beta(a,a)
M_infinityl = @Q(x,t,a) 1./beta(a,a).*exp(t.*xx."2) . x(x.x(1—x))." (a—1);
%Integrand 1 for R_infinity
M _infinity2 = @Q(x,t) (exp(t.x(1—x))—1)./(t.x(1—x)); %Integrand 2 for
R_infinity
difference = zeros(L/dh,H/dh);
t = zeros(L/dh);
a = zeros (H/dh);
for i = 1:L/dt
t(i) = ixdt;
int_2 = integral (Q(x)M_infinity2(x,t(i)),0,1);
for j = 1:H/dh
a(j) = jxdh;
int_beta = integral (Q(x)M_beta(x,t(i),a(j)),0,1);
int_.1 = integral (@(x)M_infinityl(x,t(i),a(j)),0,1);
difference(i,j) = int_1*int_2; — int_beta;
end
end
min = min(difference); %Shows the lowest difference for all a

plot (min) ;

xlabel (7Alpha value’);

ylabel (’Error value’);

title (’Minimal error value in numerical approximation for alpha
values’);
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