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Main text

In this PhD thesis I present my contribution to a few problems about the role of randomness in

economic systems.

While economists were the first among scientists to embrace the impact of randomness on our
daily life, they are not the only ones to study this phenomenon.!? Randomness is present
everywhere and therefore has a strong interdisciplinary nature. Indeed, a great number of
contributions have emerged from the interactions between scientists trained in different fields.
Throughout this document, we will use techniques developed in Physics, Biology, Computer
Science, and Chemistry to answer questions like: How to predict the price of a financial asset?
Who is able to live a wealthy life? How much time does it take for a worker to improve their

income status?

Randomness has helped unite different branches of science by implicitly demonstrating that some
problems should be worked from many different angles. There are no constraints forbidding the
use of theories and methods inspired by a particular field in a different scientific discipline. This
creates the need for a field connecting seemingly distant branches of science. The science of
randomness, formally known as inferential statistics, has arisen in part to fulfill that particular
need. Moreover, statistics has created scientific value which is different from that of the particular
fields where its adherents were originally trained. This dual purpose makes the study of

randomness attractive from an applied as well as a fundamental perspective.

The bedrock to answering many puzzles besetting the current economic formalism lies in the
ergodic hypothesis.’> Mathematically, the hypothesis tells us that an observable (e.g., the return of
an asset or the growth rate of our wealth) is ergodic if its time average is equal to its expectation
value. Philosophically, if the hypothesis is valid, it means that randomness does not affect the
dynamics of the system. That is, every asset traded on a stock market will exhibit similar prices
over time, and on the long run investors will be indifferent about their investment decisions. Also,

it will be irrelevant to track economic inequality, as the economy will not discriminate between



individuals on the basis of their history: everyone will experience wealth and poverty during their

life.

The ergodic hypothesis is often taken as granted in economics. Unfortunately, recent empirical
findings have questioned its validity.*”’ As a result, over the past decade an abundance of
economists have been actively searching for methods that go beyond ergodicity assumptions. Yet,
despite important advances, it remains unclear how the randomness induced by non-ergodicity is

manifested in economic systems.

In this PhD thesis, we bridge the gap in the literature by developing frameworks for studying the
role of non-ergodicity in asset pricing, wealth dynamics, and income dynamics. These frameworks
unify results from previous research into comprehensive methodologies that can easily address the
question of ergodicity. By practically implementing the frameworks, the puzzles besetting the
current economic formalism can be resolved in a natural and empirically testable way. Namely,
they can be applied in various economics domains: from tailoring optimal investment strategies

up to designing essential policy interventions.

The contribution of this document to the economics literature is displayed in four Chapters.

Chapter 1: A unifying framework for pricing non-ergodic financial assets. In the first chapter
we unify approaches used to model asset price dynamics by providing a thorough investigation on
the properties of a stochastic process called generalized geometric Brownian motion (gGBM).®
Geometric Brownian motion is the baseline non-ergodic model used to describe asset price
dynamics, but is unable to reproduce the real world observation that extreme price events appear
more often than what is expected. gGBM resolves this issue by attributing the overabundance of
extreme events to prolonged periods in which the price of the asset exhibits approximately constant
values. The nature in which these prolonged periods appear is determined by a so-called “memory
kernel”. By choosing the appropriate kernel, we can recover the standard GBM as well as other
more complex models used to describe asset price dynamics. To understand the behavior of
gGBM, we perform a detailed mathematical analysis for the properties of its moments and log

returns. More importantly, we describe how the model can be used to predict empirical option



values and show that the gGBM framework offers a computationally inexpensive and efficiently
tractable solution for tracking the non-ergodic dynamics of asset prices. The findings presented in

this chapter were published in Ref.8.

Chapter 2: Economic mobility, non-ergodicity and mixing in wealth dynamics. In the second
chapter, we use ergodicity to answer the question about whether everyone is able to live a wealthy
life. We do this by introducing mixing as a relevant concept when quantifying the feasibility of
every individual in the economy to change their rank. Mixing is a well-known concept in statistical
physics. It describes the property of a dynamical system being strongly intertwined. Every system
that satisfies the mixing property will also be ergodic. Translated in economic terms, this means
that any measure of mixing will evaluate the extent to which every individual in an economy is
able to move across the whole steady-state wealth distribution. In practice, however, many
economic systems do not satisfy the ergodic hypothesis, and hence are non-mixing.® In this case,
measures of mixing will be at their lowest value. This is significantly different from economic
mobility measures, where any change in the rankings is interpreted as existence of mobility. Thus,
if we use measures of mobility to evaluate the possibilities of an individual to move across the
wealth rankings, we may conclude misleadingly that everyone is able to move. More details about

the results from this chapter can be found in Refs.”!,

Chapter 3: The role of non-ergodicity in income dynamics. Next, in Chapter 3 we investigate
how ergodicity affects income dynamics by analyzing the properties of a baseline process for
modelling this phenomenon called geometric Brownian motion with stochastic resetting (stGBM).
We show that the advantage of modelling through stGBM is that its dynamics are regime
dependent. That is, and based on the state of the economy, income dynamics may range from a
non-ergodic regime where inequality is an increasing phenomenon up to a stable regime where

randomness does not impact the inequality and mobility dynamics.’

We then utilize United States data for the dynamics of the income from the World Inequality
Database, to study the evolution of income under the assumption that it undergoes stGBM
dynamics. The economics literature presented above has predominantly focused on modelling the

changes in the income dynamics via shocks in the model parameters that induce changes in the



stationary income distribution. These shocks do not transform the income dynamics into a non-
ergodic regime. Instead, institutional and social characteristics are the major drivers of the rising
inequality. Indeed, there is an abundance of studies which suggest that the current income
dynamics is best described with parameters that belong to a such regime. However, there is no
evidence that the income dynamics will eventually reach the predicted stationary state. Thus, it
can also be presumed that the rising inequality might be a result of non-ergodic dynamics. To this
end, we indeed find robust evidence which indicates that the United States economy is consistently
in a non-ergodic regime. All these results allow us to hypothesise that the economy may be in a
situation where inequality is increasing and mobility is decreasing as a result of the high level of
randomness that determines the income dynamics. As such, our results serve to expand the
knowledge on the possible factors affecting the observed real world income dynamics. The results

from these chapter were published in Refs.!!"13,

Chapter 4: Measuring income mobility in the Macedonian economy using ergodicity. In the
fourth chapter, we show how the non-ergodicity framework developed in this document can be
used to make the first measurements of income mobility and mixing in the Republic of Macedonia.
In particular, we exploit the stGBM model together with data on the income distribution and the
dynamics of the people who left/changed their jobs to estimate the quantify the mixing properties
of the Macedonian economy over the years. In this chapter, we also introduce a measure for the
granular representation of mixing of income called Mean First Passage Time (MFPT). MFPT
estimates the time required for a worker to reach a certain level of income given their current

status.'* The technical results of this chapter can be read in Refs.!*1,

But why these frameworks offer more nuanced applications, compared to standard methods?

A shared feature of these frameworks is that they unify results from previous research into
comprehensive methodologies that can easily address the question of ergodicity. They quantify the
well-being of an individual by what happens over their lifetime instead of averaging across the
different possibilities at a given time. This is important from both an individual worker perspective
and a policymaker view. In particular, from an individual perspective it is obvious that in this case

the right comparison is with their future self: if I am certain that I will be able to experience a



wealthy life regardless of my current social class or circumstances of birth, then it is irrelevant
who is the richest now and who is the poorest as social structures function as envisaged. Similarly,
from a policymaker perspective, if the economy is a non-ergodic state, then it is polarized between
the rich and the poor. Yet, standard measures for well-being (as showed for example with the
mobility measures) will not account for this, and will indicate that the “average person is fine”.
The non-ergodic frameworks disaggregate these measures to the level of an individual and show
that achieving an ergodic state also maximizes the well-being of the nation as it leads to the largest
economic return. Then, the policies implemented for social cohesiveness (e.g., choices on
collective investment in infrastructure, education, social programs, taxation etc.), are having their
impact. Hence, they offer a natural and empirically testable way approach to various economics
domains: from tailoring optimal investment strategies up to designing essential policy

interventions.

These frameworks, however, are not without their limitations. First, they are based on the simplest
models which can only offer restricted information about the role of non-ergodicity. The
frameworks assume that all individuals have the same socio-economic attributes that may affect
their decision making, such as education or gender, and do not differentiate across different
types.'®22 In this context, we point out that the frameworks can be easily generalized and applied
to more sophisticated situations by assuming that the parameters that model the state of the
economy are type dependent. 2* Then, each individual type will have their own features (estimated
using the same equations derived in the document) and this may uncover even more detailed
information about the role of non-ergodicity. The inability to further disaggregate the frameworks
across types stems from the fact that, unfortunately, the datasets produced so far do not allow for
a detailed track on the features of every individual type in the economy. Nevertheless, in the
absence of a unifying model covering all relevant aspects, the frameworks introduced here can
provide the starting point for the development of a more comprehensive understanding for the
impact of non-ergodic dynamics on economies. With the development of improved and more
granular datasets, the insights obtained from these analysis can influence the development of even

more comprehensive and appropriate policy recommendations.?*%>



Second, here we studied only three aspects of the economy, stock investments, income dynamics,
and wealth changes. Non-ergodicity also affects other domains: from the evolution of cooperative
behavior?® up to scientific outcomes?’. Hence, developing frameworks that investigate the impact

of non-ergodicity in other domains of the economy may be a non-trivial future contribution.

Lastly, we emphasize that the applications which we presented here follow a positive approach
and, hence, are only descriptive. We invite policy practitioners to delve deeper in the interpretation
of the questions arising from our empirical findings. For example: Is the Macedonian Dream alive
if it takes around 200 years for a middle-income status US worker to reach the top 1%? Is it
reasonable that the economic conditions allow individuals aged 25-30 years currently with an

income around 30™ percentile to only reach 45" during their working life?

Yet, despite these limitations, the frameworks improve upon the state of the art by providing
methods that are more comprehensive, and also more accurate, at investigating how randomness
affects the temporal evolution of economic observables. It should motivate new multidisciplinary
research focused on creating even more comprehensive frameworks that can be used to explain

specific economic phenomena and be applied to economies all across the globe.
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