Voting and Discounting
in Simple Growth Models

Zur Erlangung des akademischen Grades eines

Doktors der Wirtschaftswissenschaften

(Doctor rerum politicarum)

an der Fakultat fiir Wirtschaftswissenschaften

des Karlsruher Instituts fiir Technologie (KIT)

genehmigte
Dissertation

VOIl

Mikhail Pakhnin, M. Sc.

Tag der miindlichen Priifung: 06. Mérz 2018
Referent: Prof. Dr. Clemens Puppe

Korreferent: Prof. Kirill Borissov






Erklarung

geméf §6 Abs. 1 Ziff. 4 der Promotionsordnung des Karlsruher Instituts fiir Technologie
fir die Fakultat fiir Wirtschaftswissenschaften vom 30. November 2012

Ich versichere wahrheitsgemaf, dass ich die Dissertation selbststdndig verfasst habe. Ich
habe nur die angegebenen Quellen und Hilfsmittel benutzt und mich keiner unzuléssigen
Hilfe Dritter bedient. Insbesondere habe ich wortlich oder sinngeméafl aus anderen Werken
iibernommene Inhalte als solche kenntlich gemacht. Ich habe auch die Satzung des KIT

zur Sicherung guter wissenschaftlicher Praxis in der jeweils giiltigen Fassung beachtet.

Hiermit erklédre ich, dass ich die Arbeit oder Teile davon bislang nicht an einer Hochschule
des In- oder Auslands als Bestandteil einer Priifungs- oder Qualifikationsleistung vorgelegt
habe.

Karlsruhe, den 27.12.2017






Abstract (German Version)

Diese Dissertation verbindet die Sozialwahltheorie mit der Wachstumstheorie und be-
handelt das Problem der Aggregation heterogener Zeitpriferenzen. Ein Uberblick iiber
die Literatur zur sozialen Wahl in Wachstumsmodellen mit vielen Agenten zeigt, dass
es fundamentale Schwierigkeiten bei der Aggregation heterogener Zeitpréferenzen in dy-
namischen Wachstumsmodellen gibt. Es wird insbesondere gezeigt, dass es aufgrund
der Hochdimensionalitat des Wahlmdoglichkeitenraumes in diesen Modellen keine Abstim-
mungsgleichgewichte gibt.

Um diese Schwierigkeiten zu iiberwinden wird ein einfaches und intuitives Abstim-
mungsverfahren (die intertemporale Mehrheitswahl) vorgeschlagen. Dieses Verfahren
beruht auf zwei Prinzipien: (i) die Abstimmung erfolgt Schritt fiir Schritt in jeder Periode
neu, und (i) es wird dabei nicht tiber die absoluten Gréfien (z.B. das Konsumniveau),
sondern iiber deren relativen Wert (z.B. die Konsumrate) entschieden. Die intertem-
porale Mehrheitswahl wird auf ein einfaches Wachstumsmodell mit einem o6ffentlichen
Gut angewendet, in dem die Agenten unter verschiedenen momentanen Nutzenfunktio-
nen und verschiedenen Zeitpraferenzraten einen gemeinsamen Konsumpfad wéahlen. Das
vorgeschlagene Abstimmungsverfahren stellt eine mikrockonomische Fundierung der Wahl
des optimalen Konsumpfades des Medianwéhler dar.

Die intertemporale Mehrheitswahl wird dann auf ein allgemeines Gleichgewichtsmod-
ell mit einer nicht erneuerbaren Ressource angewendet. Die Agenten haben wiederum
verschiedene Zeitpriferenzraten und wahlen die Extraktionsraten, um eine sozial opti-
male Nutzung der Ressource zu bestimmen. Das vorgeschlagene Abstimmungsverfahren
ergibt sich in diesem Zusammenhang besonders natiirlich, da es sich um eine kollektive
Entscheidung iiber einen relativen Wert (die Extraktionsrate) handelt. Auch hier stellt
sich heraus, dass das Abstimmungsgleichgewicht der intertemporalen Mehrheitswahl von
der Median-Zeitpréaferenzrate abhéngt. Das vorgeschlagene Abstimmungsverfahren ldsst

sich daher sehr einfach auf dynamische allgemeine Gleichgewichtsmodelle anwenden.

Schlagworte: Theorie kollektiver Entscheidungen, Wachstumsmodelle, heterogene Agen-
ten, Mehrheitswahl.

JEL-Klassifikation: D11, D71, D91, 013, 043.
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Abstract (English Version)

My thesis combines social choice theory with economic growth theory and is concerned
with the problem of aggregating heterogeneous time preferences. A survey of the literature
on the problem of social choice in growth models with many agents indicates that there are
serious difficulties with the aggregation of heterogeneous time preferences in many-agent
dynamic growth models. In particular, it is shown that due to the multi-dimensional
setting, there is no reason to expect that voting in such models yields a stable outcome.

To overcome these difficulties, we propose a simple and intuitive voting procedure (in-
tertemporal majority voting). This procedure is based on the two principles: (¢) voting is
done step by step, and (i7) voting is not over the absolute value (e.g., consumption level),
but over the relative value (e.g., consumption rate). We apply intertemporal majority
voting to a simple optimal growth model with common consumption in which agents who
differ in their felicity functions and discount factors choose a common consumption path.
We show that our procedure provides a microfoundation for the choice of the optimal
path of the “median” agent (whenever this notion is well defined).

We also apply intertemporal majority voting to a general equilibrium growth model
with exhaustible natural resources. Agents who differ in their discount factors vote over
extraction rates. Our procedure naturally arises in this context, because voting is precisely
over the relative values. We show that the outcome of intertemporal majority voting is
determined by the agent with the median discount factor. Hence our voting procedure

can be applied also in a dynamic general equilibrium framework.
Keywords: collective choice, economic growth, heterogeneous agents, voting.

JEL Classification: D11, D71, D91, O13, O43.
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1. Introduction

In dynamic models of economic growth, time preference (patience) appears as the fun-
damental factor which governs aggregate accumulation processes. Many such models
typically rely on the representative agent assumption, so that economic growth in these
models (e.g., the long-run level or the growth rate of per capita output) depends on the
rate of time preference of the representative agent. In particular, the widely known Ram-
sey optimal growth model implies that the more patient is the representative agent, the
higher is the steady-state output in the economy.

However, models with a representative agent are subject to serious criticism, as individ-
uals in the real world differ in many characteristics that affect their economic decisions.
The qualitative results obtained from models with heterogeneous agents are completely
different from those of models with a representative agent. For instance, many stan-
dard economic policies that increase aggregate income in the representative agent models,
influence only the distribution of income in the heterogeneous agents models.

It is generally acknowledged that individuals are not equally patient. Recent empirical
evidence shows that different people value the future differently, and this heterogeneity
in time preferences plays a crucial role in the process of economic development. When
individuals are heterogeneous in their time preferences, it is not clear at all whether there
is any “representative” individual, what is the rate of time preference from the society’s
perspective, and how this heterogeneity affects economic growth.

Thus the recognition of the fact that individuals in the society discount their future
differently leads to a very important problem of aggregating heterogeneous time prefer-
ences. This problem is at the junction of economic growth theory and social choice theory,
and has lately received significant attention. It is reasonable to assume that each indi-
vidual plays a role in collective action, and the question is, what is the relation between
individual and collective behavior. This is where the present thesis aims to contribute.

In Chapter 2 we provide a survey of the literature on the aggregation of heterogeneous
time preferences. Recently there appeared a number of technically sophisticated papers,
which treat the problem of social choice in a purely abstract and axiomatic manner, creat-
ing the impression of complexity of the problem. We want to show that this complexity is
somewhat artificial, and the problem of social choice in growth models with many agents

is more understandable that it may seem. To achieve this goal, we illustrate contributions



1. Introduction

to the literature in the simplest framework of a one-sector deterministic Ramsey model
with agents who are identical except for their time preferences. Agents derive utility from
lifetime consumption and face a trade-off between present and future consumptions. The
simplicity of this framework is sufficient for our purposes and allows us to explain the
main results in an instructive manner.

There are two principal ways of aggregation considered in the literature. The first is to
construct a social welfare function, which somehow takes into account individual utility
functions of different agents. The second is to aggregate heterogeneous preferences via
some social choice procedure (majority voting being the most important example).

It follows from the surveyed literature that both principal ways of aggregating heteroge-
neous time preferences in many-agent growth models face serious difficulties. In particular,
a social welfare function which is a weighted sum of different individual utility functions
satisfies certain reasonable conditions (e.g., Pareto-efficiency and time consistency) if and
only if it coincides with the utility function of some agent, so that the preferences of
all other agents are completely ignored. Moreover, a natural attempt to determine the
decisions of the society via some voting procedure also does not lead to an unambiguous
outcome. A Condorcet winner in voting over multi-dimensional choice space fails to exist
even if agents are heterogeneous only in one dimension, and any non-dictatorial voting
rule appears to be inherently intransitive.

In the remaining chapters of the thesis we propose and study a simple and natural voting
procedure (intertemporal majority voting) which is based on the two principles: (i) voting
is done step by step, and (77) voting is not over the absolute value (e.g., consumption level),
but over the relative value (e.g., consumption rate). These two principles allow us to avoid
all the difficulties with majority voting in multi-dimensional settings and obtain a stable
voting outcome (intertemporal voting equilibrium) under reasonable assumptions.

In Chapter 3 we apply our voting procedure to the many-agent Ramsey model with
common consumption.! In this framework, agents who may differ in their felicity func-
tions and time preferences (discount factors) share a common consumption stream which
arises from a collectively consumed public good or a common property resource. Agents’
personal utilities are based on their collective decisions, and the main question is how a
common consumption stream is chosen.

Our voting procedure can be described as follows. At each point in time agents vote
over the current consumption rate, given the expectations about future consumption rates.
We show that in this one-dimensional voting problem agents’ preferences over the current
consumption rate are single-peaked, and the median voter theorem applies. Therefore, at

each point in time there exists an “instantaneous” Condorcet winner, which generically

I Chapter 3 is an adapted version of the paper “On Discounting and Voting in a Simple Growth Model”
(Borissov, Pakhnin and Puppe, 2017).
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depends on all expected future consumption rates. An intertemporal voting equilibrium is
the sequence of instantaneous Condorcet winners under perfect foresight about outcomes
of future votes.

We show that if agents have the same felicity function and differ only in their dis-
count factors, then there is a unique intertemporal voting equilibrium which coincides
with the optimal consumption path for the agent with the median discount factor. We
also consider the multi-dimensional heterogeneity case in which agents differ both in their
felicity functions and discount factors. In this general case we characterize steady-state
and balanced-growth voting equilibria. The steady-state voting equilibrium is fully de-
termined by the median discount factor, and the balanced-growth voting equilibrium is
determined by the preferences of the agent with the median growth rate. Thus, in some
sense, our procedure provides a microfoundation for the assumption that the median agent
(whenever this notion is well defined) is the representative of society.

In Chapter 4 we apply our voting procedure to the general equilibrium Ramsey-type
model with exhaustible natural resources.? The goal of this chapter is to compare private
and public property regimes over natural resources in terms of economic growth.

In the private property regime, the resource stock is an asset to its owner. Agents can
invest in natural resources as well as in physical capital. Extraction rates are determined
in an equilibrium by the market forces of supply and demand. We show that every
competitive equilibrium converges to a balanced-growth equilibrium, and the long-run
growth rate depends on the discount factor of the most patient agent.

In the public property regime, the resource stock is controlled by a government that
acts in the interest of the agents. Resource income is equally distributed among agents.
There are no market forces to determine extraction rates, so they are chosen by majority
voting. Here our voting procedure is naturally applied because agents vote precisely over
the relative values. We show that the sequence of winners in one-dimensional votes over
the current extraction rate under perfect foresight is determined by the agent with the
median discount factor. We define an intertemporal voting equilibrium (in this model
it consists of the voting equilibrium sequence of extraction rates along with the corre-
sponding competitive equilibrium) and prove that it also converges to a balanced-growth
equilibrium. In this case the long-run growth rate depends on the median discount factor.
Thus the application of our voting procedure allows us to reasonably model the public
property regime over natural resources in the general equilibrium framework.

Each chapter of this thesis has a slightly different focus and can be read independently.
To facilitate readability and maintain a consistent presentation, the conclusions and in-

troductions are connecting passages between the chapters.

2 Chapter 4 is an adapted version of the paper “Economic Growth and Property Rights on Natural
Resources” (Borissov and Pakhnin, 2018).






2. Social Choice in Growth Models with Many Agents:
An Overview

Time preference — the intrinsic propensity of the individual decision-maker to postpone
immediate gratification in exchange for larger but delayed rewards — have been at the
core of economic analysis for a very long time. Without any exaggeration it can be
argued that questions of time preferences and intertemporal choice have occupied the
minds of economists since the development of the discipline. It was Adam Smith who
first pointed out the connection between intertemporal choice and economic growth. He
saw thrift, i.e., the propensity to save and invest some amount of capital instead of
spending it immediately, as an important virtue which leads to the accumulation of capital
and increases the wealth of a nation. His ideas were developed further by many other
scholars, and nowadays time preference (patience) is widely regarded as the fundamental
factor influencing economic growth. The rate of time preference is tied to the growth rate
of per capita output in many dynamic models of economic growth.

A vast amount of literature on time preferences is devoted to the analysis of representa-
tive agent models. The role of time preferences in economic models with a representative
agent as well as theoretical contributions in this field are reviewed by Hamada and Takeda
(2009). However, it is becoming increasingly recognized that models with a representative
agent are subject to serious criticism, as individuals in the real world differ in many char-
acteristics that may affect their economic decisions. For instance, Alan Kirman argues
that the representative agent assumption “is not simply an analytical convenience as often
explained, but is both unjustified and leads to conclusions which are usually misleading
and often wrong” (Kirman, 1992, p. 117).

This is particularly evident when comparing policy implications from models with het-
erogeneous agents and models with a representative agent. Many standard economic
policies that increase aggregate income in the representative agent models do influence
only the distribution of income in the heterogeneous agents models. This effect is appar-
ent already in models with only two types of agents (see, e.g., Smetters, 1999; Mankiw,
2000, for the discussion of fiscal policy and Palivos, 2005, for the discussion of monetary
policy under agents’ heterogeneity).

It is reasonable to assume that in the presence of heterogeneous agents the policy

parameters are chosen by the agents themselves. Policy should be a collective decision,



2. Social Choice in Growth Models with Many Agents: An Overview

and hence policy cannot be pursued without taking into account heterogeneous preferences
of individuals.

The same argument applies to the growth models, and becomes especially important
in this framework. It is generally acknowledged that individuals are not equally patient,
and there is no convergence toward an agreed-on or unique rate of time preference. It is
not clear at all, what are the rate of time preference and the growth rate in the economy
where agents are heterogeneous in their time preferences.

Thus the recognition of the fact that individuals in the society discount their future
differently leads to a very important problem of collective choice and aggregation of het-
erogeneous time preferences. This is the topic of social choice theory.! How a society can
make a collective decision when all its members have different time preferences? Which
rate of time preference determines the growth rate in the heterogeneous society? These
questions are at the junction of economic growth theory and social choice theory, and
have lately received considerable attention.

In this chapter we will review the main results related to the aggregation of heteroge-
neous time preferences and discuss the problem of social choice in growth models with
many agents. In recent years there appeared a number of technically sophisticated and
obscure papers that create the impression of complexity of the problem. One of the goals
of this chapter is to show that this complexity is somewhat artificial, while the problem
is more understandable that it may seem.

To make our presentation as clear as possible, we focus on one-sector deterministic
growth models with two agents whose preferences exhibit constant exponential discount-
ing. Though there is a vast literature on hyperbolic and quasi-hyperbolic discounting,
including some empirical evidence (see, e.g., Frederick et al., 2002), we do not discuss
departures from exponential discounting. The problem of collective choice when individ-
ual preferences exhibit non-exponential discounting is studied, e.g., by Lizzeri and Yariv
(2015) and Drugeon and Wigniolle (2017). There is also a substantial amount of literature
on discounting under uncertainty (see, e.g., Gollier and Weitzman, 2010; Traeger, 2013).
Though this is a promising line of research which remains a topic of current interest, the
introduction of uncertainty complicates matters quite dramatically, so this chapter deals
only with deterministic models. The simplicity of our framework is actually an advantage
here, as this allows us to explain the main difficulties in an instructive manner and to
highlight the role of discounting.

This chapter is organized as follows. Section 2.1 reviews some novel empirical evidence
which shows that people in the real world differ in their time preferences, and that their

heterogeneity plays an important role in the process of economic development. In Section

I For the recent contributions in the field of social choice and welfare which seem to be close to the subject
of this chapter, see Anand et al. (2009).
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2.1. Empirical studies

2.2 we briefly describe the Ramsey model with many agents that are heterogeneous in
their time preferences. Sections 2.3 and 2.4 are devoted to the properties of social optima
in the many-agent Ramsey model with private and common consumption correspondingly.
In Section 2.5 we study majority voting over the common consumption streams. Section
2.6 reviews and discusses different answers to the normative question of how a social

discount rate should be determined. Section 2.7 concludes.

2.1. Empirical studies

The empirical side of the discounting literature is excellently and extensively reviewed by
Frederick et al. (2002) and Cohen et al. (2016). In this section we want to emphasize
the most recent empirical evidence which shows that different individuals value the future
differently, and this heterogeneity in time preferences plays an important role in the
process of economic development.

Falk et al. (2015) provide the results of the Global Preference Survey implemented
through the Gallup World Poll in 2012. Their data on time preferences, collected for
80 000 individuals from 76 countries, is representative within country as well as across
countries. The measure of patience is based on respondents’ hypothetical binary choices
between receiving a payment now or a larger payment in a year. It was found that while
average patience across countries varies by 1.7 of a standard deviation, the within-country
variation is much larger than the between-country variation. In the total individual-
level variation in patience, the variance of the average patience across countries amounts
to 13.5%, while the remaining 86.5% is due to the within-country variance. It is also
documented that in the world population as a whole, time preferences vary significantly
with individual characteristics such as gender or age. For instance, patience has a hump-
shaped age profile: the middle-aged are more patient than young people and the elderly.

The rich and comprehensive data from the Global Preference Survey allowed the same
group of researchers to study how time preferences are related to income and capital ac-
cumulation both at the country and individual levels. Dohmen et al. (2016) report that
average degree of patience in a country is strongly correlated with this country’s level of
economic and institutional development. The correlation between the patience measure
and log GDP per capita is 0.63, i.e., patience alone explains about 40% of the variation in
income per capita. This result is robust to including other explanatory variables (patience
continues to have strong explanatory power even in the specification with geographic, cli-
matic, colonial, and diversity covariates), changing the dependent variable (the observed
positive relationship holds for log GDP per worker and the United Nations Human Devel-
opment Index as measures of development), and controlling for inflation, deposit interest

rates and borrowing constraints. It also turns out that greater patience is significantly
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2. Social Choice in Growth Models with Many Agents: An Overview

associated with higher annual growth rates. A one standard deviation increase in patience
leads to 1.1 percentage points increase in annual growth rate from 1975 to 2010.

Patience is found to be positively related to both the stocks of and investments into
physical capital, human capital, and productivity. Patience alone explains about a third
of the variation in the capital stock per capita, and more than 40% of the variation in the
average years of schooling. Authors’ estimates also suggest that patience is a significant
correlate of democracy, property rights, social infrastructure, and long-term credit ratings.
What is more, the same relationship between time preferences and income holds at the
individual level. Within countries, more patient people tend to be richer and have higher
educational attainment.

Though the causality here can flow in either direction, there is also some tentative
evidence that it is exactly patience that affects aggregate or individual income. Using
the share of protestants in a country as an instrument for patience, Dohmen et al. (2016)
estimate the corresponding instrumental variable regressions and find that the reported
effect of patience on income remains large and significant.

Wang et al. (2016) provide the results of another international survey on time prefer-
ences, comprising about 7000 university students in 53 advanced and developing countries.
Their main measure of patience is the share of participants in each country who preferred
a higher future reward over immediate payoff in the answer to the hypothetical binary
choice question. They also find that the measured level of patience is heterogeneous both
at individual and country levels, and this heterogeneity on a cross-country level cannot be
explained by differences in interest or inflation rates. It is reported that time preferences
are systematically correlated with the economic growth: participants from countries with
higher GDP per capita tend to be more patient. Their results suggest that people seem
to be more patient in countries that are politically more stable, hold more public trust to
politicians or have more efficient markets.

Hiibner and Vannoorenberghe (2015) use three different proxies for patience (the mea-
sure taken from Wang et al. (2016), the Index of Long-Term Orientation and the Future
Orientation Index) and analyze a panel of 89 countries. The average degree of patience
appears to have a strong positive impact on income per worker, total factor productiv-
ity and the capital stock. Their regressions suggest that patience explains about 40%
of the cross-country variation in income, which is very close to the results of Dohmen
et al. (2016). It is also found that increasing patience by one standard deviation raises
per-capita income by between 43% and 78%.

Apart from hypothetical binary choice questions, the individuals’ rates of time prefer-
ence can be measured directly from some real-life decisions. In the discrete-time frame-
work, time preferences are usually expressed in terms of the (one-period) discount factor,

B, which is the relative weight that individual attaches to her next period utility from

8



2.2. Equilibria and optima in growth models with many agents

the current-period perspective. A closely related notion is the discount rate, p, which de-
termines the present value of a next period utility. The discount factor and the discount
rate are related by 8 = 1/(1+ p). It follows that greater patience implies higher discount
factors and lower discount rates.?

In the empirical literature on discounting, typical measures of the rates of time prefer-
ence are discount rates, since they are easier to estimate and are directly comparable to
interest rates. In particular, Simon et al. (2015) provide estimates of the U.S. military
personnel’s discount rates based on their actual choices of retirement plans. The esti-
mated discount rates range from 3.1% to 9.5% per year. It is documented that individual
discount rates vary significantly depending on the race, gender, income and education.
For instance, white personnel are more patient than black, and female personnel are more
patient than male.> More educated and cognitively more able personnel appear to be
more patient. Statistically as well as economically significant is the fact that less patient
individuals tend to save less, are more likely to experience financial difficulties, and face
higher average credit card and car loan interest rates.

As we have seen, empirical research not only supports “the internal consistency of a
dynamic development framework in which time preferences play a critical role” (Dohmen
et al., 2016, p. 30), but also clearly indicates that people have heterogeneous time prefer-
ences. Thus empirical evidence strongly suggests that heterogeneity in individuals’ time

preferences should be explicitly taken into account in economic modeling.

2.2. Equilibria and optima in growth models with
many agents

As we have mentioned, Adam Smith (1776) was the first who noted that the propensity
to save (i.e., thrift) leads to the accumulation of capital. However, he did not address
the question of what determines this propensity. This problem was explored by another
classical Scottish economist, John Rae (1834), who argued that there are differences in
the strength of the desire to accumulate among different members of society. He stated
that people whose desire to accumulate is low become poor, while people whose desire
to accumulate is high become rich. Hence funds are gradually redistributed from the

impatient consumers to the patient ones. Further, Irving Fisher (1907) developed a more

2 These notions also have continuous-time generalizations. In continuous-time framework, future utility is
discounted by the instantaneous discount rate p, which is related to the instantaneous discount factor:
B = exp(—p).

3 Castillo et al. (2011) obtain qualitatively similar results in a field experiment with almost 900 eighth
graders in a school district in Georgia, U.S. They show that white children are more patient than black
children and that girls are more patient than boys.
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precise notion of time preference and argued that it is ultimately differences in rates of
time preference that drive the redistribution of income and wealth.

This idea was formalized in a seminal paper by Frank Ramsey (1928). He proposed a
model of optimal capital accumulation in which a consumer acting over an infinite horizon
maximizes discounted utility from consumption at different moments in time subject to
the resource constraints and given the initial capital stock. This model is now widely
known as the optimal growth model, or the Ramsey model. Apart from this, in the latter
part of his paper Ramsey considered a model with many infinitely lived consumers who
differ in their time preferences. He conjectured that in a stationary equilibrium, i.e., an
equilibrium where all variables are constant over time, the whole capital stock belongs to
the most patient individual in the society whose consumption is the largest. All other,
less patient individuals, consume only at the subsistence level necessary to support their
lives. This property of an equilibrium is known in the literature as the Ramsey conjecture
(though it is more correct to label it the “Rae-Fisher—-Ramsey conjecture”).

Though Ramsey himself neither spelled out the details of his many-agent model nor gave
a definition of equilibrium, his insights were developed further by many other scholars. In
particular, Bewley (1982) proposed an interpretation of the many-agent Ramsey model as
a general equilibrium model with infinitely many commodities. He considered an economy
with complete markets populated by consumers who have private consumption streams
and differ in their discount factors. Extending the Arrow—Debreu theory, Bewley proved
that there exists a competitive equilibrium and any equilibrium allocation is Pareto-
optimal. Bewley (1982) also established a link between general equilibrium theory and
turnpike theory by showing that in every equilibrium eventually only the most patient
consumer, i.e. the individual with the highest discount factor, has positive consumption
levels. All the less patient consumers after some finite time consume nothing.* The
impatient individuals borrow against their wealth in order to consume more early and
repay their loans later, thus driving their future consumption levels towards zero, which
can be seen as a justification of the Ramsey conjecture.

The latter property of an equilibrium (and optimal) allocation was considered somewhat
unsatisfactory, because despite the fact that the less patient agents consume nothing
from some time onward thereby leaving the economy’s demand side, they still continue
to supply their labor services. This objection can be overcome following Becker (1980).
He considered a many-agent Ramsey model with borrowing constraints. In each period,
consumers can sell or accumulate capital, but cannot borrow, which implies that nobody

consumes zero or even approaches zero asymptotically: even the less patient individuals

4 This result was obtained under the assumption that a felicity function of consumption, u(c), is such
that u/(0) < co. In the case of the more general felicity functions, consumption levels of the less patient
agents converge to zero as time goes to infinity.

10
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will always consume at least part of their labor income. Becker (1980) showed that under
appropriate assumptions a stationary equilibrium (steady state) in this model exists, is
unique and verifies the Ramsey conjecture: all the capital is owned by the most patient
consumer. Models of this kind received reasonable attention, and many properties of
equilibria were established (see Becker, 2006, for an excellent survey).

Since the many-agent Ramsey model with borrowing constraints is an incomplete mar-
kets model, there is no reason to expect that the first welfare theorem holds, i.e., that
equilibria are Pareto-optimal. Nevertheless, Becker and Mitra (2012) proved that the
equilibrium sequences of aggregate capital and consumption in this kind of models are
technologically efficient.> Recent studies (see Borissov and Dubey, 2015; Becker et al.,
2015b) show that the extreme no-borrowing constraints introduced initially can be re-
laxed to allow more liberal borrowing by agents. Equilibria in the many-agent Ramsey
model under alternative borrowing regimes are proved to exist, and it is shown that if an

equilibrium converges to the steady state, then this equilibrium is also efficient.

2.3. Social optima in growth models with private
consumption

Let us take a closer look at the general equilibrium version of the many-agent Ramsey
model proposed by Bewley (1982). Our goal is to explore this model from the social
welfare perspective, and discuss certain difficulties that arise with the notion of a social
optimum under heterogeneous time preferences (for details, see Le Van and Vailakis, 2003;
Becker, 2012). For ease of exposition, we restrict our consideration to a one-sector two-
agent Ramsey model with private consumption. To highlight the role of discounting, we
assume that the two consumers in our economy differ only in their discount factors and
are otherwise identical.

Let the preferences of agent i = 1,2 over infinite consumption streams C* = {c!}2, be

given by the additively time-separable intertemporal utility function of the form
U'(Ch) =) Blu(d),
t=0

where f3; is her discount factor and u(c) is her felicity (instantaneous utility) function.®

Suppose that agent 1 is the most patient: 1 > 5 > 55 > 0.

5 Becker and Mitra (2012) prove that the aggregate capital and consumption sequences are intertemporally
efficient if the most patient consumer’s capital stock is positive from some time onward — a condition
satisfied in all currently known examples.

6 This form of preference representation, the exponential discounting model, was introduced by Samuelson
(1937) and axiomatized later by Koopmans (1960). Nowadays, exponential discounting is the most
convenient and popular framework for analyzing intertemporal decisions.

11
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A single homogeneous good is produced. In each period t the available amount of
good is allocated between aggregate consumption C; = ¢} + ¢ and capital k;,; for use in
the next period production: Cy + ki1 = f(k¢), where f(k) is a neoclassical production
function. Capital is assumed to depreciate completely within the period.

If there is only one consumer (“representative agent”) with the discount factor /3, the

felicity function u(c), and the intertemporal utility function
> Bu(C) = u(Co) + Bu(Cr) + BPu(Ca) + .., (2.1)
=0

then the problem in question is the standard optimal growth problem. The optimal
consumption stream in the economy is obtained as a solution to the optimization problem

of this representative agent:

max i ﬂtU(Ct),

t=0

s. t. Ct + kt+1 = f(kt), (22)
CtZO, kH_lZO, t:O,l,...,
ko = ko.

Under some reasonable assumptions on the felicity function u(c) and the production
function f(k), problem (2.2) has a unique solution {C}, k;,;}52.

In the optimal growth problem, the representative agent with the discount factor J
determines the optimal consumption stream. However, in our economy there are two
different consumers, each with her own discount factor ;. It is not clear who should “rep-
resent” the society and determine the aggregate consumption stream, so it is reasonable
to take into account the preferences of both consumers. This is typically done by intro-
ducing a social welfare function W (C!, C?) which evaluates different consumption streams
from the perspective of the society as a whole.

A very natural and widely accepted property of a social welfare function W (C!,C?) is
Pareto-efficiency, i.e., the requirement that for any consumption bundles C = {C!,C?}
and C = {C',C2}, W(C*,C2) > W(C',C?) whenever U (C?) > U(C?) for bothi = 1,2, and
the first inequality is strict whenever the second is strict for both i = 1,2. Hence a Pareto-

efficient (Paretian) social welfare function must respect the preferences of individuals.

12
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In the two-agent Ramsey model with private consumption, a Paretian social welfare

function naturally appears as a weighted sum of the intertemporal utilities of both agents:

W(C,C*) =AY Blu(e) + (1=N)>_ Bhu(c))
() + (1 Auled) + ABrued) + (1 — X)) (23)

+ ABu(ch) + (1 — N Bau(c3) + ...,

where A > 0 and 1 — A > 0 are the constant non-negative Pareto weights that sum to 1.
A Pareto-optimal allocation is a solution to the optimization problem of a social planner

who maximizes social welfare function (2.3):

max {)\Zﬂfu(ctl) +(1-2A) Zﬂé“(cf)} 5

s. t. C; ‘l— C? + kt+1 = f(k:t)a (24)
>0, >0, ky1>0, t=0,1,...,
ko == ]Af[).

All Pareto-optimal allocations can be found by varying 0 < A < 1. Under some mild
assumptions, problem (2.4) also has a unique solution, {c;*, ¢i*, k1 }72, (see, e.g., Le Van
and Vailakis, 2003). Clearly, this solution depends on A.

The properties of the Paretian social welfare function of the form (2.3) in a continuous-
time framework are studied by Gollier and Zeckhauser (2005). In their model, agents
have additively time-separable utility functions and differ in their discount rates as well
as felicity functions. A social planner determines a Pareto-optimal allocation of an exoge-
nously given flow of the single consumption good among agents. Gollier and Zeckhauser
construct the Paretian social welfare function (i.e., a weighted sum of the utility func-
tions of all agents), show that it is also additively time-separable and naturally define the
instantaneous discount rate of the social planner. They prove that the discount rate of
the social planner is a weighted mean of the agents’ discount rates with weights being
proportional to the corresponding individual tolerances for consumption fluctuations (i.e.,
the reciprocals of the Arrow—Pratt measure of absolute risk-aversion). Whenever agents
are heterogeneous in their rates of time preference, the Paretian social planner generically
has the time-varying discount rate. Moreover, under the usual assumption that felicity
functions of all agents exhibit increasing tolerance for consumption fluctuations (i.e., de-

creasing absolute risk aversion), the weights of the more patient consumers are growing in

13
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the discount rate of the social planner as time goes forward. It is shown that the discount
rate of the social planner tends to the discount rate of the most patient agent.”

Note that in both problems (2.2) and (2.4) the sum of discounted utilities is maximized
“once-and-for-all” at date 0. This is an atemporal view on the problems in question.
However, choices in the real world can hardly be regarded as once-and-for-all choices
among specific plans of actions. Instead, they are sequential step-by-step choices based
on the presently available opportunities. To illustrate this point, Koopmans (1967) used
a metaphor of ascending a mountain covered with fog. In these circumstances, “Rather
than searching for a largely invisible optimal path, one may have to look for a good rule
for choosing the next stretch of the path with the help of all information available at the
time” (Koopmans, 1967, p. 12).

A typical difficulty with the once-and-for-all choices is a problem of precommitment.
The optimality criteria in both problems (2.2) and (2.4) presume that the decision maker
(“representative agent” and “social planner” correspondingly) can credibly commit to im-
plement her decisions in the future. But what happens if a decision maker cannot pre-
commit her future behavior?® Then at each date 7 (“today”) she has to reconsider the
optimal solution implemented at date 7 — 1 (“yesterday”) and to solve a new problem.
Thus each decision maker actually faces a sequence of problems, each problem at dif-
ferent date. This view on growth models, emphasized by Koopmans (1967), is essentially
intertemporal.

Problem (2.2) in our terms is the date 0 problem. At date 1 the representative agent

faces with the new optimization problem:

max » B u(Cy),
t=1

s. t. Ot + kt+1 = f(kt), (25)
CtZO, kt+120, t:1,2,...,
ki = kY,

" In the model of Gollier and Zeckhauser (2005), the amount of consumption good at each date is fixed
and non-storable. Heal and Millner (2013) generalize this model by endogenizing agents’ consumption.
In their model agents derive consumption from a common managed resource which can be thought of as
physical or natural capital. They also show that the discount rate of the social planner asymptotically
approaches the discount rate of the most patient member of the society.

8Tt is well-known (see, e.g., Kydland and Prescott, 1977; Fischer, 1980) that if the current decision
explicitly affects future opportunity sets, then the currently chosen plan of actions typically will not
be followed in the future by the rational individual. The problems of precommitment and dynamic
inconsistency in the framework of the optimal growth model were studied by a number of prominent
economists (see, e.g., Strotz, 1956; Pollak, 1968; Phelps and Pollak, 1968; Peleg and Yaari, 1973), and
many of their insights are also helpful in the social choice framework.

14



2.3. Social optima in growth models with private consumption

where k7 is the optimal capital stock at date 1 from the time 0 perspective (i.e., the capital
stock in the economy at the beginning of period 1 in the optimal solution determined at
date 0).

The date 1 utility function,

S B u(C) = u(Ch) + Bu(Cy) + B2u(Cy) + ...,

has the same form as the date 0 utility function (2.1), because from the perspective of
the decision maker time is restarted. However, being multiplied by 3, the date 1 utility
function coincides with the “tail” of the date 0 utility function (2.1) which starts from the

moment of time 1:
B> 87 u(C) = Bu(Ch) + B2u(Ca) + BPu(Cs) + ...
t=1
Hence the date 1 problem (2.5) is equivalent to the following problem:

max i Bu(Cy),

t=1

s. t. Ct + kt+1 = f(kt),
CtZO, kt+120, t:1,2,...,
kl - ]{?ik

Clearly, the solution to the latter problem, and hence to problem (2.5), coincides with the
“tail” of the solution determined at date 0, {C}, kf ;1 }72;.

Thus for the representative agent whose utility function at date 0 is given by (2.1),
i.e., whose preferences exhibit constant exponential discounting, it makes no difference
whether she can commit or not: the optimal solution chosen at date 0 once and for all
remains optimal at any future date.

This well-known observation creates a wrong impression that the preferences of the
decision maker can be described by a single utility function and obscures the fact that the
decision maker actually has to solve a sequence of problems, so that her preferences

are described by a sequence of utility functions.
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This becomes clear when we consider the problem of precommitment for the social

planner. At date 1 the social planner faces with the new optimization problem:

max {)\1 > B ulel) + (1= M) 255_1U(Ct2)} ;
t=1 t=1

s.t. ¢+ 4k = f(ky), (2.6)
>0, >0, k>0, t=1,2,...,
ky = ki,

where Ay > 0 and 1 — A\; > 0 are the constant non-negative Pareto weights at date 1.
Since this is a new problem, posed at different date, a priori there is no particular reason
to assume that the planner generically weighs the utilities of agents with the same Pareto
weights as at date 0.

The planner’s date 1 social welfare function is given by
Mu(el) + (1 = A)u(ed) + M pruley) + (1 — M) Baulcd) + . . .,

and it does not necessarily coincide with the “tail” of the date 0 social welfare function
(2.3):
Mru(er) + (1 — N)Bau(e]) + ABiu(cy) + (1 — N)Bau(cs) + . ...

Note that different cases may arise. If at date 1 the planner uses the same Pareto
weights as at date 0, A\; = A, then the date 1 social welfare function has the same form
as the date 0 social welfare function, but does not coincide with the “tail” of the date 0
social welfare function. It follows that the “tail” of the optimal solution at date 0 is not
a solution to the date 1 optimization problem. On the contrary, if at date 1 the planner

uses the properly adjusted weights, namely,

ABr

o ABs
PTG (1= N)By

=M = =G

then the date 1 social welfare function coincides with the “tail” of the date 0 social welfare
function (up to the constant factor 1/ (A3; + (1 — A)fBs)). In this case, the optimal solution
determined at date 0 remains optimal at date 1.

Hence the problem of precommitment, i.e., whether the decision maker can precommit
to the initially chosen optimal plan, is actually the problem of which sequence of utility
functions the decision maker has. The answer to the question of whether the currently
chosen plan of actions is followed in the future by the rational decision maker, is deter-

mined by the property of the sequence of preferences which is called time consistency.
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In order to clarify the notion of time consistency, we have to consider sequences of
preferences and distinguish between three different properties: time consistency, time
invariance and stationarity. Later we will formally define these properties for the sequences
of social welfare functions, but let us begin with three simple examples which illustrate
time consistency, time invariance and stationarity in terms of the sequences of individual
utility functions and shed light to the differences between these properties.

First, consider the sequence of utility functions {U7¢}2 over consumption streams

{c1}52, which is given by

Ul = wule) + afuler) + af?u(cy) + ...,
e = u(er)  + Pule)  + Pules) + ..,
U3¢ = u(c)  + PBules) + Bules) + ...,

It is easily checked that up to the constant factor a7 the utility function UZ¢ at any date
7 coincides with the “tail” of the utility function UI“. However, due to the presence of
o, UL does not have the same form as U7, Moreover, the discount factor in the utility
function UT® is not constant: the discount factor between periods 1 and 0 is o3, while
it is 3 between periods ¢ + 1 and ¢ for all ¢ > 1. Tt is said that the sequence {UF¢} is
time-consistent, but non-stationary and not time-invariant.

Second, consider the sequence of utility functions {UX7}>  given by

Us' = ulc) + abulcr) + af’ule) + ...,
uit = u(cr)  + afu(e) + affulc) + ..,
Uyl = u(ea) 4+ aPules) + affulc) + ...,

The utility function UJ” has precisely the same form as the utility function U7 at any
date 7. However, U does not coincide with the corresponding “tail” of U, and again
the discount factor in U7 is not constant. It is said that the sequence {UI7}>°, is
time-invariant, but non-stationary and not time-consistent.

Finally, consider the sequence of utility functions {U57}%°  given by

UST = wulco) + PBoulcr) + PBiuler) + ...,
Uit = u(er)  + Bulea) + Brules) + ..,
Uyt = u(ca)  + Boules) + Bju(c) + ...,

17
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for By # 1 # B2 # . ... For any 7, the discount factor in UST is constant, and U7 is the
exponentially discounted utility function. However, the function UST depends on 7 and is
not related to any other function in this sequence. It is said that the sequence {U5T}
is stationary, but not time-consistent and not time-invariant.

Now let us give formal definitions of time consistency, time invariance and stationarity
for the sequences of social welfare functions. In order to link these properties directly to
discounting, we assume that any social welfare function in this sequence is a weighted
sum of additively time-separable individual utility functions.’

Let C* = {ci}°, be a private consumption stream for agent i. Suppose that the sequence
of preferences over bundles of consumption streams C = {C!, C?} at different decision dates

7 is given by the following sequence of social welfare functions:

2 00 00 00
W: = Z /\i Z%i-,t U(Ci) = )‘71- Z’Yi,t u(cg) + )‘3 Z%Q-,t u@?)? T=0,1,...,
i=1 t=r1 t=7 t=7
where Al > 0 and A\? > 0 are non-negative Pareto weights at date 7, and

F:' = {Vi,t}toiT

is a discount function of agent i at date 7.1°

In other words, we assume that the sequence of preferences is such that every element
of this sequence (the planner’s social welfare function at some decision date) is a weighted
sum of additively time-separable utility functions (individual utility functions at the same

date). The sequence of individual utility functions is of the form
Ul = Zvi’t u(c), 7=0,1,...,
t=r1

i.e., in this sequence the felicity function of agent i, u(c), is the same in all U’ (at all dates
and for both agents), but discount functions of agent 4, I'", may differ for different dates
T.

Note that any discount function I is defined up to some constant factor: the sequences
Ve Ve Ve ryes - -} and {1, %, %, ...} determine the same utility function U".
Similarly, the Pareto weights {\!, A2} and the same weights multiplied by some constant

9 General definitions in terms of sequences of preference relations are given in Halevy (2015). See also
definitions in terms of history-dependent intertemporal utility functions in Millner and Heal (2016).
Once it is understood that these properties should be defined in terms of sequences, the ideas which are
behind these notions become clear and transparent.

10 The term “discount function” originally appeared in continuous-time models, and may be somewhat
misleading in the discrete-time framework. Perhaps it would be more correct to call I'i a “discount
sequence”, but we will continue to use the more familiar term “discount function”.
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factor determine the same social welfare function W,. Without any loss of generality we

will apply the following convenient and standard normalizations:

v, =1, r=0,1,..., i=1,2,
MeX2=1, 7=0,1,....

Clearly, the sequence of social welfare functions {W,}2° is fully determined by the se-
quences of discount functions and Pareto weights {1, T'2; AL A2} .

Now let us define three properties of the sequences of social welfare functions. Time
consistency, introduced by Strotz (1956), requires that the different elements of the
sequence of preferences are consistent, in the sense that social welfare functions at dif-
ferent dates preserve the preference order between any two consumption streams. Time
consistency is a rationality criterion which implies that the choice for any future date is
independent of the decision date. If a sequence of the planner’s preferences is not time-
consistent, she may reverse a decision made at the earlier date. For instance, she may
decide to undertake certain expensive project this year, but cancel it halfway next year.
Formally, a sequence {W.}22 is time consistent if for any 7, 7" > T, and any two bundles

of consumption streams C and C,
2 [e%S) 2 [e's)
Z Ar Z Vre ulcy) = Z Az Z Vra u(C)
=1 t=T1' i=1 t=1'
2 o0 2 o0
= Z A Z Vorg ulcy) = Z A Z Vo u(Gh).
i=1 t=1' i=1 t=1'

(2.7)

Time invariance, introduced recently by Halevy (2015), requires that different ele-
ments of the sequence of preferences are the same. In other words, time invariance “by
itself ... does not impose restrictions on the structure of preferences at any given time,
but only implies that preferences are not a function of calendar time” (Halevy, 2015, p.

341). Formally, a sequence {W,}22 is time invariant if for any 7, 7 > 7, C and C,
2 00 2 o0
DN Al =Y Ny A ul@)
=1 t=T1 =1 t=T1

(2.8)
2 ') 2 [e's)
<~ Z )\:" Z,Y;L",,T/—Ft—T U(Ci) Z Z )\Z;" Z/yj",ﬂ"—i-t—’r U(éi)

i=1 t= i=1 t=

Stationarity, introduced by Koopmans (1960), requires that for a given decision date
the preference order between any two consumption streams is preserved when the streams

are postponed by the same amount of time. This property plays a key role in the Koop-
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mans’ axiomatization of discounted utilitarian time preferences. Formally, a social welfare

function W, is stationary if for any 7' > 7, C and C,
2 0o 2 00
Z A Z Vri u(cy) > Z Az Z Vri u(c)
=1 t=1 3 =T
— Z/\l Z’yrf’ﬁ‘/ T ct > Z)‘Z ZVTTLFt T %)

(2.9)

A sequence {W.}>, is stationary if W, is stationary for each .

Note that stationarity is a property of the preferences at a given decision date. Time
consistency and time invariance deals with decisions made at different dates, and hence
they are applied to the sequences of preferences.!!

The above definitions look somewhat complicated and cumbersome. They are usually
given in a general axiomatic context, where they look even more obscure. However, these
complicated definitions are actually related to simple properties of discounting. The
following three propositions show that time consistency, time invariance and stationarity
of the sequence of social welfare functions imply special forms of the individuals’ discount
functions. While these results are by no means new or surprising, they deserve to be
explicitly stated and proved in simple terms of sequences of social welfare functions, as
they clarify many important issues regarding collective intertemporal choice.

The following proposition characterizes a time-consistent sequence of social welfare

functions.

Proposition 2.1. A sequence of discount functions and positive Pareto weights
{TL T2; ML N2} determines a time-consistent sequence {W,}>2, if and only if for all

T, 7 >Tandz:1,2,

/\Zﬂit
AV + A7

=Ny, t=7,7+1,.... (2.10)

Proof. Suppose that (2.10) holds. Then the condition in (2.7) is trivially satisfied, as for
all 7, 7/ > 7, C' = {ci}2, and i = 1,2,

A7',}/77" + )\277—7— Z’YTt “ Ct Z/y’rlt Ct

— /

Tt is clear that the above definitions can be easily generalized to the case where any number of agents
with arbitrary felicity functions enjoy private consumption streams, as well as to the case where an
arbitrary number of agents have common consumption stream.
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Conversely, suppose that (2.7) holds for all bundles C and C. Denote for simplicity
. AL
'U/:Lr - A-}—'Yiy_r/"')‘g—'ﬁﬂ_/
and some ¢* there exists 7' > 7’ such that

, and suppose further that (2.10) fails to hold, i.e., for some 7, 7/ > 7

MfV:T # AZVﬁ,T , NiVi,T = /\i"Yi',T , TFT,
Mi’Yi,t = )\iryi,,t , t#T, 1=1,2.
Let for definiteness i* = 1, and p1yl; > AL7L o (all other cases can be considered

similarly). Then it is possible to construct two consumption bundles, C = {C!,C?} and
C = {C',C?}, which satisfy the following conditions:

u(cp) —u(@) =1,  Aabr<pr Y Ak, (w@) —ule)) < iy
t>1!, t#£T

2 _ =2 !
g =¢, t=71,7+1,....

It follows that

i (k) —u(@) = pade 2t 3D A (u(e) — aleh)),
t>7!, t£T

which is equivalent to

A Z'Yi,t u(c;) > A7 ZV}—,t u(@)-
t=r1'

t=r1'
Moreover,
o0 (o]
2 } : 2 2\ 2 2 : 2 ~2
)\T ’YT,t U<Ct> o )\T P)/T,t U(Ct),
t=1' t=1'
and hence

2 00 2 oo
Z - Z ”Yi,t u(cy) > Z X, Z Vi,t u(@). (2.11)
=1 t=1'

t=1' 1=1

At the same time,

>‘71-’771—’,T (U(ClT) - U(é%r)) = )‘71—”771—’,T

<t 30 ok (uled) —ue) =N 3 ahy (uled) - uleh),

t>1!, t#£T t>1!, t#£T

from which follows that

00 0o
Ao uled) <A 30k (e
t=1' t=T1/
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Furthermore,
A2 Z%'t u(cy) = A Z%/t (@),
t=r!
and hence
Z)\ Z%’t u(ch) Z)\ Z%’t u(é). (2.12)
Clearly, (2.11) and (2.12) contradict (2.7), which proves the proposition. O

It immediately follows from Proposition 2.1 that for a sequence of social welfare func-
tions to be time-consistent, the Pareto weights at different dates should be such that for
all 7,7/ > 7 and i = 1,2,

, Al
)\2_, T,}/’T i
A Vrw + NV

The following proposition provides a characterization of a time-invariant sequence of

social welfare functions.

Proposition 2.2. A sequence of discount functions and positive Pareto weights
{TL T2 AL N2} ) determines a time-invariant sequence {W,}°%, if and only if for all T,

'>71andi = 1,2,
NAty =N e, t=T,74+1,.... (2.13)

Proof. The “if” part is trivial: it follows from (2.13) that for all 7, 7/ > 7, C* = {ci}32,
and 7 =1,2,

o0 (o]
Ay A ul(d) =AY Ao, ul(e)).
t=1 t=1

To prove the “only if” part, suppose that (2.8) holds for all bundles C and C, while
(2.13) fails to hold, i.e., for some 7, 7" > 7 there exists 7' > 7 such that

)‘177'T > )‘ /,Y’T T +T—T1 )\T,Y’TT = /\72"772",7"-‘1-7“—7' )
)\Z 'Y;L_t = AT”VT’,T/-"-t—’T 5 t 7é T, 7= 1, 2.

Again, all other cases can be considered similarly. It is possible to construct two con-
sumption bundles, C = {C',C?} and C = {C~1, C~2}, which satisfy the following conditions:

uleh) —u(@) =1, b <A S 4k, (@) —uleh) < Aoty
t>7, t#£T

2 2 _
G =c¢, t=1,7+1,....
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Therefore,

Mrer (uler) —u(er)) =Nvte 2 A0 D e (@) —ule))

t>7, t£T

while

>\71",Y71',,T/+T77' (U(C;) - U(‘CV%—‘)> = /\'lr’rYi’, '+T—1

<X Z Yo (W) —ule)) = Z Yo (u(@) —u(c)) .

t>1, t£T tz‘r t£T

Since
D ule) = XD ), and

>‘2 Z’VT T Ht—T Ct - )‘2 ZVT T/ +t—7 ~2)

t=1

it follows that for these C and C,
2 [e's) 2 (%)
Z A Z ’Yi,t u(cy) > Z A Z Vi,t u(c), but
Z)‘Z Z/y‘r T Ht—T1 Ct Z)‘l Zf}/‘r T Ht—T1 Ct)

which contradicts (2.8). O

It follows from Proposition 2.2 that a time-invariant sequence of social welfare functions
{W,}22, is characterized by the same Pareto weights and the same discount functions at
each date: for all 7, 7/ > 7 and i = 1,2, A’ = A}, and I'"" = T",. This is the only way to
ensure that the social welfare function W, in this sequence does not depend on 7.

The following proposition fully characterizes a stationary social welfare function.

Proposition 2.3. Discount functions and positive Pareto weights {1 T2: XL A2} deter-

mine a stationary social welfare function W, if and only if
7” i t=7,7+1,..., 1=1,2, (2.14)

for some constant 0 < B, < 1.
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Proof. Suppose that (2.14) holds. Then for all 7/ > 7, C" = {c}}?°, and i = 1, 2,

ZVi,t u(c;) = Zﬁ:_T (c) = ﬂTl - Zﬁ:/+t_27 u(c;) BT = ZVTT It u(cy),
t=T1

t=T1

which ensures (2.9) for any Al and A\2.
Conversely, suppose that (2.9) holds for all bundles C and C, while (2.14) fails to hold,
i.e., there exists T' > 7 such that

771-7T > 63177-7 737T = 677;77-7 ’y;t = ﬁf—iz t 7£ T7 2 = 17 2

Let us construct two consumption bundles, C = {C*, €2} and C = {C',C?}, such that

ulep) —u(@) =1, BT < Y B (@) —ule)) < v

t>7, t£T

2 _ =2 _
¢ =¢, t=71,7+1,....

It follows that for these consumption bundles,
Yo (uler) —u(Er)) =vir > Y BT (ul@) - u(e)),

and hence

At the same time,

BET (uler) —u@) =577 < Y B (u(@) —ule)),

t>1, t£T

from which follows that

S8 ulel) < 3 B Tu(E),

t=T1 t=T1

and hence for any 7/ > T,

Z%THT u(c;) Z%THT ().

Since

D O BETu() =D BETuE),

t=1 t=1
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2.3. Social optima in growth models with private consumption

for any Al >0, A2 > 0 and 7/ > T we have
2 oo 2 00
Z A Z Vi,t u(cy) > Z A, Z 'Vi,t u(c), but
Z}\z ny‘rr’+t T Ct Z/\l Z’VTT’H T Ct)

a contradiction with (2.9). O

Proposition 2.3 implies that the planner’s social welfare function W, which is a weighted
sum of individual utility functions, is stationary if and only if both individual utility
functions exhibit constant exponential discounting with the same discount factor. This
is a famous result of Koopmans (1960), formulated in our terms. Whenever the discount
factors of individuals are different, the social welfare function which takes into account
both of them is non-stationary.

Now let us show that time consistency, time invariance and stationarity are closely inter-
related. Consider the sequence of discount functions and Pareto weights {T', T2; AL A2} |
such that discount functions of both agents are exponential and at each date are generated
by the same discount factor 0 < 5 < 1:

Fi:{17ﬁaﬁ27"'}7 7-:0717"'7 i:172’

The corresponding sequence of social welfare functions {W,}22 is given by

00 2
W, = ZA%Z&” &)=Y BTy Nu(g), T=0,1,.... (2.15)
t=1 =1

We show that a sequence of social welfare functions satisfies any two of the considered

properties if and only if it is given by (2.15).

Proposition 2.4. A sequence of social welfare functions {W,}22, satisfies any two of the

three properties: time consistency, time invariance and stationarity, if and only if it is of
the form (2.15).

Proof. First, {WW,}22, is stationary and time-invariant if and only if for all 7 and i = 1,2,

the date 7 discount functions of both agents are of the same form I'" = {1, 5., 5%,...},
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and for all 7/ > 7, AL = X!, and I = T"’,. This is possible if and only if for all 7, 7/ > 7,
and i = 1,2, \l. =\, = X" and 8, = 3, = .

Second, {W;}2>°, is stationary and time-consistent if and only if for all 7 and i = 1,2,
I ={1,53,,4%...} and for all 7/ > 7, (2.10) holds, i.e.,

T )\}_ﬁ;—/ + Agﬁ:l - T)
) )\z '4+1 )
ST DR S

OB+ 26T

Obviously, this is also equivalent to (2.15).
Finally, {W,}22, is time-consistent and time-invariant if and only if for all 7, 7/ > 7
and i = 1,2, Xt =\, TY =T, and (2.10) holds:

)\i/ _ Afrﬁy'zr,r/ ’
T )‘71—771-77-’ + )‘72—’772-,7"
/\:‘-/’771;/ 1= i‘:—’yql—,q—’—&-l — = i/ 7;,7—’4-1 :
’ A Ve + A Ve

)

Since AL = \.,, it is clear that 7} , =2 _,. Using the fact that I'. = I',,, we also get

)
fy‘r,TUrt

g A —
i - ’YT,,’T/—‘—t — fY’T,T—‘rt 9 t - ]_, 2, e e e
’YT,T,

Hence for all 7 and 7 =1, 2,

7’?’,7-‘,—1-‘,—1& = (’yi,'r—&-l )t ) = 17 27 e

Denoting v} ., =2, = f and XL = X!, = \;, again yields (2.15). O

Our results indicate that while stationarity, time consistency and time invariance are
pairwise independent, any two properties imply the third.'?> Moreover, Proposition 2.4
shows that a sequence of social welfare functions satisfies any two of the considered prop-
erties if and only if the corresponding individual utility functions at each date exhibit

constant exponential discounting with the same discount factor.

12 This illustrates a general result of Halevy (2015), proved in terms of preference relations over temporal
payments.
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2.3. Social optima in growth models with private consumption

Now let us illustrate these definitions and properties in our two-agent Ramsey model.
The sequence of individual preferences in the two-agent Ramsey model with private con-

sumption naturally has the form

o

Ul = Zﬁf_Tu(ci), 7=0,1,....
t=7

For each individual, this sequence is time-consistent, time-invariant and stationary. Which
of these properties are inherited by the sequence of the planner’s social welfare functions?
The first and the most evident result is that if a Paretian social welfare function at some
date takes into account heterogeneous preferences of both agents, then it is necessarily
non-stationary.

Indeed, it follows from Proposition 2.3 that a Paretian social welfare function at date

7, i.e., a weighted sum of functions U,
Wr =X Z Bl Tu(er) + (1= X,) Z By Tu(c}),
t=T1 t=1

is non-stationary unless A\, = 1, in which case W, coincides with U}, or A\, = 0, in which
case W, coincides with U2
Non-stationarity of the social welfare function W, leads to the following consequence.

Rewrite the function W, as

iﬁi’ {Mu@%) + (%)H (1- )\T)u(cf)} .

Since agent 1 is the most patient agent, the factor (82/ ﬁl)H converges to zero as time
goes to infinity. Hence for 0 < A, < 1, the relative weight associated with consumption of
the less patient agent decreases and become arbitrarily small in the long run. The most
patient agent eventually dominates in the date 0 social welfare function, and increasingly
influences consumption decisions of the society.

Moreover, since the most patient agent emerges as the dominant consumer in the social
welfare function, her socially optimal level of consumption is always positive, and its share
in aggregate consumption converges to 1. At the same time, for the less patient agent
both the socially optimal level of consumption and its share in aggregate consumption
converge to 0. Recall that this effect was already mentioned in Section 2.2, where we
have discussed the properties of a competitive equilibrium in the many-agent Ramsey
model. The above observation illustrates this property of a competitive equilibrium from

the social welfare perspective.
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Another interesting result is that a non-stationary sequence of social welfare functions
can be either time consistent or time invariant. It is seen by comparing Propositions 2.1

and 2.2. Consider the following sequence of social welfare functions:

W= XY B ule) + (1= X) Y 85 Tu(cf
= Mu(ch) + (1 = Nu(2) + ABru(cry) + (L= N Bau(ciy) +..., 7=0,1,....

The planner uses the same Pareto weights A and 1 — A\ at each date. It follows from
Propositions 2.1 and 2.2 that for 0 < A < 1, the sequence {W1}%  is time-invariant but
not time-consistent.

Suppose now that at date 7 the planner assigns to agents the weights

A3 (1- )53
N L g o . 0<a<l,
TN+ (- NG BT+ (L= N

and consider the following sequence of social welfare functions:
Wwre = )\126 +(1-=AYH ZB r=0,1,....

Clearly, up to the constant factor 1/ (AG] + (1 — A)3]), the date 7 social welfare function

has the form

W = A3Tuler) + (1= N)Bru(c?) + A6 M ulep ) + (1= N u(e) +..., 7=0,1,....

Hence at any date 7, W coincides with the corresponding “tails” of the functions W,/
at all earlier dates, 0 <t < 7. It follows from Propositions 2.1 and 2.2 that the sequence
{WZTCe is time-consistent, but not time-invariant (again, unless A = 0 or A = 1).13

Note that when A = 0, A = 1 or 8; = [, the social welfare functions W7 and W1¢
at each date 7 coincide. Hence in these special cases, where the planner’s preferences
essentially depend on a single discount factor, the sequences {W7}>  and {WZ¢}>
define the same sequence of social welfare functions which is both time-consistent and
time-invariant. Moreover, this sequence is also stationary, as Proposition 2.3 indicates.

It follows from Proposition 2.4 that these special cases are actually the only exam-
ples in which the sequence of planner’s preferences simultaneously satisfies these three
properties. Thus our simple two-agent model shows that it is precisely heterogeneity in

discount factors that plays a key role here. This conclusion is a particular case of a very

13 The general case of the time-consistent sequences of social welfare functions with time-varying Pareto
weights is studied in Alcald (2016).
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2.3. Social optima in growth models with private consumption

general result proved by Zuber (2011). In his framework, agents with arbitrary utility
functions choose arbitrary consumption streams. He studies the properties of utilitarian
aggregation of individual preferences, i.e., social welfare functions in which the individual
utility functions get equal weights. In our terms, utilitarian aggregation combines Pareto-
efficiency and time invariance. Zuber proves that the sequence of planner’s preferences
is Paretian, time-invariant, stationary and time-consistent if and only if all sequences of
individual preferences exhibit constant exponential discounting with the same discount
factor. As he puts it, “Although some people seem to be more patient than others, any
departure from the homogeneous patience case would introduce non-stationarity in the
planner’s objective” (Zuber, 2011, p. 375).

An important way to deal with heterogeneous discount factors in the one-sector many-
agent Ramsey model with private consumption was recently proposed by Drugeon and
Wigniolle (2016). They consider a slightly different concept of social optimum which is
based on the “strategy of consistent planning” introduced by Strotz (1956). At each date
the planner chooses the “today’s” optimal consumption level for each agent as a function
of the current capital stock, under the assumption that the future consumption levels are
also chosen optimally using the same function. This procedure ensures time consistency
in the optimal choices of the planner at each date. Actually, the proposed sequence of
consumption levels is an equilibrium in the Nash sense and has the following consistency
property: in any period there is no motivation for the planner to change or to regret her
action, given her actions in all other periods.

Drugeon and Wigniolle show that their time-consistent solution can be obtained as a
once-and-for-all solution to a standard discounted optimization problem with some time-

varying discount function. In our two-agent case, this problem would take the form

max g Yot ()\u(ci) +(1- )\)u(cf)) ,
=0
1, 2 _ 1 2 _
s.t. ¢+ k= f(ke), >0, ¢ >0, ki1 >0, t=0,1,...,

for a properly chosen discount function {vo:};2, and given ky = ko

Drugeon and Wigniolle (2016) study the properties of this solution and show that if
agents differ in their discount factors, but have the same felicity function and get equal
weights in the social welfare function (in our case, A = 1/2), then in the time-consistent
solution both agents have identical consumption levels at any date (cj' = ¢;? for all ¢).
Here the distribution of discount factors in the population determines only the aggregate
consumption level at different dates, and does not influence the allocation of consumption

between heterogeneous agents.
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The general equilibrium version of the many-agent Ramsey model with private con-
sumption, studied in this section, is usually not paid much attention in social choice
theory. The reason is that, as we have mentioned, any equilibrium allocation is Pareto-
optimal, and hence all the discussed difficulties with social optima can be circumvented
by decentralization and application of the first welfare theorem. Establishing complete
system of financial markets in which consumers can lend or borrow against their wealth
and letting the markets do their job, leads to an optimal allocation. However, in the next
section we consider the many-agent Ramsey model with common consumption, which is

very much like the model studied above, but in which social choice plays a central role.

2.4. Social optima in growth models with common
consumption

Now let us consider the many-agent Ramsey model with common consumption. In this
framework, instead of independent private consumption streams, agents share a common
consumption stream which arises from a collectively consumed public good or a common
property resource. Hence agents’ personal utilities are based on their collective decisions,
and an important question is how the society can make a collective decision, i.e., how a
common consumption stream can be chosen.

Problems of this kind naturally arise in a wide range of settings related to common
property resources. Examples include hunting for animals or grazing of cattle in a common
land, pollution of the atmosphere, or drilling for oil in the common underground reservoir.

Consider a village situated near a fishing ground. The fishing ground is self-managed
by village citizens who differ in their time preferences. What could be said about the
fish stock exploitation, i.e., what is the harvest rate of the fish stock, collectively set by
heterogeneous agents? If all village citizens were identical, then the rate of the fish stock
exploitation depends on their common discount factor. However, it is not immediately
clear, how to determine the harvest rate when there are many different discount factors.

The discussion of the common property resource management was initiated by Hardin
(1968), who noted that an open-access resource tends to be overexploited and labeled this
situation the “tragedy of the commons”. The absence of property rights or difficulties with
establishing them lead to the exploitation of the resource at an excessive rate (compared
to the socially optimal one). A free access market equilibrium is not Pareto optimal: in
the aforementioned different settings there are always excessive fishing, overgrazing, or
redundantly rapid depletion of oil.

A typical solution to the “tragedy of the commons” is to establish private property
rights. Suppose that instead of the fishing ground, there is a meadow near the village

where the citizens graze their cattle. This meadow can be divided into equal plots, and
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each citizen can be assigned proprietary rights over one of these plots. The introduc-
tion of private ownership decentralizes the decision-making process, and the resource
exploitation becomes optimal from the perspective of the society.!* When citizens make
individually rational decisions on how many cattle to graze, each citizen’s choice does
not affect the ability of others to graze, and there is no damage to the commons. Once
the property rights are established, each owner acts optimally according to her own rate
of time preference. This is quite similar to the case of the many-agent Ramsey model
with private consumption considered in the previous section: decentralization leads to a
socially optimal outcome.

The situation is different in the case of common property resources or public goods,
e.g., underground oil reservoir, the fishing ground or the so-called “global commons”. The
non-excludability of these goods prevents the enforcement of suitable private property
rights (or makes the introduction of private ownership extremely costly). For instance, an
obvious tendency of fish to migrate makes it almost impossible to define property rights
over the fish stock. At the same time it is pointless to parcel the fishing ground into the
different plots, which is anyway a complex and costly technical issue.

One might argue that in these cases a solution may be to introduce a governmental
or community resource ownership, and then use quota and licensing systems. There are
reasons to believe that if the socially optimal level of total catch is set equal to the sum of
quotas, then the competitive price established in the market for quotas ensures the optimal
resource exploitation. However, there is immediately another question: what is the level
of total catch? There are no market forces to determine the socially optimal level of total
catch; it depends on the harvest rate collectively set by the village citizens. Therefore, we
came to the point where we have started our discussion: the real question is, what is the
rate of the resource exploitation in a heterogeneous society. Thus the difficulties with the
common property resource management provide a clear incentive to study the decision-
making process under heterogeneous preferences over common consumption streams.

As a natural framework for the analysis of a collective intertemporal decision problem,
we employ the one-sector two-agent Ramsey model with common consumption. Again,
to simplify the presentation, two consumers in the economy differ only in their discount
factors. As in the previous section, in order to discuss the difficulties with collective

intertemporal choice, we need to analyze the sequences of preferences.

14 Of course, this is true only under additional assumption that the property rights are established and
enforced costlessly.
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Let the preferences of agent i over consumption streams C' = {¢;}:°, at decision date
7 be given by the additively time-separable intertemporal utility function with constant

exponential discounting:

[e.e]

UiC) =S B Tuler), T=0,1,..., (2.16)

t=T1

where ; is the discount factor and u(c) is the felicity function of agent i. As before, agent
1 is the most patient: 1 > 8; > B > 0.

We assume that C' = {¢;}{2, is a common consumption stream. In this model, con-
sumption ¢; in each period t can be thought as the amount of the extracted renewable or
exhaustible natural resource (public good). The increase in the resource stock, kyy1 — ki,
i.e., its regenerative capacity, is described by a regeneration function g(k;) which depends
on the current size of the stock. If we denote f(k) = g(k) + k, then the dynamics of the
resource stock becomes ¢; + ki1 = f(k;), which is the familiar resource constraint. If the
resource is exhaustible, then f(k) = k. If the resource is renewable, it is assumed that
f(k) satisfies the same properties as a neoclassical production function. This model is
very much like the model with private consumption considered in the previous section,
but conveniently interpreted as a common property resource model.

Each agent ¢ = 1,2 at each date 7 can determine a consumption stream that is optimal

from her perspective, by solving the following problem:

[e.o]
max Z B Tu(cy),
t=T1

s. t. ¢ + kt+1 = f(kt), (217)
CtZO, kt+120, t:T,T+1,...,
ky = k.

Since there are two agents that are heterogeneous in their time preferences, at each date
there are two different “optimal” consumption streams, each stream is optimal for differ-
ent agent. Which consumption stream will be chosen by the society consisting of these
heterogeneous agents?

It is natural to assume that each agent plays a role in social decision making, and thus
the question is how to aggregate heterogeneous preferences at each single date. This is
actually a problem of constructing an appropriate social welfare function. There are two
principal ways in which this can be done. The first is to construct a social welfare function
ex ante, and determine the common consumption stream as a result of the maximization

of this function by a social planner. The second is to determine the common consumption
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stream directly by some social choice procedure (such as majority voting). In the latter
case, a social welfare function appears ex post being induced by the outcome of this
procedure. Now we will focus on the first of these ways. For the discussion of the second
way, see Section 2.5.

Suppose that a common consumption stream is determined by a benevolent social
planner who maximizes a social welfare function. The social welfare function (sometimes
referred to as the collective utility function) at each particular date is constructed from
individual utility functions, and somehow takes into account and aggregates the prefer-
ences of different agents. Thus the social welfare function (at date 7) W, (C') evaluates
different consumption streams from the perspective of the society.

As in the case of private consumption, a very important property of a social welfare func-
tion is Pareto-efficiency. A social welfare function W.(C') is Paretian (Pareto-efficient)
if for any consumption streams C and C, Uic) > Uﬁ(é’) for both i = 1,2 implies
W,(C) > W,(C), and the second inequality is strict whenever the first is strict for both
1 = 1,2. Pareto efficiency means that if all agents prefer consumption stream C' to con-
sumption stream C, then the social planner should also prefer C' to C, i.e., the Paretian
social welfare function respects unanimous preference of individuals. Hence this prop-
erty is sometimes referred to as unanimity and is considered as the minimum reasonable
requirement for the social welfare function.

In the two-agent Ramsey model with common as well as with private consumption, the
Paretian social welfare function at an arbitrary date 7 naturally appears as a weighted

sum of the individual date 7 utility functions of both agents:

Wr =AY B Tule) + A2 85 Tule) = Y (BT + BT uler),  (2.18)

where the Pareto weights )\i >0 and )\3 > 0 are non-negative and sum to one.
The consumption stream for the society at date 7 is obtained as the result of the
maximization of the Paretian social welfare function by the social planner, who solves the

following problem:

max Z (Aiﬁfq + /\355_7) u(ey),
t=1

s. t. e+ k1 = f(ky),
CtZO, kt+1207 t:T,T+1,...,
ky = ki
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Note that Paretian social welfare function (2.18) at each date 7 resembles the date
7 individual utility function from the sequence (2.16), and is clearly additively time-

separable. The sequence of social welfare functions has the form
We =3 yru(e), 7=01,..., (2.19)
t=T1

where the planner’s discount function at each date 7, I'; = {v;+}{2,, is the weighted
average of the individual discount functions with the corresponding Pareto weights Al
and \2:

Vet = ALBUTHNZBET t=0,1,. ...

Due to the heterogeneity in the discount factors, the planner’s discount function at date
T is not a geometric progression unless A, = 1 (in which case v,, = %) or A\, = 0 (in
which case v,; = (). Hence the problem of the social planner is in general a time varying
discounted optimal growth problem. Nevertheless, under some reasonable assumptions
on the felicity function u(c) and the production function f(k), this problem also has a
solution (see, e.g., Mitra, 1979).

Let us show that in the model with common consumption there arise the same dif-
ficulties with time consistency, time invariance and stationarity as in the model with
private consumption. The definitions given in Section 2.3 can be easily adapted to the
sequences of the social welfare functions of the form (2.19). The following propositions

are restatements of Propositions 2.1-2.4, and can be proved analogously.

Proposition 2.1'. A sequence of discount functions {I';}°°, determines a time consistent
sequence {W,.}22, if and only if for all T and 7" > 7 the discount function I'; up to the

constant factor coincides with the “tail” of the discount function I, starting from 7', i.e.,

77',15
V7!

=Yy, t=7,7+1,....

Proposition 2.2'. A sequence of discount functions {I';}22, determines a time invariant
sequence {W.}22 if and only if for all T and 7" > 7, the discount functions I'y and T';

are the same, i.e.,

Yt = V' 7l t—7s t:TuT—‘f_l""'

Proposition 2.3'. A discount function I, determines a stationary utility function W, if
and only if
Yer =BT, t=T1,7+1,...,

for some constant 0 < 3, < 1.
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Proposition 2.4’. A sequence of social welfare functions {W.}>, satisfies any two of
the three properties: time consistency, time invariance and stationarity, if and only if it
s of the form

We =Y B"u(e), T=01,.., (2.20)
t=1

for some 0 < B < 1.

Again we find that time consistency, time invariance and stationarity are interrelated.
Any two of these properties necessarily imply the third, and lead to the sequence of social
welfare functions, each element of which exhibits constant exponential discounting with
the same discount factor.

It also follows that aggregation of heterogeneous time preferences in the case of common
consumption is subject to the same difficulties as in the case of private consumption. The
sequences of individual intertemporal utility functions (2.16) are time-consistent, time-
invariant and stationary, while the sequence of social welfare functions (2.19) is in general
not.

Indeed, it follows from Proposition 2.4’ that the sequence of social welfare functions
{W,}22, is time-consistent, time-invariant and stationary if and only if one of the following

three conditions holds:
1. {W,.}2, coincides with {U!}>° (i.e., AL =1 for all 7);
2. {W,}>2, coincides with {U?}>, (i.e., AL = 0 for all 7);
3. Both agents have the same discount factor, 51 = [s.

This observation is easily generalized to the case with an arbitrary number of agents
who differ both in their discount factors and felicity functions, as shown by Jackson and
Yariv (2015). Their result can be expressed in our terms as follows: a sequence of time-
invariant Paretian social welfare functions is time-consistent if and only if each element
of this sequence exhibits constant exponential discounting with the same discount factor
which is exactly that of some agent i.!®> In other words, the only well-behaved sequence
of social welfare functions is the one which coincides with the sequence of individual utility
functions of some agent. If Pareto weights of at least two agents with different discount
factors are positive, then the time-invariant sequence of social welfare functions is non-
stationary and not time-consistent.

This “impossibility result” in the spirit of Arrow (1950) deserves some comments and

discussion. Jackson and Yariv actually formulate their result as follows: “If there is any

15 The result of Jackson and Yariv (2015) is basically the same as that of Zuber (2011), but obtained in a
slightly different setting. While Zuber considers independent and private consumption streams, Jackson
and Yariv focus on common consumption streams.
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heterogeneity in temporal preferences by way of differing discount factors, then the only
well-behaved collective utility functions that are time consistent and respect unanimity
are dictatorial: they ignore the preferences of all but one agent (or a group of agents who
share the same exact preferences)” (Jackson and Yariv, 2015, p. 161).

It should be emphasized that Jackson and Yariv consider only time-invariant sequences
of social preferences, though not explicitly acknowledging it. Millner and Heal (2016)
note that there is actually a trade-off between time consistency and time invariance in a
non-stationary sequence of social welfare functions. They show that if the planner assigns
different Pareto weights at different dates, then it is possible to achieve time consistency
(at the expense of time invariance).

Their observation can be illustrated in our two-agent case. Suppose that at each date
7 the planner assigns to agents the same positive weights, i.e., A\l = X and \2 =1 — ) for

some 0 < A < 1. Then the sequence of social welfare functions (2.19) has the form

W, =Y (AT + (L= NB ) ule), T=0.1,...,
t=1

and Propositions 2.1-2.3" imply that this sequence is time-invariant, though not time-
consistent and non-stationary. Instead, suppose that at each date 7 the planner assigns

to agents different weights, namely:

a_ M e (1=N8
TN -NE TN (- NE

for some 0 < A < 1. Then the sequence of social welfare functions is given by

1 x t )
W, = )\5{+(1_)\)ﬁ5;()\51+(1—)\)52)u(ct), r=0,1,...,

and it follows from Propositions 2.1'-2.3" that this sequence is time-consistent, though
not time-invariant and non-stationary.

This fact has led Millner and Heal (2016) to the conclusion that the choice between
time consistency and time invariance of the planner’s preferences is purely normative.
They argue that time consistency may be more attractive for intragenerational choices,
while time invariance is more suitable for intergenerational choice.

In a recent contribution to the field, Feng and Ke (2017) suggest that in the context
of intergenerational choice, the notion of Paretio-efficiency seems to be too strong, which
may be the key to the problem. Note that the two-agent Ramsey model with common
consumption admits a natural interpretation as an intergenerational model. The sequence

of individual utility functions (2.16) is interpreted as a sequence of intertemporal utility
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functions of different individuals from successive generations. Individual 7 from generation
7 lives for one period, and her intertemporal utility function is given by U?. Her offspring,
individual ¢ from generation 7 + 1, inherits her discount factor and felicity function, and
has the intertemporal utility function UL, ;.

Feng and Ke (2017) note that the standard Pareto property is essentially “current-
generation”, in the sense that at each date the planner takes into account only the pref-
erences of the current generation. However, future generations are also affected by the
planner’s decision, and hence the planner at each date should take into account their pref-
erences as well. Thus it is reasonable to introduce the weaker “intergenerational Pareto”
property: if one consumption stream is preferred to another by every individual from
every generation, then the planner should also prefer the former. Clearly, if the planner is
current-generation Paretian, she is also intergenerationally Paretian, but not vice versa.

Recall that in our two-agent case the current-generation Paretian social welfare function
at date 7 is given by (2.18), for some non-negative weights Al and A\2. The intergenera-

tionally Paretian social welfare function at date 7 has the form

we=>_ {)‘71—,15 > B ule) + A%, > ﬁg—tu(cs)}
t=r s=t s=t

= (/\’lr,T + )\72',7') U(CT) + (A’IF,T—FI + )\72',T+1 + A’lr,Tﬂl + )\72',762) u(CT+1) + R

where the sequence of Pareto weights is such that 0 < .7 {)\;t + )\37,5} < 0.

It follows from the results of Feng and Ke (2017) that for any 5 > (31, each element in

the sequence of the social welfare functions
(o]
W, = Zﬁt_Tu(ct), T=0,1,...,
t=7

is intergenerationally Paretian and strongly non-dictatorial, i.e., the planner at each date
7 does not ignore the preferences of any individual from any generation. In other words,

there always exist appropriate and strictly positive Pareto weights such that for each 7,

> e = 30 Yoartten ot 3ot .

Thus if the current-generation Pareto property is replaced by the intergenerational Pareto

property, then the sequence of planner’s preferences is stationary, time-consistent and

time-invariant whenever the planner is more patient than the most patient individual.
Another subtlety in Jackson and Yariv (2015) concerns the use of the term “dictato-

rial”, which is slightly misleading. By “dictatorial”, they mean social welfare functions
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that coincide with the individual utility function of one of the agents. However, this is
not the same as the usual definition of dictatorship in social choice theory: an agent is
a dictator if she is chosen to represent the preferences of the society regardless of the
agents’ preferences. This notion can be labeled as ex ante dictatorship. The definition of
dictatorship given by Jackson and Yariv is different: they call an agent a dictator if she
appears to represent the preferences of the society for some fixed profile of preferences.
This notion is essentially ex post dictatorship. The difference between these two notions is
substantial: for instance, an aggregation rule that chooses the preferences of the median
agent in the society is “ex post dictatorial” (in the sense of Jackson and Yariv), while it is
not “ex ante dictatorial” (in the usual sense of social choice theory), because the median
agent clearly differs across profiles of preferences.

Nevertheless, the discussed result of Jackson and Yariv (2015) stresses a very important
problem for aggregation of heterogeneous time preferences. Even though each individual
with her own discount factor is time-consistent, the utilitarian planner (in the standard
Pareto sense) who assigns equal weights to different agents with different discount factors,
is not.'® The only case in which the sequence of social preferences satisfies time consis-
tency, time invariance and stationarity is when only one individual represents the society
as a whole. This case may be realized not only by selecting some agent as a dictator,
but also as a result of some social choice procedure. One of these procedures, namely,

majority voting, we will discuss in the next section.

2.5. Voting over common consumption streams

Another possible way to obtain a social preference ordering is to abandon the idea of
a social planner and instead explicitly model the fact that decisions of the society are
determined through some political process.

A natural way of aggregating heterogeneous preferences is voting: if a feasible plan is
preferred to all other plans according to some voting procedure, then this is the plan a
society chooses. As rightfully noted by Beck (1978), we can thus get rid of the troublesome
terms “social welfare function” and “social discount rate”, and work instead with the more
familiar terms “individual utility” and “individual discount rate”.

Evidently, there exist a lot of different voting procedures, which have been studied in
theory and used in practice. In our discussion we will focus only on the majority voting
rule. First of all, it is the most common in practice as well as in the literature. Second,

the majority rule is known to be the most robust voting procedure in the sense that it

16 See also Anchugina et al. (2016) who generalize the results of Jackson and Yariv (2015) and study
the properties of utilitarian aggregations of heterogeneous discount functions from certain equivalence
classes.
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satisfies a number of desirable normative properties over a larger domain than any other
voting procedure (see Dasgupta and Maskin, 2008).

Suppose that in the many-agent Ramsey model with common consumption, agents
choose their common consumption stream by voting over all feasible streams. A natural
idea is to find a Condorcet winner, i.e., a consumption stream that would be preferred
by a majority of agents when pairwise compared with every other feasible consumption
stream. In voting over one-dimensional choice space, under certain plausible assumptions
a Condorcet winner exists and coincides with the optimal plan of the “median voter”. This
outcome holds much favor in economic and political contexts, because the median voter
effectively appears as the representative of the population whose preferences determine
all decisions of the society.

However, there immediately arises an important difficulty. Agents choose their common
consumption stream over an infinite horizon, hence the choice space is made up of infinite
sequences of consumption and is clearly multi-dimensional. It is known that due to the
high dimensionality of the choice space, a Condorcet winner in general does not exist. A
majority rule in this case is generically intransitive, and one should expect the emergence
of cycles: a majority of agents would prefer consumption stream C to C, C3 to Cy and
C1 to C3, which is known as the Condorcet (1785) paradox. Bernheim and Slavov (2009)
characterize this situation as the “curse of dimensionality”.

Indeed, there are a number of classical theoretical papers (e.g., Davis et al., 1972;
Kramer, 1973; Bucovetsky, 1990) in which different forms of necessary and/or sufficient
conditions for the existence of a Condorcet winner in a general context are derived. It
turns out that when a choice space is multi-dimensional, almost any departure from homo-
geneity of tastes would immediately lead to the intransitivity of majority rule. Moreover,
De Donder et al. (2012) show that there is in general no Condorcet winner in voting over
multi-dimensional choice space even if agents are heterogeneous only in one dimension.
They also argue that in most cases and for any feasible proposal, it is possible to find
another feasible proposal that is favored by all voters except one. These results are nicely

summarized in a quote by Gerald Kramer (1973, p. 296):

when the preferences of individual voters over a multi-dimensional space of
commodity or policy vectors are representable by quasi-concave, differentiable
utility functions, all exclusion conditions for equilibrium under majority rule
are extremely restrictive in the sense that they are incompatible with even
a very modest degree of heterogeneity of tastes. ... For most purposes such
conditions are probably not significantly less restrictive than the condition of

complete unanimity, and it seems unlikely that they will be of much prac-
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tical help in making social welfare judgements or in understanding political

processes based on majority rule, for multi-dimensional choice problems.

Let us illustrate these difficulties with a simple three-agent three-period example of the
many-agent Ramsey model with common consumption.’” Let the production function be
given by f(k) = k; hence we are faced with the cake eating problem described by Gale
(1967). Suppose that agents have the same logarithmic felicity function u(c) = Ine¢, and
are heterogeneous only in their discount factors: 1 > 31 > 85 > 3 > 0. Then the utility

function of agent 7 is given by
U'=1Incy + Bilncy + 522 In c5.

Note also that in this case the median voter is the agent with the median discount factor,
i.e., agent 2.

Problem (2.17) for agent ¢ at date 0 becomes as follows:

max Incy + Bilne; + B In ey,
s. t. co+cl+c2:l%0,
¢G>0 =012

The solution to this problem, the optimal consumption path for agent i, C* = {ci*, c%*, ci*},

is given by

. ko i Biko g B ko
C T IHB+BY T L+ B+ T 148+

Suppose that agents vote for the whole consumption stream at time 0. Clearly, the set

of alternatives over which they vote is
C= {(60701,62) S ]Ri | Co+c+c= ]%0} .

Let us show that if a Condorcet winner exists, then it should coincide with the optimal
consumption path for agent 2. Indeed, suppose the opposite, i.e., that a Condorcet winner
is a consumption stream C* = {c}, ¢}, c3} which lies in C and does not coincide with C?*.
It is easily seen that C* and C?* differ at least in two elements if and only if one of the

following inequalities holds:

c] # Pacy, or cy # Pacy.

17 1t is convenient to have an odd number of voters, so from now on our simplest example includes three
agents who differ in their time preferences. Note also that the finite horizon does not reduce the
generality of the analysis, as this example can be easily generalized to the case of infinite time horizon.
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Let for definiteness ¢ > facf (all other cases can be considered similarly). Note that in
this case also ¢} > [3cj.

Consider the gradient of U* at the point (cf, ¢f, c3):

. 1 B 2
VU(ch, ¢l ) = ( 155 )

€ €1 G
Compute the inner product of VU*(c, i, ¢5) and the vector z = (1, —1,0):

: L B =B
VUZ<CS’CT=C;> TR= T _: = *—*l

It is positive for 5y and fs. It follows that for a sufficiently small perturbation of (cf, ¢, ¢3)
in the direction z (i.e., slightly increasing consumption at time 0 and decreasing consump-
tion at time 1), there exists a consumption stream C’ = {c, ], ¢4} which lies in C and
which agents 2 and 3 prefer to C*. Since two agents out of three prefer C’ to C*, the
latter consumption stream is not a Condorcet winner. Thus a Condorcet winner, if it
exists, should coincide with the optimal consumption path for agent 2, C**.

However, let us now show that C?* is not a Condorcet winner. Indeed, the gradient of

U' at the point (c2*, ¢, c3*) is

1+52+522( Bi 52)

VU'L c *, *,62* =z 72 17_’_1 .

et = e B

Compute the inner product of VU (c2*, ¢?*, ¢2*) and the vector z = (1, -2, 1):

i 2e 20 2y P B_?)Hﬁﬁﬂ%_( ﬁz) 14 By + B3
VU (cg*,c3*,c5%) - 2 (1 252 52 —]%0 =(1- 5, —ko

It is positive for §; and 3. Hence for a sufficiently small perturbation of (cf, ¢}, ¢5) in the
direction z, there is a consumption stream C' which lies in C and which agents 1 and 3
prefer to C%*. This consumption stream has more consumption at time 0 (to satisfy the
relatively impatient agent 3), more consumption at time 2 (to satisfy the relatively patient
agent 1) and less consumption at time 1 (to make it feasible). Again, since two agents
out of three prefer C' to C2*, the latter consumption stream is not a Condorcet winner.
This contradiction leads to the conclusion that a Condorcet winner does not exist.
Boylan et al. (1996) provide a generalization of our simple example and explicitly prove
that there is no Condorcet winner in the many-agent Ramsey model with common con-
sumption (public good) even when agents differ only in their discount factors. Announcing

their own result, Boylan and McKelvey (1995, p. 863) provide the following comment:
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The above result may seem surprising at first glance. One might think that,
when utility functions differ only by one parameter, the median voter theorem
would apply, implying that the optimal plan for the voter with the median
discount factor would be a majority core point. In fact, the optimal plan for
the median-discount-factor voter is defeated by a plan supported by a coalition

including patient and impatient voters.

Hence their result is actually well in line with the previously mentioned literature.

Furthermore, Jackson and Yariv (2015) in the already mentioned paper prove another
general impossibility theorem, which implies that voting over consumption streams when
agents have heterogeneous time preferences cannot lead to an unambiguous outcome.
Any non-dictatorial voting rule (in particular, majority and weighted supermajority vot-
ing rules) leads to cycles in collective decisions, unless the set of potential consumption
streams is severely restricted. It follows from their result that the preferences of any single
agent, including the agent with the median discount factor, cannot determine a voting
equilibrium (as it would have to be transitive).

Thus an attempt to incorporate political institutions into the many-agent Ramsey
model faces a serious difficulty. Though the optimal plan of the median agent seems
to be the stable and desirable outcome of majority voting, it is not clear whether there
even exist political institutions that could support and justify the choice of the agent with
the median discount factor.

However, it turns out that there are some ways to overcome all the above mentioned
“Impossibility results”. One of these ways was considered by Beck (1978) and, more
recently, by Heal and Millner (2014). Instead of the infinite-dimensional set of all feasible
consumption streams, agents are allowed to vote only over the set of individually optimal
consumption paths. This voting procedure can be actually interpreted as majority voting
over the set of discount factors, and then implementing the optimal consumption path
for the agent with the winning discount factor. Alternatively, Heal and Millner (2014)
propose the following two-step procedure: each agent nominates a consumption stream for
the society to follow, and then agents vote over each pair of nominated streams choosing
a Condorcet winner. It is shown that in voting over all individually optimal paths there
exists a Condorcet winner, which is the optimal consumption path for the agent with the
median discount factor.

In our three-agent three-period example this procedure can be illustrated as follows. In-
stead of voting over the set of all feasible consumption streams,
C = {(00,01,02) € Ri | co+ e+ = l%o}, agents vote over the three-dimensional set

{C™ C*,C3}, where O™ is the optimal consumption path for agent i.

42



2.5. Voting over common consumption streams

Let us show that C?*, the optimal consumption path for the agent with the median
discount factor, is a Condorcet winner in voting over this three-element set. Consider a
pairwise contest between C%* and C**. Clearly, agent 1 prefers her optimal consumption
stream C*, while agent 2 prefers her optimal stream C?*. The decisive vote belongs
to agent 3, and it is easily checked that she prefers the stream C?* to C'*. Indeed,
¢ = ko/(1+ B; + B2) is decreasing in f;, and thus ¢g* > ¢2* > ¢}*. Since agent 2 prefers
C? to C'*, the same should be true for the more impatient agent 3 who prefers more
consumption at earlier dates even stronger. Similar argument can be applied to a pairwise
contest between C?* and C?*: only agent 3 prefers the stream C®*, while both agents 1
and 2 prefer the stream C**. It turns out that C?* wins each of its pairwise contests, and
is thus a Condorcet winner. It is easily seen that though this voting procedure ensures the
existence of a stable outcome, this result comes at the expense of the severely restricted
choice set.

A different voting procedure in the many-agent Ramsey model with common consump-
tion is proposed by Boylan et al. (1996). They start with a finite horizon model and
introduce two additional agents (“political candidates”). In each period the candidates
propose a consumption level for the agents and care only about being elected. Agents
vote for one of the candidates and take into account only their own intertemporal utility of
consumption. The consumption level proposed by the winning candidate is implemented
and becomes the actual consumption for this period. A specific noncooperative game is
then constructed and a subgame perfect Nash equilibrium is studied. Boylan et al. (1996)
prove that for any finite horizon, the optimal consumption path for the agent with the
median discount factor is a unique subgame perfect Nash equilibrium. They also show
that when the time horizon tends to infinity, the sequence of Nash equilibria converges
to the optimal path for the agent with the median discount factor in the infinite horizon
model. This voting procedure, though also yielding the intuitively appealing outcome,
seems quite contrived.

As we have seen, all the considered ways to overcome the absence of a Condorcet
winner are unnecessarily complex. There is, however, a much simpler procedure that
avoids many of the difficulties mentioned above. A natural idea to overcome the “curse of
dimensionality” is to convert an infinite-dimensional choice space, made up of consumption
streams, into a series of one-dimensional choice spaces. The notion of “coordinate-wise”
majority voting was proposed independently by Kramer (1972) and Shepsle (1979). The
proposed procedure implies that agents vote separately in each period, and the resulting
sequence of voting outcomes is an equilibrium in the Nash sense: each element is a
one-dimensional Condorcet winner, given that all other elements are chosen in the same

manner. The outcome of this procedure is known as a Kramer—Shepsle equilibrium.
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A Kramer—Shepsle procedure has many advantages, especially in dynamic models.
First, it has a convenient interpretation as intertemporal (step-by-step) majority vot-
ing under perfect foresight about outcomes of future votes. This is well in line with the
Koopmans’ intertemporal view on economic models discussed in Section 2.3.'® Second,
the impossibility result of Jackson and Yariv (2015) does not hold here. In their frame-
work intransitivities arise only when individuals atemporally vote once and for all on the
whole sequence, while in the Kramer—Shepsle procedure majority voting is done intertem-
porally, step by step. Finally, a Condorcet winner in the multi-dimensional problem is
always a Kramer—Shepsle equilibrium, but the converse need not be true. This actually
means that a Kramer—Shepsle equilibrium may exist in more general circumstances.

Unfortunately, the direct application of the Kramer—Shepsle procedure to the many-
agent Ramsey model leads to a new difficulty. Let us return to the three-agent three-
period example and find a Kramer—Shepsle equilibrium, i.e., a consumption stream each
element of which coincides with the majority choice given the choices of all other elements.
Suppose that at time 0 agents have some common expectations about future consumption,
¢} and c§, and vote over the time 0 consumption cy. The preferred time 0 consumption

for agent 7 is a solution to the following problem:

max In ¢, s. t. co+cf+c5 =k
(]

Clearly, this optimization problem is degenerate. The overall resource constraint under
given expectations fully predetermines the optimal value of ¢y. Moreover, this value
is the same for all agents: it is optimal for each agent to consume today as much as
possible, given the future consumption profile and the initial amount of resource. The
same argument applies to voting over ¢; and cy. It follows that every consumption stream
{co, c1, ca} such that ¢, > 0 for all t and ¢g+c1+co = /%0, can be obtained as the outcome of
intertemporal voting over consumption levels under perfect foresight. While a Condorcet
winner fails to exist in the considered framework, there is an uncountable number of
Kramer—Shepsle equilibria.

However, Borissov et al. (2014b) propose a Ramsey-type model in which the Kramer—
Shepsle procedure leads to an unambiguous outcome. In the model, agents who differ in
their discount factors, in each period vote on the current shares of public goods in the
aggregate output. It is shown that the equilibrium sequence of these shares is fully deter-
mined by the median discount factor. It follows that the voting outcome is stable and is
determined by the preferences of the median agent — a property which seemed improb-

able according to our previous discussion. The two crucial principles in their framework

18 Note also the similarity between the Kramer-Shepsle procedure and the concept of social optimum in
the many-agent Ramsey model with private consumption proposed by Drugeon and Wigniolle (2016).
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is that agents vote step by step, in accordance with the Kramer—Shepsle procedure, and
agents vote not over the levels of public good, but over its shares in the aggregate output.
It is the combination of these principles that appears to be very fruitful.

Indeed, these ideas can be developed and successfully applied to voting in dynamic
settings, as shown by Borissov et al. (2017). In the framework of the many-agent Ramsey
model with common consumption they consider the following voting procedure (intertem-
poral majority voting): agents vote step by step over the consumption rates (i.e., values
¢/ f(ki)) under perfect foresight about the future outcomes of votes. It is proved that the
outcome of intertemporal majority voting coincides with the optimal consumption path
for the agent with the median discount factor.

Note that the described procedure indirectly determines a sequence of social welfare

functions,
[o.¢]

Wr = Z(ﬁmed)t_Tu(ct), T=0,1,....

t=r
In each social welfare function W}, the Pareto weight of the agent with the median
discount factor is equal to 1, while the Pareto weights of all other agents are equal to
zero. As we have seen in Section 2.4, this sequence is time-consistent, time-invariant and
stationary. The outcome of intertemporal majority voting is both Pareto-optimal and
time-consistent, and coincides with the result of the maximization of the social welfare
function Wy. This observation can be interpreted in terms of Jackson and Yariv (2015):
the sequence of Paretian social welfare functions {WW*}>° , is well-behaved (i.e., is time-
consistent, time-invariant and stationary) and is “ex post dictatorial”, in the sense that
it coincides with the sequence of utility functions of one particular agent (i.e., the agent

with the median discount factor).

2.6. Discussion

In this chapter we have considered the problem of aggregation of heterogeneous time
preferences in one-sector many-agent Ramsey models. If these models are interpreted as
intergenerational models, then the topic of this chapter is closely related to the important
normative question, how should we discount the future as a society? This problem is
widely discussed in the literature as the problem of determining an appropriate social

discount rate.!?

19 Strictly speaking, the social discount rate does not necessarily coincide with the social rate of time
preference. Using the Ramsey (1928) equation, the social discount rate can be written as r = p + ng,
where p is the social rate of time preference, 7 is the consumption elasticity of marginal utility (i.e., a
measure of relative risk aversion) and g is the growth rate of per capita consumption. However, where
this does not lead to misinterpretation, we would use the term “social discount rate” meaning “social
rate of time preference”.
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There is no consensus on how the social discount rate should be determined. Some
theorists argue that the social discount rate should be chosen based on a set of ethical
principles. For instance, Ramsey (1928) himself strongly advocated a social discount rate
of zero: in order not to discriminate against future generations, individuals from different
generations should be counted equally. He saw discounting as “a practice which is ethically
indefensible and arises merely from the weakness of the imagination” (Ramsey, 1928, p.
543). However, Pearce et al. (2003) note that not discounting is in fact discounting at
0%, which also has its own ethical implications that may not be acceptable. This point
of view is emphasized by Koopmans (1967) who coined the term “the paradox of the
indefinitely postponed splurge” under zero discounting, current generation could never
use the resources because reinvesting them will always do more good for future generations.
According to him, “too much weight given to generations far into the future turns out
to be self-defeating. It does nobody any good. How much weight is too much has to be
determined in each case” (Koopmans, 1967, p. 9).

It seems that we should apply a strictly positive social discount rate. But should this
rate be low or high? This question is especially important in the cost-benefit analysis of
environmental projects, particularly in the models of climate change and global warming,
which appear to be incredibly sensitive to the choice of the social discount rate. The
disagreement about the correct value for the social discount rate resulted in the famous
Stern—Nordhaus debate.

Stern (2007) in his review on the economics of climate change uses the ethical principle
of “intergenerational equity” and applies a very low social rate of time preference of 0.1%,
which results in the social discount rate of around 1.4%. This leads to the assertion that we
should give strong and immediate response to global warming. Nordhaus (2007), in turn,
uses “‘consumer sovereignty” as the ethical principle, i.e., believes that the social discount
rate should reflect consumers’ real decisions and be based on the revealed preferences of
the members of society. He argues that the social discount rate should coincide with the
real interest rate of 5.5%, and hence postulates the social rate of time preference of 1.5%.
It turns out that Stern’s conclusion no longer holds if costs and benefits from climate
change are discounted at the market interest rate. Thus ethics by itself does not provide
an unambiguous answer as to whether the social discount rate should be zero, small, or
large.

By adopting certain elements of utilitarian ethics, one can apply the “economic” ap-
proach to the choice of the social discount rate. The social discount rate in this approach
is interpreted as the rate of time preference of the social planner whose social welfare
function is a utilitarian aggregation of individual utility functions. As we have seen in
Sections 2.3 and 2.4, there arise certain difficulties with the construction of the appropri-

ate social welfare function. Even when the preferences of individuals are time-consistent,
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time-invariant and stationary, the preferences of the social planner are in general not.
Moreover, when individuals have constant and different discount rates, the planner’s dis-
count rate is non-constant — it declines as time goes on, and tends to the discount rate
of the most patient agent.

The declining discount rates also emerge from some other approaches, for instance,
when uncertainty about the future is taken into account (see, e.g., Pearce et al., 2003;
Gollier and Weitzman, 2010). All these observations can be used to argue that instead
of a single and constant social discount rate, we should use a declining discount rate in
cost-benefit analysis from the perspective of the society (see also the discussion in Arrow
et al., 2014). However, at least in the deterministic case, the declining discount rate of
the social planner leads to the problem of time consistency.?°

Yang (2003) suggests that economic modeling of climate change may use a dual-rate
discounting approach. In this framework, social (environmental) discounting is separated
from private (consumption) discounting. A social planner is assumed to have two dif-
ferent discount rates: a consumption discount rate used to discount utility from private
consumption goods, and an environmental discount rate used to discount utility from
public goods (e.g., environmental quality). It is assumed that the environmental discount
rate is lower than the consumption discount rate. Clearly, the sequence of (utilitarian)

social welfare functions here would take the form
WT = Z {Bi_TU(qo + ﬁé_Tu(Ct)} , T = 07 17 cee
t=1

where v(¢;) is the utility from the environmental quality and 8; > 35 (see also Borissov
and Shakhnov, 2011).

It follows from the results discussed in Section 2.3 that each social welfare function W
is non-stationary, and in the long run environmental quality determines the decisions of
the society, while the weight of private consumption becomes negligible. Moreover, the
sequence {W,}, is time-inconsistent, which is another difficulty with this approach.?!

Relating back to the Stern—Nordhaus debate, the consumer sovereignty principle is
sometimes criticized on the grounds that the application of the revealed preference princi-
ple can be justified only under some strong and unrealistic conditions, which include both
time consistency and time invariance (see, e.g., Caplin and Leahy, 2004). It is claimed

that under more reasonable assumptions, the social planner should be more patient than

20 Newell and Pizer (2003) argue that in the uncertainty case the use of the term “time inconsistency” is
slightly incorrect, because it can be applied only to the cases where it is known with certainty that the
today’s optimal plan will be not followed in the future.

21 Tt is argued that “As long as public goods and private goods are not substitutable, heterogenous discount
rates can be time-consistent” (Yang, 2003, p. 942), but it does not seem to help in this case.
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consumers. This conclusion is also supported by the results of Feng and Ke (2017) which
we have discussed in Section 2.4. They show that the intergenerationally Paretian so-
cial planner is more patient than the most patient individual in the society. Note that
in equilibrium models with agents that are heterogeneous in their time preferences, the
long-run interest rate exactly coincides with the discount rate of the most patient agent.
Therefore, this approach supports the choice of the social discount rate which is lower
than the market interest rate.

At the same time, the results surveyed in Section 2.5 indicate that it is also possible to
apply the “political” approach to the choice of the social discount rate, i.e., use political
institutions to determine collective choices among heterogeneous agents. As we have
seen, the common result in the literature is that in the presence of heterogeneous time
preferences, multi-dimensional voting cannot lead to an unambiguous outcome. However,
we argue that there exists a simple voting procedure (intertemporal majority voting) in
which the agent with the median discount rate effectively appears as the representative
of the population, whose preferences determine all decisions of the society.

In the case where the discount rates of consumers are heterogeneous, it seems reason-
able that the preferences are revealed through voting decisions. It may be also speculated
that consumer sovereignty is justified, since there is a voting procedure that aggregates
well-behaved preferences, and the outcome of this procedure is Pareto-optimal and time-
consistent, as we have noted in the end of Section 2.5. However, in this case the social
discount rate coincides with the median discount rate in the population, which is presum-
ably much higher than the real interest rate, i.e., the discount rate of the most patient

agent.

2.7. Conclusion

The above discussion, inspired by a purely normative concern, clearly shows the impor-
tance of discounting in economic theory and practice. As we have seen, the question of
discounting causes a lot of controversy even if heterogeneity in time preferences is ig-
nored. However, an increasing number of empirical studies (see Section 2.1) show that
different individuals discount the future differently, and this heterogeneity in individuals’
time preferences should be taken into account in economic modeling.

Hence there arises the problem of aggregation of heterogeneous time preferences, which
is especially relevant in growth models with many agents. Here economic growth theory
meets social choice theory. In this chapter we have considered simple one-sector two-agent
Ramsey models with private as well with common consumption. In order to highlight the
role of discounting, we have assumed that consumers are identical and differ only in

their discount factors. This allowed us to review the literature devoted to aggregation of
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heterogeneous time preferences, and to explain the main difficulties related to the problem
of social choice in many-agent growth models as instructive as possible.

The main results here are in the spirit of Arrow’s famous impossibility theorem. In
particular, the preferences (the sequence of preferences) of the social planner satisfy certain
reasonable conditions (time consistency, time invariance, stationarity) if and only if either
all individuals have the same discount factor and are thus identical or the preferences of
the social planner coincide with the preferences of some individual and hence the planner
completely ignores the preferences of all but one individual.

Moreover, a natural attempt to aggregate heterogeneous discount factors via some
voting procedure also faces serious difficulties. A Condorcet winner fails to exist in voting
over multi-dimensional choice space, even though agents are heterogeneous only in one
dimension, and any non-dictatorial voting rule appears to be inherently intransitive. At
the same time, all the considered approaches to overcome the absence of a Condorcet
winner seem quite contrived and complex.

This is where the present thesis fits in and aims to contribute. In Chapter 3 we propose
a simple voting procedure (intertemporal majority voting) and apply it to the collective
choice in the framework of the many-agent Ramsey model with common consumption.
We prove that if agents vote step by step over consumption rates under perfect foresight
about future outcomes of votes, then the outcome of this procedure coincides with the
optimal consumption path for the agent with the median discount factor. This outcome
holds much favor in economic and political contexts, but it was unclear whether there even
exist political institutions that could support and justify this outcome. In some sense, we
provide a microfoundation of the choice of the median agent as the representative of the
society. In Chapter 4 we consider intertemporal majority voting over extraction rates in
the general equilibrium Ramsey-type model with borrowing constraints and exhaustible
natural resources. It is also proved that the equilibrium sequence of extraction rates is

determined by the agent with the median discount factor.
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3. On Discounting and Voting in a Simple Growth
Model

As we have seen in Chapter 2, the aggregation of heterogeneous preferences via voting
in dynamic resource allocation problems faces a serious difficulty. Due to the multi-
dimensionality of the choice space, voting equilibria under majority rule fails to exist
generically, even in cases where the agents’ type space is one-dimensional. At the same
time, all the proposed ways to overcome the absence of a Condorcet winner are unneces-
sarily complex.

We note that, despite all the “impossibility” results, at each point in time there may
exist a “median voter” whose preferred choice of instantaneous consumption rate is sup-
ported by a majority of agents. Based on this observation, in this chapter we propose
a simple institutional setup in the many-agent Ramsey model with common consump-
tion (intertemporal majority voting) that does not suffer from the problem of generic
non-existence of equilibrium. Importantly, in this setup the temporary voting is not over
consumption levels but over consumption rates. The equilibrium concept that we employ
is Kramer—Shepsle equilibrium with perfect foresight; that is, (i) each period’s decision
follows the majority vote under the assumption that agents maximize their utility given
the decisions in all other periods, and (i7) agents’ expectations about these decisions are
correct in equilibrium (“perfect foresight”). It is worth emphasizing that the institutional
framework is well-defined also without the assumption of perfect foresight.

We show that if agents have the same felicity function and differ only in their discount
factors, the outcome of intertemporal majority voting (an intertemporal voting equilib-
rium) is unique and coincides with the optimal consumption stream for the agent with
the median discount factor. In a sense, our voting procedure provides a microfoundation
of the choice of the optimal consumption stream of the “median” agent.

As an important intermediate result we establish that, for each fixed agent, the step-
by-step determination of the optimal consumption rate under perfect foresight yields the
optimal intertemporal consumption stream. While this technical result probably belongs
to the body of “folk wisdom” within the Ramsey model, we are not aware of a rigorous
proof and include one in this chapter.

We also consider the multi-dimensional heterogeneity case in which agents differ both

in their felicity functions and discount factors. For this general case we provide a charac-
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terization of steady-state and balanced-growth voting equilibria and show the important
difference between them. The steady-state voting equilibrium is fully determined by the
median discount factor, while the balanced-growth voting equilibrium depends not only
on the agents’ discount factors, but also on the agents’ intertemporal elasticities of sub-
stitution.

This chapter is based on the published article “On Discounting and Voting in a Simple
Growth Model” (Borissov, Pakhnin and Puppe, 2017) and is organized as follows. Section
3.1 provides a preliminary discussion of the topic. Section 3.2 introduces our model. In
Section 3.3 two simple examples illustrate the idea of intertemporal voting and explain
the role of consumption rate. In Section 3.4 we define temporary and intertemporal voting
equilibria. In Section 3.5 we consider the step-by-step decision-making process for a single
agent. Section 3.6 states our main results. In Section 3.7 we study the general case where
agents differ both in their discount factors and felicity functions, and characterize steady-
state and balanced-growth voting equilibria. Section 3.8 concludes. All the proofs are

relegated to Section 3.9.

3.1. Introduction

The problem of aggregating heterogeneous time preferences arises in many contexts. The
many-agent Ramsey model with common consumption that we employ in this chapter
admits two interpretations. It can be viewed either as a model of growth and physical
(man-made) capital accumulation, or as a model of renewable or exhaustible natural
resource allocation over time.

Though we present our model in terms of the traditional theory of economic growth, it
is instructive to consider the problem of aggregating heterogeneous time preferences also
within the common property resource framework. Examples are the hunting for animals,
the grazing of cattle on a common ground, the pollution of the atmosphere, or the drilling
for oil in a common underground reservoir.

In these contexts, an issue of evident importance is the determination of the socially
desirable harvest (extraction) rate. Consider a village situated near a fishing ground. The
fishing ground is self-managed by village citizens, who differ in their time preferences. The
question is: what is the harvest rate of the fish stock collectively set by heterogeneous
agents? If all citizens in the village are identical, then the rate of the fish stock exploitation
can be easily determined by their common discount factor. However, it is not clear how
to determine the harvest rate when citizens have different discount factors.

One might try to argue that the introduction of property rights can (indirectly) solve
the problem. Indeed, the typical and well-known solution to the “tragedy of the commons”

is to establish private property rights. Once the property rights are enforced, each owner
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acts optimally according to her own time preference. This might circumvent the problem
in cases where suitable property rights can be established.! However, often the non-
excludability of public goods prevents the enforcement of suitable private property rights.
This is likely to occur in the case of the underground oil reservoir, the fishing ground, or
the so-called “global commons”. For instance, the tendency of fish to migrate makes it
impossible to define geographically determined property rights over the fish stock. In this
case a solution may be to introduce a governmental or community resource ownership,
but then it is necessary to find a non-market mechanism of determining the harvest rate.

The Ramsey (1928) optimal growth framework is often used to study general equilib-
rium models with heterogeneous agents who differ in their discount factors (see Becker,
2006, for an excellent survey). In this kind of models each agent separately solves her
own optimization problem and thus has an independent private consumption stream.

However, the Ramsey framework also allows one to study how heterogeneous agents
make joint decisions over common consumption streams. It does not matter whether
“common consumption” is a collectively consumed public good or a private good that is
consumed according to some fixed and commonly known sharing rule. What is impor-
tant is that agents’ personal utilities are based on their collective decisions, i.e., on the
common consumption stream they choose. Here, economic growth theory meets social
choice theory, and there is indeed a literature that analyzes how political institutions
can be incorporated into growth models in order to determine collective choices among
heterogeneous agents (see, e.g., Beck, 1978; Boylan, 1995; Boylan et al., 1996).

A natural way of aggregating heterogeneous preferences is voting. Suppose that agents
vote over all feasible consumption streams by pairwise majority voting. Then, it is well-
known that, due to the high dimensionality of the underlying choice space, there does not
in general exist a Condorcet winner, i.e., for every feasible consumption stream there exists
another feasible consumption stream that is preferred by a majority (see, e.g., Plott, 1967;
Davis et al., 1972; Kramer, 1973; McKelvey, 1976; Bucovetsky, 1990).? Moreover, the fact
that agents differ only in one parameter does not help: there still is no Condorcet winner
in voting over a multi-dimensional choice space even if the agents’ type space is one-
dimensional (see, e.g., De Donder et al., 2012). Boylan et al. (1996) consider voting over
feasible consumption paths in the Ramsey optimal growth model and prove that there
is in general no Condorcet winner. In a more recent paper, Jackson and Yariv (2015)
analyze general aggregation methods when agents differ only in their discount factors;

they prove that, at any given profile of individual preferences, the collective preferences

LIf the “owners” are groups of individuals with heterogeneous time preferences, the problem might of
course persist within these groups.
2 Bernheim and Slavov (2009) characterize this kind of situation as the “curse of dimensionality”.
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resulting from any Pareto efficient aggregation rule are either time-inconsistent or they
coincide with the preferences of one individual in the given profile.?

Despite these negative results, it appears that in a model in which agents differ only
in their discount factors, the optimal consumption path for the agent with the median
discount factor has some claim to be a natural and appealing collective choice. But clearly,
the mentioned impossibility results imply in particular that also the optimal consumption
path for the “median” agent is in general not a Condorcet winner among all feasible paths.

One way to overcome this difficulty has been considered by Beck (1978) and, more
recently, by Heal and Millner (2014). In these models, agents are only allowed to vote
over the set of individually optimal paths. It can be shown that, among all individually
optimal paths, the optimal path for the agent with the median discount factor is indeed
a Condorcet winner. However, ensuring the existence of a stable voting outcome in this
way is not very satisfactory since it is made possible only by severely restricting the choice
set.

A different voting mechanism is proposed by Boylan et al. (1996) who introduce two
additional agents (“political candidates”) to the model. In each period the candidates
propose a consumption level for the agents and care only about being elected. Agents
vote for one of the candidates and care only about consumption. A specific noncooperative
game is then constructed, and it is shown that the subgame perfect equilibrium coincides
with the optimal path for the agent with the median discount factor. Although it yields the
desired and intuitive outcome, this voting procedure seems quite contrived and complex.

The purpose of this chapter is to propose a more intuitive and tractable voting procedure
that yields as outcome the optimal consumption path for the agent with the median
discount factor if agents have the same felicity function, and that can be applied also
in the general case in which agents have different discount factors and different felicity
functions.*

We consider a Ramsey-type growth model with agents who may differ in their felicity
functions and time preferences. Agents maximize their intertemporal discounted utilities
by allocating at each point in time a given amount of a single good between consumption

which provides instant utility, and investment which is used in production. The technology

3 Note that the latter property, which may be labelled “ex post dictatorship”, is weaker than the standard
Arrowian notion of dictatorship since the individual whose preference coincides with the collective
preference may differ across profiles.

4 The idea to use dynamic voting in order to determine a stable outcome has been investigated in a
number of specific models. In Borissov et al. (2014a) agents vote for a tax aimed at environmental
maintenance, Borissov et al. (2014b) study voting over the shares of public goods in GDP, and Borissov
and Pakhnin (2018) consider voting over extraction rates in a model with exhaustible natural resources.
In all cases, the equilibrium policy is determined by the agent with the median discount factor as in
this chapter. However, these models lack generality because they use specific forms of the felicity and
production functions.
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is described by a production function, which is assumed to be either strictly concave or
linear.

We suppose that agents share a common consumption stream. The good is consumed
either collectively or privately according to some fixed sharing rule. In the common prop-
erty resource interpretation of our model, the capital stock is viewed as the renewable
resource stock, the production function becomes the regeneration function, and the con-
sumption level is the amount of the resource extracted (= the harvest rate times the
available resource stock).

Within our framework, we propose a simple and natural voting procedure according to
which agents choose a consumption path from the set of all feasible consumption paths
by “intertemporal majority voting”. The two crucial principles in this institutional setup
are that (i) voting is done “step-by-step”, and (ii) voting is not over the consumption
level itself, but over the consumption rate. We avoid the “curse of dimensionality” by
transforming a multi-dimensional choice space into a series of one-dimensional choice
spaces. Indeed, the dynamic intertemporal structure of the model itself naturally suggests
to consider institutions that also allow for intertemporal choices of agents. The solution
concept given the proposed intertemporal voting procedure is Kramer—Shepsle equilibrium
(Kramer, 1972; Shepsle, 1979).5

Given the general idea to transform the multi-dimensional choice problem into a se-
quence of one-dimensional choice problems, an important issue that has to be addressed
is how the expectations should be formed. The important feature of our approach is that
expectations are formed precisely about future consumption rates. If this is the case,
agents can vote today over the consumption level as well as over the consumption rate,
the outcome of voting will be the same. On the other hand, one-dimensional voting over
the current consumption level under given expectations about the consumption levels in
all other periods is pointless, since consumption in each period is uniquely determined
by consumption in all other periods via the overall resource constraint. Thus, if future
consumption is given, there is no trade-off between consumption today and consumption
in the future (we provide a simple example in Section 3.3.1 below to illustrate this point),
and formally, every feasible consumption path is a Kramer-Shepsle equilibrium in our
model.

To implement the idea of intertemporal majority voting in a fruitful manner, we look
at the problem at hand from a slightly different perspective. Originally, the model is

formulated in terms of consumption levels, and mathematically, it involves an optimal

5 In general, a vector of policies is a Kramer-Shepsle equilibrium if for any single dimension the corre-
sponding policy in this dimension coincides with the majority choice, given the equilibrium choices in
all other dimensions. Clearly, if the multi-dimensional problem admits a Condorcet winner, then the
Condorcet winner constitutes a Kramer—Shepsle equilibrium.
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control problem with the consumption level as control variable. We make a change of
variables and use instead the consumption rate (= 1 — savings rate) as control variable.®
Using this change of variable, we define a voting equilibrium in two stages, following the
traditions of dynamic macroeconomics and applying the Hicks-Grandmont temporary
equilibrium approach (Hicks, 1939; Grandmont, 1977).

First, for any point in time agents vote by majority rule over the current consumption
rate, given the current capital stock and some expectations about future consumption
rates. This yields a one-dimensional decision problem, and we show that agents’ pref-
erences over the current consumption rate are single-peaked, and therefore the median
voter theorem applies. If, in addition, agents have the same felicity function and the
same expectations, at each given point in time the temporary voting equilibrium (i.e., the
instantaneous Condorcet winner) is the preferred consumption rate for the agent with the
median discount factor.

Second, an intertemporal majority voting equilibrium is defined as a sequence of tempo-
rary voting equilibria such that all agents have perfect foresight about outcomes of future
votes. We prove that if agents have the same felicity function, there is a unique intertem-
poral voting equilibrium, which is the optimal consumption path for the agent with the
median discount factor. The proof is based on the general result that the step-by-step
determination of the consumption rate under perfect foresight for any given agent results
in the (“once-and-for-all”) optimum in terms of consumption levels for this agent. This
result, though not surprising, is of interest in itself, and we present it in Section 3.5 below.

We thus view our analysis as providing an institutional “microfoundation” for the choice
of the optimal consumption path for the agent with the median discount factor, a proposal
that has been repeatedly put forward in the literature but without an ultimately appealing
justification so far.

If agents differ both in their discount factors and felicity functions, the intertemporal
voting equilibrium is clearly no longer determined by the discount factor alone. However,
even with infinite-dimensional heterogeneity we are still able to obtain some results. In
the case of a strictly concave production function, we define the notion of a steady-state
voting equilibrium, and show that it is unique and again determined by the median
discount factor. In the case of a linear production function, we define the notion of a
balanced-growth voting equilibrium, prove its existence and uniqueness, and show that it

is determined by the “median growth rate”.

6 The savings rate as control variable in the Ramsey model has been used by Phelps and Pollak (1968)
and Peleg and Yaari (1973). These authors study agents’ behavior under time-inconsistent preferences,
and ask when the chosen plan of actions will be actually followed by rational individuals in the future.
By contrast, we assume time-consistent preferences throughout.
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Note that the outcome of intertemporal majority voting (i.e., the optimal consumption
path for the “median” agent) is clearly both time-consistent and Pareto efficient. This is
well in line with the aforementioned result of Jackson and Yariv (2015) since the collective
choice in our setup indeed coincides with the preferences of one particular (“median”)
agent.

In this chapter we do not address questions related to uncertainty of future economic
development. There is a lively and ongoing discussion on how to discount the future under
uncertainty (see, e.g., Pearce et al., 2003; Gollier and Weitzman, 2010; Traeger, 2013).
While the introduction of uncertainty seems to bring the problem of choosing a consump-
tion path closer to real life decisions, it also complicates matters quite dramatically. Our
hope is that, even though our analysis does not directly contribute to the literature of
discounting the future under uncertainty, the idea of intertemporal majority voting might

be also fruitfully applicable to this more general setting.

3.2. The model

We consider a Ramsey-type growth model with heterogeneous agents and common con-
sumption. Suppose 7' € NU {oo} is the length of the time horizon, which can be finite or
infinite. Let time be T = {0,1,...,T} when T' < oo, and T = {0, 1, ...} when T = cc.

There is an odd number L of heterogeneous agents indexed by i = {1,2,...,L}. The
heterogeneity is captured by agents’ discount factors and felicity functions. Agent ¢ has
a discount factor f§; € (0,1), and a felicity function u; : R;; — R which satisfies the
following conditions:
u;(¢) >0, w(c) <0, limuj(c)=+oo.

c—0
Her intertemporal utility function is of the form >, Blu;(¢;), where C' = {c; }ier is the
common consumption stream. It is not critical whether actual consumption is common
or private. In the latter case there is a fixed and commonly known sharing rule. For
example, if this rule is egalitarian, then u;(c) should be replaced with w;(c/L). What is
important is that agents’ personal utilities are based on their collective decisions.

A single homogeneous good is produced. In each period ¢ € T the available amount
of good is allocated between consumption ¢; and capital k;; for use in the next period
production: ¢; + kyy1 = f(k;), where f: R, — R, is a production function.

As was noted above, our model can also be considered as a common property resource
model. In this case k£ should be viewed as the stock of a renewable or exhaustible nat-
ural resource, f(k) as a function describing regenerative capacity of the resource, and

consumption as the amount of the resource extracted. In resource economics, the regen-
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erative capacity of a resource is typically described in terms of a so-called regeneration
(net growth) function g(k), which gives the level of net growth of the resource stock de-
pending on the size of the stock, k. If the resource stock at the beginning of period t is k;
and harvest during period t is ¢;, then the resource stock at the beginning of period ¢ + 1
is ki1 = g(ki) — ¢ + ky. Thus, if we interpret our model as a common property resource
model, then f(k) = g(k) + k. If the resource is exhaustible, then f(k) = k.

We assume that either

Case 1. Strictly concave production function

The production function satisfies the following properties:

f0)=0, f(k)y>0, f'(k)y<0, 3k : f(k)=k Bunf(0)>1,  (31)
where B is the minimal discount factor in the set {B;}
or

Case 2. Linear production function

The production function is linear:
f(k)=Ak, A>0.

In this case we additionally assume that the felicity function of every agent is of the CIES

(constant intertemporal elasticity of substitution) form:

cl=ri

s, af 0<p; <+4oo, pi#1,
wile) = oo 0= pr (3:2)

Ine, if pi=1.
For each agent 7, consider the following optimization problem:

maXZﬁfUi(Ct), s. t. ct + kft+1 = f(kft), Ct Z 0, k’t+1 Z 0, teT. (33)

teT

In Case 1 (strictly concave production function), maximization problem (3.3) has a
unique solution (optimal path) for each agent i. The same holds true in Case 2 (linear
production function) if g;A*=ri < 1.

Definition. The solution to problem (5.3), {c}*, ki’ bier, is called an optimum in terms

of consumption levels for agent 1.

o8



3.3. Intertemporal voting: examples

3.3. Intertemporal voting: examples

If all agents have the same felicity function and discount factor, they have the same
optimal path, so there is no collective choice problem. Which consumption stream will
be chosen by a society that consists of heterogeneous agents?

A natural way of aggregating heterogeneous preferences is voting, and one may hope
that some form of majority voting would result in the outcome supported by the “median
voter”. For instance, in the case where agents differ only in their time preferences, the
median voter is the agent with the median discount factor. However, Boylan et al. (1996)
show that in the latter case the path optimal for the agent with the median discount
factor is “blocked” by the coalition consisting of all other agents. Moreover, a Condorcet
winner does not in general exist.

A natural idea to overcome the absence of a Condorcet winner is to convert a multi-
dimensional choice space, made up of consumption streams, into a series of one-dimensional
choice spaces. The basic notion of “coordinate-wise” majority voting was proposed in-
dependently by Kramer (1972) and Shepsle (1979). This approach in dynamic models
can be interpreted as intertemporal (step-by-step) voting under perfect foresight about
outcomes of future votes. In this section we consider two simple examples in order to
gain intuition about intertemporal voting procedures and analyze the applicability of such
procedures to our model.

The aim of the first example is to explain our approach within the simplest framework.
It illustrates the absence of a Condorcet winner and shows that one-dimensional voting
over current consumption under given expectations about the future consumption levels
is pointless, but if the voting agents have perfect foresight about the future consumption
rates, then the outcome of intertemporal voting coincides with the optimal consumption
stream for the “median” agent. The second example relates intertemporal voting to well-
known results for the Ramsey model with logarithmic preferences and Cobb-Douglas

production function.

3.3.1. Finite horizon example

Consider the following three-period three-agent example: T'= 3, L = 3, u;(c) = In¢, and
f(k) = k (thus we are dealing with an intertemporal cake-eating problem).

First, suppose that agents vote over the whole consumption stream only once, at time
0. It is easy to note that in this case, the set of alternatives over which they vote is
C ={(co,c1,2) € R | co+c14c2 = ko}, the objective function of agent ¢ is U'(cy, 1, ¢2) =

Incy + Bilnecy + B2 Incy, and problem (3.3) becomes as follows:

max U'(cy,c1,¢3) 8.t co+e+cea=ky, >0, ¢ >0, c3>0.
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3. On Discounting and Voting in a Simple Growth Model

The solution to this problem, {cf, ¢}*, ¢k}, is given by

. ko b Biko i B2k
O 14+ 4+B T 1+ +B T 1B+ B

As was noted above, it seems natural to conjecture that a Condorcet winner exists and
coincides with the solution to problem (3.3) for the agent with the medial discount factor

med, 1.€., with the triple {c}, cj, c5} given b
P 0:C1:C25 8 Y

1+ Bmed + ngd7 ! 1 + 6med + aned, 2 1 + 6med + ﬁ?ned

*
Co

However, this conjecture is false. Indeed, the gradient of U’ at the point (¢}, ¢, c3) is

RAY

’ ﬂmed’ 67271811

- 1+ Brnea + 5,
VUG = P

Let us compute the inner product of VU (¢, ¢t ch) and z = (1, —2,1):

; [ 2 1 me 2
VU (cj, ¢t ¢3) - = = (1—2 b | b ) aal ]j+5m8d
0

ﬁmed 572ned
_ 1 — Bz 21+Bmed+ﬁgwd
ﬁmed kO .

It is positive if 8; # Bpeq. It follows that for a sufficiently small perturbation of {cj, ¢}, ¢}
in the direction z, we can find a consumption stream {c{, ¢}, ¢, } which lies in C and which
the agents with 8; # Bnea prefer to {c§,ci,cs}. This consumption stream has more
consumption at time 0 (to satisfy the agent whose discount factor is lower than f,eq),
more consumption at time 2 (to satisfy the agent whose discount factor is higher than
Bmea) and less consumption at time 1 (to make it feasible). Since two agents out of three
prefer {cj, ¢}, ¢4} to {c}, ¢, 5}, the latter consumption stream is not a Condorcet winner.
Moreover, it is possible to show (see Boylan et al., 1996) that no other consumption stream
is a Condorcet winner and thus a Condorcet winner does not exist.

Let us now try to find a Kramer—Shepsle equilibrium, i.e., a consumption stream each
element of which coincides with the majority choice, given the choices of all other elements.

Suppose that at time 0 agents have some common expectations about future consump-
tion, ¢; and cq, and vote over the time 0 consumption ¢y. The preferred time 0 consumption

for agent i is the solution to the following problem:

maxlncy, s.t. cog+ ¢+ co = k.
Co
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However, this optimization problem is degenerate. The overall resource constraint under
given expectations fully predetermines the optimal value of ¢y. Moreover, this value is
the same for all agents: it is optimal for all agents to consume today as much as possible,
given the future consumption profile and the initial amount of capital. The same argument
applies to voting over ¢; and cy. It follows that every consumption stream {cg, ¢1, ¢o} such
that cg < ko, c1 < kg—cg, and ¢y = kg—co—c1, can be obtained as a result of intertemporal
voting over consumption levels under perfect foresight. Such a voting procedure seems to
be meaningless.

However, this observation does not invalidate the idea to transform a multi-dimensional
choice problem into a sequence of one-dimensional choice problems. To look at the same
example from a different perspective, let us formulate the initial problem in terms of
consumption rates ey = co/ko, €1 = ¢1/k1, es = co/ks, instead of consumption levels

{co,c1,¢co}. Then the utility function of agent ¢ takes the form
Vi(eo, e1,e2) = In (eoko) + BiIn (e1(1 — eg)ko) + 57 In (e2(1 — e1)(1 — eo) ko) ,
the problem of utility maximization for agent ¢ becomes
max V'(ep, e1,€2), s.t. 0<e <1, 0<e <1, 0<ey<1,

and its solution {ef', e%*, €5} is given by

1 : 1

i % ik 1

e =———. ef=—— ¢
0 1+ 6; + 2 ! 1+ 5; 2

Let us apply the intertemporal majority voting procedure to the problem formulated in
terms of consumption rates. Agents vote over the current consumption rate under given
past consumption rates and expectations about future consumption rates. Suppose that
at time 0 expectations about future consumption rates are e; and e;. Then the preferred

time 0 consumption rate for agent 4, ¢, is the solution to the following problem:

max V'(eg, €1, €2).
0<eo<1 (07 ) )

It is not difficult to check that it coincides with the first element of the optimum in terms
of consumption rates for agent i: e} = ej*.”
Clearly, the preferences of agents in one-dimensional voting over e, are single-peaked,

and the preferred values )}, i = 1,2, 3, are decreasing in 3;. By the median voter theorem,

" Due to the simplicity of the example, e} does not depend on expectations about future consumption
rates.
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3. On Discounting and Voting in a Simple Growth Model

the Condorcet winner in this vote exists. It is equal to the preferred time 0 consumption

1
1+ﬁmed+ﬁy2ned ’
Now consider voting over the time 1 consumption rate. Agents already know that the

rate for the agent with the median discount factor, ej =

time 0 consumption rate is equal to e and have expectations about the time 2 consumption
rate, eo. Then the preferred time 1 consumption rate for agent 4, e, is the solution to the
following problem:

max Vi(el e, es).
0<e; <1 (07 ) )

Evidently, the preferred time 1 consumption rate for agent ¢ coincides with the second
element of her optimum in terms of consumption rates: e} = e*. By the median voter
theorem, a Condorcet winner exists and is equal to the preferred time 1 consumption rate
for the agent with the median discount factor, e] = m

Finally, the problem of finding the preferred time 2 consumption rate for agent i takes
the form:

max V(e et es).
0<ep<1 ( 0 *~1> )

The solution to this problem coincides with e5* = 1. Since all agents vote unanimously, a

Condorcet winner exists and is equal to e; = 1.

Thus we obtain the sequence of consumption rates £* = { = Bmei e [;mgd , 1}. Each
element of £* is the Condorcet winner in one-dimensional voting over the single consump-
tion rate at the corresponding instant in time under known values of previous consumption
rates and given expectations about future consumption rates. It is clear that the sequence
E* is the solution to the utility maximization problem in terms of consumption rates for

the agent with the median discount factor.

3.3.2. Infinite horizon example

Consider now the infinite horizon problem with the same logarithmic felicity function
for all agents and a Cobb-Douglas production function. Given kg > 0, the optimization

problem in terms of consumption levels for agent i is as follows:
o0
t 1« -
maxZﬁilnct, s.t. a+kn=k, >0, ki1 >0 t=0,1,...,
t=0

where 0 < a < 1. It is well-known that the solution to this problem is characterized by
a constant over time savings rate, equal to «3;. Therefore the optimal consumption rate
is also constant over time and equal to 1 — af;. It follows that the optimum in terms of
consumption rates for agent i is given by the sequence {1 — af5;, 1 — af;, ...}

Let us introduce consumption rates: e, = ¢;/k*, t =0, 1,.... To describe intertemporal

majority voting over consumption rates, suppose that at an arbitrarily chosen point in
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3.3. Intertemporal voting: examples

time, 7, the stock of capital, k£, > 0, is given and agents have some expectations about
future consumption rates, {e;}{2 .. Then the objective function of agent 7 in voting over

e, is given by

In (e (kr)*)+ Biln (eria (1= ) (k)™ ) 4 8210 (er4a(l = €01)"(1 =€) ()" ) ..

af;

Y (1 —e) 4T,
) n(l—e;)+1I7

=lne, +afln(l —e,)+ a7 In(l —e,) +... + L =lne, +
where

i =1n((k)®) + G In (eTH(kT)O‘Z) + A (eT+2(1 - eTH)a(kT)a"’) T

is a term that depends on k, and expectations, but does not depend on the variable over
which agents vote. If 0 < e; < 1, t > 7, and 0 < liminf, , e; < limsup,_ . e; < 1, then
—o00 < I < +00 and hence the objective function of each agent is well-defined. To find

her preferred time 7 consumption rate, agent ¢ needs to solve the following equation:

d ()6131‘
— (Ine; + ————In(1 — = 0.
de. (neT 1 i n( eT)> 0

Clearly, the solution to this equation is equal to the optimal consumption rate 1 — a/3;.

The preferences of agents in one-dimensional voting over the time 7 consumption rate
are single-peaked and the preferred consumption rates negatively depend on [3;. Therefore,
by the median voter theorem, the winner in majority voting over the time 7 consumption
rate is the preferred consumption rate for the “median” agent (i.e., the agent with the
median discount factor feq), 1 — afBmeq- If voting takes place at each time, we obtain the
sequence {1—afBmed, l —Bmeds, - - -}, which is exactly the optimum in terms of consumption
rates for the agent with the median discount factor.

The above examples illustrate two important aspects of using the consumption rate
as the control variable. First, for each agent the sequence of the preferred consumption
rates coincides with the optimum in terms of consumption rates. Second, intertemporal
majority voting over consumption rates yields, as outcome, the optimum in terms of
consumption rates for the agent with the median discount factor.

It is natural to ask whether these results can be generalized to a general Ramsey-
type model. The main difficulty is that the preferred time 7 consumption rate for each

agent is generically a function of all expected future consumption rates. If agents form

8 Due to the logarithmic felicity functions and the Cobb-Douglas production function, the preferred time
T consumption rate for each agent is independent of expectations. In a number of papers (see Borissov
et al., 2014a,b; Borissov and Pakhnin, 2018), this fact is used to generalize the considered example to
voting in a dynamic general equilibrium framework.
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3. On Discounting and Voting in a Simple Growth Model

expectations arbitrarily, there is no reason to expect that a reasonable outcome of step-
by-step voting procedure will be obtained. However, we shall show that if agents have
perfect foresight about future decisions, then under appropriate assumptions the outcome
of such a procedure indeed coincides with the optimum in terms of consumption rates for

the “median” agent.

3.4. Intertemporal voting: definitions

As we have seen, the intertemporal majority voting procedure is based on the two cru-
cial principles: (i) voting is done step-by-step, and (ii) voting is not over consumption
levels, but over consumption rates. In this section we begin by presenting the initial opti-
mization problem in terms of consumption rates, and then give a formal definition of an

intertemporal voting equilibrium.

3.4.1. Optimization problem in terms of consumption rates

The control variable in problem (3.3) is the consumption level ¢;. Let us make a change

of variables and take the consumption rate

Ct
e =——, teT, (3.4)
f (k)
as the control variable.® Clearly, to be feasible, the sequence of consumption rates must
be such that 0 < e, <1, t € T. If we interpret our model as a model of natural resource
allocation over time, then the consumption rate e; becomes the rate of extraction.
Taking into account (3.4) and the constraints in (3.3), we can express the time ¢ con-

sumption and capital stock in terms of ky and all previous consumption rates:

{ a=ef((1—e-1)f(1—e2)f( f(ko))), teT, (3.5)

ki =1 —e)f (1 —ea)f (1 —e2)f(--- f(k))), teT

Clearly, given kg, there is a one-to-one correspondence between feasible consumption paths
{ci}ier and feasible sequences of consumption rates {e; }ser.
Substituting the resource constraints into the objective function and using (3.5), we

rewrite the utility function of agent 7 in terms of consumption rates as follows:

u;i (eof (ko)) + Biwi (er f (1 =€) f(ko))) + Biui (eaf (1 — 1) f (1 =€) f(ko)))) + .-

9 We apply the change of control variable similar to that of Phelps and Pollak (1968), and Peleg and
Yaari (1973). They used as control variable savings rate, which in the Ramsey model is naturally
related to consumption rate: kiy1/f(ki) = sy = 1 — e;. However, in the decision-making context it
seems reasonable to use consumption rate instead of savings rate.
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3.4. Intertemporal voting: definitions

Then problem (3.3) becomes

maxZﬁfui (erf (1 —e—1)f (1 —ea)f(--- f(ko))))), s. t. 0<e <1, teT.

(3.6)

Definition. The solution to problem (5.6), E™ = {e¥* }icr, is called an optimum in terms

of consumption rates for agent i.

It is clear that, given kg, there is a one-to-one correspondence between optima in terms
of consumption levels and optima in terms of consumption rates. It follows that there is

a unique optimum in terms of consumption rates for each agent.

3.4.2. Intertemporal voting equilibria

We give the definition of an intertemporal voting equilibrium in two stages, following the
Hicks—Grandmont approach (Hicks, 1939; Grandmont, 1977). First, for an arbitrary point
in time 7 we define a time 7 temporary voting equilibrium as a Condorcet winner in voting
over the current consumption rate given a current stock of capital and some expectations
about future consumption rates. Secondly, we define an intertemporal voting equilibrium
as a sequence, each element of which is a time 7 temporary voting equilibrium provided
agents have perfect foresight about future consumption rates.

Consider an arbitrary point in time 7. Suppose that the capital stock is k£, > 0 and
agents have some expectations about future consumption rates represented by a sequence
E.r={e}l. +1-70 Preferences of agent i in voting over the time 7 consumption rate

are given by the following objective function:

Vi(kr,er, Bronr) = ) B T (eof (1= eom) f (1 —erma) f(--- f(K:))))) -

It is clear that the objective function is well-defined only if V(k,,e,, Eri11) # £o0.
In order to ensure that the objective function is finite, it is necessary to impose certain
restrictions on the sequence of expectations. We shall require that the sequence of ex-
pectations is non-degenerate. The formal definition of a non-degenerate sequence can
be found in Section 3.9.1. Here it is sufficient to say that if the sequence of expecta-
tions, ;41 7, is non-degenerate, then for any k; > 0, the function Vf(k:T,eT,ETH,T) is

well-defined and differentiable with respect to e, on the interval (0, 1).!!

10 For simplicity of presentation, we assume that all agents have the same expectations, though as a general
rule each agent can have her own expectations.

1 In particular, in the case of a finite horizon, the sequence E, 117 = {e;}1, 11 is called non-degenerate
fo<e<l,t=7+1Lt=74+2,...,T—1,and 0 < epr < 1. In the case of an infinite horizon, the
definition is a little more complicated.
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3. On Discounting and Voting in a Simple Growth Model

Definition. Given the stock of capital at time 7 < T, k. > 0, and non-degenerate expec-
tations E, 1.1, we call e a preferred time T consumption rate for agent i if it is a solution

to the one-dimensional optimization problem

i
Olglea}él ‘/7- (kT7 €r, ET—‘,—LT)'
=T =

If T < oo, the preferred time T consumption rate for agent i is e = 1.

It should be emphasized that a preferred time 7 consumption rate depends on the

current capital stock and expectations.

Definition. Given the current stock of capital at time T < T, k; > 0, and non-degenerate
expectations E,q 1, we call eX a time T (temporary) voting equilibrium if it is a Condorcet
winner in one-dimensional voting over the time T consumption rate. If T' < oo, the time

T voting equilibrium s e = 1.

Now let us explain what we mean by an intertemporal voting equilibrium. Suppose
that agents vote step by step starting from time 0. They are given the initial capital
stock ko and some non-degenerate expectations about future consumption rates, Ej r.
The winner in voting over the time 0 consumption rate, the time 0 voting equilibrium
ej, generically depends on expectations. At time 1, all relevant information about the
decision made at time 0 is gathered in the new capital stock k. Agents vote over the
time 1 consumption rate given k; and some non-degenerate expectations about future
consumption rates, Es r. And so on. If agents have perfect foresight, then an outcome of
this dynamic procedure is called an intertemporal voting equilibrium.

Formally, suppose that we are given an initial stock of capital, kg > 0, and a sequence
of consumption rates, Eyr = {GT}ZZO. At every date 7, the current capital stock k,
is unambiguously determined by the past consumption rates. Hence for every 7 € T,
k.11 can be considered as a function of ky and the past values of consumption rates

Ey, ={eo,e1,...,e;}. Denote ko = ko, and recursively define the functions ko, (-,-) as

ko,l(]fo, Eo,o) = (1 - eo)f (ko,o) )
ko-(ko, Eor—1) = (1 —e;—1) f (kor—1(ko, Eor—2)), T=2,3,....

Definition. We call a non-degenerate sequence of consumption rates Ej, = {eX}l_,
an intertemporal voting equilibrium starting from ko > 0 if for each T, € is a time T
voting equilibrium for the current stock of capital given by k, = ko,f(ko,Ea"Tfl)Jg under

perfect foresight about outcomes of future votes (i.e., under expectations given by EY | » =
[V )

12 The sequence E§ _q contains the first 7 elements from an intertemporal voting equilibrium Ef 1, i.e.,
By =1{ei} 5
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3.5. Step-by-step intertemporal optimum

Technically, an intertemporal voting equilibrium is a non-degenerate sequence, every
element of which is chosen by a majority of agents provided all other consumption rates
are already chosen according to the same procedure. Hence an intertemporal voting

equilibrium is essentially a Kramer—Shepsle equilibrium.

3.5. Step-by-step intertemporal optimum

Before presenting our main results about an intertemporal voting equilibrium, let us gain
more insight into the proposed voting procedure by analyzing the optimization problem
in terms of consumption rates for a single agent. In this section we introduce the notion
of a step-by-step intertemporal optimum, to which the notion of an intertemporal voting
equilibrium is reduced in the case with only one agent, and show that it coincides with
the optimum in terms of consumption rates. This simple result, which will be useful in
what follows, seems not surprising and is in fact quite natural. However, to the best of
our knowledge, it has not yet been explicitly stated and proved.

Consider problem (3.6) for an arbitrary agent, and omit the index 7 for the simplicity

of notation:

maxZﬁtu (erf (L —erq)f (L —era)f(--- f(ko))))), s. t. 0<e <1, teT. (3.7)

teT

Suppose that instead of solving this problem “once-and-for-all” at time 0, the agent tries
to solve it in a step-by-step manner. Namely, suppose that at each time 7 she determines

e, by solving the problem

Jmax Vi(kr,er, Erirr), (3.8)
where
Volkr,er, Erpir) = Y B Tul(enf (1= emn) f (1= era) f -+ (k) (3.9)

k; > 0 is the capital stock at time 7 (it is determined in the previous step) and E, 17 =
{e:}]_. ., are expectations about future consumption rates. Clearly, the outcome of this
procedure depends on the way expectations are formed. We are interested in the case

where the agent has perfect foresight about her future decisions about consumption rate.

Definition. Consider problem (3.7). We call a non-degenerate sequence of consumption
rates Egp = {ex}I_, a step-by-step intertemporal optimum if for each 7 € T, e* is a

solution to the following problem:

max V,(k, e, EF
0<er<1 ‘r( Ty “TH 7—+17T)7
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3. On Discounting and Voting in a Simple Growth Model

where kr = ko (ko, Ej 1) and E7 o = {eforia-

If we call a solution to problem (3.8) a time T temporary optimum, then a step-by-
step intertemporal optimum is a sequence of temporary optima obtained under perfect
foresight about future extractions rates. It should be noted that in an intertemporal voting
equilibrium the agent has perfect foresight about future collective decisions (outcomes of
voting), while in a step-by-step intertemporal optimum she has perfect foresight about
her personal decisions.

Also it is noteworthy that if we adopt an atemporal point of view, then a step-by-step
intertemporal optimum can simply be considered as a result of coordinate-wise maximiza-
tion of the function >, . B'u (erf (1 — er—1) f (1 — er—2) f(- - f(ko)))))-

Clearly, if some sequence is a “once-and-for-all” solution to problem (3.7), then this
sequence is a step-by-step intertemporal optimum. There arises a question, whether the
opposite is also true. Is it correct that any step-by-step intertemporal optimum is the
optimum in terms of consumption rates?

The answer to this question is positive if either " < oo or T' = oo and the felicity

function u(c) satisfies
Regularity condition. There exists v > 0 such that lim._,o, ¢'u/(c) = 0.

This condition means that u'(c) tends to infinity at ¢ — 0 no faster than any power
function. For instance, every CIES felicity function meets the regularity condition.!®

Moreover, every felicity function such that u(0) > —oo also satisfies this condition.

Proposition 3.1. Consider problem (3.7). Suppose that T < oo, or T = oo and the
felicity function satisfies the reqularity condition. A step-by-step intertemporal optimum

exists and coincides with the optimum in terms of consumption rates.
Proof. See Section 3.9.2. O

It follows that there exists a unique (non-degenerate) step-by-step intertemporal opti-
mum for each agent. It coincides with the unique optimum in terms of consumption rates,

and corresponds to the unique optimum in terms of consumption levels for this agent.

3.6. Main results

Now we are ready to characterize temporary and intertemporal voting equilibria. We

begin by explicitly stating the existence of a time 7 voting equilibrium.

13 The class of felicity functions that satisfy the regularity condition is similar to that considered by
Ekeland and Scheinkman (1986). In Case 2 (linear production function), this condition is redundant.
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Proposition 3.2. For any non-degenerate expectations, the preferences of each agent in
voting over the time T consumption rate are strictly concave and single-peaked; hence the

median voter theorem applies and a time T voting equilibrium exists.
Proof. See Section 3.9.3. O

It follows that at each given point in time there exists an instantaneous Condorcet
winner, which is by definition a time 7 voting equilibrium. Proposition 3.2 states that
our institutional framework (intertemporal majority voting) is well-defined even if expec-
tations are not correct and differ for different agents. In any case, voting over the current
consumption rate is a well-defined one-dimensional decision problem.

Now we can provide a characterization of an intertemporal voting equilibrium in the
special but important case where all agents have the same felicity function, so that agents
are heterogeneous only in their time preferences. First we characterize a time 7 voting

equilibrium.

Proposition 3.3. Suppose all agents have the same felicity function and the same non-
degenerate expectations. A time T voting equilibrium exists, is unique, and coincides with

the preferred time T consumption rate for the agent with the median discount factor Boeq.

Proof. Here we give only a sketch the proof. For the details, see Section 3.9.3. We prove
that if agents have the same felicity function and the same non-degenerate expectations,
then higher values of the discount factor correspond to lower values of the preferred
time 7 consumption rate. Therefore it follows from Proposition 3.2 that a time 7 voting
equilibrium is the preferred consumption rate for the agent with the median discount
factor. m

Combining Propositions 3.1 and 3.3, we can formulate the following theorem.

Theorem 3.1. Suppose all agents have the same felicity function. Suppose further that
T < oo, or T = oo and the felicity function satisfies the reqularity condition. An in-
tertemporal voting equilibrium starting from any ko > 0 exists, is unique and coincides

with the optimum in terms of consumption rates for the agent with the median discount

factor Beq.

Proof. Proposition 3.3 states that the time 7 voting equilibrium is the time 7 temporary
optimum for the agent with the median discount factor. Taking into account the defi-
nition of a step-by-step intertemporal optimum, it follows from Proposition 3.1 that an
intertemporal voting equilibrium is the optimum in terms of consumption rates for the

agent with the median discount factor. O
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3. On Discounting and Voting in a Simple Growth Model

Since there is a one-to-one correspondence between the optimum in terms of consump-
tion rates and the optimum in terms of consumption levels, there is a one-to-one cor-
respondence between the intertemporal voting equilibrium and the optimum in terms of
consumption levels for the agent with the median discount factor. Thus in the case where
all agents have the same felicity function, the proposed voting procedure yields as the out-
come the optimum in terms of consumption levels for the agent with the median discount
factor.

Note that when 7" = oo in Case 2 (linear production function) the optimum in terms of
consumption levels is a balanced-growth path. If all agents have the same CIES felicity

function with the parameter p, then the solution to problem (3.3) is
; 1 ik Bk Lo ix
i = (BiA)r ¢, ki = (BiA) P kS, t=0,1,....

Therefore, regardless of the initial conditions, consumption and the capital stock for agent
1

i grow at a constant rate (3;A)7. The corresponding intertemporal voting equilibrium

is a constant sequence of consumption rates, {e*,e*, ...}, where e* is determined by the

median discount factor: .

=1 (1 n (@medA)%> .

3.7. Steady-state and balanced-growth voting equilibria

Now suppose that agents differ both in their time preferences and felicity functions.
Clearly, there is no reason to expect that the result of Theorem 3.1 still holds in this
case. Because of multi-dimensional heterogeneity, it is in principle impossible to claim
that an intertemporal voting equilibrium is determined by the discount factor alone. How-
ever, we are able to obtain some results even with multi-dimensional heterogeneity. In
Case 1 (strictly concave production function) these results concern steady-state voting
equilibria, and in Case 2 (linear production function) — balanced-growth voting equilib-
ria. We show the important difference between the two cases: in Case 1 (strictly concave
production function), the steady-state voting equilibrium is fully determined by the me-
dian discount factor, whereas in Case 2 (linear production function), the balanced-growth
voting equilibrium depends not only on the agents’ discount factors, but also on the

agents’ intertemporal elasticities of substitution.'*

14 See also Nakamura (2014) who stresses the role of the intertemporal elasticity of substitution in de-
termining the long-run growth in the Ramsey model with AK technology, as opposed to the standard
Ramsey model.
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3.7.1. Steady-state voting equilibrium

In the Case 1 (strictly concave production function), if 7" = oo and the sequence of con-
sumption rates is constant over time, F = {e, e, ...}, then the considered model becomes
the Solow model with a unique steady state. The capital stock in this steady state, k(e),

is the only positive solution to the following equation'® in k:
k= (1-—e)f(k). (3.10)

Definition. Consider Case 1 (strictly concave production function). We call e* a steady-
state voting equilibrium if the sequence {e*,e*,...} is an intertemporal voting equilibrium
starting from ko = k(e*) > 0.

Suppose first that all agents have the same felicity function that satisfies the regularity
condition. It follows from Theorem 3.1 that for any k( there is a unique intertemporal
voting equilibrium, which corresponds to the optimum for the agent with the median
discount factor. Take as the initial capital stock the value k* determined by the “modified
golden rule” for the agent with the median discount factor Geq: Bmeaf (K*) = 1. The
optimum for the agent with the median discount factor starting from kg = k* is her
steady-state optimum. The corresponding optimum in terms of consumption rates is a
constant sequence E* = {e* e*, ...}, and, by Theorem 3.1, is a unique intertemporal
voting equilibrium. Clearly, k* is the unique solution to equation (3.10) at e = e*. Hence
e*, the optimal consumption rate for the agent with the median discount factor (3,4, is
the unique stationary voting equilibrium.

Since k* is given by the “modified golden rule” and e* depends only on the median
discount factor, the stationary voting equilibrium does not depend on the felicity function
of agents. This observation leads to the following theorem which holds in the general case

where agents have different felicity functions.

Theorem 3.2. In Case 1 (strictly concave production function), there is a unique steady-

state voting equilibrium. It is given by

(3.11)

Proof. See Section 3.9.4. O

Thus, even in the case with different felicity functions there is a unique steady-state
voting equilibrium. It is completely determined by the “modified golden rule” for the

agent with the median discount factor and independent of felicity functions.

15 Tt exists if (1 —e)f/(0) > 1.
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3. On Discounting and Voting in a Simple Growth Model

It is well-known that in a single-agent Ramsey model, the optimal capital stock con-
verges to the modified golden rule path, which is fully determined by the discount factor
of the agent, and is independent of her felicity function. In our model, any intertemporal
voting equilibrium converges to the steady-state voting equilibrium if all agents have the
same felicity function. Is the same result true in the case where agents have different
felicity functions? This, as well as the proof of the existence of an intertemporal voting

equilibrium in the general case, is a topic for further research.

3.7.2. Balanced-growth voting equilibrium

As we noted above, in Case 2 (linear production function) with 7" = oo if all agents
have the same CIES felicity function, then the optimum in terms of consumption levels
for each agent is a balanced-growth path, and the intertemporal voting equilibrium is
characterized by a constant consumption rate.

If agents have different CIES felicity functions, then the optimum in terms of consump-
tion levels for each agent i is also a balanced-growth path in which consumption and

capital grow at a constant rate 7; given by
1
1+ Yi = (51A) Pi | (312)

Though agents differ both in the discount factors and in the elasticities of intertemporal
substitution, their heterogeneity can in some sense be considered as one-dimensional. Due
to the linear production function, agents are naturally characterized by their growth rates
that aggregate both heterogeneity parameters.

It is natural to conjecture that any intertemporal voting equilibrium in this case is also
characterized by a constant growth rate. At the moment, we cannot prove this conjecture.
However, we shall prove now that a balanced-growth voting equilibrium exists and, what
is important, is determined not by the median discount factor, but by the median growth
T4t Ymed-

If we are given a constant over time consumption rate e, then for any initial stock ky > 0

the corresponding capital stock and consumption grow at a constant rate:
kt+l = (1+’7)kt7 Ct41 = (1+7)ct7 t:()?l)"'a

where v = (1 —e)A — 1.

Definition. Consider Case 2 (linear production function). We call e* a balanced-growth
voting equilibrium starting from ko > 0 if the sequence {e*,e*,...} is an intertemporal

voting equilibrium starting from ko.
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3.8. Conclusion

The following theorem shows that a balanced-growth voting equilibrium is fully deter-

mined by the preferences of the agent with the median growth rate v,,cq-

Theorem 3.3. In Case 2 (linear production function), for any ky > 0, there is a unique

balanced-growth voting equilibrium starting from kqo. It is given by

. 1

Proof. See Section 3.9.5. O

Clearly, the consumption path corresponding to the balanced-growth voting equilibrium
E* = {e*,e*,...} is the balanced-growth path for the agent with the median growth rate
Ymed- However, it is a topic for further research whether there exist intertemporal voting

equilibria that are not balanced-growth voting equilibria.

3.8. Conclusion

The problem of collective choice naturally arises in many economic applications with het-
erogeneous agents. In this chapter, we study a Ramsey-type growth model with common
consumption and agents who may differ in their instantaneous utility (“felicity”) functions
and discount factors. It is well known that, in general, there is no Condorcet winner if
agents vote over feasible consumption streams. This is true even if agents differ only in
their discount factors and heterogeneity is one-dimensional. Notwithstanding these nega-
tive findings, we show in this chapter that the choice of the optimal consumption stream
of the “median” agent in many important cases can be obtained as the result of a simple
and natural institutional setup, intertemporal majority voting.

Our voting procedure is based on two principles. First, agents vote step-by-step at each
point in time. Second, agents vote over the consumption rate, not over the consumption
level. We define a temporary voting equilibrium, which is a Condorcet winner among
all current consumption rates under some expectations about future consumption rates.
Then, we define an intertemporal voting equilibrium as a sequence of temporary voting
equilibria under the assumption that agents have perfect foresight about future consump-
tion rates. From the technical point of view, an intertemporal voting equilibrium is a
Kramer—Shepsle equilibrium in terms of consumption rates.

Our main result concerns the case where agents have identical felicity functions and
differ only in their discount factors. We prove that an intertemporal voting equilibrium
exists, is unique, and coincides with the optimum in terms of consumption rates for the
agent with the median discount factor. We thus show that even in the absence of a

Condorcet winner there is a stable outcome of intertemporal majority voting. Since this
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outcome is determined by the preferences of the agent with the median discount factor,
it is both time-consistent and Pareto efficient.

We also consider the general framework where agents may differ also in their felicity
functions, and analyze two special cases. In the case of a strictly concave production
function and arbitrary felicity functions, we define a steady-state voting equilibrium,
and show that it is unique and is fully determined by the median discount factor. Our
analysis suggests that in the case of a strictly concave production function the analogy
with the standard Ramsey model may fruitfully be applied. One may conjecture that
every intertemporal voting equilibrium converges to the steady-state voting equilibrium,
and thus the winner of the voting procedure eventually depends only on the discount
factor. However, further research is needed to confirm or reject this conjecture.

In the case of a linear production function and CIES felicity functions, we define a
balanced-growth voting equilibrium, prove its uniqueness, and show that it is determined
by the median growth rate, where the growth rate for each agent depends not only on the
discount factor, but also on the elasticity of intertemporal substitution.

It should be recognized that on the one hand, in our model agents are excessively
sophisticated because in an intertemporal voting equilibrium they have perfect foresight
about outcomes of future votes. On the other hand, they are sophisticated to a limited
extent, because the set of their strategies is limited (consumption depends on production
in a linear way). Introducing either less or more sophisticated agents into our framework
might be a topic for further research.

Another possible research avenue is to apply the proposed procedure to voting in a
dynamic general equilibrium framework. This is done in Chapter 4 of the thesis, where
we consider intertemporal majority voting in the general equilibrium Ramsey-type model
with exhaustible natural resources. The goal of the next chapter is to compare different
property regimes over natural resources in terms of economic growth, and our voting
procedure serves to determine the equilibrium sequence of extraction rates in the public

property regime over natural resources.

74



3.9. Proofs

3.9. Proofs

3.9.1. Non-degenerate sequences and properties of the objective
functions

For an arbitrary 7 and a sequence of consumption rates E.r = {e;, €,41,...,er}, denote

E..={e}, Eri={erer,....eil ={e,Erpiah, t=7+1,7+2,...,
bor = ks (s o) = (1= €)f (ko)
krii1(kr, Erg) = (L —e) f (kre(kr, Erpr)), t=7+1,7+2,...,
fre=F k), fromi(br Brr) = (1 —er) frr)
frivilkr, Ery) = f (L —e) fralbkry, Ery1)), t=7+1,7+2,....

Thus for t > 7,

kT,t+1<kT7 ET,t) = (1 - et)fT,t (k‘m E‘r,tfl) ) fT,tJrl(kTa ET,t) = f (k‘l',tJrl(kT) ET,t)) .

For simplicity of notation, we often drop the arguments of these functions when they
play no significant role. However, the reader should bear in mind that f;;+; is a function
of k; and the t — 7 + 1 consumption rates {e,, e, 41,..., €}

The derivatives of f;;41 can be obtained using the chain rule of differentiation:

8 T / a T / /
PR = ) s Gt =~ ) (0= e () e
a T / !/ /
—a'i’t+1 = —f (kT,t+1)(1 — €t)f (k‘l',t)(l - etfl)f (kT,tfl)fT,t72a s
t—2

It is clear that the derivative of f.;1(k., E-;) with respect to each consumption rate

{er,er11,...,6e} is negative.

Definition. A) Suppose that T < co. We call a sequence E,r = {e;}]_. non-degenerate
if
O<e<l,t=77+1,....,.T—1;, O0<er<1.

B) Suppose that T = oo and consider a sequence E. o = {e;};°. such that 0 < e, < 1
for all t.

1. In Case 1 (strictly concave production function), the sequence E; . = {e;}2, is

called non-degenerate if

1.1.
0< li{n inf e; <limsupe; < 1, (3.14)
— 00

t—00
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3. On Discounting and Voting in a Simple Growth Model

1.2. for some ky > 0 the sequence {k:}2  gwen by ko = (1 — e)f(kt), t =
7,7+ 1,..., satisfies
lim inf &, > 0. (3.15)
t—00

2. In Case 2 (linear production function), the sequence E; o = {e:}°. is called non-

degenerate if there exist e and € such that

2.1.
0<e<liminfe, <limsupe, < e <1, (3.16)

t—o0 t—o00

2.2. for all i,1°
(Al —e)' ™ <1, if p<1
{ Bi (A( e)) <1, if p; , (3.17)

Bi(AL—e) " <1, if pi>1.

We need the above definition to establish certain important properties of the agents’
objective functions. Recall that the objective function of agent ¢ in voting over the time

T consumption rate is given by

V;—i(k’r, €r, ET+1,T) = U (eTfT,T) + ﬁzuz (67+1f7',7'+1) + 512“2 (6T+2fT,T+2) + ...

Let us show that if the sequence of expectations E.;;r is non-degenerate, then for any

k. > 0 the objective function of agent i is well-defined.

Lemma 3.1. Suppose that the sequence of expectations E; 11 is non-degenerate. For
any k, >0, —oco < V' (kr,e,, Ery17) < +00.

Proof. When T' < oo, the finiteness of V'(k,,e,, E;117) is evident, since the expected
consumption rates are bounded away from 0 and 1 (except for the time 7).

Suppose T' = oo and consider Case 1 (strictly concave production function). Since there
is a maximum sustainable stock, k = f(k) (see (3.1)), condition (3.14) guarantees that
Vi(kr,er, Eri1,00) is bounded from above. Conditions (3.14) and (3.15)'7 also ensure that
for any k. > 0 the path of the capital stock {k;}°_ constructed by ki1 = (1 — e;) f (k)
and the corresponding consumption path {c¢;};°_ constructed by ¢; = e, f(k;) are bounded

away from zero:
liminf k; > 0, liminf f(k;) >0, liminfe > 0. (3.18)
t—00 t—o0 t—00

Indeed, if k; > k,, then k, > ky, f(k,) > f(k) and ¢, > & forallt = 7,741, ... It ky < ky,
then for all t = 7,7+ 1,..., k; < k; and kt—i—l/]%t—i-l > kt/l;‘t, because f(k)/k is decreasing

16 Recall that in Case 2 (linear production function) the felicity function is given by (3.2).
17 Note that if f’(0) = 400, then condition (3.15) is redundant, because it follows from condition (3.14).
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in k. Therefore limy_o k¢ /ky > 0, limy_,o0 f(k¢)/f (k) > 0 and limy_,o ¢;/& > 0. Hence,
in both cases the inequalities in (3.18) hold true and V/(k,, e, F;11.) is also bounded
from below.

Consider Case 2 (linear production function). The objective function of agent i takes

the form!®

0 t—T
V;'l(k’r? €r, ET-‘FI,OO) - Z ]_l_—p (At_T+let(1 — €t—1)(]. — 6t—2) te (1 — €T)I€T>1_pi .
t=1 ¢

For i such that 0 < p; < 1 it follows from (3.16) and (3.17) that

. 1 - 1
0 < VZ kT: T)ET o0 < A TkT pi

x [(@)' 7 4+ B;ATPiI(E(1 —e) P + (BATP)(e(l —e)®) i+ .. ]
1 1—p; 1 2 L=pi 1 N1—p;
=1 (Ae k) " + T pzﬂi (A*(1— e, )k.) " (&) 7ix
x [+ BA(L— €)' + (B(A(L— ) + ]
B (A(1— e k)" (e)»
L—pi 1—0;(A1—¢e)) "

Bi (A2(1 — e )k,) ' 7 x

< +00.

_ ATle_pi
1—pi< e k) P+

Slightly modifying the above argument, for ¢ such that p; > 1 we obtain that

(AeTkT)l_pi + Bi (A2(1 — eT)kT)l_Pi (Q)lfpi

0 > vl kT7€T7ET oo > .
2 +1.00) 1 —p; L—p; 1-B(A1—e)'™”

—0Q,

which completes the proof. O]

Thus we have shown that for a non-degenerate sequence of expectations E.. 7, the
objective function of agent ¢ exists and is well-defined. However, we also need to prove
that V'(k,, e,, E.17) is continuously differentiable with respect to e,. By differentiating

the objective function term by term, we get

8‘/:[-i(kT7 €r, ET+1,T)

de = f(kr) (Qpi(kj77 er) — Wi(kjﬂ €r, ET+1,T)) ) (3.19)

where

B (krver) = (er (k). (3.20)

18 Here and hereafter we consider p; # 1. The case with the logarithmic felicity function (p; = 1) can be
considered similarly.
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3. On Discounting and Voting in a Simple Growth Model

and

Wi(kﬂ er, Briar) = Biu; i(eri1frrin) erprf (1 — er) frr)
—1—52224 (€T+2fT7T+2) €T+2f ((1 - e‘r-i-l)fT,'r—i-l) (1 - €T+1)f/ ((1 - 6T)f'r,7) +... (3.21)

s—1
570 (€rtsfrirts) €rss H (= erse) frre) (L —erid)] | f((L =€) frr) +
t=1

The following lemma shows that term-by-term differentiation is valid.

Lemma 3.2. Suppose that the sequence of expectations E. .1 is non-degenerate. For any
k, >0, Vi(k., e, E.i11) is continuously differentiable with respect to e, on the interval
(0,1), and its derivative is given by (3.19).

Proof. When T' < oo, the statement of the lemma is evident. When 7" = oo, the proof
is based on a well-known theorem of analysis (see, e.g., Zorich, 2015, p. 388). We need
to show that !Pﬁ(kT,eT,ETH,OO), which is the infinite series of continuous functions, is
uniformly convergent on the interval {e, | £ <e, <1 —¢} for any 0 < £ < 1.

Consider Case 1 (strictly concave production function). It follows from (3.14) and (3.18)
that

0< hm mfu (erttfrrtt) €rpr < Nmsup v (€rpyfrrit) €rpe < +00.
t—o00

Using the fact that f/(k) < f(k)/k for any k, for s = 2,3, ... we have

o / i 1 — Crqt fTT-l-t)
g [f ((1 - eT+t)fT,T+t) eT+t g |i e’r+t)f7' et (1 - eTth)
s—1 — _
_ f‘r,7'+t+l:| _ fT,T+s _ fT,T-i—s f f
a H |: fT,T+t fT,T—i—l f((l - eT)fT,T) = f((l - eT)fT,T) = f(5f7,7>’

t=1

where f = max{f(k), f(k,)}. The penultimate inequality follows from the existence of a
maximum sustainable stock k, and from the fact that if k, > k, then k,yq < k.

By the Weierstrass M-test (see, e.g., Zorich, 2015, p. 374), W' (k,, e,, E;11,) converges
uniformly on the interval {e, | { < e, < 1—¢} for any 0 < £ < 1, and hence, by the
uniform limit theorem (see, e.g., Zorich, 2015, p. 383), is continuous in e,. It follows that
for a non-degenerate sequence F;; , 8VTi(kT, er, Er11.00)/0e, exists, is continuous in e,

and is given by (3.19).
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Consider now Case 2 (linear production function). The function V! (k,, e, Fri100)
defined by (3.21) takes the form

Wi(k‘ra €r, E7-+1700) = B@'Ae7-+1 (eTJrl(l _ 6T>A2k7) —pi
+ Blersa(l = erp) A2 (ersa(l = €)1 = e) A%,) " 4 .
= B AUk (1= o)™ [(67+1)1_pi + BA T (erga(l — er41)) "
T (BA) (era(l = er2)(1— €)™ 4. .

Applying the same argument as in the proof of the finiteness of the objective function
in Case 2, we obtain that for ¢ such that 0 < p; < 1 it follows from (3.16) and (3.17) that

BAAk) " ()" (L—e) 7 BA(A k)" ()" €7

Ol B ST TS GG ) - BAG - )

Analogously, it can be shown that for i such that p; > 1,

BA(AR) (@) (1 —en) ™ BAA) ()" €

0< !p:_(k}—, €1y ET+1700) < 1— B@ (A(l — é))lipi I 62 (A(l - é))lipi

It follows that ¥!(k,, €., Fr11.) converges uniformly on the interval {e, | £ <e, <1—¢}
for any 0 < £ < 1, and hence is continuous in e,. Therefore, for a non-degenerate sequence

Eri100, OV (kryer, Eri1.00)/0€, exists, is continuous in e,, and is given by (3.19). H

Remark 3.1. Note that & (k,,0) = +oo, & (k,, e,) is continuous and strictly decreasing
in e, for any 0 < e, < 1. Furthermore, W' (k,,e,, E; 1.1) is continuous in e,, and, due to
the strict concavity of u; and f, is strictly increasing in e.. Each term in Wi(kf, er,Eriar)

contains a multiplier of the form

i (erfre) = wj (erf (1= ea) f (1 —era) f (- f (1= e2) f(E2)))))) -

If e, = 1, due to the fact that f(0) = 0, ¥:(k,,1,E;17) = +oo. Taking into ac-
count Lemma 3.2, we obtain that there exists a unique interior solution to the equation

@i(kﬂ-u 67) = wi(k’r; €r, ET+1,T) in er.

3.9.2. Proof of Proposition 3.1

Consider problem (3.3) with omitted index i:

maXZBtU(Ct)7 s. t. Cy + kt—i—l = f(kt>’ Cy Z 0, kt+1 2 O, t e T

teT
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3. On Discounting and Voting in a Simple Growth Model

The first-order conditions are given by

u' ()

u'(Cr41)

= Bf'(kps1), t<T. (3.22)
The transversality condition in the case of a finite horizon is as follows:
kry1 =0. (3.23)
In the infinite horizon case, the transversality condition is given by
tlggo B (¢;) ki1 = 0. (3.24)

Let us show that the sequence {c;, k¢4 1}7_, corresponding to a step-by-step intertem-
poral optimum, satisfies the first-order conditions (3.22).

Let Eyr be a non-degenerate sequence of consumption rates. For any 7 < T" consider
the objective function V,(k.,e,, E.111) given by (3.9). By Remark 3.1, a step-by-step

intertemporal optimum is a solution to the following system of equations®®:

oV, (/fo,t(ko, EO,tfl)a €t, Et+1,T)
aet

=0, t<T. (3.25)

Consider two adjacent equations of the system (3.25), for ¢ = 7 and for t = 7 + 1.
It follows from (3.19)—(3.21) (again omitting index 4) that the equation for ¢t = 7 is as

follows:

Ul(erfo,r) = 5€r+1u/(€T+1f0,r+1)fl(ko,r+1)
+6%(1 — eri1)ersotd (eriafori2) f (kori2) [/ (Kors1) (3.26)
+6%(1 — €r41)(1 — erya)ersstt (erss foris) [/ (Koris) ' (Koria) [/ (Kozs1) + - .

Note that the right-hand side of the above equation can be rewritten as

ﬁf/(ko,TH)€T+1UI(€T+1f0,T+1)
+ﬁf/(k0,r+1)(1 - €T+1> [ﬁer+2ul(67+2f0,7+2>f/(ko,r+2) (3-27)
+ B(1 — erpa)eryst (erps forss) [ (Korss) [ (Korsa) +-- -]

19 If T < 400, then there is an additional equation ep = 1.
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The equation for t = 7 4 1 is as follows:

Ul(€T+1f0,r+1) = 5€T+2U/(€T+2fo,r+2)f/(k0,7+2)

+ B(1 — erpa)eryst (ervs forss) [ (Korss) [ (Korsa) + - - ..

Substituting the right-hand side of the above equation into (3.27), we infer from (3.26)
that

Ul(evfo,r) = 5f/(k0,r+1) (€T+1U/(€T+1fo,r+1) + (1 - €T+1)U,(€T+1f0,7+1))
= Bf,(k’o,rﬂ)Ul(€r+1f0,r+1)-

Applying this argument for all 7 < T, we obtain that the system of equations (3.25) is

equivalent to the system

u'(ecfor) = Bf (ko) (ers1 fortr), t<T. (3.28)

Now it is straightforward to see that the mapping defined by (3.5) converts the system of
equations (3.28) to the system of the first-order conditions (3.22).

It remains to show that the sequence {ct, ki 1}l corresponding to a step-by-step in-
tertemporal optimum satisfies the transversality condition.

Consider the case T' < oo. Then the transversality condition (3.23) follows from the
fact that the optimal consumption rate at time 7" for every agent is er = 1.

Consider the case T = oo. Iterating equation for ¢t = 7 from the system (3.28), we

obtain
u'(erfor) = BT (e fou) f'(koe) f'(kogor) - fl(korsa), t=7+1,742,....
Hence equation (3.26) can be rewritten as follows:

ul(eTfO,T) - e’r—i—lul(eTfO,T)
—(1 = ersi)ersat!(erfor) = (1 = ers1)(1 — erpa)eriau/(er fo,r) (3.29)

—(1 — €T+1)(1 — €T+2)<1 — €T+3)€T+4u/(€7-f077) —...=0.
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Regrouping the terms on the left-hand side of (3.29), we get

W' (erfor)(1 = eri1) = erpa(l — erq1)u(er for)

— (1 =erq1)(1 = erpa)erpsu’(er for) — (1 = er1) (1 = ery) (1 — erys)eryatt (er for) —
(L= er1)(1 = erpa) = (1= erp1)(1 = erpa)erisu/(er for)

— (I =er)(I = er2)(1 — erps)erya/ (e for) — - -

(

:u,(67f0,7)<1 €T+1) 1- €T+2)<1 €T+3) (1_67+1>(1_€T+2)(1_€T+3>€T+4u/(eff0,7)_

=u (eTfOT

Repeating this argument, (3.29) finally can be rewritten as

(e for)(L = eri)(1 = era)(1 = erya)(1 = erpa) - = 0.

Since 7 is chosen arbitrarily, and u/(e, fo-) > 0, it follows that [],°,(1 —e;) = 0, which is

equivalent to
o

D e =+oo. (3.30)

t=1
Now let us show that the sequence {c¢t, ki1}72, corresponding to the solution to the
system (3.25) satisfies the transversality condition (3.24).
Consider Case 1 (strictly concave production function). Let us analyze the possible

dynamics of the sequence {c, ki11}52,- We begin with two lemmas.

Lemma 3.3. Suppose that Bf'(key1) > 1 for some O, and ko1 < ko. Then the transver-
sality condition (3.24) holds.

Proof. Let us show that the conditions of the lemma imply k; 1 < k, for all t > ©. Indeed,
by (3.22), v'(co) > u/(co+1), Or coy1 > co. Hence, koyo — ko1 = (f(ket1) — f(ke)) +
(co — cor1) < 0. Thus kg2 < key1 and hence Sf'(koi2) > 1. Repeating the argument,
we infer that for all ¢t > ©, ki1 < ko, and u/(¢;) < u/(cg). Therefore, starting from ¢ = ©,
B/ () ki1 < '/ (co)keo, which implies (3.24). O

Lemma 3.4. Suppose that there exists © such that f'(kiy1) <1 for allt > ©. Then the
transversality condition (3.24) holds.

Proof. Recall that there is k such that 0 < f(k) = k < 400, and thus k; is bounded
from above. Since 8f'(0) > 1, it follows that for t > ©, k, > (f')"'(1/8) > 0. Hence

f(k) > F((f)71(1/B)) > 0, and from (3.4) we get c; = e, f (k) > e f ((f)7H1/B)), t > ©.

Therefore, due to (3.30),
D o = +oo. (3.31)
=0
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It follows from (3.22) that u/(ciy1) > u/(¢i), t > ©. Therefore, the sequence {c:}°o
is monotonically non-increasing and converges. Suppose that ¢, — 0 as t — oo. Then
k; — k = f(k), and since f'(k) < 1, for some 0 < & < 1 there exists ©' such that for all
t >0, Bf' (k1) <1—¢& Thus u/(cr) = Bf (kepr)u/ (cer1) < (1 — &)/ (¢t41). At the same
time, it follows from the regularity condition that for some v > 0, the sequence u'(¢;)c/]
converges, and hence there exists ©” such that for all ¢ > 0",

' (c1)cli

<1l+E€.
' (c)ef

Thus for all ¢ > max{©’, 0"},

2=

2=

Cit1 u'(cy) ) 21
— < ((1+ < ((1+&(1 - =(1-&) <1,
e (950 ) < (@ - O =(1-¢)
which contradicts (3.31).
It follows that ¢, converges to a positive number, and so does u/(¢;). Since k; is bounded,

(3.24) clearly holds. O

Let us consider different cases that may arise. If 5 f'(k;r1) < 1 for all sufficiently large
t, then the transversality condition (3.24) holds by Lemma 3.4.

Suppose there exists © such that 8f'(kgy1) > 1. Then there are only two possibilities.
Either there exists ©; > © such that 5f'(kg,+1) < 1 or 5f'(kiy1) > 1 for all ¢t > ©. In
the former case, either Sf'(ki 1) < 1 for all ¢ > ©; so that Lemma 3.4 holds or there
exists ©y > O such that 5f'(ke,+1) > 1 in which case we are in the conditions of Lemma
3.3. In the latter case, for all t > O, u/(¢;) < u/(co) and kiyy < (f')71(1/8). Therefore,
B/ (c;) ki1 < B! (co)(f')~1(1/5), which implies (3.24).

Now consider Case 2 (linear production function). The first-order conditions in this
case state that A'Sle;” = ¢, t=1,2,....

Assume that the transversality condition (3.24) fails. Then there exist © and N > 0
such that B¢, "'k, 1 > N, for all t > O, and hence ki1 /A" > N/c,”. Tt follows that for
all t > O, err1 = cpp1/Akyr < (" /N) (i1 /AT). Therefore, by (3.30),

o0
Ct+1

At+1
t=0

= +00.

However, iterating the equation c;+k; 1 = Aky, we easily get co+cy /A+cy /A% +. .. < Ak,

a contradiction.
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3.9.3. Proof of Propositions 3.2 and 3.3

Consider agent ¢ with the discount factor §; and the felicity function u;(c). Note that for
all 7 (except 7 = T in the finite horizon case) and any non-degenerate expectations E, 1 7,

her preferred time 7 consumption rate is a unique solution to the following equation:

a‘/;—i(kTJ €r, ET+1,T)
e,

=0, 0<7<T.
Indeed, the above equation can be rewritten as
D (kryer) =Uke e, Erpr ). (3.32)

where @ (k,, e,) is defined by (3.20), and ¥:(k,, e,, E, 1 7) is defined by (3.21). It follows
from Remark 3.1 that there exists a unique solution e to equation (3.32), and 0 < e < 1.
Thus there is a unique time 7 preferred consumption rate for agent i.

Using (3.19) and Remark 3.1, we infer that OV} (k,, e,, E,17)/0e, is strictly decreasing
in e, and hence the preferences of agent 7 in voting over the time 7 consumption rate are
strictly concave. Thus the preferences of each agent in voting over any consumption rate
are single-peaked, which proves Proposition 3.2.

Now suppose that all agents have the same felicity function u(c) and the same non-
degenerate expectations E, ;. Then for all 7 (except 7 = 7' in the finite horizon case)
higher values of the discount factor [3; correspond to lower values of the preferred time 7
consumption rate e’*. Indeed, @ (k,,e,) is independent of 3; and strictly decreasing in
e, while ¥ (k. e,, E.117) is strictly increasing both in f5; and e,. Therefore, the solution
to equation (3.32), e*, is strictly decreasing in ;.

It follows from the median voter theorem that the time 7 voting equilibrium is the
preferred consumption rate for the agent with the median discount factor, which proves

Proposition 3.3.

3.9.4. Proof of Theorem 3.2

Consider the constant sequence of consumption rates E* = {e*,e*, ...}, where e* is given
by (3.11). Consider a fictitious agent with the discount factor (3,,.4 and felicity function
u;(c), i.e., the agent with the median discount factor and the felicity function of agent i.
It is clear that e* is the preferred time 7 consumption rate for this agent, and E* is her
optimum in terms of consumption rates.

Let 7 be an arbitrary point in time. Suppose that expectations of agents are constant
and equal to E 41 o = {e*,¢e*,...}. It follows from Proposition 3.2 that the preferences

of each agent in voting over the time 7 consumption rate are strictly concave. Consider
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agent ¢ with the discount factor f; and the felicity function w;(c). She has the unique
preferred time 7 consumption rate e*. It follows from the results of Section 3.9.3 that if
Bi > Bmed (Bi < Bmea) then e < e* (e > e*).

Hence the winner in voting over the time 7 consumption rate under constant expecta-
tions F, 1. = {e*, e, ...} is precisely e* given by (3.11). Since the point in time 7 is
chosen arbitrarily, e* is the winner in voting over each consumption rate under the expec-
tations {e*, e*,...}. Thus the sequence {e*, e*, ...} is an intertemporal voting equilibrium,
and hence e* is a stationary voting equilibrium.

Let us now prove that e* is the unique stationary voting equilibrium. Suppose that there
is another stationary voting equilibrium é. Consider an arbitrary point in time 7. Suppose
that the expectations of agents are constant and equal to E, . = E = {ee,..}.
It follows from Proposition 3.2 that the preferences of each agent in voting over the
time 7 consumption rate are strictly concave. By the median voter theorem, é is the
most preferred consumption rate for some “median” voter. Clearly, € is the preferred
consumption rate for this same agent for all 7 = 0,1, .... Therefore, the sequence {é, ¢, ...}
is a step-by-step intertemporal optimum for this agent.

Denote the discount factor of this agent by 5. Consider the corresponding k, which is
the unique positive solution to the equation k& = (1 — &)f(k). Clearly, k is determined
by the “modified golden rule” for this agent: 3’ (l%) = 1. It follows that ¢ depends only
on 3, and is independent of the felicity function of this agent. In other words, é is the
preferred time 7 consumption rate for the fictitious agent with the discount factor 3 and
any felicity function, in voting over e, given k, = k and the expectations E.

Now suppose that & > e* (€ < e*), and thus 8 < Bmed (8 > Bmea). Consider agent i with
the discount factor B; > Bnea (Bi < Bmea) and the felicity function u;(c). Since f; > B
(B;i < B), it follows from the results of Section 3.9.3 that e < & (e”* > ¢€). Hence for at
least % agents their preferred time 7 consumption rates are are lower (resp. greater)
than e. It follows that € is not a Condorcet winner in voting over the time 7 consumption
rate under expectations £, and cannot be a stationary voting equilibrium. Thus e* is the

unique stationary voting equilibrium.

3.9.5. Proof of Theorem 3.3

Let 7 be an arbitrary point in time. Consider how agents vote over the time 7 consumption
rate under constant non-degenerate expectations F, 1~ = {e,e,...}.
The objective function of agent ¢ in the time 7 voting problem under these expectations

is given by:
Vilks,ery Bryio0) = g (€, Ak, )+ Biuy (e(l — eT)AQkT) + B2, (e(l —e)(1l— eT)A?’kT) +...
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3. On Discounting and Voting in a Simple Growth Model

It follows from Proposition 3.2 that the preferences of agent i are concave, and her

preferred time 7 consumption rate, e*, is the unique solution to the following equation:

8‘/;7, (kTJ €r, ET+1,OO)
de,

= O7
which can be rewritten as

Ak, (e;Ak.) ™" = Bie A%k, (e(1 — ;) A%k, )"
+ Ble(l — e) A%k, (e(1 —e)(1 — e)A%k,) " + ...

Dividing both parts of the above equation by (Ak, )7, we get
(e-) " = (1—e;) " (ABie(Ae) " + A*Ble(l — e)(A’e(l — €))7 +...),

and hence, taking into account that expectations {e, e, ...} are non-degenerate, we obtain

(1 — eT>’” = AB; <€ (Ae)™ + ABie(1 —e) (A2€<1 _ e))_Pi L )

er
1— B (A(1—e))' ™"

Using (3.12) and the above equation, we conclude that the preferred time 7 consumption

rate for agent ¢ is the solution to the following equation in e,:

(1__€)p - — <(%)éi < (3.33)

€r HE) e

Note that the preferred time 7 consumption rate for each agent is independent of the
current capital stock k,, and depends only on constant expectations e.

Denote the solution to equation (3.33) depending on e by e¥*(e).
> oy <
Lemma 3.5. If 1+, = A(1 —e), then e7(e) < e.

Proof. Suppose that 14 ; % A(1 —e). Since e**(e) is the solution to equation (3.33), we

()

The expression ? is decreasing in e for 0 < e < 1. Therefore, e**

have

AV

1—(1—e)ri(l —e)t=ri - e e

(1-— e)l)iel_l)i (1- e)Piel_pi (1 — 6>Pi

VIIA
o
Ul
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3.9. Proofs

Let e* be given by (3.13). Then 1+ v,,.a = A(1 — e*). If the expectations are given by
{e*,e*,...}, then, by Lemma 3.5,

VIIA
)

> ik
Vi = Ymed = (o

Therefore, for any time 7, e* is the Condorcet winner in voting over the time 7 con-
sumption rate under the expectations {e*,e*,...}. Hence e* is a balanced-growth voting
equilibrium.

Moreover, any other consumption rate ¢ cannot be a balanced-growth voting equilib-
rium. It follows from Lemma 3.5 that if € > e* (€ < e*), then A(1 —€) < 1 + Ypea
(A(1 — €) > 1+ Ymea), and for at least 2! agents their preferred time T consumption
rates in voting over the time 7 consumption rate under expectations {€,¢,...} are lower
(resp. greater) than é. Hence € is not a Condorcet winner, and is not a balanced-growth

voting equilibrium.
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4. Economic Growth and Property Rights on Natural
Resources

In Chapter 3 we have proposed a simple and natural voting procedure (intertemporal
majority voting) in which agents vote step by step not over the absolute values, but over
the relative values. Change of variable over which agents vote and make expectations,
from level to rate, allowed us to obtain a stable outcome of voting.

We have also noted that in the evident interpretation of the model from Chapter 3 as the
common property resource problem, consumption rate becomes harvest or extraction rate.
In the field of resource economics, rates are the most natural variables, and this observation
suggests that our procedure can be successfully applied to the choice of extraction rate in
models where heterogeneous in their time preferences agents collectively manage a stock
of exhaustible natural resource. Indeed, in the present chapter we show how this idea
may be implemented.

We consider two general equilibrium Ramsey-type models with exhaustible natural
resources and agents who are heterogeneous in their time preferences. In the first model,
we assume private ownership of natural resources. The privately owned resource stock is
an asset to its owner; agents can invest in natural resources as well as in physical capital.
Extraction rates are determined in an equilibrium by the market forces of supply and
demand. In the private property regime we define a competitive equilibrium and show
that it converges to a balanced-growth equilibrium with the long-run growth rate being
determined by the discount factor of the most patient agents.

In the second model, natural resources are public property. The resource stock is con-
trolled by a benevolent government that acts in the interest of the agents. Resource
income is equally distributed among agents, and extraction rates are determined by ma-
jority voting. In the public property regime, our voting procedure is naturally applied,
because agents vote precisely over the rates. We show that the sequence of winners in
one-dimensional votes over current extraction rate under perfect foresight is determined
by the agent with the median discount factor. For this model we define an intertemporal
voting equilibrium (which consists of the voting equilibrium sequence of extraction rates
along with the corresponding competitive equilibrium) and prove that it also converges to
a balanced-growth equilibrium. In the public property regime the long-run rate of growth

is determined by the median discount factor.
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4. Economic Growth and Property Rights on Natural Resources

Our results suggest that if the most patient agents do not constitute a majority of the
population, private ownership of natural resources results in a higher rate of growth than
public ownership. At the same time, private ownership leads to higher inequality than
public ownership, and if inequality impedes growth, then the public property regime is
likely to result in a higher long-run rate of growth. However, an appropriate redistributive
policy can eliminate the negative impact of inequality on growth.

This chapter is based on the published article “Economic Growth and Property Rights
on Natural Resources” (Borissov and Pakhnin, 2018) and is organized as follows. The
main body of the chapter focuses on the description of the models and on the general
statement of the results. Section 4.1 provides a preliminary discussion of the topic. Sec-
tion 4.2 presents the basic building blocks of the model and the descriptions of property
regimes. In Section 4.3 we study the model with private ownership of natural resources.
We define competitive and balanced-growth equilibria, and present the explicit expression
for the equilibrium rate of growth. In Section 4.4 the model with public ownership of nat-
ural resources is considered. We define a competitive equilibrium under given extraction
rates, characterize a temporary voting equilibrium, and study an intertemporal voting
equilibrium, deriving the expression for the long-run rate of growth. Section 4.5 compares
the long-run consequences of the two different property regimes. In Section 4.6 we modify
the two models by taking into account the impact of sociopolitical instability caused by
inequality on the growth rates. In Section 4.7 a model with private ownership is modified
to include capital taxation. Section 4.8 concludes.

All technical details and proofs are relegated to the additional sections. Section 4.9
contains mathematical details and proofs of the statements related to the private property
regime. Section 4.10 provides a thorough formulation of the public property regime.

Section 4.11 is devoted to the private property regime with capital taxation.

4.1. Introduction

The question of property rights! is one of the most controversial and complicated issues
concerning the regulation of natural resources. Who should own natural resources and in
what form? Which individual, group or institution will best manage the resource stock in
the short and long run? How do different forms and extents of property rights on natural
resources affect both present and future generations? These are important and inherently

complex problems.

1 As many other scholars, we do not make any difference between property rights and ownership through-
out this chapter. On our level of abstraction these two constructs are essentially the same. Therefore
we use the terms “property regime” and “ownership” interchangeably.
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4.1. Introduction

The vast amount of literature on property regimes over natural resources (see, e.g.,
Ostrom, 1990; Barnes, 2009; Cole and Ostrom, 2011) usually places great emphasis on
the market failure that occurs when property rights are not properly specified. The
relative advantages of private and common property rights in terms of efficiency, equity,
and sustainability of natural resource use patterns have been widely discussed and studied.

However, even if property rights are clearly defined and assigned, the optimal choice
from a wide array of diverse property regimes is not so obvious. Especially significant in
this connection is the choice between private and public property. There has been much
debate on the economic and political merits of private versus public ownership in general
(see, e.g., a survey by Shleifer, 1998). It is believed that private firms are more efficient,
mainly because of strong incentives to invest in improving the ways of using the assets.
At the same time, state firms are usually considered inefficient for a number of reasons,
e.g., weak incentives to reduce costs (agency problem), and government subsidies to the

2 Moreover, it is widely recognized that

state-owned sector (soft budget constraints).
public enterprises pursue political rather than economic goals (see Shleifer and Vishny,
1994). However, in this chapter we do not take into account any political considerations
and other possible sources of efficiency losses. We assume a government that acts in the
interest of the people. Since we assume that extraction costs are zero, it is irrelevant for
us, which kinds of enterprises (private or state-owned) extract and sell resources held in
public ownership. There is no such an enterprise in our model. Our goal is to compare
private and public property regimes over natural resources in terms of economic growth,
and not in terms of profitability or efficiency.

Interestingly enough, economists have only recently begun to pay attention to the
comparison of private and public ownership in the particular case of natural resources
like crude oil or gold. This is even more surprising considering the ambiguity of this issue
and its consequences for societies in resource-rich countries. There are many countries in
the world that maintain full state ownership of their natural resources. In such countries
private firms, especially foreign firms, have little or no operational and managerial control.
Examples include Uzbekistan, Turkmenistan, Nigeria, and modern Venezuela. At the
same time, there are countries like Kazakhstan or the Russian Federation, where leaders
chose to privatize their energy sector (see Jones Luong and Weinthal, 2001). One should
also mention the USA and Japan, where private firms own and control much of the
countries’ subsurface minerals.

There are certain rationales for such cleavage. On the one hand, exhaustible resource

stocks (oil and gas fields, coal and ore mines) are universally regarded by the public at

2 Bajona and Chu (2010) show that reduction in government subsidies leads to an increase in economic ef-
ficiency, and Gupta (2005) reports that even partial privatization increase productivity and profitability
of state-owned enterprises.
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4. Economic Growth and Property Rights on Natural Resources

large as public property. It is felt that natural resources should belong to local peoples,
who claim sovereign rights on their territorial habitat. It is often argued that “resources
found in the territory of a state belong to the population of that state (...) The right
to natural resources is a right of peoples or communities to determine how their natural
resources should be protected, managed and explored” (Blanco and Razzaque, 2011, p.
76). As Joseph Stiglitz put it, “a country’s natural resources should belong to all of
its people” (Stiglitz, 2016, p. 354). Moreover, for many countries around the world,
especially developing countries, natural resources represent a significant share of income
and are too important to be left to the market. It is believed that direct state control over
resources is an indispensable feature of national sovereignty and political decision-making
(see Mommer, 2002).

On the other hand, most economists are convinced that private ownership of natural
resources leads to higher efficiency than public ownership. Empirical evidence shows that
private natural resource companies are more efficient and profitable than nationalized
firms, though the effects of privatization on employment and income distribution are not
as desirable (see, e.g., Chong and de Silanes, 2005; Schmitz and Teixeira, 2008).

One may conjecture that this divergence between the positions of the public at large
and economists partly explains the fact that privatization—nationalization cycles tend to
occur more often in the natural resource sector (see, e.g., Kobrin, 1984; Chua, 1995;
Hogan et al., 2010). This tendency provides an additional incentive to study the impact
of property regime over natural resources on macroeconomic performance.

The existing empirical literature on ownership of the primary sectors (e.g., Meggin-
son, 2005; Wolf, 2009) concentrates mostly on the productive efficiency and profitability
of firms. The effects of different property regimes on aggregate income are studied by
Brunnschweiler and Valente (2013), though they use a slightly different classification of
ownership instead of the usual dichotomy between the categories of “private” and “public”.

In this chapter, we study private and public property regimes over exhaustible natural
resources from the standpoint of economic growth theory. We do not compare private
and public ownership in terms of efficiency or optimality. Thus we can abstract from
any political considerations and focus only on the following question: which of the two
property regimes does lead to a higher long-run rate of economics growth?

Developing the ideas of Borissov and Surkov (2010), we consider two models of eco-
nomic growth with heterogeneous agents and exhaustible resources. These models are
modifications to a well-known Ramsey-type model of economic growth with exhaustible
resources (see, e.g., Dasgupta and Heal, 1979). Technical progress is exogenous. Under
this assumption the long-run rate of growth is fully determined by the extraction rate.

The two models differ in the property regimes over natural resources. The first model

assumes private ownership of natural resources. The resource stock is an asset. Agents
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can invest their savings in natural resources as well as in physical capital. This implies
that resource income belongs to the owners of natural resources. The extraction rate is
determined by market forces. In the second model we assume that the resource stock
is held in trust by the government for the common benefit. Resource income is equally
distributed among all agents, and it is up to the agents to determine the extraction rate.

Following Becker (1980, 2006), we assume that agents are heterogeneous in their time
preferences. The rates of time preference, or the degrees of impatience, are represented
by agents’ discount factors. The discount factors are higher for more patient agents and
lower for less patient ones.

In the private property regime, only the most patient agents obtain income from the
capital and resource stocks in the long run. We show that the discount factor of the most
patient agents determines both the long-run extraction rate and the rate of growth. The
extraction rate is decreasing and the growth rate is increasing in the discount factor of
the most patient agents.

In the public property regime, the heterogeneity of agents results in different prefer-
ences over the resource extraction rate. Relatively impatient agents care less about the
future and prefer to extract resources faster than relatively patient agents. Thus there
naturally arises a problem of aggregating heterogeneous preferences. We use a conven-
tional collective choice mechanism and suppose that the resource extraction rate is chosen
by majority voting.

The problem of social choice in dynamic settings has attracted growing interest and at-
tention in recent years (see, e.g., Rangel, 2003; Zuber, 2011; Le Kama et al., 2014; Asheim
and Ekeland, 2016). A number of papers (see, e.g., Krusell et al., 1997; Bernheim and
Slavov, 2009) study appropriate dynamic generalizations of standard solution concepts.
One of these generalizations is presented by Borissov and Surkov (2010), who consider
voting on extraction rates. The same voting mechanism is considered also in Borissov
et al. (2014a), where heterogeneous agents vote for a tax aimed at environmental main-
tenance. In both cases the outcome of voting is the optimal policy for the agent with
the median discount factor. However, this voting mechanism is oversimplified; it does not
imply perfect rationality of agents, and allows one to analyze voting outcomes only in a
balanced-growth equilibrium.

In this chapter, we apply the approach to voting in a dynamic general equilibrium
framework described in Chapter 3. We use the intertemporal setting of the model, and
ask agents to vote over the extraction rate at each point in time under given expectations
about future extraction rates. The sequence of winners in these one-dimensional votes
under perfect foresight determines an intertemporal voting equilibrium. We show that in
the long run an intertemporal voting equilibrium converges to a balanced-growth voting

equilibrium. The long-run extraction rate and the rate of growth are determined by the
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median discount factor. The extraction rate is decreasing and the growth rate is increasing
in the median discount factor.

Our results suggest that the long-run growth rate in the case of private ownership is
equal to that of public ownership if the most patient agents constitute the majority of
the population, and is higher otherwise. It seems reasonable to conclude that the private
property regime is more favorable for promoting long-run economic growth than the public
property regime, but this conclusion is somewhat hasty. The private property regime over
natural resources, all other things being equal, results in higher income inequality. This
can have detrimental effects on economic growth.

High inequality increases sociopolitical instability, the probability of revolutions and
mass violence, and the risk of expropriation, thus creating uncertainty in the politico-
economic environment. These factors reduce investment incentives and affect the security
of property rights. Increased social tension can lead either to a higher extraction rate,® or
to unproductive costs and losses in output. In both cases the growth rate of the economy
is adversely affected.

We consider two different channels through which sociopolitical instability caused by
inequality affects economic growth. The first channel assumes that the discount factors of
agents are formed endogenously, and the rise in income inequality increases the impatience
of agents (see Borissov and Lambrecht, 2009).* The second channel assumes that a certain
share of output, depending on inequality, is unproductively thrown away. This share might
be used to increase military expenditures, to support and expand various social programs
to pacify the population, etc. Under both assumptions, if inequality in the society is
sufficiently high, then the public property regime over natural resources is likely to result
in a higher long-run rate of growth compared with the private property regime.

In the most of the chapter we compare two different institutional frameworks, private
and public ownership of natural resources, in a purely positive manner. However, it may
be interesting to ask whether differences in growth rate and inequality between private
and public ownership could be undone by a social planner implementing certain economic

policies. We show that the private property regime with an appropriately chosen capital

3 The common wisdom (see, e.g., Long, 1975; Long and Sorger, 2006) has been that ownership risk induces
a firm to overuse the stock of a resource, though the empirical evidence is ambiguous. For instance,
Jacoby et al. (2002) support this point of view by reporting that a higher risk of expropriation reduces
private investments and raises the current extraction. At the same time, Bohn and Deacon (2000)
show that insecure ownership reduces present extraction for resources with capital-intensive extraction
technology.

4 The reasoning behind this assumption is as follows. All risks emerging from high inequality can be
reduced to the threat of total political and economic breakdown. When making their decisions, agents
do not take into account a new economic order which will be established after breakdown of the current
economic order. This new order will be better for some agents, and worse for others, but agents can
behave rationally only within the current economic order, and cannot extend their rationality beyond
its end. Therefore, an increase in the probability of breakdown increases the impatience of all agents.
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income tax can have less inequality and a higher long-run growth rate than the public

property regime.

4.2. The model

We consider a discrete time dynamic general equilibrium model of an economy endowed
with exhaustible resources. The economy is populated with L agents who are heteroge-

neous in their time preferences.

4.2.1. Production and resource extraction

Firms use physical capital, labor and natural resources to produce a homogeneous good,
which is a numeraire in the model. Extraction is costless, and all markets are competitive.

Output is given by the Cobb—Douglas production function:

3
Y, = AKMLYE®, ;>0 (i=1,23), Y a=1,

i=1
where A; is total factor productivity, K; is the physical capital stock, E; is the amount of
resources extracted in period t (which is identified with the amount of resources utilized
in production), and L is the constant over time labor supply. Capital fully depreciates
during one time period. We assume that total factor productivity grows at an exogenously
given constant rate A > 0: A; = (1 4+ \) A;_;.

The production function in intensive form is given by

Y o (07
Yt = Zt = Agkitey®,

where k; = K;/L and e¢; = E,/L.
The amount of resources extracted for production decreases the available stock: R; =

R;_1 — E,. We denote the resource extraction rate by

Ry

&t

so that the per capita volume of extraction e; and the dynamics of the resource stock R,
are given by
o el

I s Rt = (1 — €t>Rt—1.

€t
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Since all markets are competitive, the interest rate r;, the wage rate w;, and the price

of natural resources ¢; coincide with the respective marginal products:
Lr=onA(k) ™ He)™,  w = aAi(k)™ (e),  q = azAg(ke)™ (e)* "

4.2.2. Households

There is an odd number L of agents, indexed by 7 = 1,..., L. Each agent is endowed
with one unit of labor. Agent j discounts future utilities by the factor ;. We assume
that

1>B812>2B2>...2 8L >0,

i.e., agents are ordered by their patience, from more to less patient. We denote by
J = {j | Bj = P} the set of agents with the highest discount factor. These agents
appreciate the future higher than the others, and we refer to them as the most patient
agents.

Agents obtain utility from their consumption over an infinite time horizon. Preferences

of agent j over consumption stream {c]}°, are given by the log-linear utility function:
[e.e]
Ul =" Bind.
t=0

4.2.3. Property regimes

In almost every country of the world the state is the de jure owner of domestic natural
resources. Thus the primary questions are: who has control over the rights to exploit the
resource stock, and who has the right to obtain resource income?

Following Borissov and Surkov (2010), we consider two different property rights regimes
over exhaustible resources: private and public. We suppose that the stock of natural
resources (e.g., oil or gas fields, coal mines, diamond mine with kimberlite pipes) is di-
visible, and do not consider common-pool resources (e.g., oil in a common underground
reservoir).® It is possible to divide the stock into individual parcels and to assign property
rights over each parcel.

If proprietary rights over these parcels are established, we refer to this situation as
the private property regime. The privately owned resource stock in situ is an asset to
its owner. Agents can invest in natural resources as well as in physical capital. By the
Hotelling (1931) rule, the equilibrium rate of return on the resource stock as an asset is

equal to the return on capital. Resource income goes to the resource owner.

® For a dynamic model of the common property resource exploitation, see, e.g., Mitra and Sorger (2014).
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There can be other property rights regimes over natural resources. It is reasonable
to consider the situation in which the exhaustible resource stock is controlled by a gov-
ernment that acts in the interest of the agents. We refer to this situation as the public
property regime. In this case resource income is equally distributed among agents, who
choose the resource extraction rate by majority voting.

Note that in the public property regime there is no reason to expect that the Hotelling
rule holds. There are incentives for arbitrage operations, as the rate of change of the
natural resource price can differ from the interest rate. However, we assume that pri-
vate storages are forbidden. There is no possibility to store resources; they are utilized

immediately after extraction.® Thus no arbitrage opportunities can be exploited.

4.3. Private property regime

Consider first the case in which the exhaustible resource stock is privately owned. In this
section our exposition follows Borissov and Surkov (2010). We introduce the model and

specify its main properties. Formal definitions and proofs can be found in Section 4.9.

4.3.1. Competitive equilibrium

Suppose we start at time 0. Agent j is endowed with some amount of physical capital
k? > 0 and natural resources 7 > 0. Given the equilibrium price of natural resources at
time ¢ = —1, ¢_1, the initial savings of agent j are determined by sj_l = q_lf%j + k>0

Agent j chooses her consumption plan by solving the problem of maximizing lifetime

utility:
max Z Bjt In cz,
t=0

s.t. o +s < (141 sl +wy,
s/>0, t=0,1,...,
sj_l = q_lf%j + k.
Here CZ and s{ are consumption and savings of agent j, r; is the interest rate, and w; is
the wage rate at time .

Agents are prohibited from borrowing against their future earnings. Thus their sav-

ings must be non-negative. They can be invested in both physical capital and natural

6 See, e.g., Bommier et al. (2017) for the discussion of exhaustible resource markets when resource storage
is possible.

7 Note that the price of natural resources at time t = —1 is determined endogenously. Therefore, the
initial savings of agent j are not given exogenously. To ensure that the initial savings are non-negative,
we impose the non-negativity constraints on initial holdings of physical capital and resources.
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resources.® From the agents’ point of view, the two assets are perfect substitutes, so

we do not distinguish between physical capital and natural resource in agents’ portfolio.
The return to investment into physical capital and natural resources must be equal (the

Hotelling rule), hence the price of natural resources ¢; grows at the rate r;:

g = (147) g1
We define a competitive equilibrium in the private property regime,

&= {(Cz*)ngla (sg*)ngla kja 7“?’ w:v q;:kv 6:7 R:}t:0,17_“ )

in a standard way by the following conditions:
e agents maximize their utilities subject to budget constraints;
e capital, labor and natural resources are paid their marginal products;
e the Hotelling rule holds;
e aggregate savings are equal to investment into physical capital and natural resources.

A competitive equilibrium exists (see Appendix A), and if initially the stocks of phys-
ical capital and natural resources belong to the most patient agents, then the competitive
equilibrium starting from this state is unique (see Proposition 4.1 in Section 4.9). Also, in
each competitive equilibrium from some time onward only the most patient agents can make
positive savings, and from this time resources are extracted at a constant rate €* =1 — [3;

(Proposition 4.2).

4.3.2. Balanced-growth equilibrium

A balanced-growth equilibrium is a competitive equilibrium in which output, consumption,
savings, the capital stock and the wage rate grow at a constant rate v*, while the interest
rate r* is constant over time. The price of natural resources grows at a constant rate
equal to 7* (by the Hotelling rule), and resources are depleted at a constant extraction
rate £*.

In our model, there exists a balanced-growth equilibrium (see Proposition 4.3). In such an

equilibrium only the most patient agents make positive savings, while relatively impatient

8 Formally speaking, the non-negativity constraint on savings does not rule out the possibility that some
agents have positive holdings of physical capital and negative holdings of resources, or vice versa.
However, in an equilibrium only agents’ savings are of interest for us, and it is irrelevant in which form
they are held.
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agents make no savings and consume their wages. This important property is known in
the literature as the Ramsey (1928) conjecture.’

It can be checked that the interest rate r*, the extraction rate £*, and the growth rate
~v* are the same for every balanced-growth equilibrium (Proposition 4.4). Moreover, every
competitive equilibrium converges to a balanced-growth equilibrium (for the precise mean-
ing of this statement see Proposition 4.5). Thus we can concentrate on the characterization
of balanced-growth equilibria when exploring the long-run perspective.

It is well known that unlike Ramsey-type models without natural resources, in which
the long-run growth rate is determined by the exogenously given rate of technical progress,
in economies with natural resources the growth rate typically depends on the extraction
rate, and hence is affected by the time preferences of the agents. For instance, in models
with a representative agent, the optimal extraction rate is ¢ = 1 — 3, where 3 is the
discount factor of the representative agent (see, e.g., Stiglitz, 1974; Dasgupta and Heal,
1979).

In our model, the equilibrium extraction rate is determined by the discount factor of
the most patient agents,

e =1-pi,

and the equilibrium rate of balanced growth depends on the extraction rate and is given

by
ag

147" = (14 N\ (1 e)Tar,

Thus the rate of balanced growth is determined by the discount factor of the most patient

agents:
«3

L4 = (14N gl

The equilibrium extraction rate is decreasing and the rate of balanced growth is in-
creasing in the discount factor of the most patient agents. An increase in patience of the
resource stock owners means that they put more weight on additional future consumption
compared to additional present consumption. Thus they prefer to extract less amount of
resources today, and the rate of natural resource utilization becomes lower. In turn, a

lower extraction rate leads to a higher growth rate in the future.

4.4. Public property regime

Consider now the case in which the stock of exhaustible resources is held in trust by the
government. Resources are extracted and sold to the private production sector. Income

from the sale of natural resources is equally distributed among agents who choose the

9 For the history and discussion of this conjecture, see Becker (2006).
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resource extraction rate by majority voting.!? In this section we focus on the description
of the model and on the general statement of the results. See Section 4.10 for formal

definitions and proofs.

4.4.1. Competitive equilibrium under given extraction rates

Let us first define a competitive equilibrium under given extraction rates starting from an
arbitrary point in time. Suppose that instead of time 0, we start at time 7. Each agent
7 has savings §1_1 > 0 such that the corresponding stock of physical capital is positive,
kr = %Zle § | > 0. The stock of natural resources is also positive, R, > 0.
Suppose that at time 7 agents have some non-degenerate expectations about future

extraction rates, {ef};° . ,."* For any e, € (0, 1), denote

ET(57'> = {57’ 5?——}-17 5?——1—27 i ‘}7

and notice that the sequence of extraction rates E,(e,) is in fact arbitrary.
Clearly, given the sequence of extraction rates, the per capita volumes of extraction e,

and the dynamics of the exhaustible resource stock R; are predetermined as follows:

Ri(e;)=(1—e)Riry, Rile;)=(1—e)\Ri(e,), t=7+1,7+2,..;

ef R 1(er)
L

gTRTfl
I )

er(er) = el(er) = ,t=T7+1,7+2,....

Our notation emphasizes the fact that the future volumes of extraction and the dynamics
of the resource stock depend on the time 7 extraction rate e..
Given the future volumes of extraction, agent j solves the following maximization prob-
lem:
o0
max Z Binc,
t=T1
st d 45 < (1+m) s +w + v,
s{ >0, t=7,7+1,...,
51—1 = Ai—l'
Here CZ and 3{ are consumption and savings of agent j, r; is the interest rate, w, is the

wage rate, and v, is per capita resource income at time t. The latter is the income from

10 This regime is also discussed by Borissov and Surkov (2010). However, their voting approach has certain
major drawbacks. The voting mechanism in their model allows one to define voting only in a balanced-
growth equilibrium, and agents do not take into account the fact that policy changes have general
equilibrium effects.

1 'We call a sequence of extraction rates non-degenerate if it is bounded away from 0 and 1.
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4.4. Public property regime

the sale of the extracted resource to the production sector, equally distributed among all
agents.

In this model, agents are also prohibited from borrowing against their future income,
and their savings must be non-negative. Savings can be invested only in physical capital,
but not in natural resources. This is an important difference between the public property
regime and the private property regime considered in Section 4.3.

A competitive equilibrium

£ (er) = {(c™ (en))jon, (877 (€))jor, K™ (e0), ™ (0), w0y (e0), 41" (e0) 0 (e0) Yo

is defined in a standard way by the following conditions:

e agents maximize their utilities subject to the budget constraints, perfectly anticipat-

ing the profile of factor returns and resource incomes, {r;*(, ), w;*(e,), vi*(e,) }52, ;2
e capital, labor and natural resources are paid their marginal products;
e resource income is determined by the marginal product of natural resources;

e aggregate agents’ savings are equal to investment into physical capital.

Let us clarify our notation £*(e,). We use two stars (x*) to denote the equilibrium val-
ues in the public property regime. The equilibrium starts at time 7, hence the subscript.
The equilibrium also depends on agents’ expectations about future extraction rates, and
on the parameters of the model. However, we are interested in the dependence of equilib-
rium variables on the current extraction rate e,. For instance, the notation {c™*(e,)}52_
emphasizes the dependence of the equilibrium consumption stream for agent j (and thus
her utility) on ;.

In the above definition we do not suppose that the Hotelling rule holds. Indeed, the
Hotelling rule corresponds to the equilibrium on the asset market, i.e., to the private
property regime, where the stock of natural resources is an asset in which agents can
invest. In the public property regime, the natural resource stock is not an asset, so
the Hotelling rule can be violated.'® Under some circumstances the rate of change of
the resource price may not be equal to the interest rate. However, since we assume
that resources cannot be stored privately, all arbitrage opportunities that arise from the
violation of the Hotelling rule are forbidden.

A competitive equilibrium exists (see Appendix B), and, similarly to the private prop-

erty regime, if initially the stock of physical capital is owned by the most patient agents,

12 Note that the definition of a competitive equilibrium does not presume that agents perfectly anticipate
future extraction rates; here they are considered as given.

13 See Chermak and Patrick (2002) for a discussion of the Hotelling rule applicability to the observable
price dynamics.
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then the competitive equilibrium is unique (see Proposition 4.6 in Section 4.10). Also,
in every competitive equilibrium all but the most patient agents run their capital to zero
(Proposition 4.7). Eventually the whole capital stock belongs to the most patient agents.

Thus in the public property regime the Ramsey conjecture also holds true.

4.4.2. Balanced-growth equilibrium under given extraction rate

Suppose that a sequence of extraction rates is constant over time. A balanced-growth
equilibrium under given extraction rate e is a competitive equilibrium in which output,
consumption, savings, the capital stock, the wage rate and resource income grow at a
constant rate v**, while the rate of change of the resource price and the interest rate are
constant over time.

We show that for any e there exists a balanced-growth equilibrium (its characterization
is given in Proposition 4.8). In any balanced-growth equilibrium only the most patient
agents make positive savings and thus own the whole capital stock. It follows that the rate
of balanced growth, the interest rate, and the rate of change of the resource price depend
on the parameters of the model and on the given extraction rate € (see Proposition 4.9).
Moreover, every competitive equilibrium under a constant sequence of extraction rates
converges to a balanced-growth equilibrium (Proposition 4.10).

Thus, we can give a qualitative description of competitive equilibria under given ex-
traction rates. In every competitive equilibrium from some time onward only the most
patient agents own the whole capital stock. They obtain not only wages and resource in-
come, but also capital income. The incomes of all other agents consist only of wages and
resource income. If, in addition, from some time onward the sequence of extraction rates

is constant, then a competitive equilibrium converges to a balanced-growth equilibrium.

4.4.3. Time 7 voting equilibrium

Now we make extraction rates endogenous and introduce a voting procedure into our
model. Our approach to voting in a dynamic general equilibrium framework follows
Borissov et al. (2014b).'* In our model agents vote over the current extraction rate at
each point in time.

First we define a voting equilibrium under the assumption that a competitive equilib-
rium under given extraction rates is unique. Recall that this is true, in particular, when
the stock of physical capital is initially owned only by the most patient agents. Further,
in Section 4.4.6, we generalize our voting procedure to the case in which this assumption

may not hold.

14 Borissov et al. (2014b) study voting on the shares of public goods in the GDP. Here we apply their
approach to voting on extraction rates.
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4.4. Public property regime

Under the uniqueness assumption a voting equilibrium is defined as follows. At each
point in time agents choose the today’s extraction rate by majority voting under given
expectations about future extraction rates. We show that the agents’ preferences are
single-peaked, and hence the median voter theorem applies: at each point in time there
exists an instantaneous Condorcet winner, i.e., an extraction rate which is preferred by
a majority of agents to any other extraction rate. A time 7 (temporary) equilibrium is
determined by this Condorcet winner. We obtain the closed-form solution for the preferred
extraction rate for each agent, and show that it depends only on the discount factor of the
agent and is independent of expectations.!> Hence the instantaneous Condorcet winner
is the preferred extraction rate for the agent with the median discount factor. Since the
outcome of voting at each point in time does not depend on expectations, an intertemporal
voting equilibrium is defined in a natural way.

Formally, suppose at time 7 agents are asked to vote over the time 7 extraction rate.
Suppose that for given expectations about future extraction rates, {e{}52 .1, and for any
e, € (0,1), a competitive equilibrium E*(e,) is unique. Then we can unambiguously

define agents’ preferences over the time 7 extraction rate by the indirect utility functions:
U(e,) =Ind™(e,) + BInc* (e,) +..., j=1,...,L, (4.1)

where {c]™(e,)}2. is the equilibrium consumption stream for agent j. Consumption
streams and objective functions depend on expectations and on the parameters of the
model as well. However, we use a notation that emphasizes the dependence on the time
T extraction rate €, on which agents vote.

The voting method is majority rule. We define a time 7 (temporal) voting equilibrium as
a couple {e*, £**} such that the equilibrium extraction rate €* is a Condorcet winner in
voting on the time 7 extraction rate, and £ = £**(¢¥*) is the corresponding competitive
equilibrium.

When voting, agents maximize their indirect utility functions given by (4.1). Therefore,
it is crucial to know how the competitive equilibrium £**(e;) changes when e, changes.
Suppose that the time 7 extraction rate increases, while the initial resource stock and
expectations about future extraction rates remain intact. In other words, let €, be replaced
by some other extraction rate, &, > ¢,.

The time 7 volume of extraction increases by the factor £, /e,. Hence the output at time
7 increases by the factor (£;/e,)**. Some simple but tedious calculations (see Lemma 4.13)

show that consumption and savings of all agents, the wage rate, the gross interest rate,

15 This is due to the log-linear utility functions and the Cobb-Douglas production function. Only in this
particular case we can apply our approach to voting in a dynamic general equilibrium framework. A
model with general utility and production functions in a dynamic optimization context is proposed by
Borissov et al. (2017).
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resource income, and the time 7 + 1 capital stock also increase by the factor (£;/e,)3,
proportionally to the changed output.

Further, for all future periods of time the available resource stock decreases: it is
multiplied by the factor (1—£,)/(1 —¢,) < 1. Since expectations about future extraction
rates do not change, this leads to the proportional decline in the volumes of extraction.
Thus there is a trade-off between the future and today’s extraction, which leads to a
trade-off between the future and today’s consumption. The agent’s decision on the time 7
extraction rate explicitly affects her future consumption by changing the available resource
stock.

Under our assumptions, agents’ preferences in voting on the time T extraction rate,
defined by (4.1), are single-peaked. We show that for each agent j there exists a unique
preferred time T extraction rate, i.e., the value €l that mazimizes her indirect utility
function U’ (e;). Tt turns out that the preferred time T extraction rate for each agent j is
given by

—1-8, (4:2)

(see Proposition 4.11). The preferred time 7 extraction rate for each agent is constant over
time, depends only on this agent’s discount factor, and does not depend on expectations
or on the current state of the economy.

By the median voter theorem, there exists a Condorcet winner in majority voting on
the time 7 extraction rate, which is the preferred extraction rate for the agent with the
median discount factor. It follows that there is a unique time T voting equilibrium, with

the extraction rate €X* given by
5:7-* =1- ﬁmeda (43>

where Pmeq 15 the median discount factor (see Theorem 4.3).

Note that the equilibrium time 7 extraction rate actually depends neither on the current
state of the economy nor on the expectations of agents. The equilibrium extraction rate
is constant over time and depends only on the distribution of the discount factors across
the population. This result in particular eliminates a strategic motive to influence the

outcomes of future votes. This is the reason why they can really be taken as given.

4.4.4. Intertemporal voting equilibrium

Now let us assume perfect foresight about future extraction rates and define an intertem-
poral voting equilibrium.

Suppose we are given a sequence of extraction rates

E™ =Ey" = {e{" 1o
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Denote by

sk O%kk jx*\ L J*x\ L %k *% kk kk
g _80 - {(CZ )j:lﬁ(st )j:l?kt 2T Wy G Uy t=0,1,...

the corresponding competitive equilibrium starting at time ¢ = 0.
Let also for 7 =1,2,...
Kk sk I jxk\ I *k %ok *k kk kk
57' :{(CZ ) (Si ) kt 7rt 7wt7Qt 7vt

Jj=b Jj=D t=7,7+1,...

be the corresponding tail of £*. Clearly, it is a competitive equilibrium starting at time
t = 7 corresponding to the sequence of extraction rates EX* = {7} .

An intertemporal voting equilibrium is a couple which consists of the sequence of ex-
traction rates E** and the corresponding competitive equilibrium £** such that for every
7 =0,1,..., the time 7 extraction rate € * and the competitive equilibrium &£** consti-
tute a time 7 voting equilibrium under perfect foresight about future extraction rates
(ef=¢e t=74+1,7+2,...).

It is clear that in every intertemporal voting equilibrium the sequence of extraction rates

E** is constant over time:

E™ = {e* &, ..}, (4.4)

where e =1 — (04 (see Theorem 4.4).

The existence and uniqueness of an intertemporal voting equilibrium are related to
the corresponding properties of an underlying competitive equilibria. In particular, uf
initially the whole capital stock belongs to the most patient agents, then an intertemporal

equilibrium exists and is unique (Theorem 4.5).

4.4.5. Balanced-growth voting equilibrium

A balanced-growth equilibrium for which the sequence of extraction rates is given by (4.4)
is called a balanced-growth voting equilibrium. Put differently, a balanced-growth voting
equilibrium is an intertemporal voting equilibrium in which output, consumption, savings,
the capital stock, the wage rate, and resource income grow at a constant rate v**, while
the rate of change of the resource price and the interest rate are constant over time.

It can be checked that if initially the whole capital stock is owned by the most patient
agents, then the intertemporal voting equilibrium converges to a balanced-growth wvoting

equilibrium (Theorem 4.6).
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The most important conclusion to emerge from the characterization of a balanced-
growth voting equilibrium is that the voting equilibrium extraction rate is fully determined

by the median discount factor:

e =1~ ﬁmed'
Consequently, the rate of balanced growth depends on the median discount factor:

_3

1 ‘I"Y** — (1 _}_)\)ﬁ (1 _8**)% — (1 _{_)\)ﬁ Bl—al‘

med

It is clear that the more patient the population as a whole is (the higher (¢4 is), the
lower the voting equilibrium extraction rate is and the higher the long-run growth rate
is. These results capture the intuition that the more patient agents value the future more
highly and tend to smooth their consumption. They vote for the lower extraction rate
today in order to maintain a higher resource stock level in the future, which leads to a
higher growth rate.

As we have mentioned, the Hotelling rule can be violated. The rate of change of the

resource price m* is not necessarily equal to the interest rate r**. Namely, we have

Lt _ B
1 + ﬁmed.

It follows that if B4 < (1, then 7** is larger than r**. However, this should not be a
great surprise. In the public property regime agents cannot invest in natural resources,
so there is no reason for the Hotelling rule to hold. Indeed, in this model the return
on capital is related to the discount factor of the most patient agents, and the resource
extraction rate is determined by the agents with the median discount factor. Unless these

types of agents coincide (i.e., unless fne.q = 1), the Hotelling rule is violated.

4.4.6. Generalized intertemporal voting equilibria

Our definition of an intertemporal voting equilibrium is given under the assumption that
there is a unique competitive equilibrium corresponding to a given sequence of extrac-
tion rates. In particular, this assumption ensures the uniqueness of the time 7 voting
equilibrium and the existence of an intertemporal voting equilibrium.

Let us discuss the general case in which the uniqueness of a competitive equilibrium
E**(e,;) is not guaranteed. The difficulty here is that we cannot unambiguously define
agents’ indirect utility functions and obtain agents’ preferred values of extraction rates.
However, if we apply the technique proposed by Borissov et al. (2014b), we can get around
this difficulty. To do this, we impose a certain additional assumption on the beliefs of

agents.
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Let us assume that agents do not take into account the multiplicity of equilibria and
believe that a competitive equilibrium after the change of the time T extraction rate is
associated with a competitive equilibrium before the change in the way discussed in Sec-
tion 4.4.3 (and described in Lemma 4.13). Our assumption implies that agents simply
act as if the competitive equilibrium £**(e,) is unique for any given extraction rate e,.

We define a generalized intertemporal voting equilibrium in essentially the same way as
an intertemporal voting equilibrium. The only difference is that we do not assume the
uniqueness of the competitive equilibrium; it is replaced with the additional assumption
about agents’ beliefs.

Clearly, any intertemporal voting equilibrium is a generalized intertemporal voting equi-
librium. Moreover, if initially the whole capital stock belongs to the most patient agents,
then any generalized intertemporal voting equilibrium is an intertemporal voting equilib-
rium.

Under our additional assumption all the results concerning voting equilibria remain the
same as in the case of a unique competitive equilibrium. Namely, the preferred value
of the time 7 extraction rate for agent j is given by (4.2), and the equilibrium time 7
extraction rate is constant over time and given by (4.3). What is important, there always
exists a generalized intertemporal voting equilibrium, and the sequence of extraction rates
in every generalized intertemporal voting equilibrium is constant over time and given by
(4.4) (this is the statement of Theorem 4.7). Furthermore, every generalized intertemporal

voting equilibrium converges to a balanced-growth voting equilibrium (see Theorem 4.8).

4.5. Comparison of the balanced-growth equilibria

Now we can analyze the long-run consequences of different property regimes in terms of
economic growth. In the private property regime, every competitive equilibrium converges
to a balanced-growth equilibrium. In the long run only the most patient agents obtain
income from the capital and resource stocks. Therefore, the equilibrium extraction rate
and the rate of balanced growth are determined by the discount factor of the most patient

agents and given by

a3
a1

BT
e =1-p, L+ =1+ N by

In the public property regime, the sequence of the resource extraction rates is chosen
by majority voting. Every generalized intertemporal voting equilibrium converges to a
balanced-growth voting equilibrium. In the long run the economy is characterized by

the voting equilibrium extraction rate and the rate of balanced growth. They are given
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by structurally similar equations as in the private property regime, but depend on the

median discount factor:

a3

e =1 _6meda 1+’7** = (]__f_/\)ﬁﬂ;;e;l

It follows that in both regimes the more patient the decision makers are, the lower
the extraction rate is and the higher the long-run growth rate is. This is reasonable
since patient agents decide to extract less today in order to provide a higher standard of
consumption in the future. Therefore it is possible to sustain a higher growth rate in the
long run.

The question of which property regime leads to a higher long-run growth rate reduces
then to the question of the relationship between the median discount factor and the highest
discount factor. In other words, this is the question of whether the most patient agents
constitute the majority of the population. If the most patient agents do not constitute
the majority of the population (5,eq < 1), then the equilibrium extraction rate in the
private property regime is lower than in the public property regime. This means that the
long-run growth rate is higher in the private property regime. If the most patient agents
constitute the majority of the population (S,,.q = 1), then there is no difference in the
growth rates between the two regimes in the long run.

It should be emphasized that we do not argue in favor of private or public ownership,
and do not claim that a higher growth rate is better than a lower one. To answer the
question of what property regime is better for the society, a social welfare function should
be used, and the optimal growth rate is determined by the discount factor of the social
planner. However, aggregation of individual preferences and the choice of the discount
factor of the social planner is not an easy task when agents are heterogeneous in their
time preferences. For instance, Zuber (2011) shows that if agents have different discount
factors, then no Paretian social welfare function satisfying natural requirements (history

independence, time consistency and stationary) exists.

4.6. Property regimes and income inequality

Recall that in the case of public ownership, resource income is equally distributed among
agents, while the capital stock in the long run belongs only to the most patient agents. In
the case of private ownership, the most patient agents obtain both capital and resource
incomes in the long run. Hence private ownership, all other things being equal, results
in higher income inequality than public ownership. Our results suggest that unless we
take into account inequality, the private property regime over exhaustible resources is

more favorable for promoting long-run economic growth than the public property regime.
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However, since inequality can have detrimental effects on economic growth, this conclusion
is somewhat hasty.

There is conflicting evidence concerning the relationship between income inequality
and economic growth (see, e.g., Henderson et al., 2015). However, there are some recent
convincing theoretical and empirical arguments that inequality has a negative and sta-
tistically significant long-lasting impact on economic development (see, e.g., Keefer and
Knack, 2002; Herzer and Vollmer, 2012; Cingano, 2014).

In particular, Alesina and Perotti (1996) emphasize the role of social conflict as a link
between inequality and growth. Inequality increases sociopolitical instability and causes
social tension. It creates uncertainty in the politico-economic environment, which in turn
reduces investment incentives and affects the security of property rights. Uncertainty and
social tension induce fear of losing the sources of income. All these can lead either to a
faster depletion of resources, or to unproductive costs and losses in output. Both channels
reduce the growth rate of the economy. Thus higher inequality in the private property
regime may result in a lower long-run rate of growth compared with the public property
regime.

Let us model two channels through which uncertainty and social tension caused by
inequality affect economic growth. Suppose that there is a value p which reflects a detri-
mental effect of inequality on the economy. Let us assume that p = ¢(G), where G is the

Gini coefficient, and the function ¢ : [0, 1] — [0, 1] satisfies the following properties:
e (@) is continuous;
e (G) =0 for G smaller than some G}
e ¢)(G) is increasing for G > G.

An exemplary form of this function is shown in Figure 4.1. Below we will embed the
function (@) in our model and clarify its role in affecting the long-run variables.

Clearly, income inequality changes over time. However, for a balanced-growth equilib-
rium it is constant over time. Let us compare balanced-growth equilibria in the private
and public property regimes, taking into account inequality effects.

In a balanced-growth equilibrium the income distribution depends on two characteris-
tics. The first characteristic is the fraction of stock owners, which we denote by o. Stock
owners are the agents who obtain income from both the capital and resource stocks in the
private property regime, or the agents who own the capital stock in the public property
regime. It is clear that the set of stock owners is a subset of the set of the most patient
agents, J. If every agent from the set J makes positive savings in a balanced-growth
equilibrium, then o = |J|/N. Otherwise, o < |J|/N.
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Figure 4.1.: An exemplary form of the function ¥(QG)

The second characteristic is the distribution of savings across the set of the stock owners.
For simplicity we consider the case in which savings are distributed evenly (i.e., initial
holdings of capital and resources are equal) across the stock owners. Given o, any other
pattern of the savings distribution in a balanced-growth equilibrium results in a higher
Gini coefficient. Therefore, for a given o, the even distribution of savings across the stock
owners provides a lower bound on inequality in the society.'6

It is not difficult to calculate the Gini coefficient based on the income distribution of

agents in a balanced-growth equilibrium for both property regimes. It is given by
G=a(l—-o),

where a = a; in the case of the public property regime, and o = «a; + a3 in the case of
the private property regime.

Let us explore two channels through which inequality affects economic growth. Con-
sider first how uncertainty and social tension caused by inequality lead to a faster resource
depletion. Following Borissov and Lambrecht (2009), we model this possibility by assum-
ing that the discount factors of agents are formed endogenously. Insecure property rights

reduce confidence about the future and decrease the discount factors of agents. Agents

16 We assume that agents are negligible, and their decisions have no effect on inequality, which they take
as given. However, if patient agents can by their actions affect the general equilibrium (e.g., in the
case when they own shares in a single firm), then they should be treated as strategic actors who would
anticipate that high income inequality causes instability, and thus inequality would be endogenous. The
analysis of these issues typically adopts the Markov voting equilibria framework (see, e.g., Acemoglu
et al., 2012, 2015), which is beyond the scope of this chapter.
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are not sure of the future and are not able to put the high weight on their future utility.

Namely, let us assume that the objective function of agent j is given by
U7 =Y ((1-p)B) Inc,
t=0

where p = ¢(G), as discussed above. In this case p reflects the insecurity of property
rights that lowers the discount factors of all agents.!” The value (1 — p)3; may be called
the effective discount factor of agent j.

The long-run equilibrium extraction rates are now given by

e =1~ (1 =9 +a3)(1 - 0)]) B,
e =1—(1—=vY[a(1—=0)]) Bned-

Thus the rates of balanced growth are given by

149" = (1+ N7 (1= ¢ + ag)(1— 0)])B) To

149" = (L4 AT (1= $lar(l = 0)])Bea) " -

It follows that high inequality can lead to an increase in the resource extraction rate
and to a decrease in the rate of balanced growth. Indeed, suppose that o satisfies the
following condition:

(a1 +a3)(1 —0) > G,

or, equivalently,

(4.5)

Clearly, this may happen when inequality in the society is sufficiently high, i.e., when there
are only a few stock owners. Then, the extraction rate £* in the private property regime
becomes higher, and the corresponding rate of growth 1 + v* becomes lower, compared
with the case in which we do not take into account the impact of the insecure property
rights.
If inequality is so high that -
G
o<1l ——,
(03]
then the equilibrium extraction rates under both property regimes become higher, and
both long-run growth rates become lower, compared with the case without the inequality

impact.

17 Similar reasoning is used by Gaddy and Ickes (2005).
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Let us compare the growth rates between the two property regimes. It is clear that for
14+ ~v** > 14 v*, the following condition must hold:

1 — v (1 —o)] L b
1—¢[(r+a3)(1=0)] ~ Bmea

(4.6)

Notice that when S,,.4 = (1, condition (4.6) is equivalent to condition (4.5). Thus if
the most patient agents constitute the majority of the population, and inequality is just
sufficient to increase the extraction rate in the private property regime, then our previous
conclusion about the same growth rates in the two regimes is no longer true. Taking
into account the impact of insecure property rights, it is the public property regime that
results in a higher rate of growth compared with the private property regime.

If the most patient agents do not constitute the majority of the population, then con-
dition (4.6) is more likely to hold when inequality is high, i.e., for the low values of o.
In other words, when there are only a few stock owners, it is more likely that the public
property regime leads to a lower equilibrium extraction rate (¢** < €*) and a higher rate
of growth (7** > ~4*) than the private property regime.

Suppose now that uncertainty and social tension caused by inequality lead to high social
costs and losses in output. Namely, assume that in each period a certain share of output
which depends on inequality is wasted. If inequality is low, then the wasted fraction is
zero. If inequality is high, then instability is also high. In order to pacify the population,
a certain share of output will be unproductively thrown away. This wasted share may
represent military, police or other special forces expenditure, social spending, etc.

It follows that output per capita is given by
Ye = (1 — p) Ak ef?,

where p = ¥(G) now reflects the share of GDP which is drawn away to maintain public
order and to prevent possible dissatisfaction of the population about inequality in the
society.

Here, the impact of uncertainty and social tension caused by inequality does not influ-
ence the equilibrium extraction rates. However, it changes the rates of balanced growth.

The growth rate in the case of private property is given by

147" = (1= [(an + as(1 — o)]) (1 + A)B) o .

The growth rate in the case of public property is given by

14+ = (1= fan(1— 0)]) (1 + X)B2,) = .
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It follows that 1 +~* > 14+ ~* if

a3
a1

1— w[al(l - U)] 51 —
1= df{ar + ag)(1—o)] (@ned) : (4.7)

Again note that when £, = 1, condition (4.7) is equivalent to condition (4.5). This
means that if the most patient agents constitute the majority of the population, then as
soon as inequality matters, the public property regime results in a higher long-run rate
of growth than the private property regime. If the most patient agents do not constitute
the majority of the population, then condition (4.7) is more likely to hold for low values
of 0.

Therefore, the two considered channels through which uncertainty and social tension
caused by inequality affect economic growth lead to similar results. When inequality in
the society is sufficiently high, the public property regime may lead to a higher long-run

rate of growth than the private property regime.

4.7. Income inequality and capital taxation

Up to this point our analysis was purely positive, and our concern was in comparing
two different institutional frameworks, private and public ownership. As we have noticed
above, it is difficult to make normative judgements and discuss economic policy within
models where agents are heterogeneous in their time preferences. The very existence of a
social welfare function satisfying certain natural requirements is questionable (see Zuber,
2011), and, in particular, it is unclear, what discount factor a social planner should have.

One might conjecture that a social planner can achieve her goals by implementing an
appropriate economic policy in the form of taxes (e.g., introducing a capital income or
resource income tax). Following the logic of our models, it is natural to assume that the
tax rate is also chosen by majority voting. This seems to be a difficult task'® which may
be a fruitful topic for further study, as we have no developed theory of voting for this
case.?

Having said that, suppose that a social planner seeks to maximize the long-run growth
rate of the economy, and simultaneously tries to reach tolerable income inequality. Then it
is reasonable to consider the question of whether differences in growth rate and inequality

between private and public ownership could be undone by capital income taxation.

18 Tt should be noted that the impact of capital taxation on inequality depends on the distribution of
capital among the most patient agents, which is indeterminate on balanced-growth paths in our models
(cf. Alesina and Rodrik, 1994; Lindner and Strulik, 2004).

19 See, however, Benhabib and Przeworski (2006).

113



4. Economic Growth and Property Rights on Natural Resources

Our initial model with private ownership of natural resources is easily modified to
include capital taxation (see Section 4.11 for details). Suppose that capital income is
taxed at some fixed rate 6, and tax revenues are lump-sum distributed to the agents.
Then wn the private property regime with capital tax the long-run extraction and growth

rates are exactly the same as in the private property regime without capital tax:

a3

E:* — 1 _/81’ 1 +7* — (1 _i_)\)ﬁ /8117041

(see Proposition 4.12 in Section 4.11). The introduction of a capital income tax does not
affect the long-run growth rate, and, at the same time, increases the share of wages with
transfers in the total income (from s to as + fay), thus decreasing inequality.?°
Therefore, if a social planner seeks to maximize the long-run growth rate and explicitly
takes into account that inequality adversely affects the growth rate, she may effectively
implement a tax on capital income. Private ownership with capital tax is equivalent to
private ownership without tax in terms of growth rates, while an appropriately chosen cap-
ital tax (0 = a3/aq) generates the same income inequality as public ownership. Moreover,
it is possible to achieve less income inequality and obtain a higher long-run growth rate
in the private property regime with capital taxation compared with the public property

regime.

4.8. Conclusion

In this chapter, we consider two Ramsey-type models of economic growth with exhaustible
natural resources and agents who are heterogeneous in their time preferences. The impor-
tant difference between the two models lies in the property regime over natural resources.
The first model assumes that the resource stock is privately owned. The second model
assumes that the resource stock is controlled by a government for the common benefit.

In the private property regime, resource income belongs to the owners of natural re-
sources. The extraction rate is determined by the market forces of supply and demand.
Eventually only the most patient agents obtain income from both the capital and re-
source stocks. We show that every competitive equilibrium in this model converges to
a balanced-growth equilibrium. In the long run the discount factor of the most patient
agents determines the long-run extraction and growth rates.

In the public property regime, resource income is equally distributed among all agents,

who choose the resource extraction rate by majority voting. We define an intertemporal

20 Recall that in a balanced-growth equilibrium in the private property regime impatient agents consume
only their wages. In a balanced-growth equilibrium with capital taxation, each impatient agent receives
her wage, w; = asy;, and a lump-sum transfer payment, fa;y:. In both cases the capital stock belongs
only to the most patient agents.
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voting equilibrium and establish its convergence to a balanced-growth voting equilibrium.
It turns out that the preferences of the agents with the median discount factor determine
all voting decisions. In particular, the long-run extraction rate and the rate of growth are
determined by the median discount factor.

When comparing the long-run effects of the two property regimes in terms of economic
growth, we have to distinguish between two cases. The first is the case in which the
most patient agents constitute the majority of the population. Here the rates of balanced
growth under the two regimes are equal. The second is the case in which the most patient
agents do not constitute the majority of the population. It follows that the equilibrium
extraction rate in the private property regime is lower than that in the public property
regime. Correspondingly, the growth rate is higher in the private property regime. The
intuition behind this result is as follows. More patient agents prefer to extract less amount
of resource today in order to provide a higher standard of consumption in the future.
Therefore, the private property regime, in which the extraction rate in the long run is
determined by the discount factor of the most patient agents, sustains a higher growth
rate.

The conclusion that the private property regime is better for economic growth than
the public property regime is not necessarily true if we take into account the detrimental
impact of inequality on economic development. In the case of private ownership, only the
most patient agents obtain resource income in the long run, while in the case of public
ownership, resource income is equally distributed among all agents. Hence the private
property regime, all other things being equal, results in higher income inequality than the
public property regime.

We explore two different channels through which uncertainty and social tension caused
by inequality affect economic growth. The first channel assumes that the discount factors
of agents are formed endogenously. When inequality is high, agents’ confidence about
the future reduces, their effective discount factors decrease, and thus inequality explicitly
affects the long-run extraction rates. The second channel assumes that a certain share
of output, depending on inequality, is unproductively wasted. This wasted share may be
thought of as military expenditures, or social spending to pacify the population. In both
cases if inequality is sufficiently high, then the public property regime will likely result in
a higher long-run rate of growth.

These results suggest that in the absence of redistributive policy, there is no unam-
biguous answer to the question, which of the two property regimes does lead to a higher
long-run rate of economics growth. In societies with moderate inequality, private owner-
ship of natural resources is likely to provide a higher long-run growth rate than public
ownership. In societies with high inequality, the public property regime may result in a

higher long-run growth rate compared to the private property regime.
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It turns out, however, that if a social planner seeks to maximize the growth rate of the
economy taking into account the detrimental effect of inequality on the economy, then
she may effectively implement a capital income tax and lump-sum transfers. The private
property regime accompanied with such a redistributive policy will lead to less income

inequality and a higher long-run growth rate compared with the public property regime.

4.9. Proofs. Private property regime

4.9.1. Competitive equilibrium

Suppose we are given an initial state of the economy, Zy = {(l%é)JL:l, (R? 1)i1}, where

(l%g)le and (R’ 1)f_, are initial distributions of physical capital and natural resources
among agents.

We assume that 7 is a non-degenerate initial state,?! i.e.,
, . 1 & Lo
>0 R.,>0 j=1,... L sz6>0; S R >0
j=1 j=1

Definition. A competitive equilibrium starting from the initial state Ly is a sequence

* jx\ L J*\L * % * k% *
&= {(CZ )j:la(st )j:l?kt’rﬂwtv%7€t7Rt}t:0717_”

such that

1. Foreach j=1,...,L, the sequence {CZ*, s{*};’io 18 a solution to the following utility

maximaization problem:

max Z B; In ci ,
t=0

st d4+sl <(A+r)s  +w, t=01,...,
s/>0, t=0,1,...
at ry =1}, wy = wy, ands{lz%}?{l%—l%g;
0

2. Capital 1s paid its marginal product:

1+7] =a A (k)™ e, t=0,1,...,

21 We impose the non-negativity constraints on initial distributions of physical capital and natural resources
only for technical convenience. The individual holdings of capital and resources are indeterminate on the
equilibrium path, they may be positive as well as negative. However, they do not appear in the definition
of equilibrium; it is irrelevant, in which proportion agents invest their savings in different assets. Since
the two assets are perfect substitutes, only agents’ savings are important in an equilibrium.
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where ki = ZL i

3. Labor is paid its marginal product:

wy = agAg(k])* (ef)*, t=0,1,...;

4. The price of natural resources is equal to the marginal product:
q = asA (k) (e) ™, t=0,1,...;
5. The Hotelling rule holds:
q;+1 = (14‘7";1)(]:, t=0,1,..;
6. The natural balance of exhaustible resources is fulfilled:**
Rf=R; ,—Lef, t=0,1,...,

« N pio.
where R* | = Zj:l Ry

7. Aggregate savings are equal to investment into physical capital and natural resources:

L
Z - qt“ e g Lk, =01,

Tt

Theorem 4.1. For any initial state Ly there exists a competitive equilibrium starting from
Zy.

Proof. See Appendix A. n

Let us prove two important results about this equilibrium. The following proposition
states that if at the initial instant the stocks of physical capital and natural resources are
owned by the most patient agents, then the competitive equilibrium starting from this

state is unique.

Proposition 4.1. Suppose that the initial state Zy is such that

~ -

=0 R,=0 = jé¢l.

22 Note that extraction rates are determined here in an equilibrium by the market forces of supply and
demand.
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Then there exists a unique competitive equilibrium starting from Ly,
* j*\ L j*\ L * % * k% *
&= {(Cz )j:1> (st )j:laktartawtvqtvet?Rt }t:O,l,...’
which is given fort =0,1,... by

C‘Z*:(l_ﬁl)(l_‘_?a:)sgil_'_w:a Sg*zﬂl(l—i_rf)sgil? jE Ja
d"=w;, sT=0, jé¢l
ki = Bi(1+ 1))y, L+ = arAg(k)™Hep)™,
wy = ax Ay (k)™ (7)™, g = asAy(k})™ (e)*

1—p
L t17

* *
R} = 1Ry, € =

* L Y * 1 L 7 _ % J 1.J
where R*y =% 0 Ry, kg = 1 > 52 ko, and s = Tirs R4k,

The following proposition verifies that in every competitive equilibrium from some time
onward only the most patient agents can make positive savings. From this time relatively
less patient agents make no savings, and the extraction rate is constant over time and

equals 1 — 5.
Proposition 4.2. Suppose that
{ *] 17 ] 1>kt7rtawt7Qt7€taR}t 0,1,...

15 a competitive equilibrium starting from an arbitrary initial state Zy. Then there exists

a point in time T such that for all t > T,

s=0, j¢
Ri =B Ry, e;ek+1 = fBie;.

Proof of Propositions 4.1 and 4.2.

Consider a competitive equilibrium
* jx\ L J*\L * % * k% *
&= {(Cz )j:l?(st )j:l?ktvrtawtaqlt7et7Rt}t:0717m

starting from a non-degenerate state Z, = {(kzj)j 1 (R]_1)JL:1} Since foreach j =1,..., L,
the sequence {c]*, s1"}9°, is a solution to problem (4.8), it satisfies the first-order condi-
tions,

> B+ (= ifs]f>0), t=01,..., (4.9)
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and the transversality condition,

£ g%
lim =L = 0. (4.10)
t—o00 CZ*

Lemma 4.1. Let 8 > 0 be such that for some T
K > B(L+ Tk = Bar Ak (e)™, 1> T.

If B; < B, then s{* = 0 for all sufficiently large t.

Proof. First let us show that if 8; < 3, then s{* = (0 for some t > T'. Assume the converse.
By (4.9), for all t > T,
iy =B +ri)a,

and hence , . .

a < Bi(L+r)a, < &é

ki = B +rk — B K
By assumption, §;/6 < 1, and thus c*k o 0. Furthermore, it is clear that

—00

ki < Au(ky)* (ef)*?, and therefore

=

<

B t
P Ak (ef)es T Qgkf t—oo

Thus for all sufficiently large ¢, ci* < wy, which is not optimal for agent j.

Now we know that s/* = 0 at least for some ¢. Let us show that s)* = 0 for all t > T'.
Indeed, assume the converse. Then there are only two possibilities. The first is that there
exists 7" > T such that s{* > 0 for all t > T". However, applying the same argument as
above, we obtain that s{* = 0 for some t > T". The second possibility is that there are t;
and ¢y such that T'<t; <ty — 1, and

ng = 07 Si: = 07 S{* > 0, tl < t < tQ.

It follows from the budget constraints of agent j that

% *
CZ1+1 < w;:l—i-l? CZQ > wltg‘ (411>

However, for t > T,

*
Q1 Wi

(€3]
— =k, > B(1+r))kf = —pwy.
a1+, t+1 B( t) t a25 t
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Thus w;,, > B(1 + 77, ,)w;. Using (4.9), we get

e -

e = Bi(1+ 7“:1+2)Cgf+1 < Bi(1+ i o)wi 1 < B+ 1 0)wi 41 < w4
Repeating this argument, we obtain
T <wiy, b <t <l

which implies ¢/} < wy,, a contradiction of (4.11). O

Lemma 4.2.
kfﬂ < Bi(L4+r)kf, t=0,1,....

Proof. Assume the converse. Then there are T" and ¢ > 1 such that
Kro > CBi(1+rp)ky. (4.12)
Let us show that (4.12) implies
ki, >CBi(L+r))k;, t>T. (4.13)

Denote

J(T)={je{l,2,....L} | s >0},

and recall that 7 . .
(L +riki _wi _ aer (4.14)
o (8% a3
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We have

* q’}: 2 *
Z (s + 5741) — [ :* Rryy
jeJ(T) T+2

= Z ((1 +rr)sT + wT-H) - %RT—H
JeJ(T) T+2

= q;“-;-lREkF + (1 + T}+1)Lk;’+1 + |J(T)|w}+1 - q;“+1R;fF+1
= q;‘r+1L€>”}+1 + (1 + 7“:}+1)Lk;+1 + |J(T)|w;+1

* * (67
= (Ut rabi (L L2 4+ D))

> (L +7r7y) (L + 1)k (L + L + (T )‘04_1)

= (B (L +7r74) (L +r7) k7 + LQTGT + [J(T)|wr)

L *
=Bl +rpq) | A+77) (Z ST_1 — 1+—TT*R ) + Lgrer + Z wr
j=1 T

jeJ(T)

> Al +rp) | A +r7) Z ST 1t Z wyp — qpRy_y + Lager
jeJ(T) jeJ(T)

— B+ [ Y (G4 - LRy

JeJ(T) 1L+ 77

Thus

) ) q% 2 * * ) % ) q; 1 *
Z (C%‘H + 3]T+1) - #RT-H > (Bi(1+7r74) Z (cr +s7) — H_—:*RT
jeJ(T) T+2 jeJ(T) T+1

For j € J(T), (4.9) holds with equality, so

Z C]T*Jrl Z Bi( 1"‘7AT+1)C§:k < Bl +77s) Z céf <CA(1+7rry) Z CJT*

jeJ(T) jeJ(T) jeJ(T) jeJ(T)

Clearly, two above inequalities are consistent only if

qT 2 * * Ed q:l‘: 1 *
Z S — Ry > (AL +1hy,) Z sy — Ry
jear L+77 r
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Therefore,
- q7 a7
* * T+2 * S T+2 *
Lkt = Z 32f+1 1_|_+RT+1 > Z ST1 — H—TJ;RTH
=1 T+2 JEJ(T) T+2
\ 47 \
> (Bl +7pyq) Z ST — 1+T:*1 Ry
jeI(T T+1
q * * *
=(Bi(l+7r740) (Z 1 _|_T+; . T) = (B(1 4717y y) Lhy, .
1 +

Repeating the argument, we infer that (4.13) holds for all ¢ > T'.
However, from Lemma 4.1 it follows that si* = 0 for all j and for all sufficiently large
t. This contradicts the evident positivity of k; for all ¢ =0,1,.... O]

Lemma 4.3.
wi < (147w, er1 < Buiey, t=0,1,....
Proof. Both inequalities follow from (4.14) and Lemma 4.2. Indeed, for all ¢

Wiy _ (1 + TZF+1) 1 ﬁlaz(l + i)k}

= Blw;"

Moreover, for all ¢

€1 _ q; (1 +Tt+1)kt+1 _ (1 +7“Z<+1)qz< kiq < B
er QZ‘H (1 "i_rt)k;%k q;tk+1 (1 +Tt)k* -

since ¢/, = (1 +7{,,)g; by the Hotelling rule. O

Lemma 4.4.
st > Bl 48, jed, t=-1,0,.... (4.15)

Proof. Consider j € J. Then by (4.9),

B <

and hence

GA+b+0+..)<d + (4.16)
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Adding together all budget constraints of agent j, we obtain

)+ q - o -
O A+ (T4 (1+73) (4.17)
; wy w3
<(1+7r))s, +w + LI 2 +
=S S Ty T i )
Moreover, by Lemma 4.3 for t =0,1,.. .,
Wiy Brw; t+1, x
< <...< Wy,
(L) (i) = (M) (L) =00 00
which implies
wh . .
2 o < () s rwi (141 + B +. . L) (4.18)

(1475)s” +wi+ Wiy
O A+ ) (L) (1))
Combining (4.16)-(4.18), we finally get

AA+B 4B+ )<+ +wi(1+ B+ B+ ..,

and therefore
Q" < (L4 75)(1 = Bi)s”y +wp.

Thus,

sb = (L+r9)s” +wy — ) > (L+19)s” +wy — (L+75) (1= B1)s, —wy = Bi(1+75)s”.

This proves (4.15) for t = —1. To prove it for t = 0, 1,. .., it is sufficient to repeat the
O

argument.
Lemma 4.5. For any 6 > 0 there exists a point in time T such that for allt > T,

ki > Bi(1—0)(1+1))k;.

Proof. From (4.9) and Lemma 4.3 it is clear that for j € J

*

S

CZ—T—I > Bi(1 +7’f+1)cz* _
wyyy Bl + g )wy

t=0,1,....

%
t

S

This means that the sequence {Uﬁ
t ) =0

as consumption cannot exceed total output:

e
% } is non-decreasing. It is also bounded from above,

<Y t=01,....
&%)
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. [oe)
C]* oo C]* w*
Therefore, the sequence | = converges, so the sequence ¢ -4 — converges to 1.
) w ) wr J
t ) t=0 t Ciy1
t=0

It follows from Lemma 4.4 that if s, > 0, then s7* > 0 for all ¢ > 0 and j € .J. Thus,

jx o x *
cf Wy Wy

wy Cﬁl - B )wp

t=0,1,...,

* oo
and the sequence {L} converges to 1 as well. Hence for any § > 0 there
Br(+riJwt fu_g

exists T' such that for ¢t > T,

w;tk+1
> (1 —9),
Bt wr - L0

which implies

* aq w:—f—l 03] * %\ 7%
=——">—=03(1-9 =61(1—=9)(1 k.
T 01+ rr oo Bi( Jwy = Bi( )L+ 1)k

This proves the lemma. O

Consider § that satisfies 1(1—09) > max;¢; 8;. Applying Lemma 4.1 with 5 = 5;(1-9),
we obtain that for any competitive equilibrium starting from a non-degenerate initial state
there exists a point in time 7" such that for all t > T, sg* =0 forj ¢ J.

Lemma 4.6. For allt > T,

ki = Bi(1+ ks,
CZ* = (1—51)(1+T?)8{i1—|—w:, 8{* :61(1+T:>8gi17 ] € Ja
Cg*:w;‘, s{*:O, JjéJ

Moreover,
* * * *
€1 = ey, Ri = bRy,

Proof. First let us show that
lim R = 0. (4.19)
t—o0

To prove this, note that for all j,

li st
1m
t=oo (1477) -+ (1 +17f)
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Indeed, it follows from (4.17) that this limit exists. Since savings are non-negative, this

limit is also non-negative. Suppose that lim; W?&ﬁw > 0. Then s{* > (0 for all ¢,
t

and thus by (4.9),

A = B0 = = B ) ()
Hence , , ‘
gt & R
A ) +rd A+ A+
It follows from (4.10) that limy S, S 0, which is a contradiction. Therefore,

(I4r])-(1+ry)

L VES

S .S
lim ijl ! =0
S ) ()

Since Zle s" = q'R; + Lk} +1, and both terms are non-negative, we get

: q Ry o
1 = lim ¢;R; = 0.
D T r) - (Ltrp)  toeod0h

As q5 > 0, (4.19) indeed holds.
Now suppose that ¢t > T. By Lemma 4.4,

Bi(1+77) (Lk,;*+ & - *_1) =Bi(L+77)) sy

t
147 oY (420
< ng = Lki, + 1_:;1 Ry
jeJ t+1
At the same time, by Lemma 4.2,
k:+1§/61(1+7’:)k2k, t:()a]-a
Therefore for t > T,
q:—&-l * * CI; *
Ry > B(1 —R; |,
L+17,, ;= Bl +rt)1_|_7az< t—1
or, equivalently,
R} > 1Ry _,. (4.21)

125



4. Economic Growth and Property Rights on Natural Resources

It follows from the natural balance of exhaustible resources and (4.19) that

Ry = Ry + Lepy = Ry + Lepyy + Lery

es er aer
o T T+2 T+3 €142
_..._LeT+1<1+ B2 +>
€ry1 Cri26r

Hence, using Lemma 4.3, we conclude that

* * * 1
Ry <Le, (1+B+68i+..)= LeTHl_—ﬁl.

It follows that (1 — f1) (R, + Leb, ) < Lek, ,, or
R;+l S ﬁl (R;‘+1 + Le;’+1) == ﬁlR;

Thus, using (4.21) we get
Ry = BiRy.

Repeating the argument, we obtain that

R: = ﬂlR:—la t>T.

Therefore, for all t > T, Le; = Rf | — Rf = (1 — 1) R}, and

er R
hila 2 . *t = Bl? t>1T.

*
€ t—1

We have proved that eventually the extraction rate becomes constant over time and equal
to1l— ﬁl-
Since for t > T,
q*
LRy = R = B R,

1+ri,
it follows from (4.20) that

Br(1+r))kf <k, t>T.
Using Lemma 4.2, we obtain that

ki = Bi(l+r))kf, t>T,

and hence for t > T, s7* = By(1 +r})s)*, for j € J, while sJ* =0 for j ¢ J. O
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Proposition 4.2 is a corollary of Lemma 4.6. Proposition 4.1 also easily follows from
Lemma 4.6. If the initial state Z; is such that

=0, R, =0 jé¢J

then s’ , = 0 for j ¢ J, and we can take T = —1. The sequences {r;}, {w;}, and {¢}
are derived from the known sequences {k;} and {e;}, described in Lemma 4.6.
Thus, in every competitive equilibrium from some time onward only the most patient

agents make positive savings, and from this time resources are extracted at the constant
rate e* =1 — (.

4.9.2. Balanced-growth equilibrium
Definition. A competitive equilibrium
{ *] 17 ] 1aktart7wt7Qt7et7R}t 0,1,...

starting from a non-degenerate initial state Ly is called a balanced-growth equilibrium if

there exist an equilibrium rate of balanced growth ~v* and an equilibrium extraction rate *
such that fort=0,1,...,

el = (L+7)e, =(1+7)s5. J=1.. L (4.22)
ki =1+~ ) wiy = 1+ )wy, (4.23)
1+7’t:1+r, G = (L4+77) g}, (4.24)

ein=0—-ee, Ri=(1-¢)R, (4.25)

The following proposition proves the existence of a balanced-growth equilibrium, and
provides its characterization. In particular, it maintains that in every balanced-growth

equilibrium less patient agents make no savings.

Proposition 4.3. A balanced-growth equilibrium

* jx\ L J* * *
&= {(CZ )j:1’<st )] laktﬂﬂtthvqt’et?R }t=0,1,...

starting from a non-degenerate initial state Ty = {(k )] . (Rj_l)jLzl} exists if and only if

=0, RL=0, j¢J (4.26)
1 L a;—1 1 B L a1+a3 1
a1 Ao <E]Zlk6) ( 7 jleJ1> = (1+\)Ta b, , (4.27)
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and (4.22)—-(4.25) hold.

Proof. Necessity. Suppose that there exists a balanced-growth equilibrium

€ = {(c")jer, STV ki w0 e Ry

starting from a non-degenerate state Zy. It is a competitive equilibrium which satisfies
(4.22)—(4.25) for some r*, * and ~*.
Repeating a well-known argument by Becker (1980, 2006), we infer that every balanced-

growth equilibrium is characterized by the following properties:

s, =0, j¢J t=0,1,..., (4.28)
L4+~ =Gl +77). (4.29)

Moreover, comparing the definitions of competitive and balanced-growth equilibria, we

obtain that for every balanced-growth equilibrium the following relationships hold:

T+~ = (14N 10—, (4.30)
14~

14rt=_——"1 4.31

+7r - (4.31)

Indeed, (4.30) follows from the fact that

1 * A L* a;—1 * as
1 _ + /rt—‘,—l _ t+1 ( t+1) (ﬁ) _ (1 + )\) (1 _‘_,y*)alfl (1 _ 6*)&3 )

1+ A\ K et

We also have

1 * q:—f—l . At+1 k:+1 o 6:—‘,—1 ot o *) 01 x\yo3—1
t t t

which is equivalent to (4.31).
Using (4.29)—(4.31), it is easily checked that

a1+a371

L4 =1+ NTap . (4.32)
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It follows from (4.28) that 5%, = 0 for j ¢ J. Since Z is non-degenerate, kj > 0 and
R’ 1 >0 for all j, and thus (4.26) holds.?® Furthermore, a constant over time interest rate

is consistent with the definition of a competitive equilibrium if and only if

1 L a1—1 1 ﬁ L s
* * *\ Q] — *\ Qs 7.0 M DJ
L+r* =147 = Ag(kd)* (ef)™ = a1 4 (Z;k{)) ( 7 RJ_1> .

Taking into account (4.32), we obtain (4.27).
Sufficiency. Suppose that the initial state Z; is such that (4.26)—(4.27) hold. Consider

the sequence
& = {(d")ey, (s5)E B 1w g e, B}

Jj=Db t=0,1,...

starting from Z; and determined by (4.22)—(4.25).

It is easily checked that this sequence is a competitive equilibrium which is described

in Proposition 4.1, with the constant interest rate

1 L a1—1 1 B L as
* * 7.7 - Ml D7
1+rt:1+r0:a1Ao<z;ké> ( 7 ;Rj_l) .

Therefore, £* is a competitive equilibrium which satisfies (4.22)—(4.25), i.e., a balanced-

growth equilibrium. O

It follows that the interest rate r*, the equilibrium extraction rate £*, and the equilib-
rium rate of balanced growth v* are uniquely determined by the parameters of the model
and are the same for every balanced-growth equilibrium.

Proposition 4.4. For every balanced-growth equilibrium,

3

14~ = (1+\)Ta gl (4.33)
1 *
L= (4.34)
B
e =1-5. (4.35)

Proof. 1t is sufficient to repeat the argument used in the proof of Proposition 4.3. Com-
bining (4.29)—(4.31), we obtain (4.33)—(4.35). O

23 Recall that a balanced-growth equilibrium is defined up to the distribution of physical capital and
natural resources in the structure of each agent’s savings. Individual holdings of capital and resources
are indeterminate in an equilibrium. However, since we assumed for convenience that the initial state is
non-degenerate, and initial savings of less patient agents must be zero, it follows that a balanced-growth
equilibrium can start only from the state where individual holdings of capital and resources of less
patient agents are zero.
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The following proposition maintains that every competitive equilibrium converges in

some sense to a balanced-growth equilibrium.

Proposition 4.5. Every competitive equilibrium starting from an arbitrary non-degenerate

wnitial state satisfies the following asymptotic properties:

1+

tlgg l+r,=1+41"= 5 (4.36)
ki Wi *
Jim S = lim 2 =14 (4.37)
Szi1 .
lim ——= =14++" jeJ, (4.38)
t—o0 S‘z
limczilzl—l— oi=1 L (4.39)
o0 Cz* ’y ? ._7 AR 7 *
lim 2L g, (4.40)
t—00 qs

o
where 1 +~v* = (1 + )\)ﬁﬁf”l.

Proof. Tt follows from Proposition 4.2 that for t > T,

L A (™ (™ =1 (pa
— — 1 )\ 1 * 1 3

and thus
L+ri, =1+ (51)a1+a3_1 (T+r))".

Iterating, we get

n - ait...+af wyan Tt
1477, = (14 A)Ferttetd (g yletasmtartatad) ( y pyer™
and | oagteg-1
h—>m L1 = (L+ AT 7
From Lemma 4.6 we know that kiﬁtl = [1(1 + 7). Moreover, th = 22(1+ ). Now
t

(4.37) is straightforward. It also follows from Lemma 4.6 that 8511 =0i(1+47r;) for j € J,
which proves (4.38).
Clearly, for j € J,

o s
—(1-8)(1+r
k;k ( /81)( + Tt) kf? + k?’
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4.10. Proofs. Public property regime

and thus the sequence ¢}*/k} converges to a positive constant as t — co. For j ¢ J, we
have CZ* = w;. Thus consumption of all agents asymptotically grows at a constant rate.
This proves (4.39).

It remains to note that (4.40) follows from the Hotelling rule. [

4.10. Proofs. Public property regime

4.10.1. Competitive equilibrium under given extraction rates

Suppose that the economy at time 7 is in a state Z, _; = {(8._, )%

j=1 erl}a where (=§J7'71)L

Jj=1
are agents’ savings and R,_; is the stock of natural resources. We assume that Z._; is a

non-degenerate state, i.e.,

N
’ j: 7"'7L; Z =§7-,1>O; R771>O.

j=1

~

Suppose we are also given a sequence of extraction rates E, = {e;}°.. We call E,

non-degenerate if 0 < ¢; < 1 for all ¢ > 7, and

0 < liminfe; < limsupe; < 1.
l—0o0 t—o00
In other words, the sequence of extraction rates is non-degenerate if there exists o > 0

such that for all ¢ > 7 the following property holds:

§§€t§1—6

~

Given a sequence of extraction rates [E, and the resource stock R, = R,_1, the volume
of extraction e; and the dynamics of the exhaustible resource stock R; are recursively

determined for ¢ > 7:

. el

€t = et(ET) I

Rt = Rt(]ET) = (1 _Et)Rt—la t :T,T+1,.... (441)

We use this notation to emphasize that the sequence of extraction rates determines the

volume of extraction and the dynamics of the resource stock.

Definition. Let E, be a non-degenerate sequence of extraction rates. A sequence

sk jxk\ [ VELAY 2 kK Kk Kk sk kk
57— - {(CZ )j:l)(st )j:lakt Tt Wy G Uy t=7,7+1,...

is a competitive E,-equilibrium starting from L,_q if
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Vi

1. For each 57 = 1,...,L, the sequence {C{**,st 122 is a solution to the following

utility mazimization problem:

max Z ﬁ; In CZ ,
t=1

A . 4.42
st d+s<(A+mr)si_tw+uwv, t=1,7+1..., (4.42)

S{ZO, t=7,7+1,...

J

" ok _ookk ] _ & .
at re =1, we =W, v =0, S, = S5_q;

2. Aggregate savings are equal to the capital stock:

L

j**i *k . .
5 s, =Lk", t=7,7+1,...;
=1

3. Capital 1s paid its marginal product:

L+ = A(K) e, t=77+1,...;

4. Labor is paid its marginal product:

wyt = ag Ay (k") (e)™, t=T1,7+1,..;

5. The price of natural resources is equal to the marginal product:

¢ = agAt(k:f*)al(et)%_l, t=7,74+1,...;

6. Resource income 1s given by:

*

* kok
v, =q e, t=7,7T+1,....

Here we do not suppose that the Hotelling rule holds. The Hotelling rule is an equi-
librium condition for the asset market. This is the reason why the Hotelling rule holds
in the private property regime, where the stock of natural resources is an asset in which
agents can invest. In the public property regime, the resource stock is not an asset, so
there is no particular reason for the Hotelling rule to hold. Under some circumstances the

rate of change of the resource price is not equal to the interest rate.
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4.10. Proofs. Public property regime

It is clear that if

% jkk\ L J*k Kk kK k% kk Kk
& = {(CZ )j:17<3t )j kT W gy 1=01,...

1}, then for each 7 = 1,2, ...,

is a competitive Eg-equilibrium starting from { (5’ Vi R_

the sequence
wok %\ L JHx Hokokk wok kk ok
57— - {(CZ )'* (St )] 1;kt y T Wy Gy Uy

Jj=b t=7,7+1,...

is a competitive E,-equilibrium starting from {(s7** “)i21, Rr—1(Eo)}. In other words, com-
petitive equilibria are time consistent.

There always exists a competitive E -equilibrium.

Theorem 4.2. For any non-degenerate state L,y there exists a competitive E, -equilibrium

starting from I, _4.
Proof. See Appendix B. O

The issue with uniqueness is more subtle. We can only conjecture that the competitive
equilibrium is unique, but we have no proof of this fact. At the same time, the following
proposition maintains that the competitive equilibrium starting from the state where the

whole stock of physical capital is owned by the most patient agents is unique.

Proposition 4.6. Suppose that Z,_q is such that §1_1 =0 for j ¢ J. Then there exists

a unique competitive E. -equilibrium starting from Z._q,

*k *k JHx kk o kK kk ok *k
87- - {(CZ )] 17(t )] 17kt T s Wy Gy 5 Uy t=r7+1,... "

which is given fort =7,7+1,... by

™ = (1= )1+t 4+ w™ + v, s = By (1 + 7757, jed,
" =w T, s =0, jé¢J
kit = Bu(L+ 1)k, L+ 7 = an (k)™ 7 e)™,
wy" = Ay (k)™ (€)™, g = oA (k)™ (e) ™7 vt =g e,

where s = &, and e; = ¢y(E,).

This case is important because in every competitive [E -equilibrium less patient agents
inevitably lose their capital with time. The following proposition verifies that the whole

capital stock eventually belongs to the most patient agents.
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Proposition 4.7. Suppose that

% Rk L J*k Kk kK kK kk Kk
g’r - {(CZ )] 1?(37& )g 1>kt Ty W G 5 Uy t=r,7+1,...

15 a competitive B, -equilibrium starting from an arbitrary state Z._1. Then there exists a
point in time T such that for allt > T,

s =0, jéJ

Proof of Propositions 4.6 and 4.7 is very similar to that of Propositions 4.1 and 4.2.

Without loss of generality, let us consider a competitive Ey-equilibrium

k% sk I e *k kok *% kk k%
80 - {(CZ )j:l?(st )] lﬂkt Ty s Wy G 5 Uy t=0,1,...

starting from Z_, = {(8’,)%_,, R_,}, and give a sketch of the proof.

j=01

Lemma 4.7. Let § > 0 be such that for some T
kit > B(L+ 1)k = Ban Ay(ky™)™ (e)*, t>T.

If B; < B, then s7™ = 0 for all sufficiently large t.
Proof. This lemma can be proved in the same way as Lemma 4.1. O]

Lemma 4.8.
kify < B+ k™, t=0,1,....

Proof. 1t is sufficient to repeat the argument used in the proof of Lemma 4.2. O]

Lemma 4.9.

Wit < BT, v < BT, =01,
Proof. This statement follows from Lemma 4.8. O]
Lemma 4.10.

st > M+, jed, t=-1,0,....
Proof. This lemma can be proved in the same way as Lemma 4.4. ]

Lemma 4.11. For any 6 > 0 there exists a point in time T such that for allt > T,

Kty > Bl = 0)(L+ ks,
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4.10. Proofs. Public property regime

Proof. This lemma can be proved in the same way as Lemma 4.5. [

Proposition 4.7 follows from Lemmas 4.7 and 4.11. Proposition 4.6 follows directly from
Lemma 4.12 which explicitly constructs a competitive Eg-equilibrium starting from the
state Z_; such that §’ | = 0 for j ¢ J.

Lemma 4.12. Suppose that

1 . .
b= D e =0, ¢

jeJ

Then for allt=0,1,...,

kiry = Bl 4"k,
=1 =)L+ A w o, s =81+ r)s, e
A = w v, s =0, jéJ

Proof. By Lemma 4.10,

AL+ g7 kg™ = 51 +757)

SIS
(]
IOL)
IA
SIES
™
Ocnt»
IN
5

At the same time, by Lemma 4.8,
ki < Bi(1+ri")ks™

Therefore, ki* = f1(1 + rg*)kg", and hence Sé** = Bi(1+ TS*)§{1 for j € J, while Sé** =0
for j ¢ J. We have proved the lemma for ¢ = 0. To prove it for t = 1,2, ..., it is sufficient

to repeat the argument. O

This completes the proof of Propositions 4.6 and 4.7.

4.10.2. Balanced-growth equilibrium under given extraction rate

Suppose that the sequence of extraction rates is constant,
E: = E° = {e,¢,e,...}.

Then, clearly,

R £
Ri=(1-¢)"" "R _y, er=(1—¢)7 7 =77+1,....

135



4. Economic Growth and Property Rights on Natural Resources

Definition. A competitive E: -equilibrium

ok jrxk\ [ Hk k% Kk s,k kk o kok
&' = {(CZ )] 1 (Sg )g kT W gy t=r 7 41,...
starting from L, _1 1s called a balanced-growth E?-equilibrium if there exist an equilibrium
rate of balanced growth v** and the rate of change of the resource price, ™™, such that for
t=7,7+1,...,

A= (L"), ST =), j=1,..., L, (4.43)
kity = (L+~")k, wity = (14+~y")wf™, vty = (1+ "), (4.44)
Gy = (14+7") g, 1+r=147r" (4.45)

The following proposition provides necessary and sufficient conditions for the existence
of a balanced-growth E¢-equilibrium. In particular, this proposition maintains that in a
balanced-growth equilibrium only the most patient agents make positive savings and own

the whole capital stock.
Proposition 4.8. Suppose that a constant sequence of extraction rates E° is given. A

balanced-growth E? -equilibrium

Kk %\ L J*k *ok *k
&5 = {(Cg )j:la(st )] Lk W g v =t

starting from a non-degenerate state 1._, = {(§£_1)§:1, RT_l} exists if and only if

A{——l = 07 j ¢ J7
T er " |
N €1 L 23
AT _ J = (1 A=t (1 — T—a;
aq (L f= Sr— 1) I ) ( + ) ( 6) Bl’

and (4.43)-(4.45) hold.

Proof. Tt can be proved exactly in the same way as Proposition 4.3. [

Mi

The following proposition maintains that the interest rate, the equilibrium rate of bal-
anced growth, and the rate of change of the resource price are determined by the param-

eters of the model and by the constant over time extraction rate ¢.

Proposition 4.9. Suppose that a constant sequence of extraction rates & is given. In a

balanced-growth Ef-equilibrium, the interest rate, the equilibrium rate of balanced growth,

and the rate of change of the resource price are determined as follows:
w_ L4797

1 a3 1 **
1_'_7**:(1_’_)\)17&1 (1_6)17111 , 1+7T — 7 1+r**: +/y .
1—¢ B
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4.10. Proofs. Public property regime

Proof. The proof is similar to that of Proposition 4.4. n

The following proposition maintains that every competitive [EZ-equilibrium under given
constant sequence of extraction rates converges in some sense to a balanced-growth E®-

equilibrium.

Proposition 4.10. Every competitive EZ -equilibrium starting from an arbitrary state I, 4

satisfies the following asymptotic properties:

. 149
lIml+r*=14+r"= ,
t—o0 /81
kk kk kk

w v
: t+1 _ q. t+1 9. t+1 sk
tli)[&w—tll{g) wi* _tlgg v =1+
t t t
Jkx
: t+1
tlggo gk 1+97, jed
St
EL3
: t+1 Hok -
tliggloﬁ_l—i_’y ) j_lu"'7L7
t
kk
.G
lim % =147,
t—o00 Qt

where 1+~ = (1 + )\)ﬁ (1-— 5)1%1, and 1 4+ 7 = —IEE

Proof. The proof is similar to that of Proposition 4.5. n

4.10.3. Time 7 extraction rate

Before making extraction rates endogenous, let us explore the dependence of a competitive
[E,-equilibrium on the time 7 extraction rate.

Suppose we are given a non-degenerate sequence of extraction rates EY = {9} .
Assume that €Y is replaced by some other extraction rate e,, while all future extraction
rates remain intact. Clearly, the volumes of extraction and the dynamics of the resource

stock before and after this replacement are linked in the following way:

~ 1 —e;
R, = ——R;, t=7m,7+1,...,
t 1_5215
5, = e, = O t=7+1,7+2
6, = —e€,, €= e, =T , T e
el P r—e0

A competitive E2-equilibrium should also change. The change of the competitive E2-
equilibrium and the dependence of a new equilibrium on &, is characterized in the following

lemma.
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Lemma 4.13. Suppose that for a non-degenerate sequence of extraction rates, E2 =

0100
{e}}2,, the sequence

sk jxk\ L VEZAY k% kK s,k kk ) kok
&5 = {(CZ )j:b(st )j:l?kt Tt Wy 5y 5V gy oy

~

is a competitive EQ-equilibrium starting from T,y = {(8._))F_ |, R, 1 }.
Let

_ 0 0
Er={ere21,6040: -}

and
_l—e;

= —3
1—-¢£7

Vr

Consider the sequence

Eer) =

given by

{(éZ(ET>)jL:1> (§§ (57))5:17 ];:t(gT)7 7:15(5':7')7 2Dt(&')v (It<67), ﬁt(&')}

)
t=7,7+1,...

7. Er “ Hok
kT+1<87) = (5_0) kT+17 (446>
g g aBatl_T t—7—1
ki (er) = (j) V$3(1+a1+...+a1 )k;ﬁl, t=7+1,7+2,..., (4.47)
Er e *ok
Wy (2,) = (ZO) o (4.48)
t—T1
~ 67— s 1 t—1—1
wy(e,) = ) posltartetar ™y — s L] T 42, (4.49)
~ Er “ *ok
U,(e;) = (8—0) v, (4.50)
t—T1
- Er s 1 t—7—1
Oi(er) = (—0) 1/;"3( fortedar Ty b= LT 42, (4.51)
67’
~ Er e *k
C?r(gT) = (5_0) o J = 17 7L7 (452)
agatlf'r
&) = (5_3) V33(1+a1+...+a§***1>cg**, t=7+1,7+2,..., j=1,...,L, (4.53)
6‘7'
~J Er e EXS
§(e,) = <€—0> oo g=1,...,L, (4.54)
; Er a3at1_T t—7—1 ;
§(e;) = (5_0) peslfartetar TG — 4 1 7 42,..., j=1,...,L, (4.55)
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ol Er “ *ok

L) = () e, (456

e a3(a1_1)a§7771 t—7—1
L+ 7(er) = (g—g) v (1), t=14+1,7+2,..., (4.57)

c az—1

Gr(e;) = (5_0) q, (4.58)

9 aga’i’T t—r—1
Gi(er) = <€—g> posltertetal T —loxe -y — L] r 42 (4.59)

The sequence 57(57) 1s a competitive K -equilibrium starting from the same state
Iy = {(§JT—1>JL:D RT—l}'

This lemma plays a very important role in our further considerations. If both the
competitive E2-equilibrium and the competitive E,-equilibrium are unique, then (4.46)—
(4.59) provides formulas of transition from the equilibrium before the change of the time 7
extraction rate to the equilibrium after the change. If we cannot guarantee the uniqueness
of a competitive E -equilibrium, then the interpretation of this lemma is slightly different.
It maintains that after the change of the time 7 extraction rate, there exists a competitive
equilibrium which is given by (4.46)—(4.59).

Proof. For the simplicity of exposition let us slightly abuse the notation and write simply
ky, 10, etc., instead of l%t(eT), Wy(e,), ete.

Obviously, k, = k**, as the initial state is the same. Directly from (4.46)-(4.47) and

T 9

(4.54)—(4.55), we get
L

/%tH:ZQ, t=7,7+1,....

J=1

Let us show that capital is paid its marginal product:

~ 87‘ o8 K,k 57’ 3 K%\ (v %\ QU] — ~ \a3 /7. a1—
v = (5) e = (5) aden o) = ane)

T T

c 3(a1—1)
L4741 = <E—g) vt (L+r7)

T

3(011*1)
= (_) Vg?’alATH(ei:l)ag(k:il)al_l

T

c az(a1—1) ~ c asz(l—a1)
= <—7) vt an Ar 1 (Era)® (k) T lop ( T)

=
= alAT+1 (ér—i—l)ag (]%T-Fl)al_l’
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c ozg(al—l)c\ztl_T_1 , )
~ T aat™TT
1+ 7= (‘o) vess (L4 ry)
€
e
3(04171)043_7_1
_ 6_7' ozgajtf'r*l A ( **)a;;(k,**)al—l
= 0 v, Q1 Al €y +
&7
Er as(er-bay ™ t—r—1 7 1 Er (g0 ) (1)
fo%:Ye" ~ \ Qs a1—1, —as
= 5_0 1/7_3 1 OélAt(et) S(kt) ! v, 3 5_0 X
T T
t—17—2 _ ~ ~ _
X V$3(1+a1+.,.+o¢1 J(1=an) — @1At(€t)a3(kt)al 1, t=1+ 2, T+ 3, e

Similar calculations show that
UNJt = OégAt(iﬂt)al (ét)a3, th = OégAt(l;t)al (ét)a371, t= T, T + 1, ceey
and it is easy to check that

?th:thét, t:T,T+1,....

It remains to show that the sequence {(5{)%:1, (57 )i, }2, is a solution to the problem

max Z B; In C,Z ,
t=1

sot.od4+sl=0+r)s  fw +uv, t=71,7+1,...,
s1>0, t=71,74+1,...,

at r, = 1y, wy = Wy, and v; = v, or, equivalently, that the following conditions hold
(j=1,...,L):

A48 =01+7)5 |+, +0, t=71,7+1,..., (4.60)
&> B0 +70)d (=if3 >0), t=7r7+1,..., (4.61)
tgl
s, (4.62)
éZ t—o0
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To do this, note that the sequence {(c]™)L_,, (s/™)E_, }52, is a solution to maximization

problem (4.42) and hence satisfies the following conditions:

A = (L) w o, t=1,7 41,
7> Bl (=if s >0), t=7,7+1,...,

tSj**
& L ——
CZ** t—00
Consider (4.60) for t = 7. We have
) ) e\ . ) e\ .
& +3 = (5—0) (" +s7) =5 ) (A+r)s +uwr+o7)

0
e\ N e\ e\ N\ i L
= (8—0) (I+7r)sl_, + (5—()) wr* + (—) v = (147)8_, + w0, + 0,.

T T

Consider (4.60) for t =7+ 1:

e %:Ye%1 [e%1e%]
. . £ . . £ .
C SJ — [T asg *k Jxx N [ =T as ok gk Kk Kok
CZ’—}—I + ST+1 - (50) = ( T+1 + ST+1) - (EO) vy ((1 + TT—H)ST + wT+1 + UT—‘,—I)
T T
e as(a1—1) c as c asal
_ -T as *k -T gk -T as *k *%
- (50) I/T (1+TT+1) (50) S’T + < 0> VT (wT+1+UT+1)
T T &r

= (1 + 7::7'-&-1)52— + w‘r—&—l + {}T—i-l-

The validity of conditions (4.60) for t > 7+2 can be proved similarly. The same arguments
prove (4.61) for ¢ > 7. Notice also that

] Er 0530417 (1+ 4t t—‘r—l) . .
t ) =z a3 al+...4a sk + jEk
. 55t . ¢+ \ &2 r ! s] B;si
lim -~ = lim f; — T = —— = 0.
t—oo ¢ t—o0 ' J azal as(l4+ai+..+at ) T toe (¥
t <E_T> Ur t t
EO
0
This completes the proof of the lemma. n

4.10.4. Time 7 voting equilibrium

We have characterized a competitive equilibrium and a balanced-growth equilibrium un-
der given sequence of extraction rates. Now we make extraction rates endogenous and
introduce voting into our model.

Suppose that we start at time 7. The economy is in a non-degenerate state Z, | =
{ (§i_1)jL:1, R,_1}. Suppose further that agents have some expectations about future ex-
traction rates, represented by a non-degenerate sequence {ef}° ., and they vote over

the time 7 extraction rate.
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For any e, € (0,1), consider the non-degenerate sequence of extraction rates

E-(e;) = {er €21,6009,- -}

Let us assume that for any e, € (0,1) there is a unique competitive E. (e, )-equilibrium

starting from Z, 4,

£ (er) = {7 () s (877 (€))frs ki (e0) i (e0) w0 (60), 47 (), v (er)

It is clear that £*(e,) depends on the expectations and on the parameters of the model
as well. However, here we underline its dependence only on ¢, as it is the value on which
agents vote.

Under the uniqueness assumption, agents’ preferences over the time 7 extraction rate

are represented by the following indirect utility functions:
Ule,) =Ind™(e,) + BiIncd* (e,) +..., j=1,...,L

Definition. Suppose that for any e, € (0,1) there is a unique competitive E,(e;)-
equilibrium starting from I,_y, E*(e;). We call a couple {e*,E*} a time T wvoting

TOYT

equilibrium if €2 is a Condorcet winner in voting on the time T extraction rate, and

& = €7 ().

Since the functions U’ (e, ), j = 1,..., L, are strictly concave, the agents’ preferences are
single-peaked. Hence the median voter theorem applies, and at each point in time there
exists a Condorcet winner. Note that the time 7 voting equilibrium consists of the time
7 voting equilibrium extraction rate 7 and the corresponding competitive equilibrium.

In order to determine a Condorcet winner, let us consider the preferred time T extraction

rate for agent j. This is the value £/ such that
U(D)>Ul(e,) Ve #el.

From Lemma 4.13 we know how the consumption stream of every agent depends on
the time 7 extraction rate, which allows us to obtain agents’ preferred values of time 7

extraction rate.

Proposition 4.11. Suppose that for any e, € (0,1) there is a unique competitive E,(e,)-
equilibrium starting from Z,._1. The preferred time T extraction rate for each agent j is
given by

el =1- ;. (4.63)

142



4.10. Proofs. Public property regime

Proof. Let us take some €2 € (0,1), and consider the non-degenerate sequence

ET(Eg) = {527 Ei-i-la €7e'+27 - }

By assumption, there is a unique competitive E,(?)-equilibrium

E(ED) = {7 (D)o, (577 (D))o, k™ (€0), r (), wi* (69), 47 (€2), 07" ()}

starting from Z, ;. We use this equilibrium as a benchmark.

Further, for any e, € (0, 1), there is a unique competitive E, (¢, )-equilibrium

€ (er) = {(c7 (e0))fors (577 (e0))jmns i (e0), 17 (E0), w0 (60) 4 () 07 (er)

starting from 7, ;.

From Lemma 4.13 we know that if the time 7 extraction rate changes from &% to e,
the benchmark equilibrium £**(£Y) transforms to the “new” equilibrium £**(e,) according
to the formulas (4.46)—(4.59). In particular, the consumption stream of agent j is given
by (4.52)—(4.53). Therefore, the indirect utility function of agent j in this equilibrium is
given by:

Ui(er) =Inci™ (e,) + B Il () +
Er

Er 1 - EX]
= asln (8 >+lncj**( ) + Bjasag In (6 )—i—ﬁjagln(l ) >+ﬁjln T+1(52)+...

T

=T7 +azlne (1 + Bjoq + ﬂ?a% +...)
+ BjosIn(l—e;) (1+ B;(1+ o) + 571+ ar+ai) +...)

, a3 Bjas 2 2
= FJ +1_—/8jm1H57+ 1 —5‘7(1—'_6‘70[1 +B]a1 +)1H<1 _67')

. (6% (6% /8]
:FJ—}-—ln&T—f— 111].—57—7
1—53‘0(1 1—/8]'0[1]_—5]' ( )

where
' 1) 93 . 1 @3 1 a3 -
enf(g) @] ram|(5)  (Zg) @)
1 0‘3043 1 a3(1+a1+...+at1_1) ) 0

" *x

()™ () ]

is the term that depends on the parameters of the model and on the characteristics of the

benchmark equilibrium £**(£Y) (the extraction rate €2 and the consumption stream), but

143



4. Economic Growth and Property Rights on Natural Resources

does not depend on &,, on which agents vote. Since the benchmark equilibrium exists,
—00 < IV < 400, and hence the indirect utility function of each agent is well-defined.
When voting on &, agent j maximizes her indirect utility U7 (e, ), i.e., solves
ou (&)

—=0.
Oe,

This equation can be rewritten as

15 1
Er 1—5]'1—87-

The solution to this equation is &2 =1 — ;. O

Proposition 4.11 maintains that the preferred time 7 extraction rate for every agent is
constant over time and depends only on this agent’s discount factor. In particular, the
preferred time 7 extraction rate for agent j is time- and expectations-independent.

Now it is straightforward to see that the Condorcet winner in voting on the time 7

extraction rate is

k%
& = 1-— Bmeda

where (3,04 is the median discount factor. Thus the following theorem takes place.

Theorem 4.3. Suppose that for any . € (0,1) there is a unique competitive E.(g,)-
equilibrium starting from L, . Then there exists a unique time T voting equilibrium

{er*, &Y. The equilibrium extraction rate is constant over time and given by

ToOYT

e =™ =1— Brea. (4.64)

T

4.10.5. Intertemporal voting equilibrium

Suppose we are given an initial state Z_; = {(§’ |)%_,, R_;} and a non-degenerate sequence

i=1
of extraction rates E** = E§* = {e;*}3°,. Therefore, the volumes of extraction and the

dynamics of the resource stock are also known:
e;" = e (E™), R;* = Ry(E™), t=0,1,....

Let

sk jrk\ L VELAV 2 kK Kk Kk sk kk
go - {(CZ )j:l?(st )j:lvkt Ty Wy Gy Uy t=0,1,...

be a competitive E**-equilibrium starting from Z_;. Let for 7 =1,2,...

sk EXaVA VESAV kk Kk )k kx| kk
gT - {(CZ )j:la(st )j:l?kt Ty Wy G Uy t=7,7+1,...
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4.10. Proofs. Public property regime

*k

be the corresponding tail of &£;*, which is a competitive E¥*-equilibrium starting from
Ty = {(s20) e By}

T—1/j=17 * 17—

Definition. We call a couple {E**,E}*} an intertemporal voting equilibrium starting from
Z 4 if for each time T =0,1,..., a couple {e=*, EX*} is a time T voting equilibrium starting

ToOYT

from T** | under perfect foresight about future extraction rates (f = ei*, t =7+ 1,7+
2,...).

The following theorem provides the characterization of the sequence of extraction rates

in every intertemporal voting equilibrium.

Theorem 4.4. In every intertemporal voting equilibrium {E**,E*} the sequence of ex-

traction rates E** 1s constant over time and given by
E* =R = {*,e™,...}, (4.65)

where € is defined by (4.64).

Proof. The sequence of extraction rates in every intertemporal voting equilibrium is a
sequence of time 7 equilibrium extraction rates. It follows from Theorem 4.3 that every

equilibrium extraction rate is constant and given by (4.64). O

The answer to the question about the existence and uniqueness of an intertemporal
voting equilibrium is provided by the following theorem. It states that if the initial
state is such that the whole capital stock belongs to the most patient agents, then an

intertemporal voting equilibrium exists and is unique.

Theorem 4.5. Suppose that the initial state T_y is such that 8 | = 0 for j ¢ J. Then
there ezists a unique intertemporal voting equilibrium {E** E;*} starting from T_y. The
equilibrium sequence of extraction rates E** is constant over time and given by (4.65),

and E* is a unique competitive E** -equilibrium starting from I_,, as described in Propo-
sition 4.0.

Proof. 1t follows from Proposition 4.6 and Theorem 4.4. [

4.10.6. Balanced-growth voting equilibrium

Definition. An intertemporal voting equilibrium {E**,E*} starting from Iy is called
a balanced-growth voting equilibrium if E* is a balanced-growth B -equilibrium starting
from Z_q, where £** is given by (4.64).

The following theorem maintains that if at the initial instant the whole capital stock
belongs to the most patient agents, then the intertemporal voting equilibrium converges

to a balanced-growth voting equilibrium.
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Theorem 4.6. Suppose that the initial state Z_1 is such that §j71 =0 forj ¢ J. A unique

intertemporal voting equilibrium starting from Z_q satisfies the following asymptotic prop-

erties:
lim 147" = 149 = 2177 (4.66)
t—00 t /31 ’ ’
. o wi vy sk
tLoo ke tlgilo wit tlgglo vt L7 (4.67)
lim St =1+~ jeJ (4.68)
Sm 5{** Yoo d ) .
o qh o
lim —— =1+~", j=1,...,L, (4.69)
t—o0 CZ**
lim S — 4 7 (4.70)
t—o0 q;
where
1 a:
L™ = (L4 )= (Bea) =7 (4.71)
and ) .
N e (4.72)
ﬁmed
Proof. Tt follows from Proposition 4.10 and Theorem 4.5. m

4.10.7. Generalized intertemporal voting equilibria

Our definition of an intertemporal voting equilibrium is given under the assumption of
uniqueness of a competitive E, (e, )-equilibrium for any ¢, € (0,1). This assumption
is crucial in the statement of Theorem 4.3 about the constant equilibrium extraction
rate. Moreover, we obtained the existence and uniqueness of an intertemporal voting
equilibrium (Theorem 4.5) only for the case in which the underlying competitive equilibria
are unique. Thus to guarantee the mere existence of an intertemporal voting equilibrium,
we have to prove the uniqueness of a competitive E.(e,)-equilibrium starting from an
arbitrary state Z._; for any e, € (0, 1), which is not an easy task.

Let us discuss the general case in which the competitive E, (e, )-equilibrium starting from
an arbitrary state Z,_; is not necessarily unique. The difficulty here is that we cannot
unambiguously define agents’ indirect utility functions and obtain from them agents’
preferred values of extraction rates. However, if we apply the technique proposed by
Borissov et al. (2014b), we can get around this difficulty. Namely, let us impose an
additional assumption on the beliefs of agents. Assume that agents simply act as if
a competitive E,(e;)-equilibrium is unique, and do not take into account the possible

multiplicity of equilibria.
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4.10. Proofs. Public property regime

Formally, let
E™ = Eg" = {e" }o,

and
e = e (E™), Ry = Ry(E*™), t=0,1,....

Consider a competitive E§*-equilibrium

sk jxk\ I JHx\ L k% kK sk kk ) skok
50 —{(CZ ) (St ) kt 7T s Wy 5 Gy Uy

J=D Jj=0 t=0,1,...
starting from Z_, = {(é{l)le, R,l}. Let also for 7 =1,2,...,
*% sk L J*x\ L Kk kK Kk ok ok
gr - {(CZ )j:l? (St )j:lv kt 7T Wy Gy 5 Uy t=7,7+1,...

be the corresponding tail of &;*.

Suppose that the economy has settled on £;*. At each time 7, when the economy is in
the state Z** | = (S?:fl)f:l, R:* |}, agents are asked to vote over the time 7 extraction
rate. To do this, agents’ indirect utility functions should be unambiguously specified.
Originally this was done under the assumption of uniqueness of the competitive E*-
equilibrium starting from Z**,. Now let us instead assume that when voting on the time
T extraction rate, all agents believe that if €& s replaced by the other extraction rate <,
then the economy will settle on the path 57(67), which 1s linked with the “initial” equilibrium
EX* in the way described in Lemma 4.185.

Recall that under the uniqueness assumption, the interpretation of Lemma 4.13 is
simple. After changing the time 7 extraction rate from €* to e,, a unique competitive
[E**-equilibrium also changes, and becomes a unique competitive £, -equilibrium, described
in Lemma 4.13. Here the interpretation is slightly different. After changing the time
T extraction rate, the competitive E**-equilibrium can change unpredictably, and the
economy can settle on one of multiple E,-equilibria. Under our assumption about agents’
beliefs, agents ignore the possible multiplicity of equilibria and believe that after the
change of the time 7 extraction rate, the economy settles on the path 57(57), which is
described in Lemma 4.13.

Under this additional assumption, agents’ indirect utility functions, which represent

their preferences over the time 7 extraction rate, can be defined unambiguously as follows:

Uie,) =mé(e,) + B, (e) + .oy j=1,...,L,

where the sequence {¢(e,), ¢, (e,), ...} is constructed according to (4.52)—(4.53).
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4. Economic Growth and Property Rights on Natural Resources

Definition. If for each t = 0,1, ... there is a Condorcet winner in voting on €; described
above, and it coincides with €*, then we call a couple {E**,E*} a generalized intertem-

poral voting equilibrium starting from Z_1.

Clearly, any intertemporal voting equilibrium is a generalized intertemporal voting
equilibrium. Moreover, any generalized intertemporal voting equilibrium starting from
an initial state where the whole capital stock belongs to the most patient agents is an
intertemporal voting equilibrium. Under the additional assumption about agents’ be-
liefs, there always exists a generalized intertemporal voting equilibrium starting from an

arbitrary initial state.

Theorem 4.7. For any non-degenerate initial state there exists a generalized intertem-
poral voting equilibrium {E**, E*} starting from this state. The equilibrium sequence of

extraction rates is constant over time and given by (4.65).

Proof. 1t is sufficient to repeat the argument used in the proof of Theorem 4.4, and refer
to Theorem 4.2. ]

Furthermore, every generalized intertemporal voting equilibrium converges to a balanced-

growth voting equilibrium.

Theorem 4.8. Fvery generalized intertemporal voting equilibrium starting from an ar-
bitrary initial state satisfies asymptotic properties (4.66)—(4.70), where v** and ©* are
gwen by (4.71) and (4.72) respectively.

Proof. 1t follows from Proposition 4.10 and Theorem 4.7. [

4.11. Proofs. Private property regime with capital
taxation

Consider a competitive equilibrium in the private property regime, and assume in addition
that capital income paid by competitive firms to the capital holders is taxed at some
constant rate 6 and the revenue is lump-sum redistributed among all agents.
The definition of competitive equilibrium with a capital income tax,
E = () s (81) o, ki wy g e Ry }

=0 j=0 t=0,1,... )

repeats the definition of competitive equilibrium in Subsection 4.9.1, except for the fol-

lowing changes:
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4.11. Proofs. Private property regime with capital taxation

1. For each j=1,...,L, the sequence {CZ*, s{*}fio is a solution to the following utility

mazximization problem:

max Z ﬁ; In c{ ,
t=0

s. t. CZ"‘S%S(1+7’t)(1—G)Sgil—f-wt—i—g(l—i—ﬂg)kt t:O,]_,...,
s/>0, t=0,1,...

ok _ * L.k Jj qS J 1.0 .
at ry =71y, w =wy, ky =k, and s, —WR—1+]€07

5. The Hotelling rule takes the form

q:—l-l:(]'—'—r;—l)(]'_e)q:? tzoa]-ua

7. Aggregate savings are equal to investment into physical capital and natural resources:

L *
j*: qt+l R* L]{}* =01
jZ—;St (1+T2‘k+1)<1—9) t+ t+1> N

Taking into account the new form of the Hotelling rule, we can define a balanced-growth
equilibrium with capital taxation along the lines of the definition of a balanced-growth
equilibrium in Subsection 4.9.2. Slightly modifying the arguments from the proof of
Propositions 4.3 and 4.4, we can provide a characterization of a balanced-growth equilib-

rium with capital taxation.

Proposition 4.12. For every balanced-growth equilibrium with capital taxation,

3

L7 = (1+ 0™ 67, (4.73)
(-0 =L (.74

Proof. A balanced-growth equilibrium with capital taxation

&= {(CZ*)]L:D (Sg*)yl'lzlv kyori wi g e, R:}t:(),l,...
is a competitive equilibrium with capital taxation in which real variables grow at a con-
stant rate v*, while the interest rate r* and extraction rate €* are constant over time.
In a competitive equilibria with capital taxation the post-tax interest rate received by

agents is equal to the pre-tax gross interest rate (1+r*) multiplied by (1 — 6). Repeating
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4. Economic Growth and Property Rights on Natural Resources

the argument by Becker (1980, 2006), we obtain that a balanced-growth equilibrium with

capital taxation is characterized as follows:

st =0, jé¢J t=01,...,
14+~ = Bi(1+r*)(1—6). (4.76)

Moreover, since in a balanced-growth equilibrium with capital taxation the extraction

rate is constant,

1 * A k* a;—1 * as
| = e A ( t+1) (@> = (L+A) 1+ (1 —en)™,

1+ 7";( At k'z( 6:

and we get

(14497 = (14 X)) (1 —e*)*. (4.77)

We also have

1 * . q;(—&-l . At+1 k:—&-l “ 6;;_1 st - *\ Q1 x\ya3—1
(L)1 =) = B B (Ben ) () ) () (1)
t t

€

and it follows that

1 *
(141 —0) = — (4.78)

1—e*
Comparing (4.76) and (4.78), we immediately obtain (4.75). Now (4.74) follows from
(4.75) and (4.78), while (4.73) follows from (4.75) and (4.77). O

It follows that the long-run growth rate, the post-tax interest rate and the extraction
rate in the model with a capital income tax are the same as in the model without capital

tax.
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A. Existence of a competitive equilibrium in the
private property regime

The existence of a competitive equilibrium in the general equilibrium Ramsey-type model
with private property over exhaustible natural resources is established in the following

theorem.

Theorem A.1. For any initial state Zy there exists a competitive equilibrium starting
from I,.

Theorem A.1 is proved below following the ideas presented in Borissov and Dubey
(2015). The existence of equilibrium in the considered Ramsey-type model can be also
proved along the lines of Becker et al. (1991). See also Becker et al. (2015a) and Le Van
and Pham (2016) for similar proofs of the existence of equilibria in Ramsey-type models

with heterogeneous agents and borrowing constraints.

Proof. We divide the proof of the theorem into two steps. First we show the existence
of a competitive equilibrium in the finite horizon model. We prove that for any 7" > 0
there exists a finite T-period competitive equilibrium. Second, we construct a candidate
for a competitive equilibrium in the infinite horizon model by applying some kind of
diagonalization procedure to the sequence of finite T-period equilibrium paths, and then

prove that this candidate is indeed a competitive equilibrium in the infinite horizon model.

Step I. Competitive equilibrium in the finite horizon model.
Let us define a finite T-period competitive equilibrium along the lines of the above

definition.

Definition A.1. A finite T-period competitive equilibrium starting from the initial state

Ty 1S a sequence

57*“ = {(CZ*)]L:D (S{*)]I'lzlu k; T;tk7 w:7 q:, 6:7 R:}tz() 1...T

yhyeeey

such that
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A Existence of a competitive equilibrium in the private property regime

1. Foreach j=1,... L, the sequence {CZ*, s{*}tTZO 1s a solution to the following utility

maximaization problem:

T
max Z ﬁ; In CZ ,
t=0

st d4si<(4r)s 4w, t=0,1,...,T,
/>0, t=0,1,...,T,

at ry =1y, w, = wy, and

2. Capital is paid its marginal product:
L+rf =a Ak e, t=0,1,...,T,
where k§ = %Zle ki
3. Labor is paid its marginal product:

wy = agA(k)(e})*, t=0,1,...,T;

4. The price of natural resources is equal to the marginal product:

a = az A (k) (e) !, t=0,1,...,T;

5. The Hotelling rule holds:

qzzrl:(]'—i_rlrl)q:? t:07177T_1a

6. The natural balance of exhaustible resources is fulfilled:

R=R,—Le, t=0,1,...T

where R* | = Zle f%j_l, and Ry >0, ¢, >0, forallt =0,1,...,T;

7. Total agents’ savings are equal to the investment into physical capital and natural

resources:

> s :H_t—ﬁRt + Lk, t=0,1,...,T—1.
j=1 t+1
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A Existence of a competitive equilibrium in the private property regime

It is clear that {c¢}*,s7*}T , is a solution to (A.1) if and only if it satisfies the following

conditions:

A s =1 4r)s +w, t=0,1,...,T, (A.2)
tj—l ZB](]'_I_T;-I)CZ* (: lf Sz* > 0)7 t:()’lw"vT_ 1a (A3)
3? =0.

Let €} be the extraction rate at time ¢:

*
_ Le;

P
t—1

*

€t

The existence of a competitive equilibrium in the finite horizon model is shown via
the following steps. First we present some preliminary definitions and results that will
be useful in what follows. Second, we reduce our finite horizon model to a game, and
show that there exists a Nash equilibrium in this game. Third, we prove that a Nash
equilibrium in the game that represents our model determines a competitive equilibrium

in the finite horizon model.

Step I.1. Preliminaries

We use the notation
eR

T?

for the volume of extraction as depending on the extraction rate € and resource stock R,

e=e(e,R):=

and the notation

f(k,e, A) := Ak“1e®,
L+r(k,e A) =y Ak* e,
w(k,e, A) = ag Ak* e,
q(k,e, A) = az Ak e

for the output (production function), interest rate, wage rate, and resource price as de-
pending on the capital stock k, the volume of extraction e and total factor productivity
A. Tt is clear that for all ke, A,

(1+r(k,e, Ak +w(k, e, A) + q(k,e, A)e = f(k,e, A), (A4)
ke, A) = (I1+7(k,e, A))k _ w(k,e, A) _ q(k;,e,A)e. (A.5)
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A Existence of a competitive equilibrium in the private property regime

In particular,
q(k,e;A)  ask  askL

1+r(ke,A) ae aeR

Denote
s az(1—f1)
C1- (041 + 062)(1 - ﬁ1)7
1
g = .
1+ Br(1— )2
Let R A
R_1 = R_l,
Rt2:<1—§)ét_1, tZO,]_,...,
ER,_
€ = Ttla R - 0717 )
¢ 121
=1
Denote

1+g_max{<1+x>1zl,<mm( :

where A is the growth rate of the total factor productivity:
At - (]. + )‘)At—l - (]. + )\)tA().

Let also

g

14§ = min {(1 + AT (M) - éf()%
0 1

and
1+g=pBraa(l1+g).

It is clear that )
149> (14N,

145> (1+\N)Tm (ﬂ—‘*f))q

€

and
l+g>1+g>1+yg.
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Suppose that & > 0 is given by
(1+9)k = (R)*™, (A.12)
Let the sequence {k,} be given by
kivn = (14 g)ki,

where

];70 - R(Aoéag)ﬁ .

We show that
1 _
R(At(é)a3) l—ap < kt. (Al?))

Due to (A.8), (A.9), and the choice of kg, we get
R(A(@)™) T = & ((1+ X A0()*) =1 < & (Ao(e)™) ™51 (1+9)' = (1+9)'ho = k.

Moreover,
ke, A) <k, t=0,1,.... (A.14)

Indeed, using (A.13), (A.12) and (A.11), we get

Pl A) = Fur = (k)™ Al(e) = (1
— I At(é)as - _ - At(é)as B B
- (e~ 0+9) <k (i - 1)

Denote
Et = Ll%t—i—l' (A15)
Clearly,
Ce1 = (14 9)c. (A.16)

Let the sequence {k;}22, be defined recursively as follows. We take ko such that 0 <

ko < 12:0. Suppose we are given k; > 0. Consider the following equation in k:

0431 Et+1 T~
1+—==]k+ — = f(ky, €4, Ay).
( ) A BREA

155



A Existence of a competitive equilibrium in the private property regime

The left-hand side of the above equation is increasing in k, and equals to 0 when k£ = 0.
Thus there is a unique positive solution to this equation. We take l;tﬂ > () as this solution.

Clearly, the sequence {k;}2°, satisfies the following equation:

o = Ct+1 =
1+ —T) Fror + Cer1 = f(RnEn A, t=0,1,.... (A7)
( &) B (R, e Avir)

Step 1.2. A game.

We reduce our finite horizon model to a game I' = (X}, G )res. Recall that to specify a
game, we need to describe a set of players, I, and for each player k € I define the strategy
set X and the loss function

Ge : [[Xi =R

Elements of J],., X; are called multistrategies. The equilibrium of the game I is defined

as follows.

Definition. A multistrategy (x’{, e ,xrj|> 15 called a Nash equilibrium of the game I" if

for each k € I, z, is a solution to

: * * * *
rr%mGk (:z:l, e Ty Ty Tpoy gy - - - ,xm) ,
k

s. t. x € X,.

The sufficient conditions for the existence of a Nash equilibrium of this game are well-
known (see, e.g., Ichiishi, 2014): for each k € I the set X} is a convex and compact subset
of a finite dimensional space, and the function G (z1,...,2k,...,2|7) is continuous in all
variables and quasi-convex in xy.

Consider the following game I'r with 37 + (27 + 1)L players where

1. for each agent j =1,... L,
a) T players determine s/, t = 0,1,...,T — 1, by solving

msins (CZ—H - 6j<1 + r(ktJrla €(€t+1v Rt)7 At+1))c{) )

st 0<g< Lhr (A.18)

b) T + 1 players determine ¢}, t =0,1,...,T, by solving

mcin |C — ((]. + T(kt, €(€t, Rt—l); At))sgfl + U)(kt, 6(8t, Rt_1>, At) - Sg)
s.t. 0<c<

)

Q!

Y

(A.19)
where s]f =0and R_; = fw’,l.
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A Existence of a competitive equilibrium in the private property regime

2. T players determine k;, t = 1,2,...,T, by solving

a3+ e | (A.20)

3. T players determine R;, t =0,1,...,T — 1, by solving

m}%n |R — (1 — €t) Rt—ll s

. . (A.21)
s.t. Re<R< Ry,
where R_; = R_l.
4. T players determine ¢;, t = 0,1,...,T — 1, by solving
i | €SB elern, )|
€ Atkt ! kt+1 (A22)

s. t. eé<e<eé,

where R_; = R_l, and e = 1.

Lemma. There exists a Nash equilibrium in the game Uy with 3T + (2T + 1)L players
having the strategy sets and loss functions described by (A.18)—(A.22).

Proof. All the strategy sets are closed intervals, and for each player the loss function is

continuous in all variables and quasi-convex in the player’s own strategy variable. O]

Step 1.3. Nash equilibrium vs. competitive equilibrium.
The following lemma maintains that the Nash equilibrium of the game 'y determines

a finite T-period competitive Eg-equilibrium.

Lemma A.1. Let

{(CZ*)i&’i}ﬂ’..L,Ta (70 s (R =1 20y (R )i=01....m-1, (5] )tzo,l,...,T—l}
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A Existence of a competitive equilibrium in the private property regime

be a Nash equilibrium of the game I'r. Let ki = 12:0, R = }?_1, Ry, =0,¢ =1, and
s]:'p* =0 for all j. Let also

e; =e(ef,R;_;), t=0,1,....T,
1+ =147k e, A), t=0,1,...,T,
wf =w(kl,ef, A), t=0,1,...,T,

q =qkf, e, A), t=01,...,T.

Then

{(CZ*)f:D (Si*);;:l? k:7 T:’ wzv q;%kv 6:7 R: }t:O,l,...,T
15 a finite T-period competitive equilibrium starting from the initial state Z,.
Proof. First, observe that

o if ch > Bi(1 4 r(kit1, e(erg1, Re), At+1))CZ, then the only solution to the problem
(A.18) is s = 0;

o if ¢y = B;(1 4+ 7(kis1, €41, Ary1))cl, then any s from the interval [0, %] is a
solution to the problem (A.18);

o if ¢/, < Bj(1+7(key1, err1, Ari1))cl, then the only solution to the problem (A.18)

. Lk
Is § = ==Lkt
€

Second, notice that minimization problems (A.19)-(A.21) are of the form
min |z — Z|,

s. t. a; <z <as.

The unique solution to this problem, z*, is given by

a1, if = <aq;

*

r =9 ay, if T>ao;
i’, if ay < z < as.
Remark A.1. When & > a1, we have £ > z*.
Remark A.2. When & < as, we have T < z*.
Third, note that minimization problems (A.22) are of the form
min |g(z) — 2,

s. t. a1 <x < ao,
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where the function g(z) is increasing in x. The unique solution to this problem, z*, is

given by
ap, if =< g(ay);
Tt = ay, if &> g(an);
g '(#), if glas) <7 < gla).
Let

{(CZ*)i 3,71,’ T (5] )i_i’l (LL T—15 (kf)i=1,2,..7, (R} )i=0,1,....7-1, (ﬁf)t:m,...,T—l}

be a Nash equilibrium of the game I'y. Denote 57 = l_qf LRI L+ ffé Notice that that for
allt =0,1,...,T, kf >k >0, and

0<é<eg <e<l. (A.23)

Therefore, for all t =0,1,..., 7, ef >0, w; >0,0< 147 <oo,and 0 < g < 0.

The proof of Lemma A.1 is divided into several claims.

Claim A.1. For each j=1,...,L,
0<c<(U4r)s +w;—s*, t=0,1,...,T, (A.24)

and hence
A s < (L4r)sl +wl, t=0,1,...,T, (A.25)

Proof. Assume the converse. Then, by the structure of the problem (A.19), there are j
and 0 < 7 < T such that

O<c* <4 +wf—s*, t=0,1,...,7—1,

and
=" > (14 r)sl" | 4+ w! — &% (A.26)

Consider two cases. First, let 7 < T — 1. By (A.26),
s > (14708 4+ w! > w' > 0.
Then, by the structure of the problem (A.18),

7 < B+ =0,
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because otherwise we would have s/* = 0. Therefore, using Remark A.1, we conclude that

0= T+1 > (1 + 717'-}—1)87 + Wriy1 = Sry1-

Repeating the argument, and using the structure of the problem (A.18), we obtain for

t=7m,7+1,...,T -1,
s >0,
t-*H:O-

Ve

However, c%f = 0 is impossible, because s7° = 0, and by the structure of the problem

(A.19) we have
0=c = +s7 > (1L+r7)sp, +wp >0,

a contradiction.

Second, let 7 =T'. Since c;*_l > 0, and ch* =0, we have

c%f - Bj(l + T;)Cgfl = _51‘(1 + 7”})07;71 <0,

and, by the structure of the problem (A.18), SJ;_I = % Using the fact that sj; =0, by

the structure of the problem (A.19) we have
0=cf +s7 > (1L+77)s7, + wp >0,

a contradiction.

Claim A.2. For each j=1,...,L,

. Lk
(L4rf)sity +wp < ===, t=0,1,...,T,
g
L -
1 ; Q1€ ]Ct
T Sj* : = t:O?la 7T7
L; t_lOég—FOélz?%k €
and s
* * Qt R:‘,kfl
—E J kf + , t=0,1,...,T
< St—1 = Iy 1+ L
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Therefore, by (A.30), (A.23), and (A.14)

L

(L+rg)s” +wh <D ((L+75)s™ + wp)

j=1
%

1475

= (1+75) R*, + L(1 4+ r))ks + Lwl = L(1 + ) ks + Lwi + g R* 4

*

R*
=i Lf(kS b, Ag) + aoLf (kS el Ag) + asf(kg, e, Ao) - !

*

0

1
= (a1 + ag) Lf(kg, €5, Ao) + asLf(kg, ep, Ao);

0
= L5 5, Au) + aL (05, ¢ An) 2
< Lf(ko, & Ag) + asLf(ko, e, Ao)1 _ d < Lk, + Ll?:ll ; - L?El
which proves (A.27) for t = 0.
Moreover, by (A.25),
ky

1E . 1 & : 1 & .
;S(J)* < j;(cé*_i_sé*) < ZZ((l—FTS)Sj_*l—G—wS) <

ll
ll

Since €7 > 0,

and therefore

which proves (A.28) for t = 0.
It follows from Remark A.2 that

Using (A.6),

Thus, (A.29) holds for ¢ = 0.
To obtain inequalities (A.27)—(A.29) for all t < T, it is sufficient to repeat the argument.
[

161



A Existence of a competitive equilibrium in the private property regime

Claim A.3. For each agent j =1,...,L,
(A.31)

v =04 dw, t=0,1,...,T.
Proof. Using (A.27), (A.15) and the fact that sJ* > 0 for all t = 0,1,...,T, we get

L

(L r)siy +wi = s < =
Therefore, by the structure of the problem (A.19), for each j =1,... L,

A > +r)slt w8, t=0,1,...,T.

Combining this inequality with (A.24), we obtain (A.31).

Claim A.4. For each j=1,...,L,
(A.32)

i = Bi(L+ri)d (=if sl >0), t=0,1,...,T.
Proof. Assume that for some j and t < T,

CZ—T—l < B;(1+ 7":+1)C‘g*-

Then, by the structure of the problem (A.18), s}* = @ By (A.27),

~ ki _
(L4 )ty +up < = = o]

and hence
(L477)si™y +wi — sI" <0,

which contradicts (A.24). Thus we have proved that

i > B+ i)

Moreover, if
a1 > Bi(L+ri)a’,

then by the structure of the problem (A.18), sI* = 0.

7T_17

Claim A.5. Fort=0,1,...
(A.33)

Ry = (1—ef) Ry
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Proof. Due to the (A.7), (A.23) and the bounds for R in (A.21), forall¢t =0,1,...,7—1,

we have

~

Ri=(1-8R_,<(1—e)R_,<(1—e)R_, < R_,.
Now (A.33) follows from the structure of the problem (A.21). O

It follows from (A.7), (A.23), the bounds for R in (A.21) and the definition of e} that

& <e<e t=0,1,...,T. (A.34)
Claim A.6. Forallt=0,1,...,T,
k¥ > ke, (A.35)
and
1 Ny qq R,
— Po= T g A.36
L;St—l oL Th (A.36)

Proof. Note that by the choice of ko,
]{?8 > ]:30,

and it follows from (A.30) that (A.36) holds for ¢t = 0.
Assume that for some t =1,2,...7T,

*

L

1 j MEy di—1 (e 7

12 Zsﬁ2 “\13 - Ry + ki =k > ki,
j=1

o3 + oef +rq Qs + gy

and

1 ; Oél€* q* 0416* ~
§ J* t t R* * t *
L e =1 (6% + ()z1€;k - (1 + ’I“: =1 t (6] + (J(1€2< t t

By (A.31), (A.23), (A.5) and (A.34),

L L
i3 (Cgfl + ngl) -7 Z ((1 +ri)sio + wt—l)
j=1 j=1
* * * R:fQ * * * * * * 1
=(1+ri ki, + Qt—lT Tw_; = (1 + rt—l)kt—l + W+ Qt—let—le*_

t—1

> (M 4ri ki +wi +qigei = fki e, Air) > f(iftfla -1, Ay1).
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Hence, due to (A.23),

L L
1 .
EZCZ71>fkt 1,61, Ar) — Z
=1 =
g ~ g Oég kt ~ 053 1
> flki—1, 61, Aiq) — by — —— > f(k't 1,61, A1) — ke (14 —= .
oy Ef a1 €
Therefore, there is j such that
. - 1
A > flhiy, 61, Ay) — Ky (1 - a_E) > 0. (A.37)
1

Using (A.17), the bounds for ¢ in (A.19), and taking into account that k; = k7, we get

* T ~ ~ ozl
iy > flhior, o1, Amr) — ke (1 + _3_~>
aq €

Br(l+r(ke, e, Ar)) — 53(1 + (ke e, A)) — Bi(L+7)

and hence

Cz* < Bi(1+ T?)Czil

It follows from the structure of the problem (A.18) that

. Lk
5{ 1= ?t-
By (A.31) and (A.27), we have
iy =1+ )8y +wi,y St 1<?—Tt20,

a contradiction of (A.37). This proves (A.35).
Now it follows from (A.28) and (A.35) that

1 & o€} k
o< =S gt E Ry o T
! L; lag+aer T E

By the structure of the problem (A.20),
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Therefore, using (A.6), for all t =0,1,...,T, we obtain

L
1 y ox * R*
Iy ke B gy 4 B
Jj=1

e P14 L
O
Claim A.7. For allt=0,1,...,T and for all j =1,2,... L,
d" > (1= 6) (L +r)sy +wy) . (A.38)

Proof. Let us prove (A.38) for ¢t = 0. It is clear that there is 0 < 7 < T such that s; > 0
for all t < 7 and s, = 0. If 7 =0, then it is sufficient to note that

A =1+ +wp > (1 - ) ((1 +rg)s” + wé) :
If 7 > 0, then, by (A.32),
=B, A= B (L

and, by (A.31),

A+ ——+ .+ o
S (T4rp)- - (L4r) 7
; 1
=(1 5)s’* o+ ——wi + ... x.
( +r0)s,1+w0+1+ﬁw1+ +(1+T]‘)---(1+ri)w7
Therefore,
1 j* j j % T J*
1_—510‘6 >C’6 +ﬁjcé ++5JC{)
S GO N ! o
LT ) () T
=1+ +we + ——w' + ...+ ! wr > (1478 +wp
0 —1 0 1+TT 1 (1+T1<)(1+T;k_) T — 0 —1 0>

which proves (A.38) for t = 0. To prove it for ¢ > 0 it is sufficient to repeat the argument.
]

Claim A.S8.

ki > aaBr(l— B> f(kf,ef, Ay, t=0,1,....,T —1. (A.39)
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Proof. Note that

1—(0614‘&2)(1—61) . 1
— =15 (A.40)

Due to (A.31), (A.30), (A.4), (A.23), and (A.40), we get for t =0,1,..., 7 — 1,

Qg
a1+a2—|—?2041+042+

R a
= (qftT+(1+rt)k*+wt) = <€—f+041+042> f(k;,er, Ar)
t

f(k;/kae;,kuAt)

Qa3 * %
§<?+061+062>f(kt76t714t): 1_ﬁ1 ’

or

1

f(k;,ef, Ay) > (1 —Bl (A.41)

Mh

J=1

By (A.38), (A.30), (A.4), (A.5), and (A.23), we get

1 L . 1 L . R*
T Zc’é* > (1-p41) ((1 + T’S)Z ZST} + wS) = (1-51) (qul + (1 +rg)ks + wS) =

=1

(1= 50) (224 -+ aa) 00 6, 40) > (1= 508 Ao

0

and therefore, taking into account (A.41) and (A.32),

f(kT €1, Ay) > 1—51 T >01-7p)

L
Z (1+r])cl

CZ)* > 61/(1 - /81)2(1 + ri)f(kéu 68,14()).

”Mh

e~ |

> (1= A+ )T

Mh

1

<.
Il

Repeating the argument, we obtain for t =0,1,..., 7 — 1,
fhfins ey Argn) > Br(l — 5l>2(1 + i) f(R] e, A). (A.42)

It follows from (A.5) and (A.42) that

147 )k . i} ) o
% = f(ki1,eip1 Aer) > Br(l — B+ rio ) f(kEer, Ay,

and hence (A.39) holds. O
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Claim A.9. Fort=20,1,...,T —1,

* * l-as * %
(@<5t7Rt—1)) . 6(5t+17 Ry)

* =« * 9 (A.43)
At(kt )al ' kt—‘rl
or, equivalently,

q(kf,ef, Ay) N Q(kf+17€r+1af4t+1>
Proof. Using (A.6) and the definition of ¢}, it is easily seen that (A.43) is equivalent to
(A.44).
Suppose that for some t = 0,1,...,T — 1 equality (A.43) does not hold. Then either

* * 1-a * *
(6(8t’Rt71>) ’ - €(€t+laRt)

" aq " y (A45)
Ay(ky)™ ki
or )
* * —a3 * *
(6(515 ) Rtj)) < ay 6(5t+*17 Ry) ' (A.46)
Ay(ky) ki
Consider the first case. It follows from the structure of the problem (A.22) that
R az(1—f)
¢ 1—(@14—012)(1—,61)'
By (A.31),
L
EZ +s§* (1+7)) Zstl—i—wt, t=0,1,...,7 —1,
and, using (A.36) and (A.33), we get for t =0,1,..., T — 1,
L
R*_ q* R*
kf* t—1 o t+1 + 1 + r kf* + w
Zl t-l—l t L 1 +7,,;<+1 L ( t) t
= (14 )k +wf + qle; + ¢ — L ﬁf (A.47)

Ry q;
— k* * A i *x t+1
f( t76t7 t)+ L (Qt 1+7,,2|<+1
Using (A.44), it is easily seen that (A.45) is equivalent to

*
411

s SN *
L+rr,
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and thus from (A.47) we get
R
flks e, Ay) > E;cg t=0,1,..., T —1. (A.48)
By (A.48), (A.38), (A.30), (A.4), (A.5), and (A.40), we get

f(ktaet7At)>zzcg > (1= p) (14‘7"75 Zst 1+wt>

= (1= ) (5 D ) = (- ) (
as T _ (1 _
= (1=5) (2 +a+a) flk.ej. A) = (1= By)

+ o + CYQ) f(k:, 6:, At)

t

—f(kZ,GI,At) :f(k;‘kve:’At)a
1—5

a contradiction.

Consider the second case. It follows from the structure of the problem (A.22) that
ef =&. By (A.23),

*

1 o
= t+1
gt:E:: +

L+ Br(1— )2 & et + 81— B)?

or
g1 —¢ef) < Br(l = B)%;.
y (A.33) and the definition of e},
€Z‘+1 < Br(l— 61)26:-
At the same time, it follows from (A.46) that

€1 k;rl
er  anf(kier, Ar)

Hence, by (A.39),
ey > Br(l = B)%e;,
a contradiction.
Thus equality (A.43) holds for all t =0,1,...,7 — 1. ]

Claims A.3 and A.4 show that condition 1 of Definition A.1 holds. Due to the choice
of e}, r;, ¢; and wy, conditions 24 of Definition A.1 are satisfied. Claims A.9, A.5 and
A.6 show that conditions 5, 6 and 7 of Definition A.1 are valid. Thus the proof of Lemma
A.1 is complete. O
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Step II. Competitive equilibrium in the infinite horizon model.

Step II.1. A candidate equilibrium path.
Let for T'=1,2,...,

{7 () e (53 (D) K (), ()i (T), 6 (T, (D), R

be a finite T-period equilibrium path. Let us apply the following procedure to the sequence
{E€ b r=12,....

At the first step of the process we take a cluster point of the sequence

{(@" (D)5 (567 (D)5, ko (T), (T, wi(T), 5 (T), (1) Ro(T) by

denote it as
{(Cg)*)le,( 50 )] 15 077”07@”07%»60,30}

and extract a subsequence {Tp,}7>, from {T}7r_1 o . such that

{(" (Ton)) iy (85" (Ton) ) i, K (Ton), 7 (Ton) s (Ton) 45 (Ton ) €6 (Ton), B (Ton) b

converges to {(cé*)]L 15 (80 )] 1,/%,7"0,1%7%760730}

At the second step we take a cluster point of the sequence

{(C] (Tﬁn))] 1 ( ]i*(TOn))j 1 K (Ton), 71 (Ton ), wi (Ton), 45 (Ton), €1 (Ton), RT(TOH)}ZOZP

denote it as
{(C{*)f=17 (sjl*)] 1 kiv Tla w17 Q17 617 R*}

and extract a subsequence {T7,}22, from the sequence {7y, }22, such that 73; > 1 and

{( A" () s (517 (Tra)) s K (D), 75 (L) wi (Tr) 6 (Tha), €5(Tan), R (T }

converges to {(c{*)le, (s)" )iy, ki, ri,wi, qf ef, R} This procedure continues ad infini-

tum.

As a result, we obtain an infinite sequence

= {(Cz*>j 17( St )j 17k:artawm(b7et7R*}t:0717m' (A49)

This sequence is a natural candidate to be a competitive equilibrium in our model.

Step 11.2. Bounds of the T-period equilibrium capital sequence.
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«
Lej

*
Rt—l

satisfies

It follows from Lemma A.1 that in any 7-period finite equilibrium e =
(A.23), and e} satisfies (A.34). Moreover, by condition 6 of Definition A.1,

* * * * *
Ct41 _ bRy L _ 5t+1(1 —€7)

* * % * )
€} L R, 7

and hence, for t = 0,1, ...,

E(1—2¢) _ €11 _ E(l1—¢)

5 ey €

. (A.50)

We also know that k;, is bounded from below by ky. However, we need to establish a
more precise lower bound of the capital sequence in a T-period finite equilibrium.
Let the value 1 + 7’ be such that

Br(1+7")>2(1+g), (A.51)

and k' be given by
OélA()(éo)aS (]C/)al_l =1+ 7“/. (A52)

Let further the sequence {k;} be given by
ki = (1+ g)ky, (A.53)

where
0 < ki < min{ko, k'}.
Claim A.10. For all t,

f(kg—i-h €>tk—i-lv At+1)
1+ < T
( ﬂ) f(k:ta etht)

Proof. By (A.53), (A.8), (A.50), (A.10), and (A.11),

< (1+79). (A.54)

f(kfé+1> €ri1s Aii1) _ (k£+1)a1 Ay (€:+1)a3
f(k ef, Ay) (K)o Ap o (ep)s

> (1+9)" (14 A) <§<1€—_€))a3 >(1+9)"(1+§7™ > (1+yg)
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Analogously, using (A.53), (A.8), (A.50), (A.9), and (A.11), we have

f(k£+1a €ii1s Aiy1) - (k£+1)al A (6?+1)“3

f ki ef, Ay) (Kp)er Ap (ef)es

<(1+g) " (1+N) (6(1 — )

) srarase =g

O
Claim A.11. Forallt=0,1,...,T,
L+ 7k, ef, A) > 147 (A.55)
Proof. 1t follows from (A.5), (A.53), and (A.54) that
ki, er, A ki, er i, A
14 r(k;, ef, Ay) = oz1—f( t’e,t’ 2 > a1f( 1 e,t_l 1) =1+r(k,_q,e; 1, A1)
ki ki
Repeating the argument, and using (A.34) along with (A.52), we get
L+ r(ky, e, Ay) > 1+r(k), e, Ay) > 1+ r(k), éo, Ag)
>1 + T(k’l, éo, Ao) = Oéle(éo)as(kl)alil =1 + 7"/.
]
Let
w£+1:<1+2>w27 t:()ala"'a
where
w[’) = Oéng(ké)al (éo)a?’ > 0.
Claim A.12. In any finite T-period competitive equilibrium
(RN E S RN S
fort <T —1,
ki >k, >0, (A.56)
and

wy > w, > 0.
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Proof. First let us prove (A.56). Assume the converse. Then there is 7 > 0 such that

kX >k, and kf, , <kl ,. It follows from (A.3), (A.34), and (A.55), that for all j,

T7+1 T+1°

CJ:H > Bi(1+ Ti+1)ci Br(l+ ’”T+1)C; Br(l + T<ki+1a 7413 Ar+1))cl*
> BL( T<k;+17 €T+17 AT+1))C‘]I' > BL(l + T/>C‘JI;*'

By (A.51),
> 2(1+ g)e*. (A.57)

Adding together the budget constraints of all agents at time ¢ in (A.2), and using
conditions 5-7 of Definition A.1, we get

b' |

L
Z Fh = (L) K +w = f(k e, A), t=0,1,...,T. (A.58)

Applying (A.58) for t =7+ 1 and ¢ = 7, and using (A.57), we have

L
SR s €, Ar) — Ky = T Z Cfll

L
> 204 5) 7 S0 el =20+ ) (F(k 5, Ar) — Kya)

j=1

Hence, by the choice of 7 and (A.34),

k:+2 < 2(1 + g) :—&—1 + f( :—i-lv :-HaAT-H) - 2(1 + g>f(k:’ e’T’A )

2 / / (A.59)
S (]‘ + g) (2k7+1 - f(kT’ eT’A )) + f( T+1 T+17A7'+1) - (1 +g)f(k’r’ eT’A )
It follows from (A.54) that
f(k:;'—&-la 6?——}—17 AT+1) < (1 + g)f(/{,lr, 67, A ) (A6O)
Moreover, using (A.55) and (A.51), we get
! A 1 Foer A 1 " 2(1+4g
fed) Lerlend) Ler 2Dy
k. aq (€31 a1 Br,
and hence, by (A.53) and (A.11), we get
2K, 1 = 2(1+ gk, < 2(1+ gk, < f(kr, €7, Ar). (A.61)
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Combining (A.60) and (A.61), we have

(1+9) (2K 41 — f(K, €3, An)) + f(k7y, €740, Araa) — (L4 9) f (k7 7, Ar) <0

Now it follows from (A.59) that k%,, < 0, which is impossible. Hence 7+ 2 > T, and
therefore the inequality (A.56) holds for ¢t < T — 1.

Using (A.56), (A.34), (A.53), (A.8), (A.50), (A.10) and (A.11), we obtain for all ¢t =
0,1,....T—1,

wy = o Ay(k])™ (€7)™ > anAr(ky)™ ()

I\ 6* o *\ o3
— o1+ A Ay (1 + ) (k) (—) (e

> (L4 g (14N <§(1 - 6))% as Ao(kg)™ (€0) ™

Step 11.3. Existence of an equilibrium.
Now we are ready to prove the following lemma which maintains that the sequence &7,

defined by (A.49) is a competitive equilibrium under given extraction rates in our model.

Lemma A.2. The sequence X defined by (A.49) is a competitive equilibrium starting
from Z,.

Proof. 1t is clear that by construction £ satisfies conditions 2-7 for the competitive
equilibrium in the private property regime. Thus to prove that £ is a competitive

equilibrium it is sufficient to show that {(cJ*)% (sg*)le}fio is a solution to the problem

Jj=b
(4.8) at r, =71}, wy = wy, and ' = liO*RJ .
Let ¢, be such that
!/
d = % t=0,1, (A.62)

It is clear that

and hence

In ¢,

Zmn ¢ =

ﬁ+ln 1+g) Ztﬁt

In ¢, n B

—8 " (1-py 2
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Consider the instantaneous utility function
u(c) =Inc—Ing,.

Clearly, the solution to the problem (4.8) will not change if we replace the instantaneous
utility function In ¢ with the function w(c). It is also clear that w,(c}) = 0.
Note that for all ¢,

Cr > Lf(ke, € Ar) > Lf(ki, €, Ar) > ¢,

and hence u(¢;) > 0. Moreover, it follows from (A.16) that

. Inc s 1 B
Zﬁut(ct) = 1% In(1+g) — 1n_00ﬂ taogp+g)

B 1 Co 15} 1+g
_1—61n(c_6)+(1—6)21n<1+g>'

Now assume that {(CZ*)]LZI, (s{*)le},?io is not a solution to the problem (4.8). Then for

some j (we fix this j and omit it in the remaining part of the proof for the simplicity of

notation) there is a feasible sequence {¢;,5;}5°, such that
U > U*, where U = Zﬂtut(a), and U* = Zﬁtut(cf).
=0 =0
Let 0 < A< U — U*, and let © be such that

i B'us () < min {%,mz} .

t=0+1

Further, let

© S]
U© =3 plule), U°=> Bu(@),
t=0 t=0
and
T o
U(T) =Y Bu(c(T)), UST) =) Bu(c(T)),
t=0 t=0

for T=O©+1,0+2,....

Claim A.13. There is a sequence {To, 52, such that

U*®(Te,) — U™®.

n—o0

174



A Existence of a competitive equilibrium in the private property regime

Proof. 1t is sufficient to note that since £X is obtained as a result of the application of the
process described at Step II.1 to the sequence {&€}}r—12 ., there is a sequence {Te,}72,
such that for t =0,1,...,0:

nh_{lolo kt (T®n) = kt ) nh_{glo Ty (TGn) =Ty, nh_{gO Wy (T@n) = Wy,
nh_g)lo q; (Ten) = q;, nh_{go e;(Ten) = e¢;, nh—{Eo Ry (Ten) = 1},

lim ¢ (Te,) =c¢;, lim s;(To,) = s;.
n—oo n—oo

Let us formulate a claim that will be useful in what follows.

Statement 1. Suppose that F.(z,y), r =1,..., R, are continuous and concave iny func-
tions defined on X XY, where X and Y are convex compact subsets of finite dimensional
spaces. If there exists § € Y such that F.(x,y) >0 for allx € X, r=1,..., R, then the

correspondence

R
T — ﬂ{yEY | Fr(z,y) > 0}

r=1

1s upper and lower semi-continuous, and all sets

(WyeY | F(zy) >0}

r=1
are non-empty, conver and closed.
Proof. 1t is trivial. O

Let W*© be the maximum value of utility in the problem

G
max Z Blug(cy),
=0

s teoce s < (147r)) se—1 + wy,
StZO, t:O,l,...,G),

and W*®(T) be the maximum value of utility in the problem

e
max Z Brug(cy),
t=0

(A.63)
scte o+ s < (1 4r(T)) s +w, (T),

>0, t=0,1,...,0,
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for T=0+1,0+2,....

Claim A.14.
W*®(Te,) — W*°.

n—oQ

Proof. Consider the correspondence that takes to each

{(1 + T07w0)7 ) (]- +re, UJ@)}
@ — ~ ~ —
S H ([1 + 1 (ke, €1, Ar), 141k €4, Ar)] X [w(ky, €, Ar), w(ky, ét7At)]>
=0

the set
{(007 SO), R (697 39} c R2(®+1)

which is such that, with s_; = 5_; being given,
¢+ s < (14+7r(T)) st—1 +w; (T), and s; > 0,

hold for all t =0,1,...,0.
By Statement 1, this correspondence is lower- and upper-semicontinuous, and it is

sufficient to apply the Maximum Theorem. O

Claim A.15.
U*(T) > W*(T).

Proof. Let for some T' > O + 1, the sequence {(¢y, So),- .., (Co,S0)} be a solution to
(A.63). Let further for t =© +1,..., T, {(¢, )} be defined recursively by

ét = C;, §t = (1 + Tr(T)) §t—1 + w: (T) — ét- (A64>
We show that given s_; = §_1, the sequence
{(¢, %0),-- -, (Co,30), (Cot1,Sot1),---, (¢1,87)} (A.65)

is feasible for the problem

T
max Z Brug(cy),
=0

(A.66)
s te e+ 5 < (L4+7r(T)) se—1 +wp (T),

StZO, t:O,l,...,T.
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A Existence of a competitive equilibrium in the private property regime

It is sufficient to check that §; > 0 fort = © 4+ 1,...,T. By Claim A.12, we have for
0+1<t<T -1,

We prove that s, >0 fort =0+ 1,...,T — 1 recursively. Clearly, sg = 0. Suppose that
$,1>0for©+1<t<T—2. Then
S =0+7(T)) 81 +w(T)— ¢ >w(T)—c, > 0.

In particular, sp_o > 0. For t =T — 1 we have

71 = (L+r7_4(T)) $7—2 + wp_y(T) — éra

> wp_(T') — ¢p_y > 260 — &y =y
For t =T we know from Claim A.12 that either
wy(T) > ¢,

or
T+ry>1417"

In the first case, we can apply the same reasoning as before:
Spr=0+7r(T)) 871 +wi(T) — ér > wip(T) — p > 0.
In the second case, using (A.51) and (A.11), we have

S0 = (14 (1)) S11 + wip(T) = ér > (L+1)cr, — &

2
> E(l +9)p —cp>(14+9)dp  —dp>(1+ g)c’T,1 —dr=0.

Thus we have proved that the sequence (A.65) is feasible for the problem (A.66). Since

the sequence
{(co(T), s5(T)), -, (ep(T), s7(T)) }

is the solution to this problem, we have

T G T C)
U(T) = Zﬁtut(C?(T)) 2 Zﬁtut(ét) + Z Blu(c;) = Zﬁtut(ét) =W*(T).
t=0 t=0 t=6+1 t=0
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Let us prove another useful claim.

Claim A.16. Forallt=0,1,...,T

? )

K (T) < R(A(e(T))™) ™,

Proof. 1t is sufficient to show that

where

. K@
(Ai(ep (T))es) =
By (A.12), (A.10), and (A.34),

~

1 ko I%O

Q)™ (Ado)s) = (Aole(T)) =

(A.67)

(A.68)

which proves (A.68) for t = 0. We prove it for t = 1,...,T recursively. Suppose that

ky < k. If follows from (A.58) that for all ¢,

1

ki (T) < f(R(T), e (T), Ar) = (ki (T))™ ((At(el‘ (7)) =

and hence, due to (A.8), (A.50), and (A.10),

gy > —naD) o (e (1)) 7
 (A(ef (T))s) e (Ag(ex(T))os) "o

R 1) P G
< < =
Mg S "
Thus (A.68) holds for all t =0,1,...,T.
Denote 1
1 +r = aq (R)lfal
By (A.12) and the choice of 1+ g,
~ (R)> .
Br(1+7) = Bron = = Braa(1+g) = (1+yg),
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and hence, by (A.67), for all t =0,1,...,T, we have

A (1)) A (1)) 1 i
1 (T) = o ———— = =1 A.70
Trill) = g pye 2 M EHEe A @ - e T &0
Claim A.17.
U*>U-®,
Proof. Let us prove that for any T'> O + 1,
co(T) > co. (A.71)

Assume that ¢ (7") < ¢. We show that this inequality implies ¢} (7T") < ¢} for all t < ©.
Indeed, if ¢;(T') < ¢, for some t < O, then it follows from (A.3), (A.70) and (A.69) that

i (T) > Bi(L+r(T))e;_(T) > B(1 +7)c;_(T) = (14 g)c;_(T), (A.72)
and thus (T) )
c c
i ( )_1+2<1+2 Ci_1
Hence

> Blud(ei(T) = B (Incj(T) — Inc}) < 0.

At the same time, by the choice of O, we have

3 Bul(D) < Y Bue) < S Bua) < In2.

t=0+1 t=0+1 t=0+1
Therefore
T (S T
> B (T) =D Blulci(T) + Y Bu(cf(T)) < In2. (A.73)
t=0 t=0 t=0+1

Consider the sequence
{(éOa 50)7 ey (5T7 §T)}7 (A74)

defined as follows: for t < ©

ét = w;‘(T), §t = 0,

and for t =©+1,...,T, {(¢,5)} is given by (A.64). It follows from Claim A.12 that for
t<0O,
¢ =wi(T) > w; > ¢. (A.75)
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Repeating the argument from the proof of Claim A.15, we obtain that the sequence

(A.74) is feasible for the problem (A.66). At the same time, the sequence
{(co(T), s0(T)), -, (ep(T), s7(T))

is the solution to this problem. Hence, using (A.75), we get

T T g T
Zﬁtut(ct (1)) = Zﬁtut(ét) = Zﬁtut(wt (1)) + Z Blui(cy)
=0 t=0 t=0 t=0+1

= ug(wy(T)) + Y _ B'un(éy) > up(wi(T)) = Inwy(T) — Inc

w/
>Inwy —Incy =In (—/0) =1In2,
o

a contradiction of (A.73).
Thus (A.71) holds, and using the fact that ¢§ is a limit of the sequence {c§(Ton) 22,

we have

Co > Co-

It immediately follows from (A.72) that for all © + 1 <t < T,
(1) > ¢

Since every ¢; is a cluster point of the sequence {c;(T)}r—12, ., we get

It follows that

—U*© = Z Brug(c}) Z B'(Inc; —Inc}) >0,

t=0+1 t=0+1
which completes the proof. O]
Claim A.18.
U*(T) >U*(T)—%, T=0+1,0+2,...; (A.76)
W > U — %. (A.77)
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Proof. Clearly, ¢; > ¢f(T) and ¢; > ¢ for all ¢. It follows from the choice of © that

T S T
UNT) = UC(T) = Bulc;(T) =Y Bulc;(T)) = > Blulc;(T))
t=0 t=0 t=0+1
T . ) oo . ) A
< Z Bru(e) < Z Bru(er) < DR
t=0+1 t=0+1

which proves (A.76).
Due to the definition of W*®, we have W*® > U®. Now it is easily seen that

~ . ~ N . > - ~ A
W*® 2 U@ = Zﬁtut(ct) =U — Z ﬁtut(ct) Z U — Z ﬁtut(ct) >U — E,
t=0 t=0+1 t=0+1
which proves (A.77). O
Now, combining Claims A.13-A.15 and A.17-A.18, we obtain
* *O : *© : * A
U*>U" = lim U™ (Te,) > lim U*(Te,) — =
n— oo n—oo 2
A A~
> lim W*°(Te,) — = =W*° — = > U - A,
n—o0 2 2

which contradicts the choice of A. This contradiction completes the proof of the lemma.
]

Thus the proof of Theorem A.1 is finally complete, and there exists a competitive

equilibrium. O
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B. Existence of a competitive equilibrium in the public
property regime

The existence of a competitive equilibrium in the general equilibrium Ramsey-type model
with public property over exhaustible natural resources under given non-degenerate ex-

traction rates is established in the following theorem.

Theorem B.1. For any non-degenerate state Z._1 there exists a competitive K, -equilibrium

starting from I._1.

The proof of Theorem B.1 also follows the ideas presented in Borissov and Dubey (2015)
and is in many respects similar to the proof of Theorem A.1 in Appendix 4.9 However,

for the sake of completeness, we provide below a full proof for Theorem B.1.

Proof. Without loss of generality, let us consider the case 7 = 0 and prove the existence
of a competitive Eg-equilibrium starting from Z_; = {(é‘il)le, R_i}.

The proof is divided into two steps. First we show the existence of a competitive
equilibrium in the finite horizon model. We prove that for any 7" > 0 there exists a finite
T-period competitive equilibrium under given extraction rates. Second, we construct a
candidate for a competitive equilibrium in the infinite horizon model by applying some
kind of diagonalization procedure to the sequence of finite T-period equilibrium paths,
and then prove that this candidate is indeed a competitive equilibrium in the infinite

horizon model.

Step I. Competitive equilibrium under given extraction rates in the finite
horizon model.

Let us define a finite T-period competitive equilibrium under given extraction rates

along the lines of the above definition. Suppose that 7_; = {(§_ i, R_,} is a non-
degenerate initial state, Eg = {e:}:°, is a non-degenerate sequence of extraction rates,

and recall that e, = e;,(Eg), t =0,1,...,T.

Definition B.1. A sequence

sk L J**\ L sk kk Kk kk ok
{(Cg Jizts (S0 )jo kY T wi ¢ vy t=0,1,..,T

is a finite T-period competitive Eq-equilibrium starting from Z_q if
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B Existence of a competitive equilibrium in the public property regime

Jkk

1. Foreachj=1,...,L, the sequence {CZ**, 51 ML, is a solution to the following utility

maximaization problem:

T
max Zﬁ; Incl,
= . (B.1)
s.t. s <(A+r)sl,+w+uv, t=01,...,T,
/>0, t=0,1,...,T,
at ro =it wp = wit, v = v, and 8, =& ;
2. Aggregate savings are equal to the capital stock:

L
Zsif‘l =Lk, t=0,1,...,T;
=1

3. Capital is paid its marginal product:

L+ = Ak e)™, t=0,1,...,T;

4. Labor is paid its marginal product:

wy* = ag A (k") (er)*®, t=0,1,...,T;

5. The price of natural resources is equal to the marginal product:

q" = agAt(k;‘*)o‘l(et)a‘"”l, t=0,1,...,T;

6. The resource income is given by:

vt =qfe, t=0,1,...,T.

Clearly, the solution to the problem (B.1), {¢/™*, s7**}L_,, satisfies the following condi-

tions:

A s = () Fw o, t=0,1,...,T, (B.2)
A > B+ )d™ (=if s >0), t=0,1,...,T—1, (B.3)
ST =0,

where s = § ;.
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The existence of a competitive equilibrium under given extraction rates in the finite
horizon model is shown via the following steps. First we present some preliminary defini-
tions and results that will be useful in what follows. Second, we reduce our finite horizon
model to a game, and show that there exists a Nash equilibrium in this game. Third,
we prove that a Nash equilibrium in the game that represents our model determines a

competitive equilibrium under given extraction rates in the finite horizon model.

Step I.1. Preliminaries.

We use the notation

f(k,e, A) == Ak e,
L+r(k,e A) = Ak e,
w(k,e, A) == as Ak e,
q(k,e, A) == azAk* e
v(k,e, A) == ag Ak e,

for the output (production function), interest rate, wage rate, resource price and the
resource income as depending on the capital stock k, the volume of extraction e and total

factor productivity A. Clearly,

(14 r(k, e, Ak + w(k, e, A) + vk, e, A) = f(k, e, A). (B4)
Denote N
-
=7

Claim B.1. For all t,
ettt <e <e, (B.5)

and
(B.6)

=5 ¢ = 0
Proof. 1t follows from (4.41) that for all ¢t > 0,

e R el — &) Ry R_
_ tLt 1_ £ [tll) t2:”.:Tlgt(]_—gt_l)...(l—go).

€¢

Since we require a sequence of extraction rates to be non-degenerate, i.e., d < gy < 1-9,
it follows that for all t > 0,
Et Z 5, 1— Et Z 0. (B?)

185



B Existence of a competitive equilibrium in the public property regime

Hence
e =eég(l—gi 1) - (1 —go) >edtt > 0.

It is also clear that

e < e,

which proves (B.5).

Moreover, for all t,

err1 el —e)(l—gq)---(1—e0) el —ey)

€ - égt(l—gt_1)"'(1—€()) Et
Using (B.7), we obtain (B.6).

Denote

1 (1 =6)? =
1+§=(1+/\)“"1(( 5)) ,

where A is the growth rate of the total factor productivity:

At - (1 + )\)At—l = (]. + )\)tA().

82 \Toar Ag(Se)
e () )
0

1+g=pBraa(l+g).

Let also

and

It is clear that

3

1 o2 1—ag

and
l+g>1+g>1+yg.

Suppose that k£ > 0 is given by
(1+3) = (5",

Let the sequence {k;} be given by
ki = (1 + gk,

where
_ 1
ko = R(Ape™®) -1,
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We show that
R(Ae) T < k. (B.12)
It follows from (B.8), (B.6), and the choice of ky that

e )T
(&) )

_ 2\ tas ﬁ
Sn((1+>\)t<<1 55)> Aoe‘”)

1 o ((1—8)2\ T = =
:R(Aoéais)l—al (1_|_/\)1_a1 (( 5 ) ) — (1—|—§)tk’0:k’t.

R(Aels) o =

=
//\\
[S—y
+
>
o
[en}

Furthermore,
fkey e, Ap) < kg (B.13)
Indeed, by (B.12), (B.11) and (B.10),

Fke,er, Ar) — kepr = (k) Ael® — (1+ )k
- Ager® B ) - ( Ages® B )
A — 1+ <k —H— —(1+
s ((l{?t>1_a1 (1+9)) <k ()= Ao (1+9)

K (’%—(Hg)) “F((1+9) - (1+9) <0

Denote
ét = Ll%t-i—l' (B14)
Clearly,
Et+1 == (1 + f])ét (B15)

Let the sequence {fft}fig be defined recursively as follows. We take ko such that 0 <

ko < ko. Suppose we are given k;, > 0. Consider the following equation in k:

Ct+1 -
k+ = f(ky, e, Ay).
Bt 7l eon, A o)
The left-hand side of the above equation is increasing in k, and equals to 0 when k£ = 0.
Thus there is a unique positive solution to this equation. We take l%tﬂ > 0 as this solution.
Clearly, the sequence {/;:t};?io satisfies the following equation:

Cit1

]~€t+1 + =
Br(1+r(ki1, €41, Arr1))

= f(kp e, &), t=0,1,.... (B.16)
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Step I.2. A game.

We reduce our finite horizon model to a game I' = (Xj, G )rer. To specify a game, we
need to describe a set of players, I, and for each player k € I, define the strategy set X}
and the loss function

Ge : [[Xi—R
iel
Elements of [[,.,; X; are called multistrategies. The equilibrium of the game I' is defined

as follows.

Definition. A multistrategy (w’{, e ,xl*ﬂ) is called a Nash equilibrium of the game I" if

for each k € I, x}, 1s a solution to

: * * * *
HalclnGk (331, e Ty Thy Ty gy - - - ,a:m) ,
k

s. t. x, € X,

The sufficient conditions for the existence of a Nash equilibrium of this game are well-
known (see, e.g., Ichiishi, 2014): for each k € I the set X} is a convex and compact subset
of a finite dimensional space, and the function G (x1,..., 2k, ..., 2y) is continuous in all
variables and quasi-convex in x.

Let us specify the game 'z that represents our model. There are T+ (274 1)L players,

and
1. foreach j=1,...,L,

a) T players determine s{, t=0,1,...,T — 1, by solving

rnsins (CZH — Bi(1 + (kg1 €441, At+1))0{) ;

_ (B.17)
s.t. 0 S S S th+1.
b) T + 1 players determine ¢/, t = 0,1,...,T, by solving
mcin ’C — ((1 + T(k‘t, €, At))sz—l -+ w(kt, €t, At) + /U(kt, €, At) — S“Z) ‘ s (B 18)
s. t. 0<c<qy, '
where s’ | = § |, and sjf = 0.
2. T players determine k;, t = 1,2,...,7T, by solving
1 L
min |k — — sl ,
K L Z - (B.19)
7=1
s. t. k?t S k S ]%t-

188



B Existence of a competitive equilibrium in the public property regime

Lemma. There exists a Nash equilibrium in the game Uy with T + (2T + 1)L players
having the strategy sets and loss functions described by (B.17)-(B.19).

Proof. All strategy sets are closed intervals, and for each player the loss function is con-
tinuous in all variables and quasi-convex in the player’s own strategy variable. Hence

the sufficient conditions for the existence of a Nash equilibrium in the game ['7 are satis-

fied. O

Step 1.3. Nash equilibrium and competitive equilibrium.
The following lemma maintains that a Nash equilibrium of the game I'r determines a

finite T-period competitive Eq-equilibrium.

Lemma B.1. Let

{(C’Z**)j:1,...,L;t:0,1,...,T, (Sz**)j:1,...,L;t:o,1,...,T—17 (k?t**)t:m,...,T}

be a Nash equilibrium of the game T'p. Let ki* = ko, and s = & |, s37* =0 for all j.
Let also

L4+ =147k e, 4), t=0,1,...,T,
w* =wk;* e, A), t=0,1,...,T,
" =qlk™ e, A), t=0,1,...,T,
vt =wv(k e Ay, t=0,1,...,T.

Then

ok I Jk*\L Kk sk Kk kk ok
{(CZ )j:l?(st )j:l?kt T Wy Gy 5 Uy t=0,1,....T

is a finite T-period competitive Eg-equilibrium starting from T_4.
Proof. First, observe that

o if ¢/, > Bj(1 4 r(kir1, err1, Ary1))cl, then the only solution to the problem (B.17)

is s =0;

o if ¢/, = Bj(1 + r(key, erv1, Arp1))cl, then any s from the interval [0, Lk,y,] is a
solution to the problem (B.17);

o if ¢/, < Bj(1 4 r(kit1, err1, Ary1))cl, then the only solution to the problem (B.17)

is s = Lkyyq.
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Second, notice that minimization problems (B.18) and (B.19) are of the form

min |z — 7|,
x

s. t. oar <z < as.

The unique solution to this problem, x*, is given by

a;, if z<ay;

*

r =9 ay, if T>ao;

{i‘, if algigag.

Remark B.1. When = > a1, we have z > x*.
Remark B.2. When = < as, we have z < x*.

Let {(Cz**)j:l,..A,L;t:O,l,...,Ta (Sg**)j:l,...,L;t:O,l,...,T—l7 (kzk*>t:1,2,...,T} be a Nash equilibrium
of the game I'y. Note that for all t = 0,1,...,T, k* > k, > 0. It follows that for all
t=0,1,...,7, wy*>0,v;*>0,and 0 < 1 4+ 7" < o0.

We divide the proof of Lemma B.1 into several claims.

Claim B.2. Foreach j=1,... L,

0< ™ <(A+r)s™ +w™ +v* —s™, t=01,...,T, (B.20)
and hence

0< ™+ <A +r)sl +w +u*, t=0,1,...,T, (B.21)

Proof. Assume the converse. Then, by the structure of the problem (B.18), there are j
and 0 < 7 < T such that (B.20) holds for ¢ < 7, and

0=c" > (1+7r7)sl™ +wr + o — s (B.22)
Consider two cases. First, let 7 < T — 1. By (B.22),
s > (14 r) 2 4+ w™ + v > 0.

Hence, by the structure of the problem (B.17),

A < B+ ) =0,
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because otherwise we would have s/** = (. Therefore, using Remark B.1, we conclude
that

0=cy > (L+7r7)si™ +wihy + oy — s
Repeating the argument, and using the structure of the problem (B.17), we have

>0, t=77+1,...,T—1,
CZfi: , t=7,7+1,...,T—1.

However, ¢ = 0 is impossible, because s5* = 0, and by the structure of the problem
(B.18) we have

0=cp" =" + 7 > (L+r7)sp™) +wi +op >0,

a contradiction.
Second, let 7 = T'. Since 67 ", >0, and cj** = 0, we have

=B+ Ve L= —B;(1+ 77 N, <0,

and, by the structure of the problem (B.17), s/**, = Lkp. Using the fact that s/ = 0,
by the structure of the problem (B.18) we obtain

0=c™ 57 > (1+ s +wir + v >0,

a contradiction. O

Claim B.3. For each j=1,...,L,
(14+r; )si**l + w4+ v < Lf(k;" e, Ay), t=0,1,...,T, (B.23)

and

L
1 .
Zzsgi*l <k* t=0,1,...,T. (B.24)

Proof. Using (B.21), (B.4), the bounds for k£ in (B.19), and (B.13), for each j =1,..., L,

we obtain

Z (L4 759)s™ +wi™ +v5") < L+ rg)ky™ + Lwg™ + Log®

= Lf(k’é*, €, Ao) S Lf(/;‘o, €0, Ao) < L/%l
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Hence

L L
Z % Z C(])**+ j**) <k’1,

]:1
and, by Remark B.2,
L
1 j ok *%k
z Z S{) < kl
j=1
Thus, inequalities (B.23) and (B.24) hold for ¢ = 0. To obtain these inequalities for all
t < T, it is sufficient to repeat the argument. O
Claim B.4. For each j=1,... L,
A s = (1) w0, t=0,1,...,T. (B.25)

Proof. Tt follows from the constraints in (B.17) that sJ** > 0 for all t = 0,1,...,T. By
(B.23) and (B.14),

(14 r)s)™ +w™ + v — s < Lk =
Therefore, by the structure of the problem (B.18), for each j =1,..., L,
A > (1)l Fw o — s, t=0,1,...,T.

Combining this inequality with (B.20), we obtain (B.25). O

Claim B.5. For each j=1,... L,
A > Bi(L+r )™ (=if s >0), t=0,1,...,T.
Proof. Assume that for some j and t < T,
Ay < Bi(L+ri)ed™.

Then, by the structure of the problem (B.17), s** = Lk,.,. It follows from (B.23), the
bounds for k in (B.19), and (B.13) that

(1 + T )Si**l + w;,k* + ,U:* S Lf(k;fk*?ehAt) S Lf(lgh et7At) < Ll%t+1 = S{**7

and thus

j**

(L4 r)s™ +w™ + v — si** <0,
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which contradicts (B.20). Thus we have proved that
cyy = Bi(L+rii)e™.

It remains to note that if
C’Zfl > Bi(1+ Tt+1)cy**7

then by the structure of the problem (B.17), s]** = 0. O

Claim B.6. For allt=0,1,...,T,
ke > ky, (B.26)

and

=) S =k (B.27)

Proof. By the choice of k,

Assume that for some t =1,2,...7T

L
*k *k 7. 1 j ok k *x 7
- E s =k, > ky_y, and 17 E s < kT =Ky

=1
By (B.25),

L ' L

(st = Z (L7 )si% 4+ iy +0)7)
Jj=1 =1

— (1 + T:il)k:jl + wt—l + /Utjl = f(k;gkjl, €1, At_1> > f(l%t—la €t—1, At—l)-
Hence

1

L L

J ok 7 ]- j ok k 7

- ZC‘Ll > f(k?t—h et—l,At—l) - E ng 1 > f(kt—la et—hAt—l) — ky.
Jj=1 j=1

h

Therefore, there is j such that

A > flkior, e1, A1) — Ky > 0. (B.28)

193



B Existence of a competitive equilibrium in the public property regime

Using (B.16), the bounds for ¢ in (B.18), and taking into account that k, = kr*, we get

Cgi*l > f(l;tfly €t—1, Atfl) — ky
Et Ct CZ**

Br(L+r(ke e, Ar)) — @(1 + (ke Ar)) — Bi(L+r17)

and hence
a " < B+
It follows from the structure of the problem (B.17) that for this j we have s = Lk,

By (B.25), (B.23), the bounds for % in (B.19), and (B.13), we have

*% % VESS VESS
671—(1+Tt )8t Fwiy F vt — s

< Lf(ky,ei—1,Arq) — Si*i < Lf(ki—1,ei-1,As1) — Lk <0,

a contradiction of (B.28). This proves (B.26).
Now (B.27) follows from (B.24), (B.26), and the structure of the problem (B.19). [

Claims B.2-B.6 complete the proof of Lemma B.1. O]

Step II. Competitive equilibrium under given extraction rates in the infinite

horizon model.

Step II.1. A candidate for an equilibrium path.
Let for T'=1,2,...,

i = (" @O, (8 Ok () (D), 0 (D), 6" (D) (D},

be a finite T-period equilibrium path. Let us apply the following procedure to the sequence

5**
{ O,T}T:1,27---'
At the first step of the process we take a cluster point of the sequence

™ (D) s (5 (D) K5 ()5 (D), 0 (0,657 (T), 05" (D}

denote it as
ELIV JHx *% k%
{(C{) )j:l?(SO )j 17k0 77n0 7w0 7q0 71)0 )

and extract a subsequence {70, }>, from {T}r_1 2 . such that

gooe

{0 (Ton)) s (6™ (Ton))rs k5™ (Ton), 75" (Ton)s w5 (Ton), 45" (Zon)s w5 (Ton) }
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B Existence of a competitive equilibrium in the public property regime

]**

converges to {(Cj**)] 1 (s )j L kS st wg, g, ug

At the second step we take a cluster point of the sequence

{4 (Ton)) i, (87 (Ton)) b K7 (Ton), 7 (Ton) s w5 (Ton) s 45 (Ton) 03 (Ton) }
denote it as
{(Cj**)] 17(3]1**)5:1a T*J“T*awf*,ﬁ*wf* )

and extract a subsequence {7},}%, from the sequence {7g,}>°, such that 77; > 1, and

{(C‘j**(Tm))] 1 (s J**(Tm))] 1 KT (Ton), 17 (Thn), 01" (Thn), 7 (Thn) s v (Tln)}n 1

converges to {(c]™)E, (s7™)fy, k™, v, wi*, ¢, vi*}. This procedure continues ad in-
finitum.
As a result, we obtain an infinite sequence

oo = (™) (ST o K w6 0 Y (B.29)

0,00 =1

This sequence is a natural candidate for a competitive equilibrium under given extraction

rates in our model.

Step I1.2. Bounds of the T-period equilibrium capital sequence.

We already know that every element of the capital sequence for any T-period finite
equilibrium, k;*, is bounded from below by ky. However, we need to establish a more pre-
cise estimate for the lower bound of the capital sequence of a T-period finite equilibrium.
Again, we begin with some preliminary definitions.

Let the value 1 4 7’ be such that

Br(1+17")>2(1+g), (B.30)

and k' be given by
aq (5é)a3A0(l€/)al_1 =1+ ’l“/. (Bgl)

Let further the sequence {k;} be given by
ki = (L4 g)ky, (B.32)

where

0 < ki) < min{ko, k'}.
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B Existence of a competitive equilibrium in the public property regime

Claim B.7. For all t,

J (ki1 €1, Agr)

1+g)< < (I+g). B.33
(1) < Tt den) g (B33
Proof. By (B.32), (B.8), (B.6), (B.9) and (B.10),
fhi e, Avr) (R )™ A ey s

e
= = (149" 1+N2E
f<k£7€t7At) (k’g)al At €t3 ( g) ( ) et3
a1 52 3 a1 N

> (1+9) (1+>\)(1_5) > (1+g) (1+g)'™ > (1+9).

Analogously, using (B.32), (B.8), (B.10) and (B.6), we have

fRin e, Avn) (ki)™ A 6%51 =(14+9)" 1+ A)@
f(kéa €t, At) (k”é)al Ay e - e’

S (14+9)™ (1+ ) ((1 _5)2>a3 =(1+39).

as

t+1
as

€y

<A+ (14N 5

Claim B.8. Forallt=0,1,...,T,

1 +7’<k£,€t,At> > 1 +7’/. (B34>

Proof. 1t follows from (B.32) and (B.33) that

L+r(k), e, A)) = ag Aged® (k)1

f(kgaetaAt) f(ké—het—lvAt—l)

= Q1 ]{}2 > ]{;2 ;

=1+ r(k_1, er-1, Ara).
Repeating the argument, and using (B.31), we get

1+ 7’(]{';, et,At) >1+4 T’(ké, €, Ao) > 14 7”(]{3/, €o, Ao)
= 0411406813(]{7/)&171 > OélAQ(CSé)ag’(k/)alil =1+ 7”/.

[]

Let
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B Existence of a competitive equilibrium in the public property regime

where
’LU6 = CYQAo(l{é)al (5é)a3 > O,

’06 = Oéng(k[l))al (5é)a3 > 0.
Claim B.9. In any finite T-period competitive Eq-equilibrium

ok I Ve *%kk *% kk %
{(CZ )j:l?(st )] kT Wy t=0,1,...T ’

fort <T —1,
k™ > ki >0, (B.35)

and
w > w;, >0,
v > > 0.

Assume the converse. Then there is 7 > 0 such that

Proof. First let us prove (B.35).
k> kL, and kX%, < kL. It follows from (B.3) and (B.34), that for all j,

Cﬁ:l > Bi(1+ TT+1>CJ** > Br(l+ 7’T+1>C‘i**
Cj** > BL(l + r(k»,r+17 €r+1, AT+1>>Cﬂj—**

= ﬁL(l + T(ij-l? €r+1, AT+1)) T
> Bul 1)

By (B.30),
A > 2(1+ g)e)™ (B36)

Adding together the budget constraints of all agents at time ¢ in (B.2), and using

condition 2 in Definition B.1, we get

L
1
= (1+r") k" +w™ + v = f(k" e, Ay), t=0,1,...,T. (B.37)

LYk

Applying (B.37) for t = 7+ 1 and ¢ = 7, and using (B.36), we have

\\Mh

ok ok
f(kT—‘,-l? €r4+1, AT+1 kT+2 -

1
Z I =201+ g) (f(E er, Ar) — k2

J:1

1+g
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B Existence of a competitive equilibrium in the public property regime

Hence, by the choice of 7,

Kity < 201+ @k + f(RE, ern, Are) — 201+ ) F (K 7, Ay)

< (1 + g) (2k~lr+1 - f(k;-a €r, AT)) + f(k‘lf'+17 €r+1, AT+1) - (1 + g)f(k;-a €r; AT)

It follows from (B.33) that

f(k;-+1v €r+1, AT—I-I) < (1 + g)f(k;, €r, AT)'

Moreover, using (B.34) and (B.30), we get

f(kl e, Ar) 1 +r(kl, e, Ar) - 1+ - 2(1+g)

>2(1+g
k'T an o1 a1 51, ( +g),

and hence, by (B.32) and (B.10), we get
2kyyy = 2(1+ gk, < 2(1+ g)k; < f(ky,er, Ar).

Combining (B.39) and (B.40), we have

(B.38)

(B.39)

(B.40)

(1 + g) (2k;+1 - f(klra 677AT)) + f(k:’;'—‘rl?eT"Fl?AT'f'l) - (1 +g)f(klr7€T7AT) <0.

Now it follows from (B.38) that k%, < 0, which is impossible. Hence 742 > T, and

therefore the inequality (B.35) holds for ¢t < 7T — 1.

Using (B.35), (B.8), (B.6), (B.9) and (B.10), we obtain that for all t = 0,1, ...

52 tas

Applying the same argument, it can be easily seen that for t < 7T — 1,

v > v, > 0.

Step 11.3. Existence of an equilibrium.
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B Existence of a competitive equilibrium in the public property regime

*k

Now we are ready to prove the following lemma which maintains that the sequence £%,

defined by (B.29) is a competitive equilibrium under given extraction rates in our model.

Lemma B.2. The sequence &5, defined by (B.29) is a competitive Eo-equilibrium starting
from Z_4.

*ok

0o Satisfies conditions 2-6 for the competitive

Proof. 1t is clear that by construction
equilibrium under given extraction rates in the public property regime. Thus to prove that
o is a competitive Eg-equilibrium it is sufficient to show that {(c/™)L_, (s/™)E_ }2,

is a solution to the problem

max Z ﬁ; Incl,
=0

o . (B.41)
st s <(A4r") s, +w+v*, t=0,1,...,
/>0, t=0,1,....
Let ¢, be such that
1
cgzi(wg—l—v;), t=0,1,.... (B.42)

It is clear that
ClltJrl = (1 +Q)C:5a

and hence

> g In ¢, > ;. In ¢, 15}
;B Inc; = 1_ﬁ+ln(1+g);tﬁ = 1_B+(1_5)21n(1+g).

Consider the instantaneous utility function
ui(c) =Inc—Ing.

Clearly, the solution to the problem (B.41) will not change if we replace the instantaneous
utility function In ¢ with the function u;(c). It is also clear that w(c}) = 0.
Note that for all ¢,

Gy > Lf ks, e, Ae) > Lf (K, e0, Ar) >},
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B Existence of a competitive equilibrium in the public property regime

and hence u(¢;) > 0. Moreover, it follows from (B.15) that

In Co 5

3 Blu(e) = —2 + Jn(l4g) -2y S
t=0

155
1 Z 3 1+3
- () e ()

Now assume that {(c/")%, (s7*)L, }22, is not a solution to the problem (B.41). Then

IR 2l g)

for some j (we fix this 7 and omit it in the remaining part of the proof for the simplicity

of notation) there is a feasible sequence {¢;, s;}:°, such that
U > U*, where U = Zﬁtut(a), and U* = Zﬁtut(c;‘*).
=0 t=0
Let 0 < A < U — U*, and let © be such that

Z B'us(¢;) < min {%,IHQ} )

t=0+1
Further, let
S R <)
U*G _ Zﬁtut(cr*), U@ _ Zﬂtut(a)’
t=0 t=0
and
T S
UNT) = Blulc(T)), U(T) =Y Bulc;*(T)),
t=0 t=0

for T=0+1,0+2,....

Claim B.10. There is a sequence {Te,}o2, such that

U*®(Ton) —— U
n—oo
Proof. Tt is sufficient to note that since £7%, is obtained as a result of the application
of the process described at Step I1.1 to the sequence {&57% }r=12
{Ton}5% such that for t =0,1,...,0:

, there is a sequence

gooe

: kk k% . kk k% : k% kk
lim £ (Ton) = k", lim w/*(Te,) = w;*, lim v;/*(Te,) = v;",
n—oo n—oo n—oo

T (To,) = 17"l o (Ton) = i*, - Jim 57" (Tow) = 5"
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B Existence of a competitive equilibrium in the public property regime

Let W*® be the maximum value of utility in the problem

S]
max Z ﬁtut(ct),
t=0

sste g+ s < (1 4r") s +w+o, t=0,1,...,0,
5,>0, t=0,1,...,0,

and W*®(T) be the maximum value of utility in the problem

S
max Z 5tut(ct),
t=0

(B.43)
sot. e s < (L4+77(T)) 811 + wi*(T) + v (T),

StZO, t:O,l,...,(’“),

forT=04+1,0+2,....

Claim B.11.
W*®(Te,) — W*°.

n—oo

Proof. Consider the correspondence that takes to each

o
{(1 + To, wo,U()), e (1 =+ Tre, We, 'U@)} € H <[1 + T’(];?t, €, At), 1 + T(kt, €t,At)]

t=0

x[w(ke, e A, (e, e, A)] X [0 e0, Ar), 0(Frs e, A))

the set
{(Co, 30)7 ceey (C@7 3@} c RQ(G-H)

which is such that, with s_; = §_; being given,
e+ 5. < (A +7r7(T)) sp-1 +w;™(T) +v;*(T), and s, > 0,

hold for all t =0,1,...,0.
By Statement 1, this correspondence is lower- and upper-semicontinuous, and it is

sufficient to apply the Maximum Theorem. n

Claim B.12.
UX(T) > W*®(T).
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B Existence of a competitive equilibrium in the public property regime

Proof. Let for some T' > O + 1, the sequence {(¢y, o), ..., (¢o,S0)} be a solution to
(B.43). Let further for t = 0O + 1,...,T, {(¢, $;)} be defined recursively by

G=c, S$=0+4rT)) 851+ w(T)+v(T) - ¢&. (B.44)
We show that given s_; = §_1, the sequence
{(¢, %0),---,(Co,30), (Cot1, Sot1);---, (¢1,87)} (B.45)
is feasible for the problem

T
max Zﬁtut(ct),
= (B.46)
s.t.o a5 < (1 4r(T)) s4—1 +w™(T) +v;*(T),
sg >0, t=0,1,...,T.
It is sufficient to check that s, > 0 for t = © +1,...,7T. By Claim B.9, we have for
O+1<t<T -1,

~ 1 *k3k *k3k
G =c, = é(wg +vp) < wH(T) + v*(T).

We prove that s; > 0 fort =0 +1,...,T — 1 recursively. Clearly, so = 0. Suppose that
S, >0for©+1<t<T—2. Then

S =1 4r(T) 81 +w™(T)+ v (T) — ¢ > w*(T) + v, (T) — ¢, > 0.
In particular, sp_5 > 0. For t =T — 1 we have

S = (14752 (1)) Sr—2 + wi|(T) + vi"(T) — &r

>wp (T) + v (T) = p_y > 20 —cpy = Cpy.
For t =T we know from Claim B.9 that either
wi(T) + v (T) > ¢,

or

I+rF>1+7"

In the first case, we can apply the same reasoning as before:
Sp=0+7r3T)) 8r_1 +wi(T) + v (T) — ér > wi (T) + v (T) — & > 0.
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B Existence of a competitive equilibrium in the public property regime

In the second case, using (B.30) and (B.10), we have

Sp=0+r3T)) 87—y +wi(T) + v (T) — ér > (1 +1")p_ | —

2
BL( +9)cr_y — ¢ >(1+g)clel_ClT>(1+g)C/T71_C/T:0'

Thus we have proved that the sequence (B.45) is feasible for the problem (B.46). Since

the sequence
{(c0™ (1), 55" (1)), -, (e (T), s7°(T)) }

is the solution to this problem, we have

T e ©
UT) = Z u (™ ( Z Z Brus(cy) = ZB w(¢) = W*O(T).
t=0 t=0 t=0+1 t=0
]
Let us prove another useful claim.
Claim B.13. Forallt=0,1,...,T,
k(1) < R(Aweg) ™. (B.47)
Proof. 1t is sufficient to show that
kit <k, t=0,1,...,T, (B.48)
where k(T
o kD)
(Apey®) e a
By (B.11), the choice of 1 + g, and (B.5),
1 k k
K= — 2> ° — 2> ° i ’%6*7

1+ (Apf00)) =5 (Agcf?) ™

which proves (B.48) for ¢ = 0. We prove it for t = 1,...,T recursively. Suppose that
< k. If follows from (B.37) that for all ¢,

Ka(T) < F(k7 (), e A = (D) (A=)
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B Existence of a competitive equilibrium in the public property regime

and hence, due to (B.8), (B.6) and (B.9),

1

1

kit (T Appref?)) = N

(H:*)al > t+1( )1 :K:jrl( t+16t+1)1 1 :“:11 (1+)\) €1 1
(Aeie)T (Aweie)™ ‘

Therefore, by (B.11),

sk \ 1 =\a1
1+g I+g
Thus (B.48) holds for all t =0,1,...,T. O
Denote 1
I+r=m (R)—o
By (B.11) and the choice of 1 + g,
~ (R)> .
5L(1+7") :5LCY1 = :5La1(1—|—g) = (1—|—g), (B49)
and hence, by (B.47), for all t =0,1,...,T, we have
Atefg’ At€?3 1 _
1+ (T = ——t > ——tt =147 B.50
+1r7(T) = (e (1)) = aq (R) o1 Aycds aq ()= +7 ( )
Claim B.14.
U > U,
Proof. Let us prove that for any 7' > © + 1,
ce(T) > co. (B.51)

Assume that ¢ (T) < c¢p. We show that this inequality implies ¢*(T) < ¢, for all
t < 0. Indeed, if ¢f*(T") < ¢ for some t < O, then it follows from (B.3), (B.50) and
(B.49) that

;' (T) > B(14r"(T))e;™(T) > Br(1+7)c;™ ((T) = (1 + g)e* (1), (B.52)
and thus (T
c c
*k T < t t — /
Ct_l()_1+g<1+9 Ct1
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B Existence of a competitive equilibrium in the public property regime

Hence

At the same time, by the choice of ©, we have

> Bl (1) < Y Bule) < Y Blugle) <In2.

t=0+1 t=0+1 t=0+1
Therefore
T S T
> Blue (1) = Bulc () + Y Blule;*(T)) < In2. (B.53)
t=0 t=0 t=0+1

{(60750)7"'7(5T7§T)}7 (B54)
defined as follows: for t < ©
ét:w;*(T)‘f—’U:*(T), §t:07

and for t =0+ 1,...,T, {(¢&, $:)} is given by (B.44). It follows from Claim B.9 that for
t<O,
w(T) + v (T) > w, + v, > . (B.55)

Repeating the argument from the proof of Claim B.12, we obtain that the sequence
(B.54) is feasible for the problem (B.46). At the same time, the sequence

{(@ (1), 55"(T)), ., (e (T), s (1))}

is the solution to this problem. Hence, using (B.55), we get

T T (S T
> Bu(e (1) =Y Blu(é) =Y Brug(wi™(T) + o7 (7)) + Y Blu(cy)
t=0 t=0 t=0 t=0+1

e
= ugo(wy"(T) +v5" (1)) + Y Bun(é) > uo(wy(T) + 5" (T))
t=1
wy + v
= In(wy*(T) + v5*(T)) — Incy > In(wy +v) —Incy = In (0—/> =1In2,
|

a contradiction of (B.53).
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Thus (B.51) holds, and using the fact that ¢g is a limit of the sequence {c§ (Ton)}2;,
we have

g > o

[t immediately follows from (B.52) that forall © +1 <t < T,

Since every ¢;* is a cluster point of the sequence {¢;*(T")}r=12,., we get
cF>d, t=0+1,0+2,....

It follows that

—U*® = Z Blug(cf™) Z B (In(cf*) —Inc,) >0,

t=6+1 t=0+1
which completes the proof. O
Claim B.15.
U (T) > U*(T)—%, T=0+1,0+2,...; (B.56)
W > U — % (B.57)

Proof. Clearly, ¢; > ¢;*(T') and ¢ > ¢; for all ¢. It follows from the choice of © that

T e
UNT) = U(T) = > Blu(c](T)) = D Brules™( Z Bhug (7 (
t=0 t=0 t=0+1
d A
< Z by () Z Bluy(e) < 5
t=0+1 t=0+1

which proves (B.56).
Due to the definition of W*®, we have W*® > U®. Now it is easily seen that

W*e > U® Zﬁtut /C\t U Z ﬁtut Ct 2 [7 i [7 %,

t=0+1 t=

which proves (B.57). O
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B Existence of a competitive equilibrium in the public property regime

Now, combining Claims B.10-B.12 and B.14-B.15, we obtain

A
U* > U*® = lim U*®(Te,) > lim U*(Te,) — —
n—00 n—00 2
A A~
> lim W*°(Te,) — = =W*° — = > U - A,

which contradicts the choice of A. This contradiction completes the proof of the lemma.
O

Thus the proof of Theorem B.1 is finally complete, and there exists a competitive

equilibrium under given extraction rates. O]
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