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Abstract

Empirical evidence suggests that there exists substantial heterogeneity in individuals’ social
preferences. However, there is little theoretical basis supporting this observation and eco-
nomic models often assume that all individuals are identical. Hence, the aim of this thesis is
to provide theoretical foundations for the observed heterogeneity of social preferences and to
derive its implications for environmental policy. We first extend the framework of evolutionary
game theory introducing the concepts of evolutionarily stable population and of assortment
matrix to study the evolution of preferences in assortatively matched interactions between
heterogeneous individuals. We show that there exists a heterogeneous evolutionarily stable
population composed of both fully-selfish and fully-moral individuals for some but not all
games and assortment structures. Therefore, the preferences that are favored by evolution
depend on the socio-economic environment. In particular, our analysis highlights the key
role played by the assortment structure in the existence and the robustness of heterogeneous
evolutionarily stable populations. We then design a model with heterogeneous moral indi-
viduals involved in a social dilemma. Our framework sheds light on many empirical findings
explaining why some individuals are willing to voluntarily engage in costly pro-environmental
actions even though the impact of their efforts on environmental externalities is negligible.
Investigating how individuals’ beliefs can alter their behaviors and hinder cooperation, we
demonstrate why financial incentives can fail to foster pro-environmental behaviors in some
cases while non-financial incentives such as nudges and educational campaigns could be suc-
cessful. Consequently, better accounting for the social motives behind individuals’ decisions
in economic models could help policy makers design more effective policies.

KEYWORDS: Social preferences, Heterogeneity, Morality, Homo moralis, Cooperation, Prefer-
ence evolution, Evolutionary game theory, Assortative matching, Social Dilemma, Environ-
mental policies






Résumé

Les données empiriques suggerent que les préférences sociales des individus sont tres hétéro-
genes. Cependant, il n'y a que peu d’analyses théoriques expliquant cette observation. De plus,
les modeles économiques font souvent 'hypothése que tous les individus sont identiques.
Lobjectif de cette these est de remédier a ces manques en apportant des fondements théo-
riques a ’hétérogénéité observée des préférences sociales, et en analysant les implications de
cette diversité pour les politiques environnementales. Tout d’abord, nous étudions I'évolution
des préférences dans une population dans laquelle les individus possedent diverses préfé-
rences sociales. Pour ce faire, nous élargissons le cadre de la théorie des jeux évolutionnaires
en introduisant le concept de population évolutivement stable. Dans une telle population, des
individus hétérogeénes coexistent et résistent a I'invasion d’un petit groupe d’individus qui
ont une préférence différente. Lappariement entre les individus est assortatif : deux individus
partageant la méme préférence ont davantage de chances de se rencontrer que deux individus
ayant des préférences distinctes. Nous montrons qu'’il existe une population évolutivement
stable constituée d’individus égoistes et moraux pour certains jeux et structures d’appariement
mais pas pour tous. Ainsi, les préférences favorisées par I'évolution dépendent du contexte
et de 'environnement socio-économique. En particulier, notre analyse met en évidence le
role clé joué par la structure d’appariement dans 'existence et la robustesse d'une population
évolutivement stable. Nous étudions ensuite le comportement d’individus diversement mo-
raux qui interagissent dans un dilemme social. Notre modele permet d’expliquer pourquoi
certaines personnes sont disposées a effectuer des actions en faveur de 1’environnement,
meéme sileurs efforts ont un effet négligeable sur I'externalité environnementale. Nous exami-
nons comment une perception erronée peut modifier les choix des individus et entraver le
développement de la coopération dans la population. Nous montrons également pourquoi les
incitations financieres peuvent échouer a promouvoir des comportements respectueux de
I'environnement, tandis que des incitations non financiéres telles que des campagnes de sensi-
bilisation et des certificats verts peuvent étre couronnées de succes. Cette thése démontre que
la prise en compte dans les modéles économiques des motivations non pécuniaires influant
les décisions des individus peut aider les décideurs a concevoir des politiques plus efficaces.

MoOTS CLES : Préférences sociales, Hétérogénéité, Moralité, Homo moralis, Coopération, Evo-
lution des préférences, Théorie des jeux évolutionnaires, Appariement assortatif, Dilemme
social, Politiques environnementales
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|§ Introduction

Although commonly used in the economics literature, the homo oeconomicus hypothesis of
rational agents pursuing their self-interest fails to explain many human behaviors (Henrich
et al., 2001). For instance, empirical evidence suggests a consistent tendency by some indi-
viduals to cooperate in public good games (see e.g. Marwell and Ames, 1981; Fischbacher
et al., 2001; Brekke et al., 2011). As shown by Andreoni (1995), this propensity to contribute
to the public good is robust and cannot be blamed on the agent’s confusion. Hence, ever
since Smith (1759) suggested moral motives in his Theory of moral sentiments, economists
have considered several alternative preferences such as altruism (Becker, 1974b), warm glow
(Andreoni, 1990), fairness (Rabin, 1993), empathy (Stark and Falk, 1998), reciprocity (Fehr and
Géchter, 1998), reciprocal altruism (Levine, 1998), inequity aversion (Fehr and Schmidt, 1999)
or morality in the Kantian sense! (Laffont, 1975; Brekke et al., 2003; Alger and Weibull, 2013).

In arecent study, Falk et al. (2018) have analyzed the global variation in social preferences such
as altruism, trust, reciprocity, time and risk preferences. Their analysis reveals "substantial
heterogeneity across countries, but even larger within-country heterogeneity” (Falk et al., 2018,
p. 1645). This diversity has been observed in other contexts such as voting behavior (Piketty,
1995), environmental consciousness (Schlegelmilch et al., 1996) and willingness-to-pay for
climate change mitigation (Layton and Brown, 2000). While understanding the mechanisms
behind this heterogeneity is crucial to better comprehend individuals’ decision making, there
is a lack of theoretical studies analyzing the origin of this diversity. Furthermore, economic
models often assume that all individuals are identical for simplicity. But overlooking the
heterogeneity of social preferences could have important policy implications, for example in
the presence of externalities (Kaplow, 2008).

Consequently, the aim of this thesis is to provide theoretical foundations for the observed
heterogeneity of social preferences and to derive its policy implications in the context of
environmental, energy and resource economics.

IKant (1870) first formulation of his categorical imperative is: “Act only according to that maxim whereby you
can, at the same time, will that it should become a universal law.”.



Chapter 1. Introduction

In Chapter 2, we examine the theoretical basis of heterogeneous social preferences by extend-
ing the framework of evolutionary game theory to account for a diversity of preferences in the
population. Inspired by the work of Alger and Weibull (2013, 2016) who proved that moral
preferences are favored in homogeneous populations, we show that fully-selfish homo oeco-
nomicus individuals and fully-moral homo kantiensis individuals can coexist in a population
and be favored by evolution in a heterogeneous population. Conversely to the classical setting,
we find that the favored preferences in a heterogeneous population are context-dependent.

In Chapter 3, we design a model with heterogeneous moral agents in order to better under-
stand individuals’ decision making in social dilemmas. We analyze why some (but not all)
individuals are willing to engage in costly pro-environmental actions even though their efforts
have a negligible impact on the environmental externality. We also explore the influence of
individuals’ beliefs on their decisions. We provide several applications to illustrate how our
model can shed light on much empirical evidence. Last but not least, we discuss the policy
implications of accounting for a heterogeneous moral population. In particular, we show why
financial incentives could fail in some cases while relying on other instruments such as nudges
and education can be effective.

Finally, we conclude in Chapter 4 summing up our findings and discussing future work.



4 Exploring the diversity of social
preferences

Disclaimer: This chapter draws from several working papers written with Charles Ayoubi. 1
would like to express my gratitude to Charles for his contribution and our enjoyable countless
discussions. This chapter would have never materialized without him. I would also like to
acknowledge Prof. Jorgen Weibull, Prof. Ingela Alger, Prof. Martin Nowak, Prof. Klaus Schmidt,
Prof. Philippe Thalmann, Dr. Fabiana Visentin, Dr. Damien Ackerer and Sophia Ding for their
valuable feedback.

2.1 Motivation

The Global Preferences Survey reveals that individuals exhibit considerable differences in their
social preferences (Falk et al., 2018). The global variation in levels of altruism is for instance
illustrated in Figure 2.1. The findings of Van Leeuwen et al. (2012), showing that chimpanzees
also exhibit a diversity of social behaviors, hint at the possibility of an evolutionary origin
behind this heterogeneity. Our goal in this chapter is to assess the evolutionary foundation
of the coexistence of more than one type of preference in a population, and to evaluate what
types of preferences prevail then.

Our analysis is inspired by the work of Alger and Weibull (2013, 2016). In a model of preference
evolution under incomplete information and assortative matching, they show that a new type
of preference, called homo moralis, arises endogenously as the most favored by evolution. A
homo moralis individual maximizes a weighted sum of her selfish payoff and of her moral
payoff, defined as the payoff that she would get if everybody acted like her.! The homo moralis
preferences elegantly tackle the shortcomings of selfish preferences. However, by building on
the classical definition of evolutionary stability by Maynard Smith and Price (1973), Alger and
Weibull (2013, 2016) investigate the survival of only one type of preference in the population.

When Maynard Smith and Price (1973) and Maynard Smith (1974) laid the foundations of

IBergstrom (1995) also showed the evolutionary stability of a "semi-Kantian" utility function (a homo moralis
with morality coefficient one half) in the special case of symmetric interactions between siblings.



Chapter 2. Exploring the diversity of social preferences

Difference to the world mean in standard deviation of respective preference

-0.94 I I 0.906

Figure 2.1 — Global variation in altruism. Source: Falk et al. (2018). Global evidence on economic preferences.
QJE, 133(4), 1645-1692. More information on the Global Preference Survey: https://www.brig-institute.org/
global-preferences

evolutionary game theory, they aimed at identifying the strategy providing an evolutionary
advantage in animal conflicts between members of a given species. Therefore, they defined
the concept of an evolutionarily stable strategy, a strategy adopted by most of the members
of a population (called the "resident" strategy), which give a higher reproductive fitness
than any other "mutant" strategy. Alger and Weibull (2013) generalize this definition of
evolutionary stability, applying it to preference evolution, in order to identify an evolutionarily
stable preference. A peculiar homo moralis type of preference emerges in this framework
as evolutionarily stable under assortative matching. However, assuming that all resident
individuals have the same preference, their approach abstracts from the empirically observed
heterogeneity of preferences among individuals. Our aim is to fill this gap.

We first introduce the concept of an evolutionarily stable population defining the conditions
under which several types can coexist in a population and resist a small-scale invasion of
any other type. We also design an assortment matrix to portray assortatively matched inter-
actions between individuals. We then analyze the evolutionary stability of a heterogeneous
population composed of two types of homo moralis, the fully-selfish homo oeconomicus and
the fully-moral homo kantiensis, involved in a social dilemma. We show that there exists a
heterogeneous evolutionarily stable population for some but but not all games and assortment
structures, and we characterize the conditions for this existence.

4
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2.1. Motivation

Our work contributes to the literature on the evolution of preferences. When preferences are
unobservable, selfish motives prevail in large groups of uniformly-matched individuals (Ok
and Vega-Redondo, 2001; Dekel et al., 2007). On the other hand, two main drivers favoring
the evolutionary success of other social preferences have been identified in the literature.
First, when opponents’ preferences are (at least partly) observable, evolution can lead to the
emergence of altruism, reciprocal behaviors or spiteful preferences (Bester and Giith, 1998;
Fershtman and Weiss, 1998; Kockesen et al., 2000; Heifetz et al., 2007; Herold, 2012). Second,
and as discussed above, homo moralis has an edge when the matching process is assortative
(Alger and Weibull, 2013, 2016). However, most of these papers assume a homogeneous
resident population. In contrast, we consider a heterogeneous resident population.

Our work also relates to the literature on the evolution of cooperative behaviors. The evolution
of strategies under assortative matching has been extensively studied (mostly in biology)
in the context of evolutionary game dynamics.? For example, Bergstrom (2003), Allen and
Nowak (2015) and Jensen and Rigos (2018) explore the evolution of cooperation in social dilem-
mas.? Their findings are in line with ours when the cooperating individuals are represented
by the fully-moral homo kantiensis preference and the defectors by the fully-selfish homo
oeconomicus preference. Nonetheless, we go one step further in the analysis by determining
circumstances under which the population can resist the invasion of mutants. As we will
see later on, not all heterogeneous populations at the equilibrium in a dynamic setting can
actually withstand the mutants’ invasion.

Finally, since our population consists of two resident types and one mutant type, we gener-
alize the algebra of assortative matching previously derived by Bergstrom (2003, 2013) for
encounters between two types. In our model, individuals interact in pairs. Recently, Jensen
and Rigos (2018) study the more general case of encounters in groups of various sizes. While
they focus on assortment between strategies and define a matching rule (specifying how
individuals playing different strategies are allocated into groups of various sizes) to obtain the
matching probabilities, we introduce a type-by-type assortment matrix which characterizes
the assortment between preferences. Still, the two approaches are closely linked and result in
similar outcomes.

The organization of the rest of the Chapter is as follows. In Section 2.2 we present the model
and the main definitions, introducing the assortment matrix and the concept of evolutionarily
stable population. In Section 2.3 we analyze the evolutionary stability of a heterogeneous
population composed of homo oeconomicus and homo kantiensis individuals. In Section 2.4
we review the differences between homogeneous and heterogeneous evolutionarily stable
populations. In Section 2.5 we allow for a greater diversity, discussing the evolutionary stability
of population composed of other types than homo oeconomicus and homo kantiensis. Finally,
we recap our findings and we suggest potential extensions in Section 2.6.

2See for instance Hofbauer and Sigmund (2003), Sandholm (2010) and Nowak et al. (2010) for a description and
review of the field; and also Nowak (2006) for a discussion of mechanisms allowing the survival of cooperation.

3Bilancini et al. (2018) also look at the evolution of cooperation between assortatively matched individuals,
introducing heterogeneity in culture, to investigate the effect of cultural intolerance.
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2.2 Model and definitions

In this section, we present the model, the assumptions made and the main definitions. We
consider a large population of individuals of different types, i.e. preferences (Section 2.2.1).
Individuals interact in pairs and the matching is assortative (Section 2.2.2). While individuals’
behaviors are driven by their preferences, their evolutionary success is determined by the
payoffs they get (Section 2.2.3). We introduce the concept of evolutionarily stable population
in Section 2.2.4 and a particular type of preference, homo moralis, in Section 2.2.5. Finally,
throughout most of this chapter, we will analyze the evolutionary stability of a population of
two types of homo moralis, namely homo oeconomicus and homo kantiensis, involved in a
prisoners’ dilemma (Section 2.2.6).

2.2.1 Heterogeneous Population

We consider a large population of individuals whose behaviors depend on their type 6; € O, i.e.
their preferences. In the classical setting, a population is composed of two types (61,0;) € ©2
(Alger and Weibull, 2013). The two types and their respective shares define a population state
s =(01,07,11), where A; € (0,1) is the population share of 8;. If A; is small, 0, is called the
resident type and 8, the mutant type.

We expand the classical model by allowing for the presence of three types (61,62,0;) € ©3. Let
I =1{1,2,7}, then for all i € I, we denote the share of type 6; in the population by A; € (0,1).
The three types and their respective shares define a population state s = (01,02,0:, 11,12, 11).
By normalizing the population size to unity, we have: }. A; = 1. Therefore, the population
state s could be described with only two population sha;:zls instead of three. For convenience,
we will often use s = (61,0,,0:,1, ;) with A the relative share of 6, with respect to 61, i.e.

A=A2/(A1+A2). Note thatwehave: A; =(1-A)(1-A;) and A, =A(1—-A;).

When A; is small, i.e. when 1; << A; and 1; << A, 6; and 6, are called the resident types
and 0, the mutant type.* A population with at least two resident types is called heterogeneous,
while a population with one resident type is called homogeneous.

2.2.2 Matching

Individuals are randomly matched into pairs. For all (i, j) € I, the conditional probability that
an individual of type 6; is matched with an individual of type 0; is called p; j.5 The matching
process is exogenous® and it may be assortative.

4By extension, we will sometimes talk about residents (mutants) to refer to the individuals of the resident
(mutant) type.

5Note that all the probabilities are a function of the population state s but we drop this precision for readability
purposes.

6Allowing individuals to select their partners (Becker, 1973, 1974a; Gunnthorsdottir et al., 2010; Jackson and
Watts, 2010) would require to include informational and strategic features beyond the scope of this study.
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Assortative Matching

In a situation of assortative matching, the probability to meet an individual of type 8; is not
necessarily the same for an individual 8; and for an individual 6, i.e. we can have p;; # pj|;.
This contrasts with the case of uniform-random matching in which the probability to meet an
individual of type 8; is always equal to the share A; of 8; in the population, i.e. for all (i, j) € I,

pilj = pili = Ai.

In the classical setting with two types in the population, Bergstrom (2003) introduced an
assortment function in order to model assortative encounters. Building on his approach, we
introduce the concept of a type-by-type assortment matrix function allowing for assortative
matching in interactions between individuals of three distinct types.

Definition 1 (Assortment matrix). In a population state s = (61,0,,0;, 1, ), for all (i, j) € I?,
let ¢b; (A, A;) be the difference between the conditional probability to be matched with type
0;, given that the individual herself is of type 6;, and the probability to be matched with type
0i, given that the individual is of type 0;: ¢; (A, A7) = piji — pi)j.

Forall (i, j) € I?, ¢ij: (0, 1)2 — [~1,1]. This defines an exogenous assortment functions matrix:
@ = ((¢ij A AN G, jrer-

Extending the concept of assortment function, the assortment matrix embeds homophily
effects, i.e. the tendency of individuals to interact more with others with similar characteristics
such as family, ethnicity, age, gender, language, religion, geographic proximity, education,
work, association activity or income (Ibarra, 1993; McPherson et al., 2001). The assortment
matrix allows accounting for the higher probability of interacting with similar others (Byrne,
1971; Lakin and Chartrand, 2003), relating to the notion of distance in network economics
(Currarini et al., 2009; Iijima and Kamada, 2017). Some alternative approaches to model
homophily in an evolutionary framework include evolutionary graph theory and evolutionary
set theory (Nowak et al., 2010). In the former, individuals occupy the vertices of a graph
and their interactions are governed by edges (Lieberman et al., 2005; Ohtsuki and Nowak,
2008; Shakarian et al., 2012). In the latter, individuals belong to several sets (e.g. school,
company, living location, associations, etc.) and the more sets they have in common, the more
interactions exist between them (Tarnita et al., 2009). The assortment matrix defined above is
exogenous and hence allows for large flexibility in the setting of the assortment as a function
of the state s. It can therefore be used in a variety of contexts like economics, sociology, biology
or management, with the possibility to calibrate its values empirically.

We now introduce a particular type of assortment matrix extending the classical case of
constant assortment often used in single-resident populations (Alger and Weibull, 2012;
Salmon and Wilson, 2013) derived from the Wright’s coefficient of relatedness in biology
(Wright, 1922). This definition will be useful in the evolutionary stability analysis in Section
2.3.
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Definition 2 (Uniformly constant assortment matrix). An assortment matrix ® is called uni-
formly constant when all of its non-diagonal components are independent of the population
shares and equal to the same value.” In other words, we will say that ® is uniformly constant®
when, forall (7, j, k,1) € I* such that i # jand k#1I:
{ ¢ij:(0,1)>—[-1,1] is constant,
Gij () =pri()

Note that the case of uniform random matching is a special case of uniformly-constant
assortment where each assortment function is constant and equal to zero: ® = ((0)); j)e -

We assume that for all (i, j) € I%, ¢; j () is continuous in its two arguments (A, A;) and converges
as the mutant share in the population A; goes to zero. We define the assortativity o:

Definition 3 (Assortativity). The assortativity o € [0,1] is the limit for all i € {1,2} of ¢p;; when
A goes to zero:

Vie{l,2}: /lhmo briM,Ap) =0

Using the definition of assortativity, the assortment functions ¢;; : (0, 1)> — [-1,1] can be
extended by continuity to (0, 1) x [0, 1) to cover the limit when the mutant share 0; goes to zero.
We will also note s = (81,0,6, 1,0) the population state when the mutant share goes to zero.

Remark 1. At the limit when A, goes to zero, we have for all i € {1,2}, ¢;;(1,0) = 0 = py;.
Indeed, according to the balancing conditions (see Property 2 below), the probability for a
resident to be matched with a mutant p.; is zero. Thus, the assortativity is independent of the
resident types, and we also have o € [0, 1].

Remark 2. The continuity of the assortment functions and the definition of assortativity
o € [0,1] imply that any uniformly-constant assortment matrix can be written as a function of
the unit-matrix J° and the identity matrix I as follows: ® = g (J - I).

Matching probabilities

The matching process must satisfy some properties in order to be well defined. We detail these
properties in this section and show how the matching probabilities can be written only in
function of the population shares and the assortment matrix. In the following, we will use
the notation ¢;; to designate ¢;;(A, A;), abstracting from the arguments of the assortment
functions for simplicity.

7By definition of the assortment functions, the matrix ® has a diagonal of zeros.

8By extension, we will say that the assortment is uniformly constant when the assortment matrix is uniformly
constant.

9The unit-matrix J is the matrix having each of its components equal to one.
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Property 1 (Matching conditions). The conditional probabilities satisfy the matching condi-
tions if each individual is matched with another individual with probability one, i.e. nobody is
left behind without a match:

Viel: z: pPjli = 1
jel

Property 2 (Balancing conditions). The conditional probabilities satisfy the balancing condi-
tions if the probability of the event "being of type 6; and being matched with an individual of
type 0" is the same as the probability of the event "being of type 6; and being matched with
an individual of type 6;":

VG, e Aj-pij=Ai-pji
The balancing conditions ensure the coherence of the matching process. Similarly, in order

to be well defined, the assortment matrix must satisfy some conditions that we call the
assortment balancing conditions:

Property 3 (Assortment balancing condition). The assortment matrix satisfies the assortment
balancing conditions when:

.. 2.
V(i,jel: /lj-

(Z ﬂk(bik) _(Pij} =i [(Z ﬂk(/ij) —¢ji
kel kel

If the matching process satisfies the matching and balancing conditions, then the assortment
matrix must satisfy the assortment balancing conditions.

Proof. In Appendix A.1. O

The assortment balancing conditions impose a particular relationship between the assortment
functions. As noted by Bergstrom (2003) in the case of assortative encounters between two
types, the assortment ¢12 = p1j1 — p1j2 defined between a type 6; and a type 0, is equal to the
assortment ¢2; = po2 — p2;1 defined between 0, and 6;. When a third type 0; is part of the
population, this result does not hold anymore, i.e. we do not necessarily have ¢12(1,1;) =
¢21(A, A;). However, at the limit when the mutant share goes to zero, the residents are matched
between them, as if there was no mutants, and thus we get the same relation ¢12 = ¢»;.
Formally:

Lemma 1 (Assortment between residents). When s = (61,62,0+,1,0), if the matching process
satisfies the matching and balancing conditions, then ¢12(A,0) = ¢21(A,0).

Proof. In Appendix A.2. O
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Knowing the assortment matrix ®, we have a system of equations on the conditional probabil-
ities p;|; defined by:

* The matching conditions: foralli € I, } p;; =1 (Property 1)
jel

* The balancing conditions: for all (i, j) € I?, Aj-pijj =Ai-pji (Property 2)
¢ The assortment matrix conditions: for all (i, j) € 12 bij = piji — Pilj (Definition 1)

When the assortment matrix satisfies the assortment balancing conditions, this system has a
unique solution, i.e. we can express the conditional probabilities in function of the population
shares and assortment functions:

Proposition 1 (Matching probabilities). When the assortment matrix ® satisfies the assortment
balancing conditions (Property 3), the system defined by matching conditions (Property 1),
balancing conditions (Property 2) and assortment matrix conditions (Definition 1) has a unique

solution:
VG, )e’: pij=Ni+ Yy Aix—dij (2.1)
kel
Proof. In Appendix A.3. O

Property 4. Since for all (i, j) € I? pij € [0,1], the assortment functions should respect
another set of conditions to be coherent with the matching process:

Vi, )el’: 0sAi+ Y Mdi—ijs1
kel
Remark 3. Note that under uniform random matching, for all (i, j) € I? ¢; j =0and we obtain

pi|j = Ai, i.e. each individual is matched with an individual of type 0; according to the
population share A; of individuals of type 6;.

It is also interesting to detail the conditional probabilities p;|;:

Yiel: Pili:/li"'zﬁk(bik
kel
The conditional probabilities p;|; are the sum of several terms. The first, A;, is the population
share of individuals of type 6;. The others, Ar¢;, represent the additional matching between
individual of type 0; at the expense of matching with individuals of type 0, weighted by A,
the population share of individuals of type 0.

Finally, we will need to know the limits of the conditional probabilities when the mutant share
A+ goes to zero.

10
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Lemma 2 (Matching probabilities in a population of two residents and one mutant). When
§=1(01,02,0:,1,0), if Proposition 1 is satisfied, then we have:

pin =101-AD+2A-¢d12

piz =1-1)-(1—¢12)

pir =1-A)-0-0)-1-01-1)-T
p2n =A-(1—-d¢12)

pz =A+1-1)-¢p12

p2r =A-(1-0)+A-(1-A)-T

pmp =0
prz2 =0
Prir =0

wherel =limy__.o _‘Pn/l—;bfz '
Proof. In Appendix A.4 ]

Note that when A, goes to zero, we have p;; = p;2 =0, and individuals of type 0; and 0, are
matched as if individuals 6; were not in the population. The conditional probabilities py1,
p211, P12 and pop2 are then consistent with the classical setting (Bergstrom, 2003; Alger and
Weibull, 2013).

When the assortment matrix is uniformly constant, we have ¢, = 0 and I' = 0. The limit I
can be interpreted as the marginal matching-probability difference between mutants and
residents of the two types: I' =limy__o(ps2 — pr1)/A;. In other words, if individuals 6; and
0> meet the mutants at the same rate when they enter the population, then I" = 0, while if
residents of one type meet the mutants at a higher rate than the other residents do then
" # 0. Finally, when the assortment functions ¢;; and ¢, are right-differentiable in A, =0, we
have I' = 0¢p;1(A,0)/0A; — 0p12(A,0)/ 02,19 Therefore, T is the marginal assortment difference
between mutants and residents of the two types.

2.2.3 Fitness game

The pairwise-matched individuals engage in a symmetric interaction.!! Each individual is as
likely to be in one or the other side of the interaction. We assume that the common strategy
set X is a nonempty, compact and convex set in a topological vector space.'? Following Giith
and Yaari (1992), we adopt an indirect evolutionary framework. The behavior of individuals,
i.e. the strategy they play, is driven by the maximization of personal preferences, which are
described by a continuous utility function ug, : X* — R. On the other hand, the individuals’

10Because ¢71(4,0) = ¢r2(1,0) =0

UThe framework can also be extended to asymmetric interactions with ex-ante symmetry.

12More precisely, we assume that X is a locally convex Hausdorff space. However, most of our analysis will focus
on the simpler case of a finite two-player normal-form game where X is the set of mixed strategies.

11
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evolutionary success is given by some exogenous payoff (fitness) function x, where we assume
7 : X? — R to be continuous. The pair < X, 7 > is called the fitness game.

To prevent individuals from deviating from their utility-maximization, we consider the individ-
uals’ preferences as their private information.'® A Bayesian Nash Equilibrium (BNE) is then a
set of strategies, one for each type, where each strategy is a best reply to the others in the given
population state:

Definition 4 (Bayesian Nash Equilibrium). In a population state s = (61,02,0:, 1, A;), (x1, X2, X;) €
X3 is a type-homogeneous Bayesian Nash equilibrium if:

Viel: x;€argmax Y pjji-up,(x,x;) (2.2)
xeX ]EI

The set of Bayesian Nash Equilibria in population state s, i.e. all solutions (x3, X2, x;) of (Eq.
2.2),is called BVE(s) < X3.

Remark 4. The definition of Bayesian Nash equilibrium remains valid when there is no mutant
in the population, i.e. when the population is made of two types. In this case, (x;,x2) is a

Bayesian Nash equilibrium in the population state s = (6,0, 1) iffor all i € {1,2}, x; € argmax
xeX
2 pjli- g, (x,x;).

JjeiL2}
Property 5. Since in the state s° = (61,62,60,1°,0) the residents are matched between them,
as if there were no mutants in the population (Lemma 2), if (x7, x3) € BNE(9;,0,,1°), then for

xeX Jjel
Reciprocally, if (x}, x5, x7) € BNE(01,0,,0;,1°,0), then (x5, x5) € BVE(6,,0,,1°).

any strategy x; € X such that x; € argmax Y. pjj; - ug, (%, x;), we have (x7, x5, x7) € BNE (%),

We now define the equilibrium correspondence BV (6,,0,,60,,-) : (0,1)> = X3. This corre-
spondence maps the population share of each type to the associated equilibria. Using the
definition of assortativity (Definition 3), it can be extended by continuity to (0,1) x [0,1) to
cover the limit when the mutant share A, goes to zero. The following lemma will be useful for
the evolutionary stability analysis:

Lemma 3. BVE(s) is compact for each s = (01,02,0;,1,1;) € ®3x(0,1) x [0,1).
If for all i € I ug, are concave in their first arguments, then BNE(5) £ @.
The correspondence BNE(Bl,Bz,HT, 9:(0,1) x[0,1) = X3 is upper hemi-continuous.

Proof. In Appendix B.1. O

137 large body of research has studied preference evolution under complete and incomplete information,
showing that individuals adjust their behavior under complete information (e.g. Robson, 1990; Ellingsen, 1997;
Bester and Giith, 1998; Possajennikov, 2000; Ok and Vega-Redondo, 2001; Sethi and Somanathan, 2001; Heifetz
et al., 2007; Dekel et al., 2007). For example, suppose that two individuals are playing a prisoner’s dilemma,
where the first player prefers to defect and the second prefers to cooperate. Under incomplete information, each
individual will stick to their original preference. But if the cooperator knows the preference of the defector, then
she will deviate and also defect (See also Ockenfels, 1993, for a discussion of cooperation in prisoners’ dilemma).

12
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An individual of type 6; who plays strategy x; € X when her opponent of type 6 plays strategy
Xj € X gets material payoff 7 (x;, x;). For simplicity, we will often note 7 (x;, x;) = 7;;. For all
i € I, the fitness of a type 8; is given by the average payoff obtained by individuals 8;:

Definition 5 (Type fitness). In a population state s = (01,62,0:,1, 1), let (x1, X2, x;) € BNE().
For all i € I, the fitness of a type 0; is given by:

Mg, (x1, X2, X7, 8) = Y pjji - 7(xi, ;) 2.3)
Jjel

2.2.4 Evolutionarily stable population

In order to analyze the evolutionary stability of a heterogeneous population, we need to extend
the concept of evolutionarily stable preference (Alger and Weibull, 2013). An evolutionarily
stable population should respect two conditions. First, the two resident types should earn the
same type fitness to coexist. Second, the population must resist a small-scale invasion of any
other type by earning a greater type fitness. Formally:

Definition 6 (Evolutionarily stable population). A population in the state s° = (6,02, 1°) is
evolutionarily stable against a mutant type 6; € © such that for all i € {1,2} 8; # 0; if:

1. 0; and 0 earn the same type fitness: Iy, (x7, x5, s°) = I, (x], X3, s°) in all Bayesian Nash
equilibria (x7, x3) in the population state s°;

2. 07 and 0, earn a greater type fitness than a small share of mutants: there exists an
£ > 0 such that for all i € {1,2}: Ilg, (x1, X2, X, §) > Ilg, (x1, X2, X¢, §) in all Bayesian Nash
equilibria (x1, X2, x;) in all states s = (61,62,0;,A,A1;) with 1; € (0,&) and |1 - 1°| <E.

Moreover, a population is evolutionarily stable if it is evolutionarily stable against all types
0; € ® such thatforall i € {1,2}, 0; #0;.

The first condition of an evolutionarily stable population requires that the two residents earn
the same type fitness. In the framework of evolutionary game dynamics, the evolution of
strategies (and preferences) is dictated by an evolutionary process called a replicator, which
usually depends on the difference between the fitness obtained and the average fitness in the
population. If the fitness of a given type is greater than the average fitness, then the population
share of this type will increase. Hence, the two resident types should get the same fitness for
the population share A° to be stable.

In the second condition defining an evolutionarily stable population, when the mutants enter
the population, we allow the relative share of the two residents A to change around a small
neighborhood of its initial value A°. However, in this case (1; > 0), we only impose that the two
residents earn a greater type fitness than the mutant, and not that the two residents earn the
same type fitness. Such a condition would be too restrictive. Thus, by entering the population,
the mutant could destabilize the residents, i.e. one type could overcome (or invade) the other.
To analyze if an evolutionarily stable population is robust to mutant entry, one would need to

13
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model the evolutionary dynamics. The results would then depend on the evolutionary process
selected, which could be challenging in economics since this evolutionary process depends
on genetic, cultural and technological transmission (Norton et al., 1998; Van Damme, 1991).
Hence, such a analysis falls out of the scope of this study, but we will discuss the concept of
robustness in more detail in Section 2.3.3.

The definition of evolutionarily stable population is consistent with the classical setting: an
evolutionarily stable preference is an evolutionarily stable population when there is only one
resident type and one mutant type. Moreover, this definition is similar to the concept of
evolutionarily stable configuration by Dekel et al. (2007). A configuration (a distribution
of preferences and the associated equilibria) is evolutionarily stable if it is balanced, i.e.
if all types earn the same fitness, and if mutants do not outperform residents. Thus, an
evolutionarily stable population can be understood as an evolutionarily stable configuration
in which the distribution of preferences consists of the shares of each type. However, there
are a few differences between the two definitions. First, the definition of evolutionarily stable
population applies to preferences, and thus to all Bayesian Nash equilibria of the population.
Second, by requiring that the mutant type is different from the residents in the definition of
evolutionarily stable population, we can impose that resident individuals earn a strictly greater
payoff than the mutants. Finally, the introduction of assortative matching limits the analysis
to a finite number of types.

We will now derive two useful results linking the second condition of evolutionary stability
with what is happening at the limit when the mutant share goes to zero. Recall that s =
(01,02,0:,1,0) denotes a population state when the mutant share goes to zero.

Lemma 4. When the population stateis s° = (61,02,0:,A°,0), ifforalli € {1,2}, Iy, (x7, X3, X7, $°) >
Mg, (x7, x5, X7, 8°) for all (x7, x3,x7) € BNE(s°) then there exists & > 0 such that for all i € {1,2}:
g, (x1, X2, X7, 8) > g, (X1, X2, Xz, 8) in all Bayesian Nash equilibria (x1, X2, X;) in all states s =
(01,02,07,A, A1) with A; € (0,€) and |A - A°| <E.

Proof. In Appendix B.2. O

Lemma 5. When the population state is s° = (01,02,0+,1°,0), if there exists i € {1,2} such that
My, (x3, x5, X3, 8°) < Mg, (x{, x5, X3, s°) with (3, x5, x3) € BNE(s°) a singleton, then there does not
exist € > 0 such that for all i € {1,2}: I, (x1, X2, X7, ) > g, (x1, X2, X;, §) in all Bayesian Nash
equilibria (xy, X2, x;) in all states s = (01,02,0;,A,1;) with A; € (0,&) and |1 — A1°| <E.

Proof. In Appendix B.3. O

Lemmas 4 and 5 mean that it is generally sufficient to only study what is happening at the limit
when the mutant share goes to zero when analyzing the evolutionary stability of a population.
If the two residents earn the same type-fitness and a strictly greater playoff than any mutant
0; # 01,0, in all Bayesian Nash equilibria in the population state s = (81,60,,6;,1°,0), then the
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population s° = (81,02, 1°) is evolutionarily stable. Else, the population is generally not evolu-
tionarily stable.!* Note that the proof of Lemma 5 actually develops a stronger argument than
"not evolutionarily stable". If the residents earn the same type fitness in s = (6;,0,,0;,1°,0)
and if the assumptions of Lemma 5 are satisfied, the proof shows that there exists an € > 0
such that the mutant earns a greater type fitness in all Bayesian Nash equilibria in all states
§=1(01,02,0:,1,A;) with A; € (0,€) and |A — A1°| < €. Alger and Weibull (2013) call this property
evolutionary unstability.

2.2.5 Homo moralis

In the classical setting with a homogeneous population, Alger and Weibull (2013) show that
the only evolutionarily stable preference is the one of homo hamiltonensis, a particular kind of
homo moralis.

Definition 7 (Homo moralis and homo hamiltonensis). An individual is a homo moralis if her
utility function is of the form:

Ue(x,y) =1 -x)-m(x,y) +x-7m(x, x) (2.4)

where « € [0, 1] is her degree of morality.

A homo moralis maximizes a convex combination of her classical selfish payoff, with a weight
(1 -x), and of her "moral" payoff, defined as the payoff she would get if her opponent plays
like her, with a weight . If x = 0, then the individual is a homo oeconomicus (fully selfish). If
x = 1, then the individual is a homo kantiensis (fully moral). If the degree of morality « is equal

to the assortativity o, then the individual is called homo hamiltonensis'®.

In our analysis, we will often encounter homo hamiltonensis. More precisely the strategies
played by homo hamiltonensis individuals when all residents are of this type, called Hamilto-
nian strategies, will play a key role in the analysis of evolutionary stability.

Definition 8 (Hamiltonian strategies). x, € X is a Hamiltonian strategy if:

Xy €argmax Uqg(x, xg)
xeX
For all y € X, we call B4(y) = argmax,ex Ug(x,y) the best-reply correspondence of homo
hamiltonensis individuals, and we denote by X; = {x € X : x € B5(x)} the set of fixed-points of
homo hamiltonensis.

l4The only undetermined cases are when the two residents earn the same type-fitness but (a) there exists a
mutant 7 and a Bayesian Nash equilibra (x7, x3, x7) of the population state s = (61,62,6,1°,0) such that the
residents and the mutant earn the same type-fitness: Iy, (x7, X3, x7, §) = [g_(x7, x5, x7, 5); (b) we are in the case of
Lemma 5 except that BVE (5°) is not a singleton and there also exists a Bayesian Nash equilibrium such that the
residents earn a greater type fitness than the mutant.

15 Alger and Weibull (2013) named homo hamiltonensis in homage to the late biologist William Donald Hamilton.
See Grafen (2004) for a biography.
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Consider a homogeneous population of homo hamiltonensis and a small group of mutants that
wish to enter the population. If the mutant is not a "behavioral-alike"'® to homo hamiltonensis,
the mutant will always get a lower type fitness than homo hamiltonensis. For example, if the
mutant is a homo moralis with a degree of morality different from the assortativity (x # o),
such that this homo moralis and homo hamiltonensis are not behaviorally-alike, then to enter
the population, the degree of morality of the homo moralis should evolve in direction of the
assortativity.

But is this homogeneity a required feature of evolutionary stability? What happens when the
population is more diverse? We explore these questions in this chapter, using a population of
homo oeconomicus and homo kantiensis involved in a prisoners’ dilemma as an illustration.

2.2.6 Homo oeconomicus and homo kantiensis in a prisoners’ dilemma

A prisoners’ dilemma is a finite symmetric fitness game with two pure strategies: cooperate
(C) or defect (D). We denote 7'/ the payoff obtained when pure strategy i is played against
pure strategy j. A prisoners’ dilemma is well defined when 7P < 7PP < 7¢€ < zPC€_ In other
words, players benefit if they both cooperate instead of defecting (P < 7¢€), but each of
them has an incentive to deviate (7P < 7P and 7¢¢ < 7PC). In our analysis, the sum S, will
play an important role:

Sy cc DD CD DC (2.5)

CC _ ;CD DD

Since 7 is the gain minus the cost of cooperation and 7°¢ — PP is the gain minus
the cost of defection, S;; can be interpreted as the net benefit of cooperation minus the net
benefit of defection. When S;; = 0 the game is sometimes called additive. Throughout this
chapter, we will use three examples of the prisoners’ dilemma: (a) S; <0, (b) S; =0 and (c)

Sz >0.

Table 2.1 - Prisoner’s dilemma examples

C D C D C D
C| 49 | (06 C| &4 | (05 C 4,4) (0,4.5)
(@ (b) (©
D60 ]| @D DGO | @D D | (4.50) 1,1
Sp=-1<0 Sz=0 S7=0.5>0

Let A be the matrix of the payoffs in the game, A = [7¢C, 7¢P; 7PC, 7PP]. We allow players to
use mixed strategies so that the strategy set X is the segment A = {z € IR_ZF 1 21 + 2o = 1}, where
z) the probability to cooperate and z, the probability to defect. The payoff obtained by an
individual playing strategy x; € X = A when matched with an individual playing x, € X is then:

16Types O and 7 are called behavioral-alike if they are behaviorally indistinguishable. Precisely, with 8 being the
resident, the set of of types 7 that are behaviorally alike to 0 is called ©g:

O ={r€0@:3x€ Xy s.t.(x,x) € BNE(B,7,0)}
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2.3. Is a population of homo oeconomicus and homo kantiensis favored by evolution?

)

(X1, X2) = xIAxg, where 7 : X? — R is a bilinear function. Since X is a segment, individuals
decisions are fully characterized by their probability to cooperate. We will denote a; € [0, 1]
the probability of an individual of type 6; to cooperate. Hence, the payoff obtained by an
individual 6, playing strategy x; € X when matched with an individual 6, playing x, € X is:

cC

n(xy,x2)=ayazmr " +a1(1- ag)nCD +(1- al)agnDC +(1-ap)d- ag)nDD

Individuals homo oeconomicus are fully selfish, their morality coefficient is x = 0 so that
their utility is 1y (x, y) = m(x, y). Hence, they always defect in a prisoner’s dilemma because
7P < PP and n¢C < 7PC¢. Formally, for all (x, y) € X? with x = (ay; 1 — ay), ay #0 (i.e. x is
not defection) and y = (ay;1—ay), we have:
ug(D, y) — ug(x,y) = [(xyﬂDC +(1- ay)nDD]
—[axaynC+a(1-a)a®P? + Q- a7+ 1 - a1 -ay)nP?]
= ax[ay (7€ -7%) + (1-ay) (2P - 2°P)]

>0

On the other hand, individuals homo kantiensis are fully moral, their morality coefficient is
x =1 so that their utility is u; (x, y) = n(x, x). They always cooperate in a prisoner’s dilemma
because 7¢¢ > 7P It is worth noting that the utility of a homo kantiensis individual does not
depend on her opponent strategy but only on her own strategy.

Throughout this chapter, we will analyze the evolutionary stability of a population of homo
oeconomicus (61) and homo kantiensis (0,) in the state s = (61,602, 1), with A € (0,1) the share
of homo kantiensis. Consequently, the only Bayesian Nash equilibrium in the population state
sis (x1,x2) = (D, C), or alternatively (a1, a») = (0,1). Moreover, the share of homo kantiensis A
is also equal to the cooperation share in the population.

2.3 Isaheterogeneous population of homo oeconomicus and homo
kantiensis favored by evolution?

We consider a population of homo oeconomicus and homo kantiensis involved in a prisoner’s
dilemma. In section 2.3.1, we analyze when homo oeconomicus and homo kantiensis can
coexist. In Section 2.3.2, we analyze the evolutionary stability of a heterogeneous population
of homo oeconomicus and homo kantiensis. Finally, in Section 2.3.3 we discuss the robustness
of evolutionarily stable populations.
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Chapter 2. Exploring the diversity of social preferences

2.3.1 On the coexistence of homo oeconomicus and homo kantiensis

The first condition of evolutionary stability requires that the residents earn the same type
fitness in all Bayesian Nash equilibria in the state s (Definition 6). In this section, we explore
when this condition is satisfied. Let 8; be homo oeconomicus, 6> homo kantiensisand A° € (0, 1)
the share of homo kantiensis. The only Bayesian Nash equilibrium in the population state
s°=(01,02,1°) is (x1,x2) = (D, C) (see Section 2.2.6). Hence, homo oeconomicus and homo
kantiensis earn the same type fitness if and only if:

Iy, (D,C,s°) =Ty, (D, C, s°) (2.6)

Using Lemma 2 and noting ¢12 = ¢12(A°,0), we can write the type fitness of homo oeconomi-
cus and homo kantiensis in function of the share A° and of the assortment between homo
oeconomicus and homo kantiensis when there is no mutant in the population:

My, (D,C,s°) =[1=A)+A%¢p12]-7PP + [A°(1 = ¢p1p)] - wPC

Mp,(D,C,s°) = [(1=2")A=¢p12)] - 7P +[1°+ (1 = A°)12] - #C @D
Consequently, noting Iy, , =1l (D, C, s°) — Iy, (D, C, s°) we have:
Mg, , = (7P =7 1o (1 =7 P)] = 2° (1= 1) [1°C +2PP = 2P —2PC]  (2.8)
Similarly:
My, , = (1-A°) (1 - r2) [1°C + 7PP — 7P — zPC] - [CC - 7PC _ ¢, (xPP — 7PC)]
(2.9)

We define: Q; = PP — 7P — <p12(7rCC — 7Py and R, = €€ —7PC — <p12(7rDD —PC). Note that
we have: Q; + R, = (1 — ¢12) Sy, with S = 7¢C + 7PP — 7P — zPC_ Rewriting the type-fitness
equality (Equation 2.6) with Equations 2.8 and 2.9, we obtain two equivalent conditions, one
for A° and the other for (1 - 1°):

A° (1= ¢12) S = Qx
(1 - /10) (1 _(pIZ) Sz =Ry

We have the following proposition:

Proposition 2 (Type-fitness equality). In the population state s° = (01,02, 1°) with A° € (0,1),
homo oeconomicus (0,) and homo kantiensis (02) earn the same type fitness if and only if:

1. When S; =0: Q; =0, i.e. p1o = (mPP —7CP) [ (nCC — nCP),
2. When Sy #0: 1° = Qn/ [(1—12) Sx].

Moreover, if homo oeconomicus and homo kantiensis earn the same type fitness, then ¢, € (0, 1).
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Proof. In Appendix B.4. O

Proposition 2 characterizes the conditions under which homo oeconomicus and homo kantien-
sis can coexist in any prisoners’ dilemma. In other words, the proposition provides information
on the existence of a population of homo oeconomicus and homo kantiensis earning the same
type fitness. If there exists A° € (0, 1) such that ¢, = PP — 7CDY | (2CC — 7Py when Spz=0o0r
A° = Q! [(1 - ¢12) Sx| when S, # 0, then homo oeconomicus and homo kantiensis earn the
same type fitness in the population state s° = (61,62, 1°).

Although our analysis is static, there is a link between Proposition 2 and the evolutionary game
dynamics framework. Indeed, at the equilibrium in a dynamic game, the two types should earn
the same fitness. Thus, Proposition 2 allows to quickly identify the candidate population-state
for an equilibrium in a dynamic game. The remaining question in this context is then whether
or not this equilibrium can be reached. The answer depends not only on the replicator but
also on the shape of the assortment function.

Finally, the last part of the Proposition stipulates that the assortment should be in a given
range ¢12 € (0,1) to allow homo oeconomicus and homo kantiensis earning the same type
fitness. This range is detailed in the proof of the Proposition:

1. When S; < 0: (PP — 7Py /(nCC — 2CP) < 15 < (APC =€)/ (aPC - 7PP)
2. When S, = 0: ¢ = (PP — 7P/ (nCC — 7CP).
3. When S,; > 0: (7P€ — 7¢C)/(nPC€ - 7PP) < b1y < (APP = 7CP) | (nCC = nCD).

Thus, assortative matching plays a key role in allowing a heterogeneous population of homo
oeconomicus and homo kantiensis. In other words, assortment is critical to better understand
cooperative behaviors, as already pointed out by Eshel and Cavalli-Sforza (1982), Bergstrom
(2003) or Allen and Nowak (2015) among others.!” We will further discuss this result looking at
the case of a uniformly-constant assortment.

Coexistence under uniformly-constant assortment

We now consider the case of a uniformly-constant assortment (Definition 2), which is an
extension of uniform random matching accounting for assortatively-matched interactions.
Under uniformly-constant assortment, the assortment functions are constant and equal to
the assortativity o (Definition 3) by continuity: for all 1 € (0,1), ¢p12(A4,0) =0 € [0,1].

The following Corollary recaps the results of Proposition 2 under uniformly-constant assort-
ment:

17 Cooperative behaviors can also arise thanks to reciprocity and punishment (see e.g. Fehr and Géchter, 2002;
Bowles and Gintis, 2004; Nowak and Sigmund, 2005) and when participation in a public good game is optional
(Hauert et al., 2002).
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Chapter 2. Exploring the diversity of social preferences

Corollary 1 (Type-fitness equality under uniformly-constant assortment). In the population
state s = (61,02, 1°) with A° € (0,1), homo oeconomicus (01) and homo kantiensis (0») earn the
same type fitness under uniformly-constant assortment if and only if:

1. When S; <0: PP — 7EDY | (7CC — 7CD) < g < (APC — 7CC) | (HPC - 7PDP) and
2° = Qu/ [(1 - 0)Sy].

2. When S, =0: 0 = (PP — 7CPy | (7CC - 7€D),

3. When S, > 0: (mPC = n€C) | (aPC — 7PP) < g < (tPP = 7Py | (nCC — 7€P) and
A°=Qr/[1-0)Sy].

Proof. In Appendix B.4. O

There exists a population share A° € (0,1) such that homo oeconomicus and homo kantiensis
earn the same type fitness if the assortativity is in a given range. This result is quite intuitive.
Indeed, if the assortment is too low then homo oeconomicus earns a greater type fitness than
homo kantiensis. For instance under uniform random matching (for all A € (0, 1), ¢p;2 =0 =0),
we have:

Mg, (D, C,s°) = (1 - A)aPP + A°7PC
My, (D,C,s°) = (1-A)aP + 1°n ¢

Since 7¢P

< PP and 7¢¢ < 7PC, Mg, (D, C, s°) > 11y, (D, C, s°). Conversely, if the assortment
is too high then homo kantiensis earns a greater type-fitness than homo oeconomicus. For
instance, let o = 1. This means that homo oeconomicus and homo kantiensis individuals only
meet individuals of their own type. Thus, we have Ilg, (D, C, s°) = PP and I, (D, C,s°) = 7CC,

Since n¢¢ > 7PP, Ty, (D, C, s°) <y, (D, C, s°).

Note that when S;; = 0, i.e. when the the game is additive, there is a unique assortativity o
allowing homo oeconomicus and homo kantiensis to earn the same type-fitness. When the
assortativity is below this threshold, homo oeconomicus dominates, while homo kantiensis
dominates when the assortativity is above this threshold. This result is in line with the literature.
For instance, Bergstrom (2003) and Allen and Nowak (2015) have studied the evolution of
cooperative strategies in an evolutionary game dynamics framework, finding that assortment
allows cooperation in prisoner’s dilemma. Since at the equilibrium, strategies must earn
the same fitness, their results are consistent with ours. In particular, in a simplified version
of the game, where payoffs are additive (7P = —c, 7P = 0, ¢ = b - ¢ and 7P°° = b with
b > c >0, S; =0) and the assortment constant, they highlight that cooperation is favored when
a condition similar to the Hamilton's rule is satisfied.!® We obtain an analogous condition in
this simplified game: cooperation will outperform defection when bo > c.

18 Hamilton’s rule stipulates that the frequency of an altruistic gene will increase if br > ¢, with b the reproductive
gain for the recipient of the altruistic act, ¢ the reproductive cost for the altruist individual, and r the genetic
relatedness of the recipient to the actor (Hamilton, 1964a,b).
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We now illustrate Corollary 1 with the examples defined in Section 2.2.6.

(a) First, let 7¢P = 0, PP =1, 7¢C = 4 and nP¢ = 6. We then have S, = -1 <0, Q; = 1 —40 and
R; =—-2+50. Thus, there exists a heterogeneous population satisfying type-fitness equality
when 0.25 < 0 < 0.4 (see Figure 2.2a). With o = 1/3, then A° = 0.5 and homo kantiensis and
homo oeconomicus co-exist and get the same type fitness equal to [1g = 8/3. If the assortment
is too low (o =< 0.25), only homo oeconomicus survives. In contrast, when the assortment is too
high (o = 0.4), homo kantiensis would dominate.

(b) Now let n¢P =0, nPP =1, n¢C = 4 and #°¢ = 5. We have S; =0, Q; =140 and R, =
—1+40. Thus, the only assortativity value consistent with type-fitness equality is o = 0.25
(see Figure 2.2b). But then, for any population share A° € (0, 1), homo kantiensis and homo
oeconomicus earn the same type-fitness.

(c) Finally, let 7P = 0, zPP = 1, 7°C = 4 and #P¢ = 4.5. We have S; =0.5>0, Q; =1 -40
and R; = —0.5+3.50. Thus, there exists a heterogeneous population satisfying type-fitness
equality when 1/7 < 0 < 0.25 (see Figure 2.2¢). For example, when ¢ = 0.2, then 1° = 0.5 and
homo kantiensis and homo oeconomicus live together and get the same type-fitness equal
to I1 = 2.4. As above, the assortment plays a key role: if too low or too high, one type will
dominate.

The assortativity allowing a heterogeneous population when S, = 0is 0 = (PP — 7¢P)/ (n¢C -
n¢P) = 0.25. It is also the minimum assortativity for a heterogeneous population when S,; < 0
and the maximum assortativity for a heterogeneous population when S, > 0. This comes as
no surprise. Indeed, as discussed in Section 2.2.6, S; can be interpreted as the net benefit
of cooperation minus the net benefit of defection. Hence, when S; < 0, defectors (homo
oeconomicus) have an advantage and only high values of assortativity allows a heterogeneous
population. Reciprocally, when S, > 0, the game favors cooperators (homo kantiensis) and a

lower value of assortativity is needed to get a heterogeneous population.

Ty, — 1, Mg, — g, T, ~Tlp,

0=0.25
—o0=1/3
-- 0=04

(@ Sz <0 (b) Sz =0 (©) Sz >0

Figure 2.2 - Type-fitness difference in prisoner’s dilemma between homo oeconomicus (Hgl) and homo kantiensis
(Mp,) under uniformly-constant assortment
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Chapter 2. Exploring the diversity of social preferences

Coexistence under state-dependent assortment

As highlighted in the literature, the phenomenon of homophily is highly dependent on the
context. The size and demographic characteristics of the community considered affect the
degree of homophily among its members (McPherson et al., 2001; Currarini et al., 2009).1°

t20

Therefore, going beyond the case of uniformly-constant” assortment, we pursue our analysis

with the general case of a state-dependent assortment.

For this purpose, we define the function Iy, , : (0,1) — R as the type-fitness difference between
homo oeconomicus and homo kantiensis. From Equation 2.8, we have for all A € (0,1):

Hel,z D) =Q(1)—-A (1 — 12 (/1)) Sn

Where ¢12(1) = ¢12(A,0) and Q(A) = 7PP — 7P — 1, (1) (7€ — z¢P). By assumption, the
assortment function is continuous in A. Moreover, the examples considered in this section
converge when A goes to zero (i.e. homo kantiensis is a mutant) and when A goes to one (i.e.
homo oeconomicus is a mutant). Thus, the function Ilg, , can be extended by continuity to
[0,1].

Given the great number of cases offered by the relaxation of the uniformly-constant assortment
hypothesis, we consider three specific cases to illustrate Proposition 2:

1. In the first case, we suppose that ¢;, is linear: for all A € [0,1], ¢12(1) = 0.32 —0.24A (see
Figure 2.3). Thus, when the share of homo kantiensis A goes to zero, ¢12(0) = 0.32. This
means that when homo kantiensis is a mutant, the probability for a homo kantiensis
individual to meet another homo kantiensis is p2;2 = 0.32 (see Lemma 2). Recyprocally,
when the share of homo kantiensis A goes to one, ¢1,(1) = 0.08 so that the probability for
a homo oeconomicusindividual to meet another homo oeconomicusis py;; = 0.08. Hence,
the shape of ¢2(-) increases the evolutionary-success opportunities of each type: a
homo oeconomicus is better off when its probability to meet another homo oeconomicus
is low, while a homo kantiensis is better off meeting another homo kantiensis with a high
probability.

2. In the second case, we suppose that ¢;» is a U-shaped parabola: for all A € [0,1],
¢12(1) = 2(1 - 0.5)? (see Figure 2.3). With this shape, there is a high assortment when
the population is imbalanced (i.e. when one resident accounts for a high share of the
population), and the assortment is lower when the population is more balanced. This
could represent a population where individuals are living nearby each other when their
share in the population is low (or in other words, mutants enter the population in a
specific area) while individuals are more mixed when the population is more balanced.

3. In the third case, we suppose that ¢;» is an inverse U-shaped parabola: for all A € [0, 1],

19More precisely, Currarini et al. (2009) find that the homophily in most US ethnic groups is nonlinear and non-
monotonous in the group size and McPherson et al. (2001) shows that homophily depends on sociodemographic,
behavioral, and intrapersonal characteristics.

20Recall that under uniformly-constant assortment, the assortative matching is uniform across all types in the
population and independent of the shares in the population.
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¢12(A) = 2A(1 - A) (see Figure 2.3). With this shape, the assortment is higher for a
more balanced population. Bergstrom (2003) has shown that in a prisoners’ dilemma
involving cooperators and defectors, the assortment could have this shape when players
have some choice about their partners. Moreover, such an assortment function is
consistent with empirical evidence on the homophiliy in US ethnic groups (Currarini

etal., 2009).
b12
14 — ¢12(1) =0.32-0.241
...... ¢12(/1) — 2(&_0.5)2
--- P121)=21(1-1)

0.5 |

0

Figure 2.3 - Illustrative state-dependent assortment functions between homo oeconomicus and homo kantiensis

For each case, we consider the same examples studied above and defined in Section 2.2.6:
a¢P =0, #PP =1, n¢C = 4, and (a) 7°€ =6, (b) 7P€ =5, (c) 7P€ = 4.5. Thus, Q) =
1-4¢12(A) and S, =5-7PC.

1. When ¢12(A) = 0.32 - 0.244, Ty, ,(A) = —0.245, A + (0.96 — 0.68S,)A — 0.28.

(@ Sp=-1<0,Ilp, , is a polynom of degree 2 which has one root A° € (0,1): A°=1/6
and then ¢12(A°) = 0.28 (See Figure 2.4a).

(b) Sy =0, Iy, , is a line which intersects the x-axis for A° = 7/24 € (0,1), and then
$12(A°) = 0.25 (See Figure 2.4b).

() Sz =0.5>0,Ilp, , is a polynom of degree 2 which has one root A° € (0,1): A° =0.5
and then ¢;2(1°) = 0.2 (See Figure 2.4c).

2. When ¢p12(1) =2(A1 - 0.5)2, Ty, , (1) = 28743 — (25, +8)A% + (8 - 0.5Sm)A — 1.

(@ Sp=-1<0,Ilp, , isapolynom of degree 3 which has two roots in (0,1): 1°~ = 0.130
and 1°* = 0.943, and then ¢12(1°7) = 0.274 and ¢12(1°") =~ 0.393 (See Figure 2.5a).

(b) Sz =0, Ilp, , is a polynom of degree 2 which has two roots in (0,1): A°~ =0.5~—
0.25v2 and A°* = 0.5 +0.25v/2, and then ¢;2(A1°7) = ¢12(1°F) = 0.25 (See Figure
2.5b).

() Sy =0.5>0,IIp, , is a polynom of degree 3 which has two roots in (0,1): A°~ = 0.157
and 1°* =~ 790, and then ¢12(1°7) = 0.235 and ¢12(1°") =~ 0.168 (See Figure 2.5¢).

3. When ¢p12(1) =2A(1 - 1), Ty, ,(A) = —28;A3 + (2S; +8)A% — 8+ Sm)A + 1.

(@ Sp=-1<0,Ilp, , isapolynom of degree 3 which has two roots in (0,1): 1°~ = 0.169
and 1°* = 0.756, and then ¢12(1°7) =~ 0.280 and ¢12(1°") ~ 0.369 (See Figure 2.6a).
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(b) Sy =0, Iy, , is a polynom of degree 2 which has two roots in (0,1): A°~ = 0.5—
0.25v2 and A°* = 0.5+ 0.25v/2, and then ¢;2(1°7) = ¢12(A°") = 0.25 (See Figure
2.6b). This case is actually symmetric to 2.(b) so that the equilibrium cooperation
shares are the same.

() Sz =0.5>0,IIy, , is a polynom of degree 3 which has two roots in (0,1): A°~ = 0.137
and A°* = 0.917, and then ¢2(A1°7) = 0.237 and ¢12(A°*) ~ 0.153 (See Figure 2.6c).

In each game, we find one cooperation share A1° allowing for a heterogeneous population with
linear assortment (case 1) and two equilibrium cooperation shares with quadratic assortment
(cases 2 and 3). However, this is not a general property of linear and quadratic assortment.
The number of cooperation shares satisfying type-fitness equality depends on the game
payoffs and on the assortment functions. Moreover, under linear assortment, note that the
equilibrium cooperation share increases with S;. Nonetheless, this is also not a general feature.
For instance, with ¢12(1) = 0.21 + 0.2, the equilibrium cooperation share decreases with Sj.

T, — Ty, Mg, — o, My, ~ I,
1 1 1

(@) Sy <0 () Sz=0 (© Sz>0

Figure 2.4 - Type-fitness difference in prisoner’s dilemma between homo oeconomicus (Hgl) and homo kantiensis
(ng) under state-dependent assortment ¢12 (1) = 0.32 —0.241

My, — T, Mg, — Iy, g, — g,

|

=)

0 / /1“\1 A 0 o r"\1 A / 20 1 A
-1 -1 -1

(@) Sz <0 (b) Sz =0 (© Sz>0

Figure 2.5 - Type-fitness difference in prisoner’s dilemma between homo oeconomicus (Hgl) and homo kantiensis
(Tg,) under state-dependent assortment ¢ (4) = 2(A - 0.5)2

State-dependent assortment brings more complexity but also more interesting equilibria. It
will play a key role in the evolutionary-stability analysis (Section 2.3.2). Furthermore, the
shape of the assortment function determines if an equilibrium cooperation share can be
reached or not. We will discuss the dynamics in more detail in Section 2.3.3 on the robustness
of evolutionarily stable populations.
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M, — I, Mg, —Ig, My, — g,

01\/*11 ole of a Pt A
-1 -1 -1

(@) Sy <0 (b) Sz =0 (©) Sz >0

Figure 2.6 - Type-fitness difference in prisoner’s dilemma between homo oeconomicus (1'[91 ) and homo kantiensis
(ng] under state-dependent assortment ¢12(A) =21(1 - 1)

2.3.2 On the evolutionary stability of heterogeneous populations

An evolutionarily stable population satisfies two conditions: residents earn the same type
fitness and they resist a small-scale invasion of any other type (Definition 6). In the previous
section, we studied when the first condition is met for a population of homo oeconomicus (6,)
and homo kantiensis (0,). We now turn our analysis to the second condition, assuming that
the residents earn the same type fitness in the Bayesian Nash equilibrium (x;, x2) = (D, C) in
the population state s° = (81,02, 1°), with A° € (0, 1).

As shown in Lemmas 4 and 5, it is generally sufficient to only study what is happening at the
limit when the mutant share goes to zero when analyzing the evolutionary stability of a popu-
lation. Let 8; € ® be a mutant and (x, x», x;) a Bayesian Nash equilibrium in the population
state s = (61,62,0;,1°,0). Note that since homo oeconomicus individuals always defect no
matter their opponent strategies while homo kantiensis individuals always cooperate, we have
(x1, X2, X7) = (D, C, x7). Using Lemma 2 and noting 7;; = 7(x;, x;) and Iy, = Iy, (x1, X2, X7, 5)
for all (i, j) € I?, we can write the type fitness of each type:

o, = (1=A°+A%P12) - w11 + A°(1 = p12) - 12
g, =1 =A)A = ¢p12) - 721 + [A+ (1 = A)p12] - 22
Iy, = [(1=-A)A-0)-A°A=-AT] A1 +[A°A=-0)+ A°A=A)) 72+ 0 TT17

Note that 71, and m»; do not appear in the expression of the type fitness of homo oeconomicus
(Ilg,) and homo kantiensis (Ilp,) because at the limit when the mutant share goes to zero,
the residents are matched between them as if there were no mutants in the population.
Consequently, since by assumption homo oeconomicus and homo kantiensis earn the same
type fitness in the Bayesian Nash equilibrium (D, C) in the population state s°, they also earn
the same type fitness in all Bayesian Nash equilibria in the population state s, i.e. Iy, =TIy, =
IIg.

Next, since we are in a two-strategies game, we can express the strategy x; in function of the
strategies x; and x,. For this purpose, recall that for all i € I, a; € [0, 1] is the probability that
0; individuals attach to cooperation, so that x; = (@;; 1 — @;). When a; # a», there exists y € R
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such that a; = (1 —y)a; +yaz. The following Lemma depicts the difference in type-fitness
between the residents and any mutant:

Lemma 6 (Difference in type fitness between residents and mutant). Let a population s =
(61,02,0:,1°,0), with A° € (0,1), engaged in a prisoners’ dilemma such that the residents earn
the same type fitness [lg for (x1,x2) € BNE(01,92,/1°) with x! # x?. Then, the difference in
type-fitness between the residents and the mutant for (x1, X2, X;) € BNE(g) is:

My Ty, = [y(1—=p)o+ 1 =PA° (12— 0) + 1 =PIA°(1 = AT (a2 — @1)* - S

+(y = A) (P12 —0) = A° (A= AT - (@2 — 1) - (@2 (7CC = 7P) + (1 — @) (wPC — 2PP))
Proof. In Appendix B.5. O

Since homo oeconomicus individuals defect and homo kantiensis individuals cooperate, we
have @ =0, @2 =1 and y = a@;. We now have all the ingredients to examine the evolutionary
stability of a heterogeneous population of homo oeconomicus and homo kantiensis. As in the
coexistence analysis, we start with the case of uniformly-constant assortment before looking
at the case of state-dependent assortment.

Evolutionary stability under uniformly-constant assortment

Under uniformly-constant assortment, we have ¢, = o (by definition, see Remark 2) and I' = 0.
Indeed, I' =1im) _o(¢71 — Ppr2)/ Ag, and ¢p71 = P12 = 0. As discussed in Section 2.2.2, I can be
interpreted as the marginal matching-probability difference between mutants and residents
of the two types. When individuals 8, and 6, meet the mutants at the same rate when they
enter the population, then I' = 0. We can rewrite Lemma 6 for the case of uniformly-constant
assortment:

Corollary 2 (Difference in type fitness between residents and mutant under uniformly-con-
stant assortment). Under uniformly-constant assortment, let a population s = (01,602,6:,1°,0),
when 0 is homo oeconomicus, 0, is homo kantiensis and A° € (0,1), engaged in a prisoners’
dilemma such that the residents earn the same type fitness g for (D,C) € BNF(01,0,,1°). Then,
the difference in type-fitness between the residents and the mutant for (D, C, x;) € BNE(s) is:

g -y, =0a;(1-a;)Sy
Proof. In Appendix B.5. O

This expression is much simpler than the general case. The difference in type-fitness between
the residents and the mutant depends only on the assortativity, on the mutant’s strategy and on
the net benefit of cooperation minus the net benefit of defection S;. Moreover, from Corollary
1, we know that o > 0 because we assumed that homo oeconomicus and homo kantiensis were
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earning the same type fitness. Note also that a; (1 — a;) = 0 because (a;) € [0, 1] and if mutants
do not play a pure strategy, the inequality is strict, i.e. a;(1 —a;) > 0. Hence, the sign of the
difference in type-fitness depends only on the sign of Sj.

Interestingly, the same expression remains valid in a more general case, when the mutant
share is not equal to zero:

Lemma 7 (Difference in type fitness between residents and mutant under uniformly-constant
assortment). Under uniformly-constant assortment, let a population s = (01,02,0:,1,A;), when
01 is homo oeconomicus, 0, is homo kantiensis, engaged in a prisoners’ dilemma. Then, we
have for any (D, C, x;) € BNE(g):

(1 —a)y, +a;llg, —Ilg =oa,;(1-a;)Sy
Proof. In Appendix B.6. O

Before stating our main results, we need to introduce two additional notions. First, the type set
O is called rich if for each strategy x € X, there exists some type 6 € © for which this strategy is
strictly dominant: ug(x, y) > ug(x’, y) for all x’ # x and y in X. When O is rich, for any strategy
x € X itis always possible to find a mutant playing x. Second, we call ®;, the set of mutants t
that are behaviorally indistinguishable from residents 6, and 8»:

O = {HT € ®:3dx € Xsuchthat (x, x, x) or (x, x2,x) € BNE(S)}

In our study, the set ©;, includes all the mutants that cooperate or defect when their share goes
to zero, i.e. ©1p = {0; € ®: (D, C, D) or (D, C,C) € BNE(s)}. We have the following Theorem:

Theorem 1 (Evolutionary stability of a heterogeneous population of homo oeconomicus and
homo kantiensis). In a prisoners’ dilemma under uniformly-constant assortment when © is
rich, there exists a heterogeneous evolutionarily stable population of homo oeconomicus and
homo kantiensis against all types 0; ¢ ©1» ifand only if S, > 0 and (wP¢ — n¢C)/ (P — 7PP) <
o < (PP — 7gCP) /(7CC — zCDy,

Moreover, if there exists a heterogeneous evolutionarily stable population of homo oeconomicus
and homo kantiensis, then it is unique and the cooperation share satisfies ° = Qn/((1 — 0)Sy).

Proof. In Appendix B.7. O

Theorem 1 fully characterizes the existence and uniqueness of a evolutionarily stable popu-
lation of homo oeconomicus and homo kantiensis in prisoners’ dilemmas under uniformly-
constant assortment. In particular, there does not exist a heterogeneous evolutionarily stable
population when S; < 0. When S;; > 0, there exists a unique heterogeneous evolutionarily
stable population when the assortativity belongs to a range such that homo oeconomicus and
homo kantiensis can coexist.
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We made a few assumptions to derive Theorem 1. First, we assumed that the type set ® was
rich. If it was not, homo oeconomicus and homo kantiensis could be the only types in ©. Then,
any heterogeneous population satisfying type-fitness equality would be evolutionarily stable,
even when S; < 0 (because there does not exist any mutant). We could actually relax this
assumption by assuming that there exists one type 6; € ® committed to a mixed strategy.
Indeed, when S; < 0, any mixed strategy enables the mutant to earn a greater type fitness than
at least one of the residents. Second, the population is evolutionarily stable against all types
0: ¢ ©1, i.e. the types which are not behaviorally-alike to the residents. Indeed, if mutants
cooperate or defect, then the share of cooperation changes and the mutant cannot earn a
strictly smaller type fitness in all Bayesian Nash equilibria in a neighborhood of A°.

We now illustrate the Theorem going back to the examples defined in Section 2.2.6: 7P =0,
PP =1, 7°C = 4, and (a) 7P¢ =6, (b) 7€ =5, (c) 7PC = 4.5.

(a) First, S; < 0. With a uniformly-constant assortment o = 1/3, then with 1° = 0.5 the
population satisfies type-fitness equality and I1y = 8/3 (see Section 2.3.1). However, we have
Sz = —1, and since the difference in type fitness between the residents and the mutant at
the limit is: ITg —Ilp, = oa;(1 — a;)S; (Corollary 2), any mutant would earn more than the
residents at the limit as illustrated in Figure 2.7a. Hence we can conclude that the population
of homo oeconomicus and homo kantiensis is not evolutionarily stable.

(b) Second, S; = 0 and the game is additive. As discussed in Section 2.3.1, the only uniformly-
constant assortment allowing type-fitness equality is o = 0.25. With this value, for any 1° €
(0,1) homo oeconomicus and homo kantiensis earns the same type fitness. On the other hand,
any mutant would also earn the same type-fitness at the limit (see Figure 2.7b). From Lemma
7, the mutant would also earn a greater type-fitness than at least one of the residents when
its share A; increases. Thus the population of homo oeconomicus and homo kantiensis is not
evolutionarily stable.

(c) Finally, S; > 0. With a uniformly-constant assortment ¢ = 0.2, then with 1° = 0.5 the
population satisfies type-fitness equality and I1g = 2.4 (see Section 2.3.1). Moreover, we have
Sz = 0.5, and the difference in type fitness between the residents and the mutant at the limit is:
[Ig—TIlg, = oy(1-7y)S; (Corollary 2). Thus, for all a; € (0,1), ITy —I1; > 0 (see Figure 2.7c) and we
can conclude that the population of homo oeconomicus and homo kantiensis is evolutionarily
stable against all mutants which do not cooperate or defect.

Under uniformly-constant assortment, we can establish a link between evolutionary stability
of heterogeneous and homogeneous populations. The only evolutionarily stable preference in
a homogeneous population is homo hamiltonensis, a homo moralis with a degree of morality
equal to the assortativity (Alger and Weibull, 2013). When homo hamiltonensis is the only
resident, individuals of this type play Hamiltonian strategies x; € X, (see Definition 8). It
turns out that in a heterogeneous evolutionarily stable population under uniformly-constant
assortment, homo oeconomicus and homo kantiensis also play Hamiltonian strategies. The
following Lemma details the Hamiltonian strategies in a prisoners’ dilemma. Note that the set
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Ty — Ty, Ty — T, Mg — Ty,
0 a;
0 1 @r
0 1 @r
(a) Non evolutionarily-stable (b) Non evolutionarily-stable (c) Evolutionarily stable
(Sx<0,0=1/3,1°=0.5) (87 =0,0=0.25) (Sx>0,0=0.2,1°=0.5)

Figure 2.7 - Type-fitness difference between a heterogeneous population of homo oeconomicus and homo kantien-
sis and the mutants in prisoners’ dilemma, when the mutant share goes to zero, depending on the strategy played
by mutants (&), under uniformly-constant assortment.

of Hamiltonian strategies X is expressed in function of the probability to cooperate. In other
words, if 0 € X; then defection is a Hamiltonian strategy (probability zero to cooperate) while
if 1 € X; then cooperation is a Hamiltonian strategy.

Lemma 8 (Homo hamiltonensis behavior in prisoners’ dilemma). LetS; = aCC 4 gPD _ 7 CD _

JrDC, Q= aPP — gnCC - 1- O')]'[CD and R; = a¢C —gaPD - 1- O')JTDC.
When o =0, homo hamiltonensis is homo oeconomicus and always defects: X5 = {0}.
Wheno >0,

1. IfS; <0, then

{01, if Ry<S;
X, = {%} if Ry>S; and Q> Sy
{1}) lf Qﬂ = Sﬂ
2. If Sz =0, then
{01, if Ry<Sy
Xo = (0,1], lf R; =5,
{1}v lf‘ Rﬂ > Sﬂ

3. If$; >0, then

{03, if Ry<0
XU = {0) 1}) lf QH»RH = 0
{1}, if Q<0
Proof. In Appendix B.8. O

When there exists an evolutionarily stable population of homo oeconomicus and homo kantien-
sis, we have Qy, Ry Sy > 0 (Theorem 1). Hence the Hamiltonian strategies are defection and
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cooperation (Lemma 8) confirming that homo oeconomicus and homo kantiensis play Hamil-
tonian strategies. When Qr = R; = S; =0, X, = [0,1], i.e. all strategies are Hamiltonian
strategies. This prevents the existence of an evolutionarily stable population because all types
earn the same type fitness (and the definition of evolutionary stability requires residents to
earn a strictly greater type fitness than mutants). In all the other cases, X is a singleton and
there does not exist any heterogeneous evolutionarily stable population with the residents
playing diverse strategies. This observation is not a particular feature of a population of homo
oeconomicus and homo kantiensis involved in a prisoners’ dilemma. It remains valid for any
residents playing a 2 x 2 symmetric game under uniformly-constant assortment. Recall that 7, ;
denotes the payoff when strategy x; is played against strategy x;. For (x1, x2) € BNE(61,0,,1°),
we call Qy,, =711 — 721 — 0 (22 — 21) and Sy, , =711 + 722 — 12 — 721 We have the following
theorem:

Theorem 2 (Evolutionarily stable population). In asymmetric2x2 fitness game under uniformly-
constant assortment, let s° = (01,02, 1°) be a heterogeneous population with A° € (0,1).
The population s° is evolutionarily stable against all types 0; ¢ O, if:

e Wheno =0: forall (x1,x2) € BNE (%), X1 = X2 € Xy and B (x1) is a singleton.
» Wheno > 0: for all (x1,x2) € BNE(s®), (x1,x2) € X2, By (x1) and By (x2) are singleton, and
forall (x1,x2) € BNE(s°) such that x1 # X2, Qr,,/ (1 - 0)Sy,,) = A°.

Conversely, if (x1, x2) € BNE(s°) is a singleton such that (x1,x2) ¢ X2 and if© is rich, then the
population is not evolutionarily stable.

Proof. In Appendix B.9. O

Theorem 2 tells us that if a heterogeneous population is evolutionarily stable, then the resi-
dents must play Hamiltonian strategies under uniformly-constant assortment. We will now
study the case of state-dependent assortment and we will see that this property does not hold
in the general case.

Evolutionary stability under state-dependent assortment

Under state-dependent assortment when homo oeconomicus and homo kantiensis earn the
same type fitness in the state s° = (61,02, 1°), the difference in type fitness between the res-
idents and any mutant at the limit when the share of the mutant goes to zero is (Lemma
6):

Mg —Tlp, = [a;(1-ar)o+ (1 -a)A°(P12—0) + (1 - a)A°(A-A)]- Sy
+[(ar = A°) (@12 = 0) = 2°(A = AT - (1°C = 2P)
We can first observe that if o = 1 and if the mutants cooperate, they will always earn a greater
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type fitness than the residents. Indeed, in this setting, the mutants are matched between them-
selves earning Iy, = 7€C. On the other hand, the residents earn Iy < 7°C. To see that, look
at the type fitness of homo kantiensis: homo kantiensis individuals earn 7¢¢ when matched

€D <« 7¢C when matched with a homo oeconomi-

with another homo kantiensis but they earn n
cus. Consequently, there is a maximum value of assortativity allowing for a heterogeneous

evolutionary stable population:

Proposition 3 (Evolutionary stability under state-dependent assortment). In a prisoners’
dilemma, if © is rich then there exists & < 1 such that there does not exist a heterogeneous
evolutionary stable population of homo oeconomicus and homo kantiensis for allo > &.

Proof. In Appendix B.10. O

Second, let H: [0,1] — R be the function that maps the strategy played by the mutant a; to
the difference in type fitness between the residents and any mutant at the limit, i.e. H(a;) =
Ilg —TI1g,. H is a polynomial of degree two. When H is concave, the function is strictly positive
for all a; € [0,1] if and only if H(0) > 0 and H(1) > 0. In other words, when H is concave, it is
sufficient to study what happens when the mutants defect and cooperate to know the sign of
the difference in type fitness between the residents and any mutant at the limit. Thus, we have
the following Theorem:

Theorem 3 (Evolutionarily stable population under state-dependent assortment). Let a popu-
lation of homo oeconomicus (01) and homo kantiensis (0,) in the state s = (01,02, 1°) involved
in a prisoners’ dilemma such that the type-fitness equality is satisfied.

If (12— 0) € [TA°, T (A° —1)] and if © is rich, then the population is not evolutionarily stable.
Conversely, when S; = 0, the population is evolutionarily stable if (12 — o) € (TA°, T (1° - 1)).

Proof. In Appendix B.11. O

Theorem 3 has a few implications. First, by contrast with the case of uniformly-constant as-
sortment, we did not need the assumption that the mutants are not behaviorally-alike. Hence,
thanks to state-dependent assortment, it is possible to find a heterogeneous evolutionarily
stable population of homo oeconomicus and homo kantiensis such that the residents resist the
invasion of mutants that play like them.

Second, the Theorem implies that there does not exist a heterogeneous evolutionarily stable
population when I" > 0. Moreover, when I' = 0, we need ¢;» = 0, and this case is analogous to
uniformly-constant assortment already characterized in Theorem 1. The matching speed I
governs which residents the mutants are more likely to meet. When I" > 0, the mutants are
additionally matched with homo kantiensis individuals, at the expense of encountering homo
oeconomicus individuals. For instance, when I"' = (1 — ¢)/A° and ¢ = 0, mutants always meet
homo kantiensis individuals. Thus, the type-fitness of any mutant is a least [Ty, = 7¢¢ > Tl
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and the population of homo oeconomicus and homo kantiensis is not evolutionarily stable.
Consequently, the matching speed I' plays a central role in the analysis of evolutionary stability.

Finally, combined with Proposition 2 on type-fitness equality, Theorem 3 enables to know
if a heterogeneous population of homo oeconomicus and homo kantiensis is evolutionarily
stable in prisoners’ dilemmas when S;; = 0. The Theorem remains valid in most cases when
Sz <0, and in particular when the minimum of H is reached in @ ¢ (0,1). When a;€ (0,1), the
condition for evolutionary stability is H(a;) > 0, i.e. H has no real roots.

To illustrate Proposition 3 and Theorem 3, we focus on the same cases studied in Section 2.3.1:

1. We suppose that ¢b;» is linear: for all A € [0, 1], ¢12(1) = 0.32 —0.247.
2. We suppose that ¢, is a U-shaped parabola: for all A € [0,1], ¢12(A) = 2(1 - 0.5)%.
3. We suppose that ¢, is an inverse U-shaped parabola: forall A € [0,1], ¢12(1) =2A(1-A).

Moreover, we assume that I' = —(1 — ¢)/(1 — A°). This shape allows p;; and p»; to belong to
[0,1]. Moreover, it means that p;; = 1 -0 and p2; =0, i.e. a mutant either meets a homo
oeconomicus or another mutant, which increases the likelihood that the population of homo
oeconomicus and homo kantiensis is evolutionarily stable.

For each case, we consider the same examples studied above and defined in Section 2.2.6:
7P =0, 7PP =1, 7C =4, and (@) 7P =6, (b) 7P¢ =5, (¢) 7PC =4.5.

1. When ¢12(1) =0.32 - 0.24A:

(@) S; <0: homo oeconomicus and homo kantiensis earn the same type fitness for
A° =1/6. Moreover, for o < 0.4, the residents earn a strictly greater type fitness than
any mutant at the limit, and thus following the same arguments as in Theorem 1,
the population is evolutionarily stable (see Figure 2.8a).

(b) Sy =0: homo oeconomicus and homo kantiensis earn the same type fitness for
A° =7/24. Moreover, for o < 0.46875, the residents earn a strictly greater type
fitness than any mutant (see Figure 2.8b). Hence, there exists a heterogeneous
evolutionarily stable population when o < 0.46875.

(¢) Sy > 0: homo oeconomicus and homo kantiensis earn the same type fitness for
A° =0.5. They also earn a strictly greater type fitness than any mutant when o < 0.6
and thus the population is evolutionarily stable (see Figure 2.8c).

2. When ¢12(A) = 2(1 - 0.5)2:

(@) Sy <0: homo oeconomicus and homo kantiensis earn the same type fitness for
A°” = 0.130 and A°* = 0.943. The maximum assortativity allowing for a heteroge-
neous evolutionarily stable population is then ¢ = 0.368 for A°~ and ¢ = 0.966 for
A°* (see Figure 2.9a).

(b) Sz =0: homo oeconomicus and homo kantiensis earn the same type fitness when
A°~ =0.5-0.25v2 and A°" = 0.5+ 0.25v/2. The maximum assortativity allowing
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for a heterogeneous evolutionarily stable population is then ¢ = 0.360 for A°~ and
0 ~0.890 for A°* (see Figure 2.9b).

(¢) Sz > 0: homo oeconomicus and homo kantiensis earn the same type fitness for
A°” = 0.157 and A°* =~ 790. The maximum assortativity allowing for a heteroge-
neous evolutionarily stable population is then ¢ = 0.355 for A°~ and ¢ ~ 0.825 for
A°* (see Figure 2.9¢).

3. When ¢12(1) = 2A(1 - A):

(@) Sy <0: homo oeconomicus and homo kantiensis earn the same type fitness for
A°” = 0.169 and 1°* ~ 0.756. The maximum assortativity allowing for a heteroge-
neous evolutionarily stable population is then ¢ = 0.402 for A°~ and & = 0.846 for
A°* (see Figure 2.10a).

(b) Sy =0: homo oeconomicus and homo kantiensis earn the same type fitness for
A°~ =0.5-0.25v2 and A°* = 0.5+ 0.25v/2. The maximum assortativity allowing
for a heterogeneous evolutionarily stable population is then 6 = 0.360 for A°~ and
0 ~0.890 for A°* (see Figure 2.10b).

(¢) Sy > 0: homo oeconomicus and homo kantiensis earn the same type fitness for
A°” = 0.137 and 1°* =~ 0.917. The maximum assortativity allowing for a heteroge-
neous evolutionarily stable population is then ¢ = 0.342 for A°~ and ¢ = 0.929 for
A°* (see Figure 2.10c).

With our assumptions we find evolutionarily stable populations of homo oeconomicus and
homo kantiensis in all games. This contrasts with the case of a uniformly-constant assortment,
in which there is no evolutionarily stable population when Sy is negative. As discussed above,
the heterogeneous evolutionarily stable population can also resist to the invasion of mutants
that cooperate or defect.

g -1y, g — Iy, g —Tlg,
o=0 o=0 o=0
—0=0.2 —0=0.2 —0=02
2 ---0=04 2 ---0~=0.469 ) 3 __”f——17=0A6
1 e - T 1
e S S
0 R 0 T ar 0 1 ar
(@) S;<0,1°=1/6 (b) Sy =0,1°=7/24 © S;>0,1°=05

Figure 2.8 - Difference in type fitness between a resident population of homo kantiensis and homo oeconomicus
and the mutants in prisoners’ dilemma, when the mutant share goes to zero, depending on the strategy played by
mutants (a), under state-dependent assortment ¢12(1) =0.32-0.24A and T = -(1-0)/(1 - 1°).

Both homo oeconomicus and homo kantiensis are important for the evolutionary success of
the population, but in a different way. On the one hand, homo kantiensis individuals drive
up the average fitness of the population since I1y increases with the share of homo kantiensis.
As a result, there exists a heterogeneous evolutionarily stable population for higher values of
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Ty — Ty, Ty — Ty, Ty — T,

-- A°=0.130; 0 = 0.368 --- A°=0.146; 0 = 0.360 --- A°=0.157; 0 = 0.355

— A°=0.943; 0 = 0.966 — A°=0.854; 0 = 0.890 — A°=0.790; 0 = 0.825

(a) Sz <0, (b) Sz =0 (©) Sz >0

Figure 2.9 - Difference in type fitness between a resident population of homo kantiensis and homo oeconomicus
and the mutants in prisoners’ dilemma, when the mutant share goes to zero, depending on the strategy played by
mutants (a;), under state-dependent assortment ¢12(A) =2(A—0.5)2 and T = —(1 — o)/ (1 — A°).

Ty — Iy, g —Tp, Tlg — I,
-- A°=0.169; 0 = 0.402 --- 1°=0.146; 0 = 0.360 --- A°=0.137; 0 = 0.342
— A° = 0.756; 0 = 0.846 — A°=0.854; 0 = 0.890 —A°=0.917; 0 = 0.929
2 2 2
1 1 1
0 T a 0 e 0 1 ar
(@ Sz <0 ) Sz =0 (€) Sz >0

Figure 2.10 - Difference in type fitness between a resident population of homo kantiensis and homo oeconomicus
and the mutants in prisoners’ dilemma, when the mutant share goes to zero, depending on the strategy played by
mutants (a;), under state-dependent assortment ¢12(1) =2A(1— 1) and ' = —(1-0)/(1 - A°).

assortativity (see Figures 2.9 and 2.10). On the other hand, homo oeconomicus individuals help
to resist the invasion of mutants. Indeed, as discussed above, the population would not be
evolutionarily stable when I" > 0, i.e. when the mutants are additionally matched with homo
kantiensis instead of homo oeconomicus.

2.3.3 On the robustness of evolutionarily stable populations

In the previous section, we have found an evolutionarily stable population of homo oeconomi-
cus and homo kantiensis in all games and all type-fitness equilibria under state-dependent
assortment. By Definition 6, in an evolutionarily stable population, the two residents earn the
same type fitness when there is no mutant in the population and they earn a strictly greater
type fitness than a small share of mutants. However, the definition does not impose that the
two residents earn the same type fitness when the mutants enter the population. Thus, the
mutants could destabilize the residents. In this section, we discuss what happens then: could
one type overcome the other because of the mutant entry?

To define the notion of evolutionary stability, we motivated the two conditions by referring
to the framework of evolutionary game dynamics. In a dynamic game, the evolution of
preferences depends on the difference between the fitness obtained and the average fitness
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in the population. Hence, when the two resident types get the same fitness in the state
§° = (01,02, 1°), their population share is stable (first condition of evolutionary stability).
Moreover, in an evolutionarily stable population, the mutants will disappear first from the
population since their type-fitness is strictly smaller than each of the residents in all Bayesian
Nash equilibria in the states s = (01,602,607, A, 1;) (second condition of evolutionary stability).
Then, if the fitness of type 0, is greater than the fitness of 8;, the population share of 8, i.e.
A, will increase. It will converge to A° if A < A° and it will diverge if A > A1°. Reciprocally, if the
fitness of type 0 is lower than the fitness of 8;, the population share A will decrease towards
A% if A > 1°. Consequently, to analyze if the mutant entry destabilizes the residents, we can
simply look at how the difference in type fitness between the residents evolves around a small
neighborhood of 1°.

Assuming that the assortment function ¢b;» is differentiable in 1°, we can define a robustness
criterion:

Definition 9 (Robust equilibrium). Let (x1, x2) be a BNE in the population state s° = (61,02, 1°)
such that 8; and 6, earn the same type fitness. The equilibrium is called robust if:

a (I, — Ty, )

>0
oA A=2°

By extension, a population will be called robust in the state s° if all BNE in s° are robust.

When the condition of Definition 9 is satisfied, the type fitness of 8, becomes smaller than
the type fitness of 0; when the share of 8, increases. Similarly, the type fitness of 8, becomes
larger than the type fitness of 8; when the share of 8, decreases. Hence, in a dynamic setting
when A is close to 1°, the population would converge towards 1°.

We illustrate the definition looking back at our previous examples, for S;; > 0:

(a) Under uniformly-constant assortment ¢12 (1) = o = 0.2, for A° = 0.5 the population satisfies
the type-fitness equality. However, 8 (I1p, —I1p,) /04 = —(1 — 0) Sy < 0 so that any deviations
in A would destabilize the population (see Figure 2.11a). If A < 1°, the population evolves
towards a homogeneous population of homo oeconomicus. On the contrary, if 1 > 1°, the
population evolves towards a homogeneous population of homo kantiensis.

(b) Under state-dependent assortment ¢;2 (1) =2(A - 0.5)2, there are two population shares
A°~ and A°* satisfying type-fitness equality. However, only the low-cooperation share 1°~ is
robust (see Figure 2.11b). When A € [0, 1°"), the population evolves towards the heterogeneous
population in the state s°~ = (6,62,A°7). When A > A°*, the population evolves towards a
homogeneous population of homo kantiensis.

(c) Under state-dependent assortment ¢;2(1) = 2A(1 — 1), there are two population shares
A°~ and A°7 satisfying type-fitness equality. However, only the high-cooperation share A°*
is robust (see Figure 2.11c). When A < A°7, the population evolves towards a homogeneous
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Chapter 2. Exploring the diversity of social preferences

population of homo oeconomicus. When A € (1°7,1], the population evolves towards the
heterogeneous population in the state s°* = (61,6,,1°).

Mg, —Tg, T, — Ty,

_ 1
T, -y, 1 — () =2(A—0.5) — M) =2A1-1)

0 <A N s | A
0| — A°~ AN—1 A
0 2 1A
-1
-1
(b) 1°~ Robust (c) 2°~ Non-robust
(a) Non-robust A°* Non-robust A°* Robust

Figure 2.11 — Robustness in prisoner’s dilemma (S5 > 0) between homo oeconomicus (Hgl) and homo kantiensis
(g, )

Note that under uniformly-constant assortment, there does not exist any heterogeneous
evolutionarily stable population when S; is negative (Theorem 1). Furthermore, as illustrated
in Figure 2.11a, the population is not robust when S; is positive. Hence, there does not
exist any robust heterogeneous evolutionarily stable population under uniformly-constant
assortment:

Proposition 4 (Robust evolutionarily stable population). In a prisoners’ dilemma under
uniformly-constant assortment, there does not exist any robust heterogeneous evolutionar-
ily stable population of homo oeconomicus and homo kantiensis.

Proof. In Appendix B.12. O

This result highlights once again the importance of assortment in the analysis of evolutionary
stability. Under state-dependent assortment, we found for all our examples one state such that
the population is evolutionarily stable and robust. When the assortment ¢, is a U-shaped
parabola (¢12(A) =2(A - 0.5)%), only the low-cooperation state is robust. When the assortment
¢12 is an inverse U-shaped parabola (¢;2(1) = 2A1(1 — A)), only the high-cooperation state is
robust. Thus, the robustness criterion allows to select which equilibria are more likely. These
results are summarized in the following tables.

Table 2.2 - Robust evolutionarily stable population of homo oeconomicus and homo kantiensis involved in a
prisoner’s dilemma Sz <0

| Equilibrium A° Jos5[ 1/6 [ 0130 | 0943 [ 0.169 | 0.756 |
P12(A) 1/3 | 0.32-0.241 2(1-0.5)% 2A(1-Q)
o 1/3 0-0.4 0-0.368 | 0-0.966 | 0-0.402 [ 0-0.846
r 0 —(1-0)/(1-1)
Evolutionarily stable || No Yes Yes Yes Yes Yes
Robust Yes Yes Yes No No Yes
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Table 2.3 — Robust evolutionarily stable population of homo oeconomicus and homo kantiensis involved in a
prisoner’s dilemma S; =0

| Equilibrium A° [ o1 [ 7/24 | 0146 | 0.854 | 0146 | 0.854 |
$h12(A) 0.25 | 0.32-0.241 2(1-0.5)? 2A(1-1)
o 0.25 0-0.468 0-0.360 ‘ 0-0.890 | 0-0.360 ‘ 0-0.890
r 0 -1-0)/1-A)
Evolutionarily stable || No Yes Yes Yes Yes Yes
Robust No Yes Yes No No Yes

Table 2.4 — Robust evolutionarily stable population of homo oeconomicus and homo kantiensis involved in a
prisoner’s dilemma S; >0

| Equilibrium 1° Jos5] 05 | 0157 | 0790 | 0.137 | 0.917 |
P12(A) 0.2 | 0.32-0.241 2(1—0.5)? 2A(1-21)
o 0.2 0-0.6 0-0.355 | 0-0.825 | 0-0.342 | 0-0.929
r 0 -1-0)/1-1)
Evolutionarily stable || Yes Yes Yes Yes Yes Yes
Robust No Yes Yes No No Yes

2.4 Homogeneous vs heterogeneous evolutionarily stable popula-
tions

In this chapter, we have expanded the classical framework of evolutionary stability to analyze
whether a heterogeneous population of homo oeconomicus and homo kantiensis could be
favored by evolution. In this section, we discuss some implications of introducing heterogene-
ity in the resident population, by reviewing the differences between a homogeneous and a
heterogeneous evolutionarily stable population.

2.4.1 Favored preferences and strategies

Adapting the framework of evolutionary stability formally established by Maynard Smith
and Price (1973) for strategies, Alger and Weibull (2013) proved the evolutionary stability
of a particular type of preference, homo hamiltonensis in a homogeneous population. As
first expectation, we could have hypothesized that a heterogeneous evolutionarily stable
population would "on average" have a homo hamiltonensis preference. In other words, an
intuitively good candidate for a heterogeneous evolutionarily stable population would be a
population composed by fully-selfish and fully-moral individuals with a share ¢ of fully moral
individuals in order to "mimic" a homo hamiltonensis utility. However, such a population is

not evolutionarily stable in most cases.?!

Instead, Theorem 2 shows that a heterogeneous evolutionarily stable population under

21The only case in which this population is evolutionarily stable is when o = A and o is a solution of o =
@PP =P — g (¢ 2P /(1 - 0)Sw).
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uniformly-constant assortment depends on Hamiltonian strategies. In other words, evolution
favors the same strategies in a homogeneous population and in a heterogeneous population
under uniformly-constant assortment. However, the introduction of state-dependent assort-
ment allows for the existence of heterogeneous evolutionarily stable population in all games
studied, so that the residents do not need to play Hamiltonian strategies anymore. Hence, the
heterogeneous framework favors a greater diversity of preferences and strategies.

2.4.2 Equilibrium implications

In the classical setting of a homogeneous population, all resident individuals play the same
strategy. We show that this characteristic is not necessary for evolutionary stability by proving
the existence of a heterogeneous population exhibiting diverse strategies played by resident in-
dividuals without infringing the evolutionary stability. For example, in the prisoner’s dilemma
when S; > 0, all homo hamiltonensisindividuals either cooperate or defect, i.e. they all behave
as a homo oeconomicus and defect, or they all behave as a homo kantiensis and cooperate. Yet,
Theorem 1 establishes the existence of a heterogeneous evolutionarily stable population with
a share of defectors homo oeconomicus and of cooperators homo kantiensis.

This last result is more in line with empirical observations. In single trial public goods experi-
ments for instance, results display a 40% to 60% contribution to the public good (Marwell and
Ames, 1981; Dawes and Thaler, 1988). A population of homo hamiltonensis all playing a mixed
strategy in a prisoner’s dilemma could support this empirical observation when S, < 0 but not
when S;; > 0 (Lemma 8). In the latter case, only a heterogeneous population would justify the
observations.

2.4.3 Assortative matching and Nash equilibrium

The introduction of assortative matching between preferences has a key implication when
studying and interpreting equilibria in games. In his thesis, John Nash discussed two inter-
pretations of a mixed Nash equilibrium (Nash, 1950, 1951). In the first interpretation, an
individual randomizes his play before acting, for instance by throwing a dice or a coin. In the
second, called "mass-action", individuals of a large population play one of the pure strategies
composing the mixed equilibrium with the share of people playing each strategy being equal
to the weight of the strategy in the equilibrium.?? Similarly, in the original and static evolu-
tionary game theory framework (Maynard Smith, 1974), a mixed evolutionarily stable strategy
can either describe a "monomorphic" population of identical individuals randomizing their
behavior, or a heterogeneous population (called "polymorphic" in biology) of several types
of individuals, each type playing a pure strategy. Under uniform random matching, the two
interpretations are equivalent. Thus, the static framework could not distinguish between
a monomorphic and a polymorphic population, which led to the emergence of the evolu-
tionary game dynamics framework (Bergstrom and Godfrey-Smith, 1998). However, when

225ee also Leonard (1994) and Weibull (1994) for a discussion of the mass-action interpretation of Nash equilibria.
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2.4. Homogeneous vs heterogeneous evolutionarily stable populations

the matching is assortative, a monomorphic and a polymorphic population would not yield
the same equilibrium, as already observed by Grafen (1979) and Hines and Maynard Smith
(1979). In other words, the first and second interpretation of a mixed equilibrium are no longer
equivalent when a distinct preference is associated to each strategy.

2.4.4 Context-based preferences

A key property in the case of a homogeneous population is the evolutionary stability of the
homo hamiltonensis preference regardless of the game being played. In other words, as long as
the assortativity is set and constant, in any game between assortatively matched individuals,
only those behaviorally alike to homo hamiltonensis will resist mutant invasion. This property
does not hold anymore in a heterogeneous population. Indeed, we have shown that the
evolutionary stability depends on the game being played. Specifically, we find that both the
assortment properties and the game payoffs determine whether a heterogeneous population
is evolutionarily stable. For instance, in a prisoner’s dilemma under uniformly-constant assort-
ment, the evolutionary stability of a population of homo oeconomicus and homo kantiensis
individuals depends on the sign of S;; and the value of assortativity o (Theorem 1).

Hence, the prevailing preferences in a population depend on the context. This finding is in
line with earlier research stating that the economic environment determines the prevalence
of self-interested or altruistic behaviors (Bester and Giith, 1998) and of self-interested or fair
behaviors (Fehr and Schmidt, 1999). Similarly, times preferences and attitudes toward risk
are shaped by the environment (Netzer, 2009). Empirical evidence also suggests that choices
and preferences can change according to the context (Tversky and Simonson, 1993; Rieskamp
et al., 2006; Masatlioglu et al., 2012; Bordalo et al., 2013). As examples, economic crises modify
the attitude toward risk (Schildberg-Horisch, 2018) and the social, economic and institutional
settings affect cooperative behaviors (Shogren and Taylor, 2008). In our framework, a socio-
economic shock would translate into a change in the payoffs and in the homophily (i.e. the
assortment), which would, in turn, affect the prevailing preferences in the population.

This dependence on the context has significant implications for empirical testing. Since
the game and the context affect the behavior of agents, experiments should give particular
attention to the conditions under which experiments are performed (statement of payoffs,
cost of actions, available options, ties between subjects, etc.). While empirical behavioral
research often aims at finding the parameters of the preferences of individuals, it would
be an interesting challenge to try to estimate how diverse a population is. Considering a
distribution of homo moralis with different morality coefficients, what is the shape of this
distribution? The framework developed in this paper could also be tested in lab experiments.
For instance, in the case of the prisoner’s dilemma, does our simplified model explain the share
of individuals cooperating? Is there assortment between individuals with similar preferences,
and if so, what is the shape of assortment functions in different contexts and cultures? In all
these experiments, the choice of payoffs in the game is central, since different payoffs lead to
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different evolutionary stability profiles.

2.4.5 Assortativity and evolutionary stability

Even though homo hamiltonensis is the favored preference in a homogeneous population
regardless of the game being played, this result requires a constant assortativity o. However,
if the assortativity o evolves, then all resident individuals become vulnerable to the entry
of mutants. For instance, in the prisoners’ dilemma previously studied with S; < 0 and
o = 0.25, the homogeneous evolutionarily stable population consists of homo moralis with
a morality coefficient x = 0.25 and the only Hamiltonian strategy is the mixed strategy x, =
(Sx —Rx)/((1+0)S;) = 0.8 (by Lemma 8). Now if the assortativity slightly decreases such that
o = 0.24, the only evolutionarily stable strategy is the mixed strategy x, = 0.834 and homo
moralis with morality ¥ = 0.25 is no longer evolutionarily stable.

By contrast, in a heterogeneous evolutionarily stable population, types who would not be
evolutionarily stable alone mutually contribute to resist the invasion of mutants, and they
are less sensitive to variations in the assortativity. For instance in the same game S, < 0,
homo oeconomicus and homo kantiensis would not be evolutionarily stable in a homogeneous
population. But when the assortment is state-dependent with ¢12(1) =2A(1- A1) and I =
—(1-0)/(1-A), they can be part of a heterogeneous evolutionarily stable population and for
A° =0.756, they can resist any mutant invasion when the assortativity is smaller than & = 0.846
(see Figure 2.10c). Moreover, this heterogeneous evolutionarily stable population also resists
the invasion of behaviorally-alike mutants, i.e. mutants playing like the residents. This is
not the case in a homogeneous population. Consequently, our findings provide theoretical
evidences in favor of the observed heterogeneity of preferences.

2.5 Toward a greater diversity of preferences

Throughout this chapter, we analyzed the evolutionary stability of a heterogeneous population
of homo oeconomicus and homo kantiensis involved in a prisoners’ dilemma. The choice of
homo oeconomicus and homo kantiensis was made for several reasons. First, since a particular
type of homo moralis is favored by evolution in a homogeneous population, homo oeconomicus
and homo kantiensis were good candidates to be part of a heterogeneous evolutionarily stable
population. Second, homo oeconomicus and homo kantiensis individuals are committed to
a strategy, i.e. they always play defect and cooperate no matter their population share. This
property allows us to simplify the analysis. However, the framework developed in this chapter
is more general and could apply to any types. In this section, we go beyond a population of
homo oeconomicus and homo kantiensis discussing how the introduction of heterogeneity
allows for a greater diversity of preferences.
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2.5.1 Mixed strategies and evolutionary stability

Although we focused on a population of homo oeconomicus and homo kantiensis playing the
pure strategies "defect" and "cooperate", the introduction of state-dependent assortment
enables the existence of heterogeneous evolutionarily stable populations in which the residents
play mixed strategies. In other words, the residents in a hetererogeneous evolutionarily stable
population are not necessarily behaviorally-alike to homo kantiensis or homo oeconomicus.

For simplicity, we will assume that the types are committed to their strategy. For all A € [0, 1],
let ¢12(1) = 0.241+0.08, ' = (1 - 0)/A and o = 0.2. Going back to our three examples, we
can find heterogeneous evolutionarily stable populations in which the residents play mixed
strategies in all games previously studied:

(a) When S;; < 0: Suppose that individuals 6, cooperate with probability a; = 0.78 and that
individuals 6, cooperate with probability a, = 0.1. For A° =5/6, ¢12(1°) = 0.28, and 0, and
0, get the same type fitness [y =~ 1.79. The residents also earn a greater type fitness than any
mutant at the limit and the population is therefore evolutionarily stable (see Figure 2.12a).

(b) When S;; = 0: Suppose that individuals 8; cooperate with probability @; = 0.8 and individ-
uals 6, cooperate with probability a, = 0.4. For A° =17/24, ¢12(A°) = 0.25, and 8, and 6, get
the same type fitness I1y = 2.55. The residents also earn a greater type fitness than any mutant
at the limit rendering the population evolutionarily stable (see Figure 2.12b).

(c) When S;; > 0: Suppose that individuals 8, cooperate with probability @; = 0.85 and indi-
viduals 0, cooperate with probability @, = 0.15. For A° = 0.5, ¢12(1°) = 0.2, individuals 8; and
0, get the same type fitness [y = 2.387.The residents also earn a greater type fitness than any
mutant at the limit and the population is evolutionarily stable (see Figure 2.12c).
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0.6 oa 1
0.8
0.3
0.4 0.6
0.2
0.4
0.2
0.1 0.2
0 1 ar 0 1 @ 0 1 @
(@) Sy<0,1°=5/6 (b) Sy =0,1°=17/24 (© Sz >0,1°=05

Figure 2.12 - Type-fitness difference between a resident population playing mixed strategies ((a) (a1, a2) =
(0.78,0.1); (b) (a1, a2) = (0.8,0.4); (c) (a1,a2) = (0.85,0.15)) and the mutants involved in a prisoners’ dilemma,
when the mutant share tends to zero, depending on the strategy played by mutants (a;), under state-dependent
assortment: for all 1 € [0,1] ¢p12(1) =0.241+0.08, ' = (1-0)/Aand 0 =0.2

These examples illustrate the variety of possible heterogeneous evolutionarily stable popula-
tions under state-dependent assortment. They also confirm that resident individuals can play
strategies outside the set of Hamiltonian strategies and that mixed strategies can be observed
in a heterogeneous evolutionarily stable population. Nevertheless, it is worth mentioning
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that the shapes of ¢p;» and I" were set arbitrarily. A more in-depth analysis of state-dependent
assortment is needed to derive more generic results and to better understand the conditions
under which heterogeneous evolutionarily stable populations exist in this case.

2.5.2 Assortativity dependent on mutants

As discussed in Section 2.4.5, the evolutionary stability of homo hamiltonensis in a homo-
geneous population requires a constant assortativity o. Another assumption needed is that
the assortativity is exogenous. In other words, o is the same for all the mutants. However,
since the assortativity could have both genetic and cultural determinants, it is likely that it
depends on the mutant type. In this case, there does not exist any homogeneous evolutionarily
stable population, as proved by Newton (2017). In particular, the homogeneous population
could be invaded by homo oeconomicus with assortativity ¢ = 0 or by homo kantiensis with
assortativity oy = 1.

Even though heterogeneous evolutionarily stable populations are more resistant to a change
in assortativity, they are not immune to mutant-dependent assortativity. Indeed, as shown in
Proposition 3 there is a maximum value of ¢ allowing for the existence of a heterogeneous
evolutionarily stable population. Hence, when the assortativity is mutant-dependent, the
resident population is always vulnerable to mutant invasion. As a result, the population would
be even more diverse and in perpetual evolution.

2.5.3 Unobserved diversity of preferences: on altruism, empathy and imitation

In Theorems 1 and 3, we have detailed the conditions under which a population of self-
ish homo oeconomicus and fully-moral homo kantiensis can be evolutionarily stable in a
prisoner’s dilemma under uniformly-constant assortment. This result can be extended to
the behaviorally-alike of homo oeconomicus and homo kantiensis. In particular, individuals
caring only for the payoff of others such as fully-altruistic or fully-empathetic individuals
would always cooperate in a prisoner’s dilemma.?3 Thus, they can be part of a heterogeneous
evolutionarily stable population with homo oeconomicus individuals. In fact, in the case of
a homogeneous population, Alger et al. (2018) have shown that the favored preference by
evolution under weak selection consists of a selfish, a moral and an altruistic component.

Are individuals more driven by morality or altruism? Our framework provides a theoretical-
justification for the observed diversity of behaviors and preferences but cannot answer this
question. Thus, it would be interesting to empirically test which social preferences explain
individuals’ choices better. For instance, Miettinen et al. (2017) have recently shown that homo
moralis has a higher explanatory power than altruistic preferences in a sequential prisoners’
dilemma. However, scientists can only observe the strategies chosen by individuals and not

Z3The utility of fully-altruistic and fully-empathetic individuals is u(x, y) = 7(y, x). See also Alger and Weibull
(2017) for a discussion of the strategic behaviors of moralists and altruists.
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their true preferences. As discussed above, these strategies are context-dependent. Hence,
further investigation varying the games and the context of the experiment would help identify
individual preferences with greater precision and better understand the individual motives
behind the observed decisions.

Furthermore, under uniformly-constant assortment, the population is not evolutionarily
stable against behaviorally-alike mutants. Hence, when the mutants have information about
the resident types, they have incentives to imitate the strategies played by the residents.
This means that if we reverse the questions looking at the mutant’s perspective instead of
the resident’s, evolution would favor imitative behaviors and preferences. This is in line
with empirical evidence revealing imitative behaviors in a variety of contexts such as the
contribution to public goods (Carpenter, 2004; Alpizar et al., 2008; Shang and Croson, 2009),
markets (Cont and Bouchaud, 2000; Selten and Apesteguia, 2005), environmental and energy
conservation (Goldstein et al., 2008; Allcott, 2011) or sustainable food consumption (Vermeir
and Verbeke, 2006). The conformity to social and cultural norms has been observed not only in
humans (Bovard Jr, 1953) but also chimpanzees (Whiten et al., 2005), and has inspired models
on conformism (Akerlof, 1997) or on reciprocity (Fehr and Gachter, 2000). Consequently, even
if our study focuses on a heterogeneous moral population, the picture depicted here is not
complete and they are many other important drivers of individuals’ behaviors.

2.6 Lessons learned

Individuals exhibit a wide heterogeneity in their social preferences (Falk et al., 2018). Following
this empirical observation, we extended the classical framework of evolutionary stability of
preferences by allowing heterogeneity in individual preferences in the context of assortative
interactions with imperfect information. We generalized the concept of assortment function to
define an assortment matrix modeling homophily between the different types of preferences
in a population. We proved that there exists heterogeneous evolutionarily stable popula-
tion composed of fully-selfish individuals, homo oeconomicus, and fully-moral ones, homo
kantiensis, for some but but not all games and assortment structures. We showed that in the
case of uniformly-constant assortment, individuals in a heterogeneous evolutionarily stable
population should play Hamiltonian strategies, the strategies played by the evolutionarily
stable homo moralis in a homogeneous population. By contrast, state-dependent assortment
allows a greater diversity and enhances the robustness of evolutionarily stable populations. In
a heterogeneous environment, individuals do not necessarily play the same strategy. Thus, our
work helps in understanding the driving forces behind strategic behavior such as cooperation
and defection in social dilemma or the diverse contributions to public goods. In the following
Chapter, we will show how a heterogeneous moral population can shed light on why some
individuals are willing to perform environmental-friendly actions.

The setting developed in this chapter provides a theoretical framework pushing the develop-
ment of analyzes accounting for a diversity of preferences under assortative matching. Many
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extensions and improvements can be undertaken to deepen the understanding of heteroge-
neous populations. First, further exploring the case of state-dependent assortment, of which
we analyzed three different cases, is key to better comprehend the role assortment plays in
allowing for the diversity of preferences. The assortment could be rendered endogenous by
including informational and strategic features into the game. It would be interesting to study
how to define assortment in the case of a distribution of preferences in order to reconcile
our framework with the one of Dekel et al. (2007). Moreover, the analysis of a heterogeneous
evolutionarily stable population could be extended to finite games with more than two pure
strategies and more than two resident types, and to infinite games. Would Hamiltonian strate-
gies still be favored under uniformly-constant assortment? Finally, in our analysis, we favored
a static framework because we investigated under which conditions a heterogeneous popu-
lation is evolutionarily stable to the invasion of a mutant preference. It would be helpful to
analyze how the preferences in a heterogeneous population evolve under assortative matching
using an evolutionary game dynamics framework. We expect that some equilibria we found
in the static case could not be reached in a dynamic setting depending on the evolutionary
process.
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Why do individuals care for Nature?

Disclaimer: This chapter draws from a working paper written with Charles Ayoubi. I would
like to warmly thank Charles for his help in the elaboration of this chapter. I would also like to
acknowledge Prof. Philippe Thalmann, Dr. Damien Ackerer and Sophia Ding for their useful
feedback. This research has received funding from the European Union’s Horizon 2020 research
and innovation programme under the grant agreement No 730459, EUCalc project.!

3.1 Motivation

Individuals often engage voluntarily in costly pro-environmental actions even though their
efforts have little or even negligible impacts on the improvement of the environmental quality.
However, the propensity to act in favor of the environment differs across individuals and
countries. This has been observed in many contexts such as the willingness to pay a premium
to purchase green electricity (Sundt and Rehdanz, 2015) and sustainable food (Moon et al.,
2002). Households’ recycling efforts also vary among individuals (Bruvoll et al., 2002) and
countries, as illustrated in Figure 3.1. The objective of this Chapter is to better comprehend why
some individuals care for Nature in order to help policy makers design effective environmental
policies.

The homo oeconomicus type of preference fails to explain environmental-friendly behaviors. If
individuals were selfish, they would prefer the cheapest and "dirty" option. More interestingly,
when the action of each individual has a negligible impact on the environmental quality,
altruistic motives cannot explain these behaviors either. For instance, the greenhouse gas
emissions of each individual has an insignificant impact on climate change, so that individuals’
efforts have a negligible effect on the well-being of others. By contrast, the homo moralis pref-
erence is a good candidate to understand pro-environmental actions since moral individuals
consider what happens when everybody acts like them when making decisions. Furthermore,
heterogeneous moral populations can be favored by evolution, as shown in Chapter 2.

1To learn more about EUCalc: http://www.european-calculator.eu/
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Figure 3.1 — Municipal waste disposal and recovery shares in OECD countries. Source: OECD (2015), Environ-
ment at a Glance 2015: OECD Indicators, OECD Publishing, Paris. Database: "Waste: Municipal waste", OECD
Environment Statistics, http://dx.doi.org/10.1787/data-00601-en

Building on these observations, we design a simple framework with heterogeneous moral
agents involved in a social dilemma, where each individual action has no effect on the total
contribution.? Our model sheds light on the motives behind pro-environmental behaviors and
on the determinants of the level of cooperation in a population. By analyzing the influence of
individuals’ beliefs on their decisions, we also show why financial incentives could fail in some
cases and we offer policy recommendations to promote environmental-friendly behaviors.

Although there exist many empirical studies documenting individuals’ willingness to engage in
pro-environmental actions, there are few theoretical models explaining why they do so. Most
of the literature relies on the concept of "warm-glow", which reflects the idea that individuals
get a positive utility from doing an action that is perceived as "good" by society (Andreoni,
1989, 1990).3 For instance, Abbott et al. (2013) examine recycling efforts by including the time
spent recycling in the household’s utility function. However, this modeling approach is ad-hoc
and lacks theoretical foundations. Brekke et al. (2003) and Nyborg et al. (2006) incorporate
self-image in individuals’ utility, such that the morally superior (green) alternative yields a
self-image benefit. Nevertheless, they assume that all individuals are identical.

The rest of the Chapter is organized as follows. In Section 3.2 we introduce the model. In
Section 3.3, we analyze why some individuals cooperate in social dilemmas and we study what
the level of cooperation in the population is. In Section 3.4, we investigate how individuals’
perception alter their decisions. In Section 3.5, we provide some applications to the purchase
of green electricity, of electric vehicles and of sustainable food to illustrate how our model can

2The literature often refers to the notion of "public goods" instead of "social dilemma". We favor here the term
"social dilemma" to avoid the confusion with public goods experiments in which individuals’ choices modify the
total contribution.

3"Warm-glow" is frequently called "impure altruism".
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be applied and extended in a variety of contexts. In Section 3.6, we examine the effectiveness of
policies to foster pro-environmental behaviors. Finally, we recap our findings and we discuss
the limitations of our model in Section 3.7.

3.2 Model

In this section, we present the model and the main definitions. We consider a large population
consisting of a continuum of individuals i € I = [0, 1] involved in a social dilemma (Section
3.2.1). Individuals have homo moralis preferences and the population is heterogeneous, i.e.
individuals have different degrees of morality (Section 3.2.2).

3.2.1 Social dilemma

In a social dilemma, the society is better-off if all individuals cooperate (strategy C). However,
each individual has an incentive to defect (strategy D). With only pure strategies, the strategy
set is therefore X = {C, D}. For all individuals i € [0, 1], we call x; € [0, 1] the level of cooperation
of individual i. In others words, x; = 1 if individual i cooperates and x; = 0 if she defects. The
strategy set can then alternatively be written as X = {0, 1}. We can then define the (average)
cooperation share in the population X = [}, x;d, with u a density for the population I. Thus,
X represents the share of cooperators in the population.

Property 6 (Atomicity). Since the population is large, the average level of cooperation in the
population is unaffected by the action of a single individual:

Vjel: )'c:f xid,u:)'c_j:f x;iduy
iel I-{j}

This property is called atomicity.

For any cooperation share x € [0, 1], an individual i playing x; € {0, 1} gets a material payoff
;i (x;, X), where we assume 7; : {0,1} x [0, 1] — R to be continuous and differentiable in x for all
individuals i € I. In other words, the payoff of an individual i depends both on her strategy x;
and on the others’ strategies through the share x of individuals cooperating in the population.
Moreover, the setting of a social dilemma implies three main assumptions:

Assumption 1 (Cooperation share and individual payoff). Individuals’ payoffs are strictly
increasing with the cooperation share:

Viel,Vxel0,1],Vx; €{0,1}: Om;(x;,X)/0x>0

Assumption 2 (Social benefit of cooperation). Individuals get a strictly greater payoff if every-
body cooperates than if everybody defects, i.e.:

Yiel: m;(C,1)>m;(D,0)
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Assumption 3 (Individual incentive to defect). For any value of the cooperation share, each
individual is better-off by defecting instead of cooperating:

Viel,vxel[0,1]: m;(D,Xx)>m;(C,x)

The social dilemma defined above is illustrated in Figure 3.2.

Individual Payoff 7, (-, X)

- m(DD - - - Defect
—— Cooperate
7;(C,1)
7;(D,0)
7;(C,0)
0 1 Share of cooperators

Figure 3.2 - Illustrative Social Dilemma

In the analysis (Section 3.3), we will see that two key variables drive the decisions of individuals.

Definition 10 (Individual cost). For all i € I, we call individual cost IC; the difference in the
material payoff between defecting and cooperating for a given cooperation share x:

IC;i(%) =m;(D, %) —7;(C, %)

The individual cost IC; is the individual cost of cooperating (or incentive to defect) of individ-
ual i € [0, 1]. From Assumption 3, we know that for all i € I and for any X € [0, 1], IC;(X) > 0.

Definition 11 (Social benefit). For all i € I, we call social benefit SB;, the difference in the
material payoff of individual i between a situation of full cooperation in the population and a
situation of no cooperation:

SB;=m;(C,1)—m;(D,0)

The social benefit of individual i SB; is the difference between her payoff if she cooperates in
a population of cooperators and her payoff if she defects in a population of defectors. From
Assumption 2, we know that for all i € I, SB; > 0.

Finally, we introduce a particular case which offers an interesting framework for the analysis:

Definition 12 (Uniform Cost-Benefit). We will say that the cost-benefit structure is uniform
when the values of individual cost and social benefit are the same for all individuals in the
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population and independent of the average cooperation in the population x:

Viel,xe€l[0,1]: IC;(x)=1IC
VYiel: SB;=SB

3.2.2 Population

Individuals are utility maximizers and they all have a homo moralis type of preference. We
introduced homo moralis in Chapter 2: an individual i with a homo moralis preference
maximizes a convex combination of her classical selfish payoff, with a weight (1 —x;), and of
her "moral" payoff, defined as the payoff she would get if everybody played like her, with a
weight «;. However, the definition of Section 2.2.5 was appropriate in the context of bilateral
interactions such as prisoners’ dilemma. Thus we need to adjust the definition for individuals
involved in a social dilemma:

Definition 13 (Homo moralis). An individual is a homo moralis if her utility function is of the
form:

Uy, (X3, X) = (1 —x;) - 70 (X3, X) + % - 70 (X5, X7)

where «x; € [0,1] is her degree of morality.

Recall that if x; = 0, the individual is homo oeconomicus (fully selfish), and if x; = 1, the
individual is called homo kantiensis (fully moral) from the name of the German philosopher
Immanuel Kant. Indeed, homo kantiensis individuals fully endorse the first formulation of
Kant (1870) categorical imperative: “Act only according to that maxim whereby you can, at the
same time, will that it should become a universal law.”.

As discussed in Chapter 2, there is substantial theoretical and empirical evidence suggesting
that individuals are moral. Alger and Weibull (2013, 2016) recently demonstrated that a partic-
ular kind of homo moralis arises endogenously as the most favored preference by evolution
in a model of preference evolution under incomplete information and assortative matching.
Previously, Bergstrom (1995) also proved the evolutionary stability of a "semi-Kantian" utility
function (a homo moralis with morality coefficient one half) in the special case of symmetric
interactions between siblings. Miettinen et al. (2017) have shown that homo moralis has a
higher explanatory power than other social preferences in a sequential prisoners’ dilemma. Fi-
nally, we have established that homo oeconomicus and homo kantiensis individuals can coexist
and be favored by evolution in a prisoner’s dilemma. We have also shown that heterogeneous
populations are more robust than homogeneous populations.

Broadening this diversity, we consider a population of homo moralis with different degrees
of morality x; € [0, 1]. More precisely, we assume that the individuals’ degrees of morality are
independently drawn from a given distribution F(-) with density f(-) and support [0, 1]. In
other words, Nature assigns a degree of morality x; € [0, 1] to each individual by picking from a
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given distribution. Using the properties of the cumulative distribution function (CDF) F(-)
and the probability density function (PDF) f(:), we have:

k
Viel,Vkel0,1]: P(K,'Sk):F(k)Zf fdte
0

We will often assume that the individuals’ degrees of morality follow a Beta distribution,
kx ~ Beta(a, b), with the shape parameters a > 0 and b > 0. The Beta distribution has two
major advantages. First, its support is [0, 1], hence corresponding to the domain on which the
morality coefficient k is defined. Second, it allows for a large amount of flexibility through
its two parameters. Most of the common distributions with a [0, 1] support can in fact be
represented as a Beta distribution by modulating the two parameters. For instance, when a =1
and b = 1, the degrees of morality are uniformly distributed, i.e. Beta(1,1) ~ U(0,1). Some
examples of Beta distributions are illustrated in Figure 3.3.
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(a) Probability density function (b) Cumulative distribution function

Figure 3.3 - Distribution of degrees of morality in the population depending on Beta distribution shape parameters

The mean of a Beta distribution is a/(a+ b). Thus, an increase in a increases the expected
degree of morality while an increase in b decreases the expected degree of morality in the
population. Finally, the CDF of the Beta distribution, noted Fg4,p) () follows:

Jyeta-ont-bar
f el - nl-bdr

Fp(a,p (x) =

In particular, we have:
Vxe[0,1], Fpap)=1-(1-x)"
Vxe [0) 1]) Fﬁ(a,l) (x) = x(l
Having defined all the ingredients of our model, we carry on with the analysis.
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3.3 Why do some individuals cooperate in a social dilemma?

We first analyze why some individuals cooperate and others do not in a social dilemma (Section
3.3.1). Then, we derive the implications for the average level of cooperation in a population
(Section 3.3.2). Finally, we discuss how peer pressure influences the level of cooperation
(Section 3.3.3).

3.3.1 Individual cooperation

For a given cooperation share X, when cooperating, homo moralis individuals get utility:

On the other hand, when they defect, they get:

U, (D, X) = (1 =x;)-7;(D, X) +x;-7;(D,0)

Individuals cooperate when their utility from cooperating is higher than from defecting, i.e.
when vy, (C, X) — uy, (D, X) = 0. We have:

Uy; (C, X) — uy; (D, %) = (1 —x;) - [m;(C, X) —7; (D, X)] + x; - [7;(C, 1) — 7 (D, 0)]

Rewriting this equation with the individual cost of cooperating IC;(x) (Definition 10) and the
social benefit SB; (Definition 11):

Uy, (C, %) — uy; (D, X) = —=(1—x;) - IC;(X) +x; - SB; (3.1

For a selfish homo oeconomicus (x; = 0), we have uy(C, X) — ug(D, xX) = —IC;(x) < 0. Thus, and
this comes as no surprise, homo oeconomicus always defects since it is costly to cooperate. On
the other hand, for a fully-moral homo kantiensis (x; = 1), we have u; (C, X)—u; (D, X) = SB; > 0.
Hence, homo kantiensis always cooperates because individuals of this type only value what is
best for society. More generally, homo moralis cooperates when her degree of morality is high
enough:

Theorem 4. For a given cooperation share x € [0, 1], a homo moralis cooperates if and only if
her degree of morality x; is greater than the threshold K(l.) (X) with:

0,= ICi (X)
K (X)=——7——7 €(0,1)
! IC; (%) + SB;
Proof. In Appendix C.1 O

Note that since payoffs can be different for each individual, so can the individual threshold
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degree of morality K‘i)()'c). Thus, two individuals with the same degree of morality could act
differently depending on their incentive to defect and on how they benefit from a situation of
full cooperation. Moreover, the threshold can evolve with the cooperation share x. Hence, one
individual could cooperate or defect depending on her peers’ behavior. We will discuss this
feature in more detail in Section 3.3.3.

The degree of morality necessary for cooperation can be low if the social benefit is high in
comparison with the individual cost of cooperating: if SB; >> IC;(X) then K?()_C) ~ 0. In other
words, if the individuals think that the externality associated with defection is high, they will be
more inclined to cooperate. On the other hand, when the social benefit is low in comparison
with the cooperation cost, only individuals with high degrees of morality will cooperate: if
SB; << IC;(X) then K?()_C) =~ 1. This observation is in line with our expectations. For instance,
individuals are more likely to avoid littering and to recycle when this action requires limited
effort (garbage at proximity, process easy to understand, etc.), i.e. when their individual cost of
cooperating is low. Similarly, individuals are more likely to support local initiatives to preserve
Nature because their social benefit is higher.

3.3.2 Level of cooperation in the population

We have established that individuals cooperate when their degree of morality is high enough.
We now analyze what the equilibrium cooperation share ¥* in the population is.

From Theorem 4, the individual threshold for cooperation is K?(J'c) =IC;(x)/(IC;(x)+SB;) fora
given cooperation share x. Since the degrees of morality are independently drawn from a given
distribution x ~ F(.), the probability of cooperating for each individual i € I is the probability
that her individual degree of morality is greater than her threshold (x; = K(l.) (X)). We have for
alliel: Pr[x;=1]=1-F (K?(J_C)). Consequently, the (expected equilibrium cooperation share
satisfies:

i* :f Pr(x; =1ldp = l—f F(K?(J_C*))dﬂ
iel el

i
We have the following Proposition:

Proposition 5. Consider a population of homo moralis involved in a social dilemma such that
the degrees of morality are independently drawn from the distribution F(-). There exists an
equilibrium cooperation share x* € [0,1] such that ¥* =1 - [;.; F&®(x*))dp.

Proof. In Appendix C.2. O

The Proposition proves the existence of an equilibrium cooperation share. Although this might
seem obvious, the Proposition is only true because we assumed that the individuals’ payoffs
are continuous in X. If this was not the case, there could be a situation where a little group of
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individuals would always want to deviate so that there does not exist an equilibrium. Moreover,
although the Proposition informs about the existence of an equilibrium cooperation share, it
tells nothing about its uniqueness. Indeed, there could be more than one equilibrium as we

will observe in Section 3.3.3.

For illustrative purposes, we will study in the following the case of a uniform cost-benefit

structure (Definition 12): the individual cost and social benefit are the same for all individuals

in the population and independent of the cooperation share %, i.e. forall i € I and x € [0, 1],
IC;(x) = IC and SB; = SB. In this context, we have forall i € T K(l.) =x%=IC/(IC + SB) and all
individuals with x; > x° cooperate. Consequently, the level of cooperation in the population

is:

i =1-Fx%

Suppose that the population is homogeneous, i.e. all individuals have the same degree of

morality x. Then, they all make the same decision, i.e. they all defect if x < x° or they all

cooperate if x > k. Hence, allowing for diversity of preferences is necessary to be in line with
the empirically observed diversity of behaviors. For instance, in a population with a share A
of homo kantiensis and (1 — 1) of homo oeconomicus, the cooperation share x* is equal to 1
since all homo kantiensis cooperate and all homo oeconomicus defect.

More generally, if the individuals’ degrees of morality are independently drawn from a Beta
distribution, then the level of cooperation in the population is x* =1—F B(a,b) x9). For example,
if the degrees of morality are uniformly distributed (i.e. a =1, b = 1), the cooperation share

SB

satisfies: ¥* = 1-«° = TCiSE If the distribution favors low degrees of morality (e.g. a =1, b = 4),

the cooperation share decreases x* = [SB/(IC + SB)A. Reciprocally, if the distribution favors
high degrees of morality (e.g. a =4, b = 1), the cooperation share increases x* =1 - [IC/(IC +

SB)]*. These examples are illustrated in Figure 3.4.
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Figure 3.4 - Level of cooperation in the population in function of the threshold degree of morality for various

distributions of the degrees of morality
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Going back to our example on recycling, our model can explain the various recycling rates
observed in different countries via two channels. First, one country could have more moral
individuals than another. As discussed in Chapter 2, the prevalence of moral individuals is
highly dependent on the assortment structure in the population, i.e. on homophily, which is
affected by cultural and geographic conditions among others (McPherson et al., 2001; Zhou,

2011). Second, the threshold degree of morality for cooperation x0

can be lower in one country
than in another, due to alower individual cost or a higher social benefit. For instance, designing
a clear and understandable recycling process with adequate infrastructure or implementing
punishment can decrease the incentive to defect. We will discuss the role of policy makers
in more detail in Section 3.6. However, the story depicted here is still incomplete. In the

following, we will examine how the level of cooperation is influenced by the social structure.

3.3.3 Peer pressure and social norms

Individuals are more inclined to cooperate if they are in a cooperative environment (Fis-
chbacher et al., 2001; Frey and Meier, 2004; Kocher et al., 2008). As discussed in Chapter 2,
Section 2.5.3, imitative behaviors have been observed in a variety of context such as environ-
mental and energy conservation (Goldstein et al., 2008; Allcott, 2011) and sustainable food
consumption (Vermeir and Verbeke, 2006). Acting as others allows individuals to be accepted
in a group and thus gain from network interactions.

Suppose that individuals gain g when sharing the same strategy with others. When they
cooperate, the gain is gx while they gain g(1 — ) when they defect. We can rewrite the material
payoff 7 (x;, X) accounting for network interactions:

nm(x;,X) becomes m(x;,X)+glxx;+(1—x)(1—x;)]

Then, the additional individual cost (IC;(x) = m;(0,X) — m;(1, X)) due to network interactions
is g(1 —2x) while the social benefit (SB; = n;(1,1) — ;(0,0)) is unchanged. Suppose that
the individual cost and the social benefit are independent of the individuals, i.e. for all
i€l IC;(x) =1C(%) and SB; = SB. Then, assuming that the individual cost depends on the
cooperation share only because of network interactions, we can write: I1C;(X) = IC + g(1 —2X%).

In this setting, the threshold degree of morality for cooperation is (Theorem 4):

IC+g(1-2%)
IC+g(1-2%) +SB

MG

And the level of cooperation in the population satisfies x* =1 - F ®9(x*)).

We illustrate how peer pressure influences the level of cooperation looking at a few examples.
Let IC =1 and SB = 1, the threshold degree of morality for cooperation is then KlO.()_C) =
(1+g(0-2%))/(2+ g —2%x)). We analyze two cases. First, we suppose that the gain from
network interactions is relatively low g = 0.1. Second, we suppose that the gain from network
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interactions is relatively high g = 10. Note that in this case, when the cooperation share is
greater than X = 0.55, the individual cost of cooperating becomes negative /C(x) < 0. Thus, we
are no longer in a social dilemma and all individuals are better-off by cooperating. In other
words, the threshold degree of morality is zero. We look at three different distributions of the
degrees of morality (see Figure 3.3 for a representation of their cumulative and probability
density functions):

(a) The distribution favors low degrees of morality: a = 1, b = 4. The level of cooperation then
satisfies X* = [1/(2+ g(1—2%*))]*. When the gain from network interactions is relatively small
g = 0.1, there is one equilibrium cooperation share x* = 0.0525. The level of cooperation is
low because of the shape of the distribution. On the other hand, when the gain from network
interactions is relatively high g = 10, there are three possible equilibrium cooperation shares:
the first one is close to zero cooperation, the second is achieved for X* ~ 0.54 and in the last
one there is full cooperation. Since the peer pressure is much stronger than the incentive to
defect (without network effects) and than the social benefit, it drives all individuals to defect,
all individuals to cooperate or to the intermediate situation (see Figure 3.5a).

(b) The degrees of morality are uniformly distributed: a = 1, b = 1. The level of cooperation
then satisfies x* =1/(2+ g(1 —2x*)). When g = 0.1, the unique equilibrium cooperation share
is ¥* = 0.5. When g = 10, we still have thee potential equilibria: low cooperation x* = 0.1,
medium cooperation x* = 0.5 and full cooperation (see Figure 3.5b).

(c) The distribution favors high degrees of morality: a = 4,b = 1. The level of cooperation
then satisfies * = 1 —[(1+ g(1 —2x*))/(2+ g(1—2%*))]*. Due to the shape of the distribution,
there is a unique equilibrium cooperation share in both cases: x* =~ 0.95 when g = 0.1 and full
cooperation when g = 10 (see Figure 3.5¢).

1-F((x) 1-F(°(®)

1 1

o X 0 1 X 0 1 %
(a) Lowly-moral population (b) Midly-moral population (c) Highly-moral population
(a=1,b=4) (a=1,b=1) (a=4,b=1)

Figure 3.5 - Influence of peer pressure on the level of cooperation in the population for various distributions of
degrees of morality

These examples first show that peer pressure has a strong influence on the level of cooper-
ation. Second, peer pressure can also lead to the emergence of multiple equilibria. Note
that in Figures 3.5a and 3.5b for strong network gain (g = 10), the intermediate cooperation
equilibrium is unstable. When there is a little deviation to the right, more individuals are
willing to cooperate than the actual cooperation share (1 — F(x°(%)) > ). Conversely, when
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there is a little deviation to the left, less individuals are willing to cooperate than the actual
cooperation share (1 — F(x°(%)) < %). Thus, strong peer pressure favors either a low or a high
cooperation share. Even if the distribution of morality, individual cost (without network gain)
and social benefit are the same, we could observe completely opposite levels of cooperation.
This suggests that the level of cooperation is also determined by social and cultural norms and
it could reflect a path dependency.

Moreover, we assumed that network gains were proportional to the cooperation share, as
if individuals had interactions with the whole population. In reality, individuals interact in
smaller groups. This could lead to the emergence of groups of cooperators and groups of
defectors. Since the formation of networks is influenced by demography, geography, climate
and infrastructure among others, the level of cooperation also depends on the environmental
and socio-economic characteristics of countries.

In our framework, we included network interactions as an externality affecting the material
payoffs of individuals. Another way to model the higher propensity of individuals to cooperate
in a cooperative environment would be to add in individuals’ utility a reciprocity component
as in Levine (1998) or a preference for conformity as in Akerlof (1997). In this setup, it would
be as if individuals had internalized the externality when making decisions.

3.4 The effect of misperception

In the model described so far, individuals have perfect knowledge of the average cooperation
share in the population X, their individual cost IC; (%), and social benefit SB; when choosing
their strategy. However, this feature is not realistic in all cases and introducing individuals’
perception can have major consequences for the model. In this section, we discuss three cases
of misperception in our model and the ensuing consequences.

3.4.1 Perceived individual cost

A first case of misperception occurs when the perceived individual cost (noted 9;(IC;(X))) is
different from the actual individual cost (IC; = 7;(D, X) — 7; (C, X)) expressed in payoff terms.
In this setting, the threshold degree of morality for cooperation becomes:

9;(IC; (X))
9;(IC;(X)) + SB;

K} (%) =

Consequently, when the perceived individual cost is greater than the actual individual cost,
i.e. when 9;(IC; (X)) > IC; (%), the threshold degree of morality for cooperation increases and
individuals have less incentives to cooperate. For instance, individuals tend to be attached to
private cars and to have a negative image of bus, which hinders the use of public transport
(Beirdo and Cabral, 2007).
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Another example of perceived individual cost is linked to switching costs among strategies. If
individuals have to make a decision without being assigned a strategy a priori, then they have
the same decision cost no matter whether they cooperate or defect, i.e. we are in the case of
section 3.3.1. However, if individuals are assigned to a strategy by default or if they are used to
act in a given manner, then it requires effort to switch. Individuals might misjudge the effort
needed. For instance, if defection is the default strategy (or action done in the past), then
the perceived individual cost can be represented by 9;(IC; (X)) = IC; () + e;, with e; being the
(perceived) individual effort for switching strategy. Thus, the threshold degree of morality for
cooperation increases and individuals have less incentives to cooperate:

0K (%) SB;
= — >0
Oe; (IC;(x) +e; +SBi)2

On the other hand, if individuals are assigned to the cooperation strategy by default, then the
perceived individual cost is 9;(IC; (X)) = IC; (%) — e;. Hence, the threshold degree of morality
for cooperation decreases and individuals have more incentives to cooperate:

ox) (%) SB;

=- 0
oe; (IC,‘(J_C)—e,'+SBi)2 <

Note that even a selfish homo oeconomicus could cooperate if IC;(x) < e;. Indeed, in this case
the perceived individual cost is negative 9; (IC; (X)) < 0 and the individual has more incentives
to cooperate.

In both cases the average level of cooperation in the population will be altered based on the
default option among the population. Specifically, in the case of uniform cost-benefit (Defi-
nition 12), we have: ¥* = 1 — F(x°). Since the CDF F(-) is increasing, the level of cooperation
in the population will be higher when the default option is cooperation and lower when the
default option is defection. We will illustrate this observation in Section 3.5.1. Therefore, the
problem framing and path dependency matters and could have strong implications on the
level of cooperation in the population. This underlines the central role of education as a policy
instrument for influencing individuals’ behaviors (see Section 3.6).

3.4.2 Perceived social benefit

Another case of misperception occurs at the level of the social benefit (SB; = 7;(C,1)—m;(D,0)).
For a given cooperation share X, at the moment of the individuals’ decision making, the
situations "everybody cooperates" and "everybody defects" are hypothetical, i.e. individuals
have to guess what the social benefit is. In some cases, this could be quite challenging. For
example, imagine that an individual decides to purchase a new car, having the choice between
a conventional fuel-engine or an electric car. Electric mobility coupled with a low-carbon
electricity mix emits less greenhouse gas emissions and could decrease urban air pollution,
but the production of electric vehicles raises concerns on water pollution and materials
depletion (Faria et al., 2012, 2013; Hawkins et al., 2013). Furthermore, there are still many
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uncertainties associated with climate change impacts, and little is known on the climate
impacts on catastrophic events, health or biodiversity (Pindyck, 2013). Hence, each individual
has to evaluate the social benefit in the best of her knowledge, pondering different objectives.
This evaluation is sensitive to her education and her awareness of the problem, and will thus
differ from the "true" social benefit.

For each individual, let v;(SB;) be the perceived social benefit of individual i. Then, homo
moralis cooperates if and only if (Equation 3.1):

Ki-vi(SBi) =z (1 -x;)-IC;(X)

Now suppose that the perceived social benefit is negative, i.e. v;(SB;) < 0. This means that the
individual thinks that her payoff when everybody cooperates is lower than her payoff when
everybody defects. Then, we are no longer in a social dilemma, and no matter her degree of
morality, the individual defects. Thus, even the fully-moral homo kantiensis defects.

More generally, if an individual underestimates the social benefit, i.e. if v;(SB;) < SB;, then
the threshold degree of morality for cooperation K? (x) = IC;(x)/(IC;(x) +v;(SB;)) increases.
In turn, the probability to cooperate 1 - F (K(i)()_c)) decreases. If the whole population underesti-
mates the social benefits, i.e. if for all i € [0,1] v; (SB;) < SB;, then the expected cooperation
share x* = 1- fol F(x9(x*))di also decreases. We will illustrate this observation in Section
3.5.1.

Consequently, the social awareness of individuals has a significant impact on their actions
and in turn on the level of cooperation in the population. Being knowledgeable of the impacts
of human actions on Nature can completely switch individuals’ behavior. Conversely, under-
estimating the impacts of environmentally harmful behavior can lead to socially inefficient
situations. Raising the population’s awareness appears like a necessary action by policy makers
and we will further discuss it in Section 3.6.

3.4.3 Perceived level of cooperation

Even with a perfect knowledge of their individual cost and social benefit, individuals may
not know how many cooperators there are in the population, i.e. they misperceive the actual
level of cooperation in the population (¥*). This could happen when the externality is not
observable (e.g. greenhouse gas emissions) and when the individuals’ behavior is their private
information (e.g. purchasing or not green electricity). Thus, individuals have to form beliefs
v;(X) about the cooperation share X gathering information from the behaviors of individuals
in their network or from the media.

In this context, homo moralis cooperates if x; = K?(U,‘ (X)) with:

1C;(v;(X))
IC;(vi(x)) + SB;

K} W (0) =
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Now suppose that the individual underestimates the cooperation share (by putting too much
emphasis on defecting behaviors for instance), i.e. v; (%) < . In this situation, the individual
probability to cooperate can be lower than under perfect perfection if the individual cost of
cooperating decreases with X, for instance under peer pressure or when individuals have a
tendency for prosocial conformity (Section 3.3.3). By contrast, individuals exhibiting anti-
conformity are more likely to cooperate when they underestimate the level of cooperation in
the population.

At the population scale, if individuals underestimate the level of cooperation (e.g. because of
negative news) and if they tend to conform to social norms, then the level of cooperation is
lower than under perfect information. For instance, Frey and Torgler (2007) have shown that
tax compliance decreases with perceived tax evasion. This underlines the importance of the
framing of news transmission in society. Insisting only on environmentally-harmful behaviors
such as the fraud on emission levels by some firms can deter some individuals from performing
environmentally-friendly actions because of their negative perception. On the other hand,
putting forward positive actions and cooperative behavior could have a surprisingly positive
impact on the environment.

3.5 Applications in environmental and resource economics

In this section, we first illustrate our model and the effects of misperception with an application
on green-electricity purchase (Section 3.5.1). Then, we look at the adoption of environmentally-
friendly products in a dynamic framework (Section 3.5.2). Finally, we extend the model
introducing mixed strategies in the context of resource-use (Section 3.5.3).

3.5.1 Purchasing green electricity

In many countries, electricity providers offer the option to pay a premium to get "green" elec-
tricity, i.e. electricity produced with renewable energy sources (e.g. wind, solar or hydraulic).
Indeed, there is a large literature showing the high willingness to pay for green electricity (e.g.
Roe et al., 2001; Hansla et al., 2008; Sundt and Rehdanz, 2015). A recent study conducted
among EPFL students and staff members offers some interesting insights on this unselfish
behavior (Detsouli, 2018).* First, 85% of respondents are willing to pay more to get green
electricity, but only 28% declared they do. This inconsistency suggests that individuals are not
aware that this option is available. Actually, most Swiss electricity providers recently changed
their standard product so that consumers pay more and get green electricity by default.® If
individuals wish to change, they need to contact their electricity provider. This observation

4This study was part of a semester project supervised by my coauthor Charles Ayoubi and Prof. Foray. I provided
occasional feedback and participated in the survey design.

5In particular, the "Service Industriel de Lausanne" (SIL) and "Romande Energie" supply most of the Lausanne
area and their default product comprises 100% renawables (see http://paysage-electricite.mynewenergy.ch/ for a
map of the default electricity mix by Swiss municipalities).
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highlights the misperception among individuals. Moreover, about 30% of respondents stated
that the share of renewables in their electricity mix is below 15%. But renewables account
for about two thirds of the Swiss electricity production (SFOE, 2018). Thus, there is a lack of
knowledge even though the vast majority of the respondents is sensitive to the environment
and willing to make effort. In the following, we present a simple model to shed some lights on
these observations and to illustrate the effects of misperception.

Individuals get the utility V;(e;) and pay the cost y;(e;, X) when they consume the quantity e; of
electricity. In addition, they can subscribe to an option to get green electricity (i.e. cooperate)
by paying an additional amount y¢(e;, X), where we assume that yg : R x [0, 1] — R decreases
when the cooperation share X increases to represent the decrease in price of renewables with
their adoption. Note that the potential electricity price change due to renewables integration
is already included in the cost y;. We assume that individuals’ demand for electricity e;
is the same whether they subscribe to the options or not, either because they need e; in
their everyday activities or because y is small in comparison with yi.% The production of
conventional fossil-fuel electricity emits greenhouse gases contributing to climate change
while a greater share of renewables in the electricity mix could increase land and material use
(Gagnon et al., 2002). The associated net externality is called ¢(x). Since the population is
large, each individual choice has no effect on the externality. For each cooperation share %,
the payoff to purchase green electricity (C) or not (D) is:

7;(C, %) = Vi(e;) —yi(e;, X) —yg(e;, ) — §(X)
7i(D, %) = Vi(e;) —yilei, X) — §(X)

Hence, the individual cost of purchasing green electricity is IC; (x) = y¢(e;, X) and the social
benefit if everybody cooperates is SB; = y;(e;,0) -y ;(e;, 1) —yg(e;,1)+¢(0) =& (1). For simplicity,
we will assume that the additional cost of purchasing green electricity yz does not depend
on the demand for electricity and that the change in electricity cost (y;(e;,0) —y;(e;, 1)) is
negligible compared to the gain of reducing the externality ({(0) —¢(1)). Thus, the individual
cost of purchasing green electricity and the social benefit are independent of the individual,
i.e. IC;(%) = IC(X) and SB; = SB. These simplifying assumptions could be relaxed without
qualitatively affecting our findings.

Under perfect perception, homo moralis decides to purchase green electricity if:

_ 0, - IC(X)
xk;iSB=(1-x;)IC(Xx) = KizkK (X)) = —————
IC(x)+SB

The level of cooperation satisfies x* =1—F (x9(x*)). Let F be a Beta distribution favoring low
degree of morality: a =1, b = 4. Then, the level of cooperation satisfies:

(o]
“\1c(x) +SB

6In Detsouli (2018)’s study, 90% of respondents indicated that they do not know their electricity consumption.
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For instance, when y,(X) =0.15-0.1% and SB = 1, we obtain X* = 0.75 (see Figure 3.6). The

level of cooperation is high even though the population is lowly-moral because the individual

cost of purchasing green electricity is small in comparison with the benefits of mitigating

climate change.

We study now how misperception can affect the level of cooperation:

1. Perceived individual cost (PIC): we assume that the default option is to purchase the

standard (dirty) electricity mix. In order to get the green electricity mix, individuals
should send a letter. This effort translates into a switching cost e, assumed the same for
all individuals for simplicity. Thus, the payoff to purchase green electricity becomes:
7;(C,X) = Vi(e;)—yi(ei, X)—yg(X)—e—&(X). Inturn, the individual costis IC(X) = yg(X)+e
and the social benefit SB = 1 — e and individuals decide to purchase green electricity if:
Ki= K% 1c(X) = (yg(X) +e)/(yg(X)+1) > x?(%). Because the threshold degree of morality
increases, the cooperation share decreases. For example with e = 0.1, we get X}, ~ 0.44
(see Figure 3.6).

. Perceived social benefit (PSB): we assume that there is a lack of awareness regarding
climate change, such that the perceived social benefit is v(SB) = 0.3, the same for
all individuals for simplicity. For instance, individuals could be more worried about
the implementation of wind turbines close to their home than about climate change.
Individuals decide to purchase green electricity if x; = K?, sg = rg(@))/(yg(x) +0.3) >
«(%). Because the threshold degree of morality increases, the cooperation share sharply
decreases: X4, ~ 0.25 (see Figure 3.6).

. Perceived level of cooperation (PX): we assume that individuals underestimate the
cooperation share such that v(x) = ¥° for all individuals. This affects the individual
cost IC(x) = yg(fc3). In turn, the threshold degree of morality increases x; = KOP (0=
yg(fcs)/ (yg(fc?’) +1) > x%X) because Y¢ is a decreasing function. Hence, the cooperation
share decreases: J_C;; ; ~0.62 (see Figure 3.6).

1 —113(30()2))

Perfect perception
I ---Perceived IC
- - - - Perceived SB
— —— Perceived x

0

)_C* '{_::: ) )_C* 1 X_

*psg  *prc

Figure 3.6 - Effects of misperception on the share of individuals purchasing green electricity
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Our simple model allows to explain why we can observe high levels of cooperation even in
lowly-moral population and even though individuals’ behaviors have a negligible impact on
the social benefit. Figure 3.6 also illustrates that individuals’ belief and misperception can
have a drastic impact. In our example when individuals undervalue the externality (perceived
social benefit), about 50% of individuals do not purchase green electricity anymore. In this
case, financial incentives such as taxes and subsidies would have limited impacts, and policy-
makers should rely on education instead. Moreover, the problem framing matters: when
defection is the default strategy, less than half of the individuals purchase green electricity.
By contrast, if we had assumed that the default strategy was cooperation, we would end-up
in a case of full-cooperation. Making decisions can be challenging, specially when one has
to weigh several criteria or when the outcome is uncertain. The efforts required to decide
and to act thus favor the status quo. However, in our context, it seems that individuals are
just not aware of their options. In any case, opt in/opt out is an interesting and cheap nudge
for policy makers to promote the socially-efficient strategy. We will further discuss the policy
implications in Section 3.6.

3.5.2 Adoption of environmentally-friendly technologies

In this section, we discuss the adoption of environmentally-friendly technologies taking the
example of electric vehicles (EV). Electric mobility could decrease environmental and social
externalities by reducing greenhouse gas emissions, urban air pollution and noise (Faria et al.,
2012, 2013; Hawkins et al., 2013). Thus, the European Commission has implemented in 2009
the Clean Vehicles Directive to promote environmental-friendly vehicles.” However, an ex-
post evaluation of the Directive revealed a limited effectiveness and efficiency (Brannigan et al.,
2018). There are several barriers to the adoption of EV such as their price, the lack of charging
infrastructure and the performance of batteries (Egbue and Long, 2012). In turn, the adoption
rates of EV vary between countries and could be partly explained by financial incentives and
the charging infrastructure (or lack thereof) (Sierzchula et al., 2014). Nevertheless, financial
incentives are not always successful. For instance, Denmark, Israel, Belgium or the United
Kingdom had relatively high financial incentives in 2012, but their EV market share was low
(see Figure 3.7). In the following, we extend our basic model introducing a dynamic framework
to better understand these observations.

We assume that each year, a share a of individuals in the population decides to purchase a
new vehicle, having the choice between a conventional fuel-engine (defect) or an electric car
(cooperate).® Electric vehicles are more expensive, but their cost decreases with their adoption
which reflects learning opportunities. This means that the individual cost of cooperating
IC(x;) decreases with the EV share in the total fleet X, in year ¢ € N. We assume that IC(x;) =

"Directive 2009/33/EC of the European Parliament and of the Council of 23 April 2009 on the promotion of
clean and energy-efficient road transport vehicles: https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX:
32009L0033

8The share a represents the share of individuals that decide to purchase a new vehicle and have the financial
capacity to buy an electric car.
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Figure 3.7 — Share of electric vehicles, financial incentives and number of charging stations in 2012 per country.
Source: Reprinted from Sierzchula et al. (2014). The influence of financial incentives and other socio-economic
factors on electric vehicle adoption. Energy Policy, 68:183-194, 2014, with permission from Elsevier, License
Number: 4523091261282, 2019.

2.5-3y/%;. Note that when X, > 0.7, the individual cost of cooperating is negative. Thus, for
a high adoption share, it becomes more interesting to purchase an electric vehicle than a
conventional fuel-engine car. The EV adoption decreases negative environmental and social
externality. We assume that the social benefit is SB = 1.

Individuals have homo moralis preferences. Thus, when they decide to purchase a new car
in year t, they prefer EV if their degree of morality is higher than the threshold: x°(x;) =
max[IC(x;)/(IC(x;) + SB),0]. Since the individual cost of cooperating decrease with the EV
share x;, the threshold allowing cooperation also decreases with X; and becomes zero when
X = 0.7 (Figure 3.8). Indeed, EV is then the cheaper option and is attractive even for homo
oeconomicus.

x0(x,)

1,,

0

Figure 3.8 - Threshold allowing cooperation in function of EV share in year ¢

Individuals’ degrees of morality are independently drawn from a Beta distribution with a =1
and b = 4. Thus, the probability that an individual i purchasing a new car buys an electric
vehicle in year ¢ is: Pr[x; = 1] = min[(SB/(IC(%;) + SB))*,1]. Moreover, the probability that
an individual purchases a new car in year ¢ is @. Consequently, the EV share in year (¢ + 1)
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updates to:

%41 = (1— @)%+ amin[(SB/(IC(%,) + SB)*, 1]

We assume that EV enter the market in year 0, i.e. Xy = 0. Then, only individuals with a high
degree of morality (x; = x°(0) = 0.71) will install the technology. Thus, the EV share at the
beginning of year 1 is low, X; = 0.006. Thanks to the learning effect, the individual cost of
cooperating is lower in year 1 than in year 0. In turn, the threshold allowing cooperation
decreases and the EV share will increase. This process goes on until the EV share converges.
Let f:[0,1] — R and g: [0,1] — R the functions such that xX;4+; = f(¥;) and g(x) = f(x) — x.
The zeros of g are the fixed point of {J'ct}‘;‘io. The function g admits three zeros: X, = 0.009,
% ~ 0.628 and xgo =1. When x; < x°, {J’ct}‘;io converges to X,. Conversely, when x; > i
{x[}ggo converges to )'c:;o (see Figure 3.9).

Xee1
1| -
0.5 |
%
0fs %0 1 X

Figure 3.9 - Evolution of EV share due to decreasing adaption cost (a =0.1)

Consequently, the EV share remains very low, reaching the socially-inefficient equilibrium
X = 0.009. In our framework, the observed diversity of EV market shares across countries
can be explained via several channels. First, the distribution of morality could vary from
one country to another. Second, the individual cost of cooperating is affected by regulations
(e.g. financial incentives) and by socio-economic and geographic characteristics such as
infrastructure development, urbanization and the organization of the territory. Lastly, the
social benefit, and in turn the decision to cooperate, depends on individuals’ perception.

Furthermore, this illustration shows that financial incentives could be quite ineffective. For
instance, if the government offers subsidies decreasing the initial individual cost of cooperating
by 20% (IC(%;) = 2 —3+/X;), the EV share slightly increases to X, ~ 0.024. Note that in our
framework, the individual cost of cooperating does not include only EV financial cost but
also others adoption barriers such as the lack of charging infrastructure. Subsidies decreasing
IC(%;) by 20% could thus represent a much higher share of the EV price. Therefore, only
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an appropriate mix of policies encompassing subsidies, investment in infrastructure and
education program would allow society to reach full cooperation and escape the technological
inertia and lock-in (Cowan and Hultén, 1996).

The adoption of environmentally-friendly technologies actually raise several policy dilemmas.’

For example, there is a tradeoff between supporting long-term technological alternatives and
short-term solutions, which could slow down long term innovation. Policy makers also
have conflicting objectives between favoring a competitive environment and promoting one
technology to decrease its cost. This could be especially challenging when there exist several
technologies that could achieve the same objective. Finally, the emergence of a new technology
is associated with uncertainties about its environmental impacts. Knowledge about these
impacts could sometimes only be acquired once the technology is already widely adopted.

Finally, we focused in this example on the growth of the EV share due to a decrease in adoption
cost, abstracting from technological improvement. It would be possible to also implement a
decrease in EV price through time (/C(%, t)) and an improvement of battery quality lowering
the externality ({ (%, t)). As a result, the function f would move up at each time period. When
the technology is mature-enough, the only remaining equilibrium then is full adoption.

3.5.3 Resource use and sustainable food

Until now, we have assumed that individuals could either defect or cooperate. But in many
situations, the choice is not only black or white. For instance, individuals can decide to pur-
chase sustainable food as a share of their total food basket.!? Empirical evidence reveals that
the willingness to pay for sustainable food is positive, heterogeneous (Thilmany et al., 2008;
Vecchio, 2013; De Magistris et al., 2015), and highly-dependent on peer pressure (Vermeir and
Verbeke, 2006; Adams and Salois, 2010). Since a shift toward sustainable food could improve
health, decrease material and energy use, reduce water and soil pollution using less fertilizers
and pesticides and preserve biodiversity (Heller and Keoleian, 2003; Roy et al., 2009), many
countries aim to promote organic farming and environmental-friendly fishing.!! For example,
the European Common Agricultural Plan includes green payment to support sustainable agri-
culture. Understanding why individuals are willing to purchase more expensive sustainable
food is thus crucial to implement effective policies. In the following, we enrich our basic
model allowing for mixed strategies in order to better apprehend individuals’ food choices.
This extension is inspired by Alger and Weibull (2017)’s work. In a section of their paper, they
study the behavior of homo moralis in a model of two goods, one environmentally neutral and
the other environmentally harmful.

9See Foray and Griibler (1996) for a detailed description of technology policy dilemmas for environmental
issues.
10We understand sustainable food in a broad term, encompassing organic and local products, certified fish, and
diet changes favoring vegetables and fruits among others.
Hgee for instance the detailed European Action Plan on organic farming https://ec.europa.eu/agriculture/
organic/eu-policy/european-action-plan_en and EU fisheries policies https://ec.europa.eu/fisheries/reform/.
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We call x; € [0,1] the share of sustainable food in the total food consumption of individual
i. When x; =0, the individual does not consume sustainable food, i.e. she "defects". When
x; = 1, the individual only consumes sustainable food, i.e. she "cooperates". The average
consumption of sustainable food in the population X is thus called the cooperation share.
We assume atomicity, i.e. a change in sustainable food consumption of individual i does not
affect the aggregate consumption of sustainable food:

Property 7 (Atomicity). The average level of cooperation in the population is unaffected by
the action of a single individual:

Viel,Vxel0,1],Vx; €[0,1]: 0Xx/0x; =0

Consuming more sustainable food means that individuals have to make some sacrifices such
as consuming less meat or giving up exotic vegetables and fruits. On the other hand, it could
procure additional satisfaction thanks to better-quality products or improved health. We
represent these effects in the hedonic utility V;(x;) where we assume that V; : [0,1] — R is
continuous and differentiable for all individuals. Moreover, we suppose that purchasing a share
x; of sustainable food requires an additional spending yx; due to loss from trade and costly
environmental-friendly production techniques. Finally, the consumption of sustainable food
is associated with better environmental conditions, i.e. it decreases the negative externality
¢(x), where ¢ : [0,1] — R is assumed continuous, strictly decreasing and differentiable. Putting
it all together, the individuals’ payoff r; : [0, 112 > Ris:

wi(xi, X) = Vi(x) —ysXi — §(X)
Individuals have homo moralis preferences:

U, (%3, %) = (1 —x;) - (x4, X) + ;- (x5, X5)

= Vi(xi) —ysxi — (1 —x )& (%) —x;¢ (%)
Hence, for a given X, they solve the following maximizing problem:

x} €arg r_n[%XH{Vi(xi) —ysxi — (L —x;)E(X) — ;& (x;)}

If an individual defects, then for all x; € [0,1], V;(0) —x;¢(0) = V;(x;) —ysx; —x;¢(x;). Thus, her

degree of morality satisfies:

Vi(0) = Vi(xi) +ysxi
¢(0) —&(x;)

Vx;€(0,1]

Ki=

Conversely, if an individual cooperates, then for all x; € [0,1], V;(1) —ys —x;¢(1) = V;(x;) —
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YsXxi —x;¢(x;) so that that her degree of morality satisfies:

Vilx)) = Vi) +ys(1—x;)
Ki=
¢(x;)—¢)

Vx;€[0,1) (3.2)

In particular, if for all x; € [0,1] V;(x;) +ys(1 — x;) < V;(1) then the individual cooperates no
matter her degree of morality since the right-hand side of Equation 3.2 is negative. This could
be the case if the individual loves vegetarian food and pays close attention to her health.

When a mixed strategy x; € (0, 1) is optimal, then:

Vilx)) +K'6€(x§‘)
ax,- A ! axl-

For example, with V (x;) =0.5(1 + x; — xf), vs=0.5and ¢;(x) = 1— X, we obtain x;‘ =K.

Then, when the individuals degree of morality are independently drawn from a Beta distribu-
tion x ~ f(a, b), the density of people playing x; =«; is fgqp (x; = k;). Thus, the expected
cooperation shareis X* = [;; X} fa(a,n) (X])dX] = [;c; i fpa,p) (Ki)dx; and is equal to the mean
of the Beta distribution:

a
a+b

For instance, in a lowly-moral population (a = 1,b = 4), we have X* = 20%.

This application illustrates that our basic framework can easily be enriched and that het-
erogeneous moral populations can explain environmental-friendly behaviors in a variety of
contexts. However, our simple model has some substantial limitations. First, we mentioned
that peer pressure has a strong influence on food consumption but we did not include it in
our example. Introducing network gains is of limited complexity but would not lead to an easy
analytical solution. Second, and more importantly, we did not incorporate individuals’ wealth
and the production side, such that income effects are missing and price effects are incorrectly
portrayed. A proper analysis would require a general equilibrium approach. Therefore, this
application should be understood as a basis for further research.

Nonetheless, our model offers some interesting insight. In particular, if we focus on local food
associated with a decrease in environmental and social externality (e.g. due to less transport
or stricter environmental norms), a moral population will have a higher demand for local
products than a population of homo oeconomicus. This observation is in line with empirical
evidence showing that there is too little international trade and too much intranational trade
(McCallum, 1995; Wolf, 2000). This "home bias puzzle" is unexplained by trade cost barriers.
While most of the trade literature focuses on the production side and border effects (Evans,
2003; Yi, 2010), Caron et al. (2014) argue that the characteristics of individuals’ preferences
should be taken into account. Consequently, implementing morality in a trade model could
help solving part of the puzzle by better representing the consumer side.
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3.6 Policy implications

In a model with homo oeconomicus agents, individuals are only receptive to financial and
regulatory incentives. Introducing heterogeneous moral agents provides new insights on
potential policies to promote cooperation. We first discuss the effectiveness of financial
instruments in our setting (Section 3.6.1), before looking at the effects of nudges (Section
3.6.2), signaling, learning and education (Section 3.6.3) and urban planning (Section 3.6.4).

3.6.1 On the effectiveness financial instruments

Financial incentives are widely used to promote environmental-friendly behaviors.'? For
instance, subsidies are implemented to enhance energy efficiency in buildings (e.g. insulation,
efficient boilers and electric appliances), renewable energy installation (e.g. photovoltaic, solar
thermal, heat pump) and clean transport (e.g. electric and hybrid cars). The subsidies can
be complemented by carbon taxes on fossil fuels and by feed-in premia and tariffs for green
electricity. The European Common Agricultural Plan includes green payments to farmers
to support crop diversification, maintenance of permanent grasslands and ecological focus
areas. In Switzerland, waste management incorporates garbage collection and rubbish bag
taxes, and fines as defined by the Environmental Protection Act. In this section, we analyze
the effectiveness of financial incentives in promoting cooperative behaviors in our framework.
The instrument is effective when it is pursuing the right goal, i.e. it helps increasing the
cooperation share.

Let 7; be a financial incentive. When 7; is a lump-sum) tax or a fine, the individual payoff
of defecting n; (D, X) becomes (7;(D, X) — 7;). When 7; is a subsidy, the individual payoff of
cooperating 7;(C, X) becomes (7;(C, X) + 7;). In both cases, the financial incentive decreases
the individual cost of cooperating and increases the social benefit: IC;;(x) = IC;(X) — 7; and
SB;; = SB; + 1;, with IC; (k) and SB; the individual cost and social benefit in the absence of
incentives. Under perfect perception, homo moralis cooperates if and only if:

Ki-(SBi+11)=(1-x;)-(IC;j(X) — 1)
= 1;,21-%;)IC;(X)-«;SB;

Note that if individuals are homo oeconomicus, the financial incentive is effective only if
7; = IC;(X%). By contrast, a moral individual needs a lower incentive to adjust her behavior
since she includes the social benefit when making her decision. Yet, the financial incentive
is ineffective if it is smaller than the threshold T? = (1 —-x;)IC;(X) —x;SB;. In particular, a
Pigovian tax on the externality would not change individuals’ behavior in our setting since
they all have a negligible impact on the externality (atomicity assumption). As observed
in Section 3.5.2, the electric-vehicles market share remains low in some countries despite

12The Climate Policy Database provides a list of policies related to climate change mitigation worldwide, see
http://climatepolicydatabase.org/; the MURE Database lists energy efficiency policies in Europe, see http://www.
measures-odyssee-mure.eu/.
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relatively high financial incentives. Similarly, a carbon tax on gasoline has a limited effect
on driving behaviors, resulting in a small improvement of the quality of the environment
(Sipes and Mendelsohn, 2001). In our setting, these observations can be explained by the high
individual cost of cooperating, due to the lack of charging infrastructures for electric vehicles
and public transport options among others.

Moreover, financial incentives should be tailored to each individual to be efficient. Our
framework suggests that the optimal financial incentive (‘L'lO. =1 -x;)IC;(%) —«;SB;) depends
on the individual cost, social benefit and also degree of morality. However, policy makers
cannot easily infer the degrees of morality of each individual. Only behaviors can be observed,
and not preferences. Still, it is possible to take advantage of the diversity of morality in the
population. For instance, one could imagine a transfer mechanism such that individuals with
the highest propensity to cooperate cross-subsidize the ones with the lowest. This could take
the form of a voluntary environmental tax, the proceeds being used to fund environmental
projects. Furthermore, when the individual cost is decreasing with the cooperation share
(for instance when peer pressure is strong, see Section 3.3.3, or in a dynamic settings, see
Section 3.5.2), a financial incentive increases the cooperation share via two channels. First, all
individuals with 7; = T? directly adjust their behaviors. Second, since the cooperation share
increases, the individual cost decreases and so do the threshold degrees of morality. Hence,
even a moderate incentive (7; < IC; (X)) could lead to a situation of full cooperation.

However, these observations only hold true under perfect perception. Indeed, when indi-
viduals overestimate the individual cost or when they underestimate the social benefit or
the cooperation share, the financial incentives needed to promote cooperation could be
excessively high to cover for the misperception. This observation is in line with empirical
evidences showing that individuals question the effectiveness of environmental taxes. Public
acceptance depends on beliefs about environmental consequences and on concerns about
distributional, competitiveness and employment effects (Thalmann, 2004; Kallbekken and
Seelen, 2011; Carattini et al., 2017). Thus, policy makers should better communicate on the
environmental, social and economic impacts of taxation. They should also be careful on the
instrument design and favor progressive designs, e.g. recycling via lump-sum transfers, such
that lower income groups do not pay the burden of the tax. Finally, policy makers could im-
prove trust in the society and remedy a low perception of the cooperation share by increasing
financial penalties and controls.

Nonetheless, relying on financial incentives could have major drawbacks if their implementa-
tion disrupts individuals’ perception. For example, an insufficient tax may send the wrong
signal that the externality is fully-compensated. In other words, individuals would no longer
consider the social benefit when making a decision, as if they were homo oeconomicus. Fur-
thermore, empirical evidence suggests that individuals are more selfish when they evolve in a
monetary environment. For instance, reminding individuals of money decreases helping be-
haviors (Vohs et al., 2006) and increases endorsement of social inequality (Caruso et al., 2013).
In a famous field-study in day-care centers, Gneezy and Rustichini (2000) have also shown
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that the introduction of a fine for parents arriving late to collect their children significantly
increased the number of late-coming parents. Even worse, the effect was not reversible: after
the fine was removed, no reduction occurred. These observations suggest that by putting a
price on Nature, individuals could leave the "moral sphere" towards the "economic sphere".
As aresult, the distribution of morality in the population would shift down and the cooperation
share would decrease.

3.6.2 Nudges

Thaler and Sunstein (2008, p. 6) defines nudges as an intervention that "alters people’s be-
haviour in a predictable way without forbidding any options or significantly changing their
economic incentives". Nudges have received increasing interest because they are cheap, they
do not limit individuals’ freedom of choice and they are generally well-accepted by citizens
(Hagman et al., 2015; Reisch and Sunstein, 2016).'® Nudges have also proven effective in a
variety of contexts, helping translate the good intentions of individuals into actions (Byerly
et al., 2018). For example:

¢ In afield experiment in a university, the recycling rate of plastic cups has increased from
4% to almost 100% by showing a positive message and by increasing the relative size
of the recycling garbage (Cosic et al., 2018). Similarly, informing individuals that the
majority of them act in an environmentally-friendly way can enhance towels reuse in
hotels (Goldstein et al., 2008) while placing signs encourage the use of stairs (Brownell
etal., 1980; Blamey et al., 1995).

* The consumption of vegetarian meals increases when the menu favors meat-free dishes
(Campbell-Arvai et al., 2014). Decreasing the default plate size limits food waste (Kall-
bekken and Selen, 2013).

¢ Offering free bus tickets can reduce drivers’ negative perception of public transport and
promote persistent bus use (Fujii and Kitamura, 2003; Taniguchi and Fujii, 2007; Beirao
and Cabral, 2007).

» Expressing vehicles’ fuel efficiency in terms of consumption per distance (e.g. liters per
100 kilometers) instead of distance per consumption (miles per gallon) could help to
promote the adoption of efficient vehicles by changing individuals’ perception (Larrick
and Soll, 2008).

* Showing households the electricity consumption of their neighbors in combination with
injunctive norms (e.g. smileys to indicate good performance) enables to decrease the
electricity consumption. For example, in the United States, the OPOWER program has
reduced the electricity consumption by 2%, which is equivalent to a short-run electricity
price increase of 11 to 20% (Allcott, 2011). However, in the absence of injunctive norms
there is a risk of a boomerang effect, i.e. the most efficient households actually increase
their consumption, another evidence of conformity-driven behavior (Schultz et al.,

13Even though nudges do not limit the freedom of choice, individuals could still perceive them as intrusive
(Hagman et al., 2015) .
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2007). Finally, this effect is heterogeneous and depends on individuals’ political views
(Costa and Kahn, 2013).

* The share of individuals purchasing green electricity increases when the default electric-
ity mix is the green mix (Pichert and Katsikopoulos, 2008), as illustrated in Section 3.5.1.
This effect has also been observed in paper use, energy efficiency and smart grids among
others (See Sunstein and Reisch, 2014, for a review of the effects of green defaults).

By contrast with a model assuming homo oeconomicus individuals, our framework allows to
explain these observations and why nudges are effective. Indeed, nudges rely on individuals’
morality and they modify the perceived individual cost, social benefit and cooperation share.
They also take advantage of social norms and of the problem framing. Hence, nudges can be a
good complement or substitute to financial incentives when the latter fail. However, properly
assessing the effects of nudges in our model would require additional information on how
nudges influence individuals’ perception and the problem framing. Unfortunately, learning
about an optimal nudge could be very complex or even impossible (Benkert and Netzer, 2018).

3.6.3 Signaling, learning and education

Instead of relying on financial incentives, policy makers could take advantage of individuals’
inclination to contribute voluntarily. One issue hindering individuals’ cooperation is the
asymmetry of information between producers and consumers. For instance, households
have little knowledge about their resource consumption: in Detsouli (2018)’s study, 90%
of respondents indicated that they do not know their electricity consumption (see Section
3.5.1). Thus, promoting the implementation of smart meters in combination with feedback
on the evolution of households’ consumption can help enhance energy conservation (Steg,
2008; Hargreaves et al., 2010; Anda and Temmen, 2014) and curb water demand (Willis et al.,
2013; Fielding et al., 2013; Senderlund et al., 2016). Similarly, knowing the environmental
externality associated with the purchase of goods might be challenging. Hence, signaling the
environmental quality of products can help trigger behavioral changes. For example, eco-
labels and certificates can promote energy-efficiency (Banerjee and Solomon, 2003; Brounen
and Kok, 2011) and sustainable food (Caswell and Mojduszka, 1996; Teisl et al., 2002; Brécard
et al., 2009). However, an abundance of labels could create confusion. To be effective, labels
must also be trusted, easily-understood and accessible (Golan et al., 2001; Banerjee and
Solomon, 2003). Else, the cost of implementation might outweigh the benefit.

Another issue hampering environmental-friendly behaviors could be the lack of environmental
knowledge in the population. As discussed in Section 3.5.1, a majority of individuals do not
know the composition of their electricity mix. Frick et al. (2004) have also shown that Swiss
citizens had a poor understanding of greenhouse gas effects, of energy efficiency and of the
ozone layer depletion. Increasing the environmental knowledge thanks to education and
communication campaigns can support pro-environmental behaviors and lead to better-
informed decisions (Bradley et al., 1999; Zséka et al., 2013). To be effective, the knowledge
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transmission between experts and the general public requires policy makers to understand
what people know. Individuals should also trust the information. In particular, information
should be understandable and transparent. The EUCalc project goes in this direction.!*
It aims at developing an online and open-source model in which users can design their
own sustainable pathways for European societies by modifying lifestyles and technology
development in different sectors (like buildings, transport, agriculture, industry, or energy)
thanks to transition levers. The model then computes the environmental (e.g. energy, material
and water use, biodiversity) and socio-economic (e.g. health, employment) impacts, and the

user can visualize the effects of her scenario in real-time.®

As a drawback, environmental signals and education can only influence the behaviors of
the most moral individuals. This could explain the observed gap between environmental
knowledge and pro-environmental behaviors (Kuhlemeier et al., 1999; Kollmuss and Agyeman,
2002) and why labels tend to widen differences between consumers (Moorman, 1996). In
addition, if the most moral individuals also have the highest environmental knowledge, then
education would have a limited effect.

Moreover, misperception is not only due to a lack of environmental awareness or knowledge.
Beliefs are also shaped by social norms, religion or the emotional context. For instance, the
willingness to pay to save birds following the Exxon Valdez oil spill was independent of the
number of birds that could be saved, individuals reacting to "the awful image of a helpless
bird drowning, its feathers soaked in thick oil” (Kahneman, 2011, p. 92).!6 In this case, trying
to influence beliefs using rational arguments is condemned to failure. Thus, educational
campaigns should also rely on strong symbols that reach individuals’ affect, such as pictures
showing the rapid decline of glaciers or polar bears stuck on ice floe. The question is then how
long this effect can last.

Nonetheless, even if education does not directly or permanently change the perceived social
benefit, it could still promote cooperative behaviors by influencing the distribution of morality
in the population. Bay-Hinitz et al. (1994) have shown that when children play cooperative
games instead of competitive games, selfish and aggressive behaviors decreases. This suggests
that the educational system should put more emphasis on cooperation between students and
less on competition.

3.6.4 Urban planning, infrastructures development and local economy

An appropriate urban planning and the development of green infrastructures can decrease
the (perceived) individual cost and thus favor environmental-friendly behaviors. As argued

1470 learn more about EUCalc: http://www.european-calculator.eu/

151 am involved in the EUCalc project, working on the socio-economic impacts and on water management. In
particular, I am designing the employment and economic modules and I am supervising the elaboration of the
water module.

16More precisely, the average contribution to save 2’000, 20’000 and 200’000 birds was $80, $78 and $88 (Kahne-
man, 2011, p. 92).
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3.7. Lessons learned

in Section 3.5.2, the lack of charging infrastructure is a hurdle to the development of electric
vehicles. Similarly, improving public transport availability and connectivity could foster its use.
Walking and cycling can be encouraged by providing close-to-home services (e.g. shopping,
schools), by creating parks and recreational areas and by building walking and biking trails
and secure parking for bicycles (Sallis et al., 1998; Ogilvie et al., 2007).

In addition, the urban planning can also influence the perception of the social benefit. Indeed,
public green spaces contribute towards community attachment (Arnberger and Eder, 2012)
and pro-environmental attitudes by enhancing the emotional connection with Nature (Budruk
et al.,, 2009). Hence, green cities could support sustainability not only by improving energy
efficiency and resource use, but also by affecting individuals’ behaviors.

This vision echoes the architecture ideals "Garden-City" of Ebenezer Howard and "Ville
Radieuse" of Le Corbusier. These utopian cities include large green spaces nurturing the
connection between humans and Nature and promoting biodiversity. They encourage soft
mobility by separating streets and walking paths and by locating services and jobs at a walking
distance of homes. The "Garden-City" also aims at achieving local self-sufficiency. For exam-
ple, food production is located inside the city, fostering waste reuse and limiting transport
pollution.

Besides decreasing environmental externality, promoting local exchanges and initiatives has
other advantages. First, by increasing the assortment between individuals, it could also
increase the morality in the population. Second, while economic globalization might give
the impression that resources are abundant and conceal environmental pollution, a more
local economy could help individuals understand the effects of their consumption and better
apprehend the scarcity of resources.

3.7 Lessons learned

In this chapter, we designed a model with heterogeneous moral agents in order to better
comprehend individuals’ decision making in social dilemmas. Our definitions of morality
and of heterogeneous moral population have a strong theoretical foundation, building on the
findings of Chapter 2 where we showed that heterogeneous moral populations are favored by
evolution. Our framework can explain why individuals care for Nature and why some of them
are willing to contribute voluntarily to environmental protection, even though the impact of
their actions on environmental externalities is negligible. We then explored the bias affecting
individuals’ decision-making such as peer pressure, switching costs and misperception. We
illustrated how our model can apply to a variety of contexts and can shed light on many empir-
ical findings. Finally, we discussed some policy implications arguing that financial incentives
are not always effective and that policy makers could instead rely on other instruments such
as nudges, labels and educational campaigns. They could also target different groups with
different policies and rely on a combination of instruments. The effectiveness of policies
depend on the socio-economic and geographic characteristics of a country. Hence, there does
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not exist an optimal instrument independently of the context.

Focusing mainly on the effects of morality and its diversity, our settings abstract from other
important determinants of individuals’ behaviors. In particular, we did not incorporate indi-
viduals’ wealth such that income and price effects are incorrectly portrayed by the individual
cost of cooperating. Since poorer households might not have the financial capacity to invest
in environmental-friendly products and technologies (e.g. electric vehicles, rooftop solar
panels, insulation), they also do not have the opportunity to behave morally. Introducing
income heterogeneity would be crucial to understand the tradeoff between economic and
moral drivers and would bring new insights for policy makers.

Furthermore, we did not include other individual motivations such as altruism, empathy,
risk-aversion and time-preference. This could hold important consequences for instance for
the adoption of technologies and in the context of climate change. Indeed, climate change
impacts are future, uncertain and spatially-distributed. Thus, even a fully-moral individual
would not make efforts to decrease her greenhouse gas emissions if she has a strong preference
for the present. In this case, her perceived social benefit is insignificant. Similarly, since homo
moralis individuals only consider their own social benefit, they would not care if the impacts
affect others. Consequently, morality is only part of the equation. As for policies, economic
models and the representation of individuals’ preferences should be adjusted to the situation
at hand and to empirical evidence.
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Conclusion

In this thesis we discussed the diversity of social preferences, its theoretical foundations
and its implications in the context of environmental, energy and resource economics. First,
we explored if heterogeneous populations can be favored by evolution in an evolutionary
game theory framework under assortative matching with imperfect information. Introducing
the concepts of evolutionarily stable population and assortment matrix, we analyzed the
evolutionary stability of a heterogeneous population composed of fully-selfish individuals,
homo oeconomicus, and fully-moral ones, homo kantiensis. We showed that there exists a
heterogeneous evolutionarily stable population for some but but not all games and assort-
ment structures. Consequently, the preferences that are favored by evolution depend on the
socio-economic environment and on cultural and geographic conditions. In particular, the
assortment structure plays a crucial role by allowing for a greater diversity of evolutionarily
stable populations and enhancing their robustness to the invasion of mutants. Moreover, both
homo oeconomicus and homo kantiensis are important for the evolutionary success of the
population. While homo kantiensis individuals drive up the average fitness of the popula-
tion so that the population is evolutionarily stable for higher values of assortativity, homo
oeconomicus individuals prevent the invasion of mutants by lowering their fitness.

Building on these findings, we then designed a model with heterogeneous moral agents in-
volved in a social dilemma to shed light on pro-environmental behaviors. Our framework
can explain why some individuals are willing to voluntarily engage in costly green actions
even though the impact of their efforts on environmental externalities is negligible. We ex-
amined how individuals’ beliefs can alter their behaviors and hinder cooperation, with an
illustration to the purchase of green electricity. Extending our basic model, we showed how
incorporating heterogeneous moral agents can provide insights in a variety of contexts such
as technology adoption or the purchase of sustainable food. Finally, by better accounting for
the social motives behind individuals’ decisions, our setting could help policy makers design
more effective policies. We notably argue that the effectiveness of policies is shaped by the
socio-economic, geographic and regulatory environment of a country. Consequently, finan-
cial incentives are not always the most effective instrument and could even fail to promote
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pro-environmental behaviors. When this is the case, policy makers could instead rely on a
combination of instruments such as nudges, labels and educational campaigns.

Furthermore, the design of effective policies requires information on the individuals’ charac-
teristics. Thus, an essential step in future research is to estimate the distribution of morality in
the population, and its correlation with the income distribution as well as with other motives
behind individuals’ decisions such as trust, time preferences and attitudes toward risk. Our
model should also be tested both in experiments and in real-life contexts (e.g. recycling efforts,
the purchase of green electricity and sustainable food and the adoption of technologies) to
assess its validity. It could be applied to other public goods such as the contribution to online
knowledge and to common goods, adapting the setting to the case of finite populations and
relaxing the atomicity assumption when necessary. It would also be interesting to incorporate
morality in a macroeconomic model in order to better portray general equilibrium effects.
Last but not least, even though we focused on the social motives of individuals, it could be
intriguing to examine the objective function of firms in light of an evolutionary framework.
Would Milton Friedman (1953, p. 15)’s claim that "unless the behavior of businessmen in some
way or other approximated behavior consistent with the maximization of returns, it seems
unlikely that they would remain in business for long"hold true?

To conclude, this thesis aims at opening the way towards better consideration of the diversity
of social preferences, moving away from the classical use of representative agents and homo-
geneous selfish individuals in economic models. After all, individuals do not live on isolated
islands.
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Appendix

A The algebra of assortative matching: Proofs

In this section, we provide the proofs of properties, lemmas and proposition of Section 2.2.2
on assortative encounters.

We are in the population state s = (61,02,0;,1,1;) (equivalently s = (61,62,0;,11,12,A7)).
Let I = {1,2, 1}, the assortment matrix is ® = ((¢ij(ﬂ,/11)))(i,j)€12 such that for all (i, j) € 12,
¢ij(A, A7) = piji — pijj (Definition 1). To be well defined, the matching process must satisfy
two sets of conditions:

* The matching conditions: forall i € I, }* pj;; =1 (Property 1)
Jjel

* The balancing conditions: for all (i, j) € 12, Aj-pijj = Ai-pji (Property 2)

A.1 Proof of Property 3

Property (Assortment balancing condition). The assortment matrix satisfies the assortment
balancing conditions when:

Vi, e’ Aj-

(Z wik) —¢>l~j] =Ai [(Z ﬂtwjk) 4l

kel kel

If the matching process satisfies the matching and balancing conditions, then the assortment
matrix must satisfy the assortment balancing conditions.
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Proof.
Aj [(Z Ak¢ik)—<l>ij] -Ai [(Z 1k¢jk)—¢ji‘
kel kel
= Y AjAepiai— D AjApik—Ajpai + Ajpij — D Aidepjij+ 3 Aidepjik + Aipjij — Aipjii
(Defl) 47 kel kel kel
= Ajpii— Y AjAipri = Ajpii + Aipjii = Aipjij+ ) Aidjprj + Aipjij— Aipjii
(Prop.2) kel kel
= MM[ZPW—ZPW]
kel kel
= 0
(Prop.1)

A.2 ProofofLemmal

Lemma (Assortment between residents). When s = (61,02,0:,1,0), if the matching process
satisfies the matching and balancing conditions, then we have ¢12(A,0) = ¢21(A,0).

Proof. If the matching process satisfies the matching and balancing conditions, then the
assortment matrix must satisfy the assortment balancing conditions (Property 3). The assort-
ment balancing conditions are:

A2 (A2prz + Arprz — P12) = 11 (A1¢pa1 + Aror — p21)
Az (212 + Arprr — Pr7) = A1 (M pr1 + Aapro — 1)
Az (A1p21 + Aoz — p2r) = Az (A1pr1 + Aapra — Pr2)

Rewriting the first equation, we get:

_ A2(1=A2)p12 + A (A1 ¢p2r — A2p17)
A1-Ay)

P21

Note that for all (i, j) € 2, ¢ij = piji — pi|j is bounded and belongs to [-1, 1], and A1, 42 € (0,1).
Thus, limy__o A7 (A1¢2: — A2¢17) = 0. Moreover, let A(A;) € (0,1) be the share of 8, with respect
to 0. We thus have 11 = (1-A(A;))(1—-A;), and A2 = A(1;)(1 — A;). Then noting A € (0, 1) the
share of 0, with respect to 6; when A, goes to zero, we have: lim,__oA2(1-12) =limy, _oA1(1-
A1) = A(1=A). Consequently, limy__q¢12(A, A7) =limy, g P21(A, 7). O

A.3 Proof of Proposition 1

Proposition (Matching probabilities). When the assortment matrix ® satisfies the assortment
balancing conditions (Property 3), the system defined by matching conditions (Property 1),
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balancing conditions (Property 2) and assortment matrix conditions (Definition 1) has a unique
solution:

Vi, )el: pyj=Ai+ Y. Aedik—bij
kel

Proof. Let (S) be the system of equations defined by matching conditions, balancing condi-
tions and assortment matrix conditions:
ViEI,Z pj|i=1
jeI
V(i,j) € 12,/11' “Pilj = /1,‘ *Pjli
Y (i, j) € I, ¢ij = piji — pil;

()

Suppose there exists matching probabilities p;); solutions of the system (S). Since Z Pri=1,
we have Z Aipki = A forall i € I. Using the balancing conditions, we get A; — Z Akp,”c =0.

Moreover smce > Ak =1, wehave p;; = Z Akpiji. Adding these two equatlons, we obtain
kel

pii = Ai + Z AMi(piji — pi) for all i € 1, i.e. pji = A; + Z Ak¢ir. Since for all (i, j) € I?,
Pilj = Pili— cp,],we getp;j=A;i+ Z Ak®ir—ij. We have proven that if a solution of (S) exists,
thenitmustbe p;; =A; + X Ak¢,k bij.

kel

We now show that g;j; = A; + Y Axir — i is solution of (S) using the assortment balancing
kel

conditions. First, g;; satisfies the matching conditions:

VjEI,ZC]i\j=Z A +Zakﬁblk bij

ey 2 S g gb,l]

iel iel kel iel ] kel
—1+/1_ Z/lk‘P]k ZA(P]l]:
J kel iel

Second, g;; satisfies the balancing conditions:

V(i,j) EIZ,A]'CI”]'—/MCI]'”‘ :Aj/li"'/lj

Z/Mdbik—(/’u] Aidj=Ai | D Ak —dji

kel kel

Finally, g; ; satisfies the assortment matrix conditions:

Vi, ) e qii—qij=Mi+ Y Akbic—Ai— Y. Ak + bij = i
kel kel
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A.4 Proofof Lemma 2

Lemma (Conditional probabilities in a population of two residents and one mutant). When
§=1(01,02,01,1,0), if Proposition 1 is satisfied, then we have:

pip =0-D+21-¢12

piz =1-21)-(01-¢12)

piir =1-A)-0-0)-1-1-1)-T
panp =A-(1—¢12)

p2z =A+(1-A)-¢12

par =A-1-0)+A-1-A)-T

pmp =0
pr2 =0
Prir =0

whereT =1limy__ %

T

Proof. 1f Proposition 1 is satisfied, the conditional probabilities are:

pin =Ai+A2pra+Ar-dir
Pz =A1+A2-dpra+Ar -1z — P12
pur =A1+A2-dra+Ar -1 — g
p2n =A2+ A1 a1+ Ar - par — P21
P2z =A2+A1-o1+ A or
P2t =A2+ A1 a1+ Ar - par — Po2r
Pl = A+ A1+ Az pro—pny
P2 :/114‘/11'(/)1'1"'/12'(:[)72_(/)72
Prir :/11+/11'¢11+/12'¢12

We can then calculate the limits of the conditional probabilities when the mutant share 1,
goes to zero. First note that for all (i, j) € 12, ¢;;j isbounded, and thus lim,__.qA;¢;; = 0. Also,
the definition of assortativity implies that: for all i € {1,2}, lim,__o¢;; = 0.

Let A(A;) € (0,1) be the share of 8, with respect to 6;,. We thus have 1, = (1-A(1;))(1 - A;),
and 12 = A(A;)(1 — A;). Then noting A € (0, 1) the share of 8, with respect to 8; when A, goes
to zero, we have: limy__oA> =Aandlimy,.oA; = (1-2).

From Lemma 1, we also have: ¢12(1,0) = ¢21(1,0) = ¢p12.

Finally, we need to compute the limits of ¢;; and ¢,;. We will use the assortment balancing
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conditions:

A2 (A2prz + Arprr — P12) = A1 (A1¢pa1 + Ao — ai)
Az A2z + Arprr — P17) = A1 (M1pr1 + Aopra — 1)
Az (A1pa1 + Ao — Por) = Ao (AM1pr1 + Aopra — Pr2)

Rewriting the second and third assortment balancing conditions, we get:

_ Ao A (- Al)(l)rl - /12¢T2
Q=g Pty 1,

_ 1 A2 (1_12)(P12_/11¢11
P =1y P T A;

Taking the limit when A, goes to zero:

[A(Ar) + /11 - A(A‘r)/lr] (,b‘rl - [/1(/1‘[) - /1(/1‘[)/17] Qb‘ﬂ
A

/ll,ir—l»lo Pr1r=AP12+(1-1) /11,ir—r»10

=A¢i2+(1-A) lim [(1 —AAD) Pt + AN Pro + A(Ay) <Pr1/l— $r2 ]
=Ap12+(1-No+A1-NT
1-AA)+AA)A ] P2 = [1 = A(A7) = A + A(A) A1 dry

Ar

,11?—{10 P2r =1 =ANp12+ AAI:TO

= (1= 12 +2 lim [(1 ~AADPr1 + A Pr2 — (1 —WTDW]
= (1= D2+ A0 - A1 - AT

Where I'= lim/lr—’o _(PTIAT(I)IZ .
T

Putting it all together, the limits of the conditional probabilities are:

pin. =1-A)+A-¢dr2

piz =1-1)-(1-¢12)

pir =1-A)-0-0)-1-01-1)-T
ponp =A-(1—¢12)

perz =A+(1-1)-¢r2

porr =A-(1-0)+A-(1-A4)-T

prpn =0
prz2 =0
Prir =0
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B Analysis of evolutionary stability: Proofs

In this section, we provide the proofs related to the analysis of evolutionary stability. We are in
the population state s = (61,62,0;,1,1;) (equivalently s = (61,02,07, 11,12, 11)).

B.1 ProofofLemma3

Lemma. BNE(s) is compact for each s = (01,02,0;,1,1;) € ©3 x (0,1) x [0, 1).
Ifforalli€ I ug, are concave in their first arguments, then BNE(s) # @.
The correspondence BNE (01,0,,0;,-) : (0,1) x [0,1) = X3 is upper hemi-continuous.

Proof. This proof extends the proof provided by Alger and Weibull (2013) for a population of
two types to a population of three types. It follows similar arguments and reasoning.

First, from the definition of a Bayesian Nash equilibrium (Definition 4), we have that, in a
population state s = (61,02,0;,4, A1), (x1, X2, X;) € X3isa type-homogeneous Bayesian Nash
equilibrium if:

Viel: Xx;€argmax ij|i~uei(X,xj)
xeX jel

With 1, = (1-A4)(1 - A;) and A, = A(1 — A;), we can rewrite the matching probabilities in
function of the assortment functions and population shares (Proposition 1). Thus, we get:

Aj+ D Ak —bji

Viel: Xx;€argmax Z(
kel

xeX jeI

: u@[ (xrxj))

Fixing the population state s, i.e. fixing (8;) ey and (1,1;) € (0,1) x [0,1), we note forall i € I
Us,;: X* — R the functions defined by:

Aj+ D Ak —bji

kel

Us,i(x, x1, X2, X¢) = Z ( - ug, (X, xj))

jel
For all i € I, up, is continuous and thus Uy ; is also continuous. Since X is compact, then the

solution correspondence f;,; : X3 = X defined by Bs,i(x1, X2, x;) = argmax Uy ; (x, X1, X2, X;)
xeX
are non-empty and compact-valued by the Weierstrass’s maximum theorem. Hence, the com-

bined correspondence By : X3 = X3, defined by Bg(x1, X2, X7) = %1 Bs,i (X1, X2, X;) is compact
valued and, by Berge’s maximum theorem, upper hemi-continuous. Hence, B; has a closed
graph and the set of fixed points of By, i.e. BNE(s) = {(x;)ies: (xi)ier € Bs((x;)ien)}, is closed, so
that BVE(s) is compact for each s = (61,0,,0;,1,1;) € 3 x (0,1) x [0, 1).

Second, since for all i € I, up, is concave in their first arguments then so are U; ;. Thus, B; is
convex-valued and has a fixed point by Kakutani’s fixed point theorem, i.e. BVE(s) is non-

empty.

82



B. Analysis of evolutionary stability: Proofs

Third, fixing (0;);c1, we write forallie I Vy ; : X*x(0,1) x [0,1) — R the functions defined by:

Aj+ 2 Mk —bji

VG,i(xy X1, x2’x‘[’/1yﬂ/'[) = Z (
kel

Jjel

- up, (x, xj))

Since for all (i, j) € I?, ug, and ¢;; are continuous, so are Vp,;. Let V", : X* x (0,1) x [0,1) — R
the functions defined by Ve*,i (%1, %2, X7, A, Ay) = maxyex Vi (X, X1, X2, X7, A, A;). By Berge’s maxi-
mum theorem, Ve*l. are continuous. Moreover, by definition of BNE(5), we have, (x1,%2,%x;) €
BNE(s) if and onlyifforallie I:

V;i(x1,x2, x‘[»/l) AT) - VB,i(x, X1, X2, X, A«; /1‘[) >0 VxeX

Let< A; >en— A% and < A1, >en— A%, and suppose that (x; 4, X2,1, X7,1) € BNE(01,02,07, A1, Ar 1)
andforalliel, x;; — x?. By continuity of Vy,; and V,;';, we have forall i € I:
Vﬁ*,i(x?’ xg,xg, A%,29) - V,i(x, xg), xg, x0,2%19 20 vxex

This last results proves that (x¥, x3, x9) € BNE(6,,0,,6;,1°, 1?) and therefore that the corre-
spondence BN!(6,,0,,0;,-) : (0,1) x [0,1) = X is upper hemi-continuous. O

B.2 ProofofLemma4

Lemma. When the population stateis s° = (01,0,,0.,1°,0), if foralli € {1,2}, g, (x7, X5, X7, s°) >
Iy, (x5, x5, x5, 8°) for all (x5, x5, x3) € BNE(s°) then there exists an & > 0 such that for all i € {1,2}:
I, (x1, X2, X7, 8) > Mg, (x1, X2, X7, 8) in all Bayesian Nash equilibria (x1, X2, X;) in all states s =
(01,62,0:, 1, A7) with A; € (0,8) and |1 - A°| <E.

Proof. Suppose that in the population state s° = (61,60,0;,1°,0), we have for all i € {1,2},
Iy, (x7, x5, x7,5°) > I, (x7, x5, x7,5°) for all (x7, x5, x7) € BNE (%),

Forall i € I, the type-fitness Iy, are continuous by continuity of the game payoffs and of the
assortment functions. Thus, the strict inequalities hold for all (%;, X2, ;) in a neighborhood
Uc X3x(0,1)x[0,1) of (x1, X2, X7, A°,0). Using Lemma 3, we know that BN¥(6,,0,,7,-) : (0,1) x
[0,1) = X3 is closed-valued and upper hemi-continuous. If (x;,;, X2 1, X7,1) € BNE@,,0,,0,,1;, A
forall €N, (A, Ar,¢) — (A°,0) and ((x1,1, X2,1, X1,1) ) ;e CONVerges, then the limit point (x;, x5, x;)
necessarily belongs to BV (61,0,,0;,1°,0). Thus, for any given & > 0, there exists a T such
that, forall t > T,0 < A ; <&, A —A°| <€ and (x1,7, X2,1, X7,1, A1y Ar,r) € U, so thatforall i € I,
o, (X1,6, X2,, X118, Aty Ar, 1) > g, (X1,1, X2, X185 Aty Arp)- O

B.3 ProofofLemma5

Lemma. When the population state is s° = (01,02,0:,1°,0), if there exists i € {1,2} such that
I, (x5, x5, x3,5°) <, (x5, x5, X3, s°) with (x3, x5, x3) € BNE(s°) a singleton, then there does not
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exist an & > 0 such that for all i € {1,2}: Ilg, (x1, X2, X, §) > Ig_(x1, X2, X7, 8) in all Bayesian Nash
equilibria (x1, X2, x;) in all states s = (01,02,0;,A,1;) with A; € (0,&) and |1 — A°| <E.

Proof. Suppose that in the population state is s° = (01,0,,0.,1°,0), there exists i € {1,2} such
that Iy, (x7, x5, x7, s°) <Ilp, (x7, x5, x7, s°) with (x7, x5, x7) € BNE(s°) a singleton.

Forall i € I, the type-fitness Ilp, are continuous by continuity of the game payoffs and of the

assortment functions. Thus, the strict inequalities hold for all (%, X2, X;) in a neighborhood

U c X3x(0,1)x[0,1) of (x1, X2, X7, A°,0). Using Lemma 3, we know that BN!(6,,0,,7,-) : (0,1) x

[0,1) = X3 is closed-valued and upper hemi-continuous. If (x1 ¢, X2,7, X7 1) € BNE(01,02,07, As, A1 1)

forallteN, (A4 A7) — (1°,0) and ((xu, X1, xm))tEN converges, then the limit point (x}, x5, x;)

necessarily belongs to BVF (s°). Since by assumption BVE (s°) is a singleton, we have (x}, x5, x}) =

(x7, x5, x7). Thus, for any given £ > 0, there exists a T such that, forall t > T,0 < A;; <&, [A; -

A%l < &and (x1,¢, X2,1, X1,1 Ar, Ar,r) € U, so that Iy, (X1,7, X2,1, X1, Aty Arye) < T, (X1,1, X2,1, X160 A gy A r).
O

B.4 Proof of Proposition 2 and Corollary 1

Proposition (Type-fitness equality). In the population state s° = (61,02,1°) with A° € (0,1),
homo oeconomicus (0,) and homo kantiensis (0,) earn the same type fitness if and only if:

1. When S; =0: Qy =0, i.e. ¢p1o = (wPP —7CP)/ (nCC — 7CP).
2. When Sz #0: 1° = Qg/ [(1—12) Sx].

Moreover, if homo oeconomicus and homo kantiensis earn the same type fitness, then ¢, € (0,1).

Corollary (Type-fitness equality under uniformly-constant assortment). In the population
state s = (61,02, 1°) with A° € (0,1), homo oeconomicus (0:) and homo kantiensis (0») earn the
same type fitness under uniformly-constant assortment if and only if:

1. When Sy <0: (mPP — 7Py (nC - nP) < 0 < (wPC - 7€)/ (xP€ - 7PP) and
A°=Qn/ (1 -0)Sy].

2. WhenS,;=0:0= (PP — 7 CDY | (mCC — 7CD),

3. When S; >0: PC — 7Y (aPC — 7#PDy < g < (APP — 7CPY | (€€ — n€DP) and
A°=Qu/ (1 -0)Sy].

Proof. Suppose that homo oeconomicus and homo kantiensis earn the same type fitness, i.e.
Iy, (D, C, s°) =y, (D, C, s°) with:

Iy, (D,C,s°) =[1-A)+A%¢p12]-7PP + [A°(1 - ¢p12)] - APC
My, (D,C,s°) =[A-A)(1-¢12)] 7P +[1°+ (1 - A°)¢p12] - 7€
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Hence, the type-fitness equality can be rewritten as:

A° (1= ¢12) S = Qx (B.1)
(1-2°) (1 —¢12) Sx =Ry (B.2)

Where Q; = 7P — 7¢P —¢12(nCC - 7Py, Ry = n¢C — 7 PC —(plg(ﬂDD —7P% and S, = 7n¢C +

DD _ JICD DC

T /4 .

We first show that ¢p1» < 1. Recall that ¢b;» € [-1, 1] by definition of the assortment (Definition
1). Suppose that ¢1» = 1. This means that homo oeconomicus and homo kantiensis individuals
only meet individuals of their own type. Thus, the type-fitness of homo oeconomicus is
Iy, (D, C,s°) = nPP, and the type-fitness of homo kantiensis is Iy, (D, C,s°) = nC. Since
n¢C > 7PD by definition of a prisoner’s dilemma, homo kantiensis earns a strictly greater
type-fitness than homo oeconomicus, which contradicts our assumption that the two types
earn the same fitness. Hence, ¢p12 < 1.

We now distinguish two cases: S; =0 and Sy # 0.

When S, =0, then Q,; = 0 (Equation B.1). Thus, ¢ = (7PP — 7¢P)/(7¢C — 7°P) > 0 because

0< 7'L'DD _].[CD < JTCC _ ”DD < JICC < JTDC),

P by definition of a prisoner’s dilemma P <
and we are in case 1. of the proposition.! Under uniformly-constant assortment ¢1, = o and

we are in case 2. of the corollary.

When S;; # 0, we have 1° > 0 and (1 — A°) > 0 since A° € (0,1) by assumption. Moreover,
(1 —¢p12) > 0since ¢p12 < 1. Thus, Qr #0, R; # 0 and Q; and R, are of the same sign than S,
(Equations B.1 and B.2). Hence, Q- R; >0and A° = Q/ [(1 - <p12) Sn], and we are in case 2. of
the proposition. When S,; <0, then Q; < 0 and R, <0. Thus, 0 < (7P — 7¢P)/(n¢C — z¢P) <
¢12 and 1o < (APC = 1¢C)/ (xPC — nPP) by definition of a prisoner’s dilemma, which proves
¢12 > 0. Under uniformly-constant assortment ¢12 = o and we are in case 1. of the corollary.
Similarly, when S; > 0, then Q; > 0 and R, > 0. Thus, ¢ < (7P - 7¢P)/(7¢C - 2¢P) and
0 < (TPC —7C€C) | (7PC - zPD) < 12 by definition of a prisoner’s dilemma, which proves ¢, > 0.
Under uniformly-constant assortment ¢, = o and we are in case 3. of the corollary.

For the converse, if one of the two cases of the Proposition (or one of the three cases of the
Corollary) is true, then Equation (B.1) is satisfied and homo oeconomicus and homo kantiensis
earn the same type fitness. O

B.5 Proof of Lemma 6 and Corollary 2

Lemma (Difference in type fitness between residents and mutant). Let a population s =
(01,02,0;,1°,0), with A° € (0,1), engaged in a prisoners’ dilemma such that the residents earn
the same type fitness Iy for (x1,x2) € BVE(01,0,,1°) with x' # x>. Then, the difference in

INote that we also have R; = 0 (Equation B.2) so that ¢12 = (nDC — ncc)/(ﬂDC — nDD). Indeed, since S; =

7CC 4 7DD _ 7 CD _ 1DC _ o 7DD _ 7CD _ 7DC _ ;.CC qpq nCC _ 5CD _ ,DC _ ;DD
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type-fitness between the residents and the mutant for (x1, X2, x;) € BNE(s) is:

g — Ty, = [y(1 =)o+ (1 =PA° (12— 0) + (1 = PA° A = A)T1- (@2 — @1)* - Sp
+ (Y= A (P12 —0) = A° (A= AT - (@2 — a1) - [z (7CC = D) + (1 — @) (BP€ - 2PP))

Corollary (Difference in type fitness between residents and mutant under uniformly-constant
assortment). Under uniformly-constant assortment, let a population s = (01,62,0:,1°,0), when
01 is homo oeconomicus, 6y is homo kantiensis and A° € (0, 1), engaged in a prisoners’ dilemma
such that the residents earn the same type fitness Ilg for (D,C) € BNE (61,62,A°). Then, the
difference in type-fitness between the residents and the mutant for (D, C, x;) € BNE () is:

g —Ilp, =0a;(1-ar)Sy

Proof. Let(x1,%2,x7) € X 3bea Bayesian Nash equilibrium in the population state s = (81,062,601, 1°,0).
Using Lemma 2 and noting 7;; = 7 (x;, Xj) and Iy, = Iy, (x1, X2, X7, 8) for all (i, j) € I?, we can
write the type fitness of each type:

g, =1 =A°+A°P12) w11 + A° (1 = ¢p12) - 7012
g, = 1=A)A = ¢12) 721 + [A+ (1 = V) p12] - 722
g, =[1-A)A-0)-A°A = AT 71 + [A°A =) + A° A= A)N] -T2 + 0 - 7¢

We know from Property 5 that (x1, x2) € BNE(s°) with s° = (01,60, 1°). By assumption, 6; and
0, earns the same type fitness Iy in s°. Consequently, they also earn the same type fitness in
all Bayesian Nash equilibria in the population state s, i.e. Ilg, = I1p, = I1g because in the state s
the residents are matched between them, i.e. 71; and 7»; do not appear in the expression of
their type fitness.

In a finite symmetric 2 x 2 fitness games, let A be the matrix of the payoffs in this game, with
n'/ the payoff when pure strategy i is played against pure strategy j. The payoff obtained
by an individual playing strategy x; when matched with an individual playing x; is then:
(X, Xj) =7m;j = xl.TAx j. We can rewrite the payoffs in function of the matrix payoff A:

x] [(1=2A°) (1 = Pp12) Axy + A° (1 — p12) Axz | + pr2x] Axy
xg [(1=A%) (A = pr12) Axy + A°(1 — Pp12) Axz | + Pr2x] Ax,
xI (A-A)A-0)-A°A-A)DAx;+(A°(1-0)+A°(A - A°)) Axp] + o x; T Ax,

Let a;, a2, a; € [0,1] be the probabilities that 8;,60,,60; individuals attach to the first pure
strategy: x1 = (a1,1—ay), x2 = (a2, 1 —az) and x; = (a;,1 — ;). Since x; # X, there exists y € R
suchthat x; = (1 -y)x1 +yx2 (a; = 1 -Y)a; +yay).

From type-fitness equality, we know that I1g, = Ilg, = ITp. Thus, (1 —y)Ip, +yIly, = I1y. We can
then write the difference between the payoff of the residents and the payoff of the mutants as
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follows:

g — Iy = (1 =)y, +yIg, — 11,
=[1-Ppr2— 1 =720 - (1-7)A=A") (12— 0) + (1 -y)A°(1 = A°)T] -x] Axy
+-yA-po-1-pA°(pr12—-0)— 1 -Y)A° 1 - A")]-x] Axp
+[—y1-Y)o—y1—A")(p12—0) +YA° (1 - A°)I] - x] Axy
+yp12 —y?o = YA (P12 — 0) —yA°(1 = A°)T] - x] Axs

Rearranging, we get:
Mg —T; =[y(L-p)o + 1 =-7Y)A°(P12—0) + (L = PA° (1 = A°)T] - [x] Ax) — x] Axp — x] Ax1 + x) Axo]
+[(y =A%) (P12 —0) = A°(1 = A°)T] - [x] Alxz — x1)]
We can further develop this expression, using the pure-strategies payoffs:

xIAxl = afn“ +a1(1-a)@? + 1'% + (1 —ay)?n??

XIAX2 =ajaer'  +a1(1-a) 2+ (1 —apam® + (1 - a)) (1 — ax)n?? (B.3)
xJAxy = a1t + ax(1— a2 + (1 - ax)ay n + (1 - a1) (1 — ap)w*? '
X Axp = ' + ap(1— ap) (@ + 112) + (1 — ap)?n?
Therefore:
x] Axy — x] Axp — x) Axy + x] Axp = (a1 — ap)? (n'! + % - n'% - n*1) (B.4)

Xy Alxz — x1) = (a2 —aDlaz (' = ') + (1 - ap) (7*! — 1%%)]

Consequently, the difference in type fitness when the share of the mutant goes to zero is:

g —1II; = [y(1 —y)o + (1 =Y)A° (P12 — 0) + (1 —P)A° (1 = AT - (a2 — a1)?- (JIH +a% —gl2 = nZI)
+(y = A2 (12— 0) = 2°(L = AT - (@2 — @) - [az (7 — ') + (1 — ) (0?! — 7))
(B.5)

In a prisoners’ dilemma, the first pure strategy is cooperate (C) and the second pure strategy is
defect (D). Hence, with S; = 7¢€ + PP — 7CP _ zDC \e have:

g -1 = [y =)o + 1= PA° (P12 — 0) + (1 = PA° (L= A°)T] - (a2 — a1)*- Sy

Iy = A (P12 —0) = A°(A = A)T] - (@2 — a1) - [az (wCC —CP) + (1 — @) APC - 2PP))

When the assortment is uniformly constant, ¢»1» = o and I" = 0. Thus, we obtain:

M-, =y(1-y)o(az - a1)*Sy
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Since homo oeconomicus always defect @; = 0, and since homo kantiensis always cooperate
a» = 1. Hence, y = a; and:

g —TI; = a;(1-a;)oSy

B.6 ProofofLemma?7

Lemma (Difference in type fitness between residents and mutant under uniformly-constant
assortment). Under uniformly-constant assortment, let a population s = (01,02,0,1, A1), when
01 is homo oeconomicus, 0, is homo kantiensis, engaged in a prisoners’ dilemma. Then, we
have for any (D, C, x;) € BNE(s):

(1 —a)ly, +a;Ilg, —Ilg, =oa;(1—a;)Sy

Proof. Let (x1, X2, x;) € BNE(61,0,,0;, A, A;), using Proposition 1 and noting A; = (1-A)(1-A;)
and A, = A(1 - A;), we can write the type fitness of each type:

Mg, = A (1—-0)+0)-x] Ax1 + Ao (1 - 0) - x] Axp + A: (1 - 0) - x] Ax;
My, = A1(1—0) - x] Ax1 + (A2(1—0) +0) - x] Axp + Ar (1 — 0) - XJ Ax;
My, =A1(1—0)-xTAx; + Aa(1—0) - x] Axp + (Ar (1 — 0) + 0) - x] Ax;

Let x; # x2,and a1, a2, @7 € [0,1] be the probabilities that 6,,60,,0, individuals attach to the
first pure strategy: x; = (a1,1 —ay), x2 = (@2, 1 — a2) and x; = (a;,1 — ay). Since x; # xp, there
exists y € Rsuch that x; = (1 - y)x; + yx2 (a; = (1 —y)a1 + yas).

Therefore:

(L=, +1Tp, = [A =P =-0) + 1 -Po + 1 -1)*A:(1-0)] - x] Axy
+[1-P220-0)+y1-YA:1-0)] - x{ Ax,
+ [y -0)+y1-pA:1-0)]-x] Axy
+[yA2(l-0) +yo +¥*A: (1 - 0)] - x] Axs

And:

o, =[1-PM(1-0)+1-P?A:(1-0)+ (L -p) 0] -x] Ax;
+[1-pPA20-0)+yA-pPA(1-0)+y(1-Y)o]- x] Ax;
+yMA-0)+yQ-PA1-0)+yQ-7)] - x] Axy
+[yA2(1-0) +7*0,(1-0) +y20] ~x;Ax2
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Hence:

(1 -y, +yIp, — Iy, =0y(l—7) (xIAxl + ngxz - xIsz - ngxl)

From Equation B.4, we know that: xI Axy —xI Axg—xg Axy +xg Axy = (ap—a1)? (n“ + 7% —gl2
Consequently:
(1 -y, +yIy, — g, = oy(1—y) (a2 — ay)? (#" + 1% — "2 - 7?1) (B.6)

In a prisoners’ dilemma, the first pure strategy is cooperate (C) and the second pure strategy is
defect (D) and we defined S, = 7CC 4+ 7PD _ 7zCD _ 5DC Moreover, since homo oeconomicus
always defect a; = 0, and since homo kantiensis always cooperate a» = 1. Hence, y = a; and
we obtain:

(1-ap)y, +a;llp, —Ilg, =ca;(1-a;)Sy

B.7 Proofof Theorem 1

Theorem (Evolutionary stability of a heterogeneous population of homo oeconomicus and
homo kantiensis). In a prisoners’ dilemma under uniformly-constant assortment when © is
rich, there exists a heterogeneous evolutionarily-stable population of homo oeconomicus and
homo kantiensis against all types 0, ¢ Oy, ifand only if Sy > 0 and (7% — n¢€) | (aPC¢ - 7PP) <
o < (TPP — 7CDY (£ CC _ 7CDy.

Moreover; if S, > 0 and (mP¢ —n¢€) | (aP€ —7PP) < 0 < (APP — 7CP) | (nCC — nCP), the coopera-

tion share in the evolutionarily stable population satisfies A° = Qr/((1—0)Sy).

Proof. Suppose that there exists an evolutionarily stable population of homo oeconomicus
and homo kantiensis against all types 0; ¢ ©12. Then, by definition of evolutionary stability
(Definition 6), there exists a state s° = (61,602, 1°) such that homo oeconomicus and homo
kantiensis earn the same type fitness I1y. From Corollary 1, we know that there are only three
possible cases:

1. When S, < 0: (PP — 7Py (nCC - 7€P) < g < (rPC = 7CC) | (#PC€ — 7PP) and
A° = Qg [(1—0) Syl

2. When S; =0: 0 = (PP — 7 CDY | (mCC — zCD),

3. When S; >0: PC — 7CCY | (aPC — PPy < g < (7PP — 7CP) / (#€C — 7€P) and
A°=Qy/ (1 -0)Sy].

Let 6; a mutant committed to the strategy xX; = (1/2;1/2). Such a mutant exists since the
type set is rich by assumption. Note also that ; ¢ ®;2. Then, (D, C, £;) is a Bayesian Nash
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equilibrium in all states s = (61,602,6:,A°, 1;) with A; € (0,1). Using Lemma 7, we have:

Ilg, +11 S
6, 0 ) O9x B.7)
2 T 4

In the three cases satisfying the type-fitness equality, we have o > 0 (else homo oeconomicus
would dominate). Hence, the sign of the left-hand side of Equation B.7 is the same as the sign
of S;;. When S;; <0, we have:

Hgl + ng

<TI
2 0«

Hence, 0; earns a greater type fitness than the average type-fitness of the residents in all
Bayesian Nash equilibria in all states s = (61,62,60:,1°,1;) with A; € (0,1). This means that
0 earns a greater type fitness than either 8, or 6, (or both). Thus, the population of homo
oeconomicus and homo kantiensis does not satisfy the second condition for evolutionary
stability, which contradicts our initial assumption. Consequently, the only remaining case is
Sz >0 and then PC — 7CCY | (aPC — PPy < g < (PP — 7CP) /(1 CC — 7Dy,

Conversely, suppose that S;; > 0 and PC —7CCY | (7PC — 7PPy < g < (PP — 71 CD) | (mCC — zCD),
Then, from Corollary 1, we know that homo oeconomicus and homo kantiensis earn the
same type fitness I1y in their only Bayesian Nash equilibrium (D, C) in the population state
s° = (01,602,1°) with 1° = Q;/((1 - 0)S,) € (0,1). Let 0, ¢ ©, a mutant and (D, C, x;) € BNE(s)
with s = (61,62,60;,1°,0). Using Corollary 2, we can express the difference in type-fitness
between the residents and the mutant:

g —I; =a;(1-a;)oSy

We have o > 0. Moreover, since 6; ¢ ©1,, the mutant does not cooperate or defect, i.e. a; €
(0,1). Thus, a;(1 - a;) > 0. Finally, S; > 0 by assumption. Hence, [1g — I1; > 0. In other words,
we have shown that Ilg, >II; and Ip, > II; for any mutant 6; ¢ 01, and for any Bayesian Nash
equilibrium (D, C, x;) € BNE(s), with s = (01,0,,0;,1°,0). Using Lemma 4, we can conclude
that the population of homo oeconomicus and homo kantiensis in the state s° = (61,02,1°)
with 1° = Q,/((1 — 0)Sy) is evolutionarily stable against all types 0; ¢ ©1,. O

B.8 ProofofLemmas$8

DD _ ,CD _

Lemma (Homo hamiltonensis behavior in prisoners’ dilemma). LetS; =n°C + 7
7aP¢ Q. =nPP —onC -1 -0)n°P and Ry = n°¢ — onPP — (1 - 0)nPC.
When o = 0, homo hamiltonensis is homo oeconomicus and always defects: X, = {0}.

Wheno >0,
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1. IfS; <0, then

{0}, if Ry<Sy
Xo = {(i;?s”,, } if Ry>S; and Q>S5
{1 if Qr =S

2. If Sz =0, then

{ot, if Ry<Sy
X5 = [0,1], lf R, =S,
{1}v lf‘ RT[ > ST[

3. IfS; >0, then

{0}, if R;<O0
XU = {0) 1}) lf Qn, R][ >0
{11, if Qz<0

Proof. When o =0, homo hamiltonensis is homo oeconomicus and we have shown in Section

2.2.6 that homo oeconomicus always defects, i.e. X, = {0}.

When o > 0, the proof will use a Proposition derived by Alger and Weibull (2013) about the
behavior of homo hamiltonensis (and more generally homo moralis) in 2 x 2 symmetric games.
Recall that '/ denotes the payoff when pure strategy i is played against pure strategy ;.

Lemma 9 (Proposition 2 of Alger and Weibull, 2013). Let

72+ on?l — (1 +0)n?? }

X(0) =min<1,
(@ { (14 0) @2 + 72! — gll — 722)

Wheno >0,
1. Ifo >0 and 't + 722 — 12 — 721 < 0, then

] 1oy, if n?+on*-Q1+0)1*2<0
] &), if 712+on®'-1+0)7*>0

2. IfJ'[H +722 —gl2 _ g2l =0, then

{0}, if n%+on?'-1+0)n*?<0
Xy =4 [0,1], if n%+on?'-1+0)n*?=0
{1}, if a2 +on?l—(1+0)n%2 >0

3. Ifo>0and ' + 1?2 —7'? — 72 > 0, then X, < {0, 1}.

Let §; = all + 722 — 12 —n?‘l, Qr= 722 —gptl - (1 —0)7112 and R; = all—gn?2 - (1 —a)n21. In
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a prisoners’ dilemma, the first pure strategy is cooperation and the second pure strategy is
defection. Thus, we have: S; = 7€ + 7PP — 7CP — 7PC Q. = 7PP — 7€ - (1 - )P and
R; = aCC —gnPD — a- O')JTDC.

Then point 1 (S; <0) and 2 (S, = 0) of the Lemma simply rewrites the Proposition 2 of Alger
and Weibull (2013) since n'? + o7?! — (1 + 0)n?*% = R; — S;. Note that when S; <0, %(0) = 1
onlyif R; +0S; =0, i.e. onlyif S; — Q; =0 because Q; + R; = (1-0)S;.

For point 3, when S; > 0, we know from Proposition 2 of Alger and Weibull (2013) that
X, €1{0,1}. Suppose that R; <0, then 7'! < (1 — 0)7?! + 07?2 and pure strategy 1 (cooperate)
is not a Hamiltonian strategy, i.e. {1} ¢ X, and X, = {0}.? Similarly, if Q; < 0, then 7%? <
(1-0)n'? + on'! and pure strategy 2 (defect) is not a Hamiltonian strategy, i.e. X, = {1}. The
last case is when Q,; = 0 and R; =0 (because Q; + R; =(1-0)S; =0). Let x = (ay,1 —ay) € X,
we call 7, the payoff when strategy x is played against the first pure strategy, and 7, the
payoff when strategy x is played against strategy x. We have:

Al — Q-0 g —ony =7 = (1-0) [axﬂu +(1- ax)T[Zl]

—o[ain' +a,(1- a) (@ + 72 + (1 - ay)*7*)
=(1-ay) [n“ —Q-or? —on? +oa, @' + 7 —n'? - n21)]
=(1—ay) [Ry +0axS;]

=0

Hence, the first pure strategy belongs to X,;. Similarly, we can show that the second pure
strategy also belongs to X,;. Consequently, X, = {0, 1}.

B.9 Proofof Theorem 2

Theorem (Evolutionarily stable population). In a symmetric2 x2 fitness game under uniformly-
constant assortment, let s° = (01,02, 1°) be a heterogeneous population with 1° € (0,1).
The population s° is evolutionarily stable against all types 0; ¢ O, if:

e Wheno =0: forall (x1,x2) € BNE (%), X1 = X2 € Xy and B (x1) is a singleton.
e Wheno > 0: forall (x1,x2) € BNE(5), (x1,x2) € Xg, Bo(x1) and By (x2) are singleton and
forall (x1,x2) € BNE(s°) such that x1 # x2, Qr,,/ (1 - 0)Sy,,) = A°.

Conversely, if (x1, x2) € BNE(s°) is a singleton such that (x1, x2) ¢ X2 and if © is rich, then the
population is not evolutionarily stable.

Proof. The proof will use several intermediate results.

2Recall that by Definition 8, xy € X is a Halmiltonian strategy if and only if for all x € X 7(xy,Xg) = (1 —
o) (x, Xg) + o7 (%, X).
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First, for s° to be evolutionarily stable, the residents 6; and 6, must first earn the same
type-fitness in all Bayesian Nash equilibria (x1, x2) € BVE(s°). Let Qg , = 11 — 7121 — 0 (722 —
721), Ry, = 22 — pi1z2 — 0 (w11 — 712) and Sy, , = 711 + 722 — 712 — 721. The following Lemma
generalizes Proposition 2 about the type-fitness equality between residents:

Lemma 10. Lets® = (601,02, 1°) be a heterogeneous population with A° € (0, 1), the type-fitness
equality is satisfied if and only if:

1L Qﬂl,z = Sﬂl,z = 0’ or
2‘ Qﬂlngﬂl_z > 0: Clnd Ao = Qﬂlyz/((l - U)Sﬂl,z)’ or
3. Qn,=Ry,=0,8;,#0ando =1.

Proof. From the Proof of Proposition 2 (see Appendix B.4), replacing defection D with x; and
cooperation C with x,, we can rewrite the type-fitness equality as:

A°(1=0)Sx,, = Qxy,
(1-2°)(1-0)Ss,, =Ry

Suppose the type-fitness equality is satisfied. When S;,, =0, then Qg,, = R;,, =0. When
S, #0, either 0 =1 and Qy,, = Ry, =0. Else 0 # 1 and Qy,, #0, Ry, , # 0. Thus Qg,, and
Ry, , are of the same sign than Sy, ,, and 1° = Qg ,/((1 - 0) Sy, ,). Conversely, if one of the three
cases of the Lemma is satisfied, the type-fitness equality is satisfied. O

Lemma 10 tells us that if there exists (x1, x2) € BVE(s°) such that cases 1, 2 or 3 are not
satisfied, then the residents do not earn the same type-fitness and in turn the population is
not evolutionarily stable.

Second, we generalize Lemma 7 on the difference in type fitness between residents and

mutant under uniformly-constant assortment. Let S, = n'! + 7?2 — 712 — 72!, Note that

Smy, = (@2 — @1)?S,; (from Equation B.4 in Appendix B.4).

Lemma 11. Under uniformly-constant assortment, let a population s = (01,0,,0:,1,A;). For
any (xy, X2, Xr) € BNE($) such that X1 # X2 we have:

(1-y)g, + Ty, — Mg, = oy(1—y) (@2 — a1)*Sy

Wherey = (a; —a)/ (a2 —a)) G.e.ar; =1 —-y)a; +yvaz).
Proof. In Appendix B.6 (Equation B.6). O

Note that when O is rich, it is always possible to find a mutant 8; committed to strategy
x; such that a; < a; < a» so that y > 0 (see Figure B.1). Now suppose (x1,x2) € BNE(5°)
is a singleton such that x; # x». Then (x1,x2,x;) € BNE(9,,0,,0,,1°,0) is also a singleton.
Using Lemma 3, we know that BN¥(61,0,,7,-): (0,1) x [0,1) = X3 is closed-valued and upper
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hemi-continuous. Thus, if (x1;, X2,7, X;) € BNE(01,02,0,,A1,Ar,) forall t €N, (Ay, A7) —
(A°,0) and ((x1,1, X2,1, X)) ,cp, CONVerges, then the limit point (x;, x;, x;) necessarily belongs to
BNE(61,0,,0,,1°,0). Since BNE(61,60,,0-,1°,0) is a singleton, we have (x},x}, x}) = (x1, X2, X7).
Thus, for any given & > 0, there exists a T such that, forall t > T, 0< A, ; <&, [A; —A°| < € and
a1, < ar <z Then,when o =0, (1-y)Iy, , +yIly,, —Tlp, = 0 and the mutant earns a greater
(or equal) type-fitness than at least one of the resident. Consequently, the population is not
evolutionarily stable.

L l L | l | l L |
[ I 1 ! ! I 1 1

0 a ar ap 1 0 (23] az ar]
yd-y)>0 y(l-y)<0

Figure B.1 - Sign of y(1 — y) depending on the probabilities attached to the first pure strategy

Third, we will show that if the residents do not play Hamiltonian strategies, then the population
is not evolutionarily stable.

Lemma 12. Let s° = (61,02, 1°) be a heterogeneous population with A° € (0,1). If (x1,x2) €
BNE(s°) is a singleton such that (x1, x2) € X2 and if © is rich, then the population is not evolu-
tionarily stable.

Proof. The proof follows two steps. First, we show that there always exists a mutant type that
earns a strictly greater type-fitness than the residents at the limit. Then, we extend this result
to a small neighborhood.

Let (x1, x2) € BVE(5°) a singleton such that (x1, x2) ¢ X2. Note that if the residents do not earn
the same type fitness, the population is not evolutionarily stable. Thus, we will assume next
that the residents earn the same type fitness Ilg.

If x1 = x» = xg ¢ X5, then by definition of a Hamiltonian strategy (Definition 8), there exists
X € X such that u,(xg, xg) < ug(X, xg), i.e. m(xg,xg) < (1—0)m(X, xg) + om (X, X). At the limit
when the population share of the mutant goes to zero, this inequality is equivalent to ITg <Tlp_,
for a mutant playing X. Moreover, since O is rich, there exists a type 6; € © for which X is
strictly dominant, i.e. 8, always play %, and (x1, x2, £) € BVN£(01,0,,0.,1°,0).

If x; # x», from Lemma 11, we know that the difference in type-fitness between the residents
and the mutant when the mutant share goes to zero is:

Mg -y, = oy(1 - y)(az — 1)*Sy

We have previously shown that when o = 0 the population is not evolutionarily stable. Thus,
we turn our attention to the case o > 0. We consider the three different cases of Lemma 9:

1. If S; >0, then X, < {0,1},
Since O is rich, if 8, or 8, individuals do not play pure strategies, it is always possible to
find a mutant 6; committed to strategy X such that y(1 —y) < 0 (see Figure B.1). Since
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0 >0,Ilp—TIlg, <0, i.e. the mutant earns a striclty greater type fitness than the residents
at the limit in the only Bayesian Nash equilibrium (x1, x», X).

Else, if 61 and 6, individuals both play pure strategies, then since (x1, x») ¢ Xf;, we have
Xs =1{0} or X; = {1}. Thus, one type is playing the Hamiltonian strategy. Without loss of
generality and by symmetry, suppose 6, individuals are playing the Hamiltonian strategy,
and that X, = {1} i.e. 0; individuals play the first pure strategy while 6, individuals play
the second pure strategy. We then have S;,, = S; > 0 and we are in case 2. or 3. of Lemma
10. Thus, we also have Qg ,, Ry, , = 0. Let x € X, such that x # xp, i.e. x = (n,1—n) with
n € (0,1]. Then:

(1-0)7(x, x2) + 07 (x, X) = 7°* =Ry, —oN(L =1 Sy,

< 722
Thus, for all x in X such that x # X2, ug (x, X2) < Uy (X2, X2). This means that the strategy
played by individuals 65, i.e. the second pure strategy, is also a Hamiltonian strategy.
Consequently, X; = {0, 1} which contradicts the assumption (xj, x») ¢ Xg. Hence, this
case is impossible.

2. If S5 =0, then we have S, , = 0. Thus, from Lemma 10, we also have Q;,, = Ry, =0.
Moreover, using Equation (B.3), we find:

Qris — Smi, = (@1 — @) @2 (1 +0) Sy + (02 + o7*! — (1 + 0)7*)]
Hence, we have 7'2 + 072! — (1 + 0)n%? = 0. Therefore, case 2 of Lemma 9 implies that
Xy = [0, 1] which contradicts the assumption (x1, x2) ¢ Xg, and this case is impossible.
3. If S; <0, then since O is rich, it is always possible to find a mutant committed to strategy
X such that y(1 —y) > 0 (see Figure B.1). Since o > 0, I — Iy, <0, i.e. the mutant earns
a striclty greater type fitness than the residents at the limit in the only Bayesian Nash
equilibrium (x1, xp, X).

Consequently, in the different (possible) cases when (x1, x2) € BNE(s°) isa singleton such that
(x1,X2) € X2, we have shown either that the population is not evolutionarily stable or that
there exists a mutant type 0 that earns strictly more than the residents at the limit by being
committed to a strategy X:

Hgl (xl,xg,fc,/l",O) < ng (x1, X2, X, AO,O)

and Tlg, (x1, X2, X, A°,0) <Tlp, (x1, X2, X, 1°,0)

Since (x1, x2, X) € BNE (01,02,0:,1°,0), we can conclude using Lemma 5 that the population is
not evolutionarily stable. O

Lemma 12 tells us that if the population is evolutionarily stable then the residents play Hamil-
tonian strategies. It also proves the 'Converse’ part of the Theorem.
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Final intermediate result, when the residents play Hamiltonian strategies under uniformly-
constant assortment, they earn the same type-fitness:

Lemma 13. Let s° = (61,02,1°) be a heterogeneous population with A° € (0,1). If (x1,x2) €
BNE(s) « X2 such that A° = Qy,, /(1 — 0)Sy,,) when x1 # xo, then the residents satisfy the

type-fitness equality.

Proof. First, if x; = xp, then all individuals play the same strategy and the residents earn the
same type fitness. Now suppose that x; # X2, (x1,%) € XZ and A° = Qy,,/((1 - 0)Sy,,). By
definition of a Hamiltonian strategy (Definition 8), we have:

X] €argmax Ug(x,x1) = Vx# xle X, n(x1,x))=10-0) n(x,x1) +0 -71(x,Xx)
xeX

Xp € argmax Ug (¥, x2) = Vy;éxzeX,Jt(xz,xg)2(1—0)-7r(y,x2)+a-7r(y,y)
yeX

In particular, for x = x» and y = x;, we have:

nn1=21-0)7m+0:7mp = Q7T1,220
Top=2(1—-0) - mpp+0-m7 = RnLZEO

Note that we have Qy, , + Ry, = (1 - 0)Sy,,. When Qg,, = Ry, =0, either S; , =0 and we are
in case 1 of Lemma 10 or 0 = 1 and we are in case 3 of Lemma 10. In both cases, the type-
fitness equality is satisfied. Now when Qg , >0 and Ry , > 0, since A° = Qy,,/((1 —0)Sy,,)
by assumption, we are in case 2 of Lemma 10 and the residents earn the same type-fitness.
Finally, when Qy, , = 0 and Ry, , > 0 then A° = 0 and the population is not heterogeneous which
contradicts our assumption. Similarly, when Qy,, >0 and R, , =0, A° = 1 and the population
is not heterogeneous. O

Let’s recap what we have shown for a heterogeneous population in the state s° = (61,62, 1°)

e If there exists (x1, x2) € BNE(s°) such that x; # x» and A°(1 — o) Sn., # Qn,,, then then
the population is not evolutionarily stable (Lemma 10).

o If (x1,x2) € BVE(s®) is a singleton such that (x;, x) ¢ Xg and if © is rich, then the popula-
tion is not evolutionarily stable (Lemma 12).

e When o =0, if (x1, x2) € BVF(s°) is a singleton such that x; # x, and if © is rich, then the
population is not evolutionarily stable.

Hence, we still need to show that when the assumptions of the theorem are met, the population
is evolutionarily stable.

¢ Wheno >0:
— The population is evolutionarily stable if for all (x1, x2) € BVE(s%), (x1, %) € X2,
Bs(x1) and B (x2) are singleton and for all (x3, x») € BNE(s°) such that x; # x»,
Qry, /(1= 0)Sz,,) = A°.
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— If (x1, x2) € BNVE(s°) is a singleton such that (x1, x2) € X2 but B, (x1) or B, (x) are
not singleton and O is rich, then the population is not evolutionarily stable.

When o =0, let (x1, x2) € BVE(5°) such that x; = x» = xy € X,,. Then, 0; and 6, earns the same
type fitness. Moreover, by definition of a Hamiltonian strategy (Definition 8), we have for all
x € X, ugs(xp,xg) = ug(x,xg), i.e. m(xp,x9) = (1 —0)m(x,xp) + om(x,x). At the limit when the
population share of the mutant goes to zero, this inequality is equivalent to Il = Ilg,, for a
mutant playing x. Now if B4 (xp) is a singleton, the inequality is strict for all x # xg. Hence,
if for all (x1,x2) € BNE(s®), x1 = x5 € X, and B, (x1) is a singleton, we have Iy > Ilg, for all
Bayesian Nash equilibria (x1, x2, x;) in the population state (6,,62,6;,1°,0) for any mutant
0: ¢ ©1,. Using Lemma 4, we can extend the strict inequality to all Bayesian Nash equilibria in
a small neighborhood so that the population is evolutionarily stable.

When o >0, let (x1, x2) € BVE(s°) such that (x;, x) € X2, B+ (x1) and B, (x,) are singleton and
for all (x1,x2) € BNE(s°) such that x1 # x2, Qx,,/((1 - 0) Sy, ,) = A°.From Lemma 13, we know
that 8; and 0, earns the same type fitness.

If x1 = x, following the same arguments as above (when o = 0), we can show that 1y > Il for
all Bayesian Nash equilibria (x3, X2, x;) in the population state (81,0,,6;,1°,0) for any mutant
HT ¢ @12.

If x; # xo, then from Lemma 11, we know that the difference in type-fitness between the
residents and any mutant when the mutant share goes to zero is:

Iy —Tlg, = oyl —7y)(az - @1)*Sx

Moreover, since 5 (x1) and B, (x2) are singleton, we have Q,, > 0and Ry, , > 0so that Sy,, >0
(because Qy,, + Ry, , = (1—0)Sx,,). Since Sy, , = (@2 — @1)?Sy, then S; > 0 and from Lemma
9 we have X, < {0, 1}. Since (x1,x2) € Xg such that x; # x,, we know that X, = {0, 1}. Thus, 0;
and 6, individuals play the two pure strategies. Without loss of generality and by symmetry,
we can assume that individuals 8, play the pure strategy 2 (a; = 0), and that individuals 6,
play the pure strategy 1 (a» = 1). Thus, vy is the probability that 6; attaches to the pure strategy
1,i.e. ¥ = a;. When 6; ¢ 0,2, mutants cannot play a pure strategy and a; € (0,1) so that
Y1 —7) > 0. We also have S; >0, and o > 0. Consequently, the difference in type fitness at the
limit is strictly positive, i.e. we have I1g > Ilg, for all Bayesian Nash equilibria (x1, x2, x;) in the
population state (61,62,6;,A°,0) for any mutant 6; ¢ ©1,.

Using Lemma 4, we can extend the strict inequality to all Bayesian Nash equilibria in a small
neighborhood so that the population is evolutionarily stable. O

B.10 Proof of Proposition 3

Proposition (Evolutionary stability under state-dependent assortment). In a prisoners’ dilemma,
if © is rich then there exists G < 1 such that there does not exist a heterogeneous evolutionary
stable population of homo oeconomicus and homo kantiensis for allo > &.
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Proof. Suppose that homo oeconomicus and homo kantiensis earn the same type fitness I1g in
the state s° = (01,02,1°). Then, we have Ilg =1Ilg, < €€ because Ip, = p1|2-nCD + pop2- 7cc,
7P < 7¢C by definition of a prisoners’ dilemma and p;» > 0 (since from Proposition 2,
¢12 <1). Let 0 = 1 and 6; a mutant committed to cooperation. Such a mutant exists since the
type set is rich by assumption. Then, the mutants are matched between themselves (p;; = 1)
so that Iy, = n¢C. Hence, we have IIy < I1p, at the limit when the mutant share goes to zero.
Since the difference in type fitness between the residents and the mutant is continuous in o
(see Lemma 6), there exists & < 1 such that the strict inequality holds for all o > . Therefore,
we have Ty < Iy, for the Bayesian Nash equilibrium (D, C,C) € BNE(6y,0,,6,,1°,0), with
(D, C, C) asingleton (because each type is committed to its strategy). From Lemma 5, we know
that the strict inequality remains valid in a small neighborhood. Consequently, the population
of homo oeconomicus and homo kantiensis is not evolutionarily stable for all o > 4. O

B.11 Proof of Theorem 3

Theorem (Evolutionarily stable population under state-dependent assortment). Let a popu-
lation of homo oeconomicus (01) and homo kantiensis (02) in the state s = (01,02, 1°) involved
in a prisoners’ dilemma such that the type-fitness equality is satisfied.

If (P12 —0) € [TA°, T (A° — 1)] and if © is rich, then the population is not evolutionarily stable.
Conversely, when S; = 0, the population is evolutionarily stable if (12 —0) € (TA°,T'(A° - 1)).

Proof. Let H:[0,1] — R be the function that maps the strategy played by the mutant @ to the
difference in type fitness between the residents and any mutant at the limit when the share of
the mutant goes to zero. From Lemma 6, we have for all a; € [0, 1]

H(a;) = —afaSn
+ar [0Sy = A°(p12 — ) Sy = A°(1 = A°) TSy, + (p12 — 0) (w“C — °P)]

+A° [p12 — 0+ (1= A2)T] (PP - 2P
Hence, when the mutants defect or cooperate:

H(0) = 2°[¢p12 -0+ 1 - A)T] (x”P = 7PC)
H1)=1-1°) [p12—0 - A°T] n“C = n°P)

Note that we have 1° > 0, (1 — A1°) > 0 since the population is assumed heterogeneous, and
(¢C — 2Py > 0 and (7PP — nPC) < 0 by definition of a prisoners’ dilemma.

Suppose that (¢12 —0) < T'A1°, then H(1) < 0. When O is rich, it is always possible to find a
mutant 6; committed to cooperation. Therefore, we have Iy < Ilg, for the Bayesian Nash
equilibrium (D, C, C) € BNE(6,,0,,0;,1°,0), with (D, C, C) a singleton (because each type is
committed to its strategy). From Lemma 5, we know that the strict inequality remains valid
in a small neighborhood. Consequently, the population of homo oeconomicus and homo
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kantiensis is not evolutionarily stable.

Similarly, suppose that (¢p;2 —0) > I'(1° —1), then H(0) < 0. When @ is rich, it is always possible
to find a mutant 6, committed to defection. Therefore, we have Iy <Ily, for the Bayesian
Nash equilibrium (D, C, D) € BNE@,,0,, 0:,1°,0), with (D, C, D) a singleton. From Lemma 5,
we know that the strict inequality remains valid in a small neighborhood. Consequently, the
population of homo oeconomicus and homo kantiensis is not evolutionarily stable.

Conversely, suppose that (¢12 — o) € TA°,T'(A° —1)). Then H(0) > 0 and H(1) > 0. when
S; =0, H is concave and attains its minimum on [0, 1] in zero or one. Thus, for all a; € [0, 1],
we have H(a;) > 0. Consequently for any mutant 6, we have Ilg > IlIp, for any Bayesian
Nash equilibrium (D, C, x;) € BN (61,05,6,,1°,0). From Lemma 4, we can conclude that the
population of homo oeconomicus and homo kantiensis is evolutionarily stable. O

B.12 Proof of Proposition 4

Proposition (Robust evolutionarily stable population). In a prisoners’ dilemma under uniformly-
constant assortment, there does not exist any robust heterogeneous evolutionarily-stable popu-
lation of homo oeconomicus and homo kantiensis.

Proof. Letaaheterogeneous evolutionarily-stable population of homo oeconomicus and homo
kantiensis in the state s° = (61,02, 1°). From Theorem 1, we know that S,; > 0. Moreover, we
know that the difference in type fitness between the two residents is (see e.g. Equation 2.9):

Mg, — Iy, = 1= A2)(1 = 0)Sy — [7°€ = 2P€ — g (aPP - 2P)]

Hence, we have:

0 (H91 B ng)

ol =—(1-0)S;<0

Consequently, the population is not robust. O
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C Cooperation in Social Dilemma: Proofs

In this section, we provide the proofs of Chapter 3 on the cooperation in social dilemmas.

C.1 ProofofTheorem 4

Theorem. For a given cooperation share of X € [0, 1], a homo moralis cooperates if and only if
her degree of morality x; is greater than the threshold K? (X) with:

IC;i(X)

=—=—=an <01
I1C;(xX)+ SB;

K7 (%)

Proof. For a given cooperation share of x € [0, 1], we know from Equation 3.1 that uy, (C, X) —

ug,(D,xX) = —(1 -x;) - IC;(X) + x; - SB;. Homo moralis cooperates if and only if u,, (C,x) -
u, (D, %) 20, i.e. if and only if x; = IC;(x/(IC;(x) + SB;) (Recall that by definition of social
dilemmas IC;(x > 0 and SB; > 0). O

C.2 Proof of Proposition 5

Proposition. Let a population of homo moralis involved in a social dilemma such that the
degrees of morality are independently drawn from the distribution F(.). There exists an equilib-
rium cooperation-share x* € [0,1] such that X* = l—fielF(K?(J'c*))du.

Proof. Let G : [0,1] — R the function such that G(x) = 1 — f-eIF(K?()_C))d[J —X. F(.) being

l
a CDE it has values in [0,1]. Therefore we have G(0) = 1 - [;.; Fx?(0))dp = 0 and G(1) =
—fl-E[F(K?(l))du < 0. Moreover, for all individuals i € I, K(l.) : [0,1] — (0,1) is continuous
since individuals’ payoffs are continuous in X. Thus, F (K?(-)) is continuous and in turn
fl.e F (K?(~))du is also continuous. Consequently, G(-) is continuous. Hence, according to

the intermediate value theorem, there exists x* € [0, 1] such that G(x*) = 0. O
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