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Abstract

This paper presents a model of voluntary contributions for a local public good,
with individuals in a fixed network (complete, circle, line and star), based on the
model of Bramoullé and Kranton (2007). We first characterize the equilibrium
conditions in the absence of external incentives. We then consider the introduction
of an informational nudge (announcement of the socially optimal contribution),
both under complete and incomplete information regarding individuals’ positions
in the network. We show that, regardless of the regulator’s level of information, an
informational nudge may induce higher levels of aggregate contributions in circle
and complete networks, and reduces strategic uncertainty, as long as individuals’
sensitivity to the nudge (or their interest in the public good that is provided) is high
enough. However, in star and line networks, the level of information available to the
regulator matters since a nudge may not necessarily increase the level of aggregate
contributions or reduce strategic uncertainty. Our main conclusion is therefore that
a nudge policy should target specific individuals in specific networks. Moreover,
we consider a ”second best” nudge for line networks under incomplete information
because the socially efficient profile of contributions may be complex to implement
in such a situation.
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1 Introduction

As economic agents, we are always part of a group, regardless of the group status: re-
searchers working in a lab with colleagues working on similar topics, workers who are
members of unions, households living in cities (or villages) with neighbors, individuals
connected through social networks (Facebook, Twitter, Linkedin, etc.), among others. In
other words, in most of their activities, individuals are more or less connected to each other
through social links and in this way form a network (structured or not). Because individ-
uals are linked, their decisions may depend on what the others do. For instance, teenagers
may be influenced by the the tastes of their peers who are in their social networks. Re-
searchers may discover new papers to read thanks to colleagues. Thus, information is
diffused through networks. Taking networks into consideration when looking at the pro-
vision of local public goods seems relevant since these goods are shared (Tiebout 1956,
Berglas and Piner 1981, Scotchmer 2002).

In this paper we consider a model of voluntary contributions to a local public good
through networks. During the two last decades, a growing number of researchers have
considered the influence of networks on individuals’ decisions (Allouch 2015, Bloch and
Zenginobuz 2007, Bramoullé and Kranton 2007, Bramoullé et al. 2014, Sanditov and
Arora 2016). Although the model is general, we have some applications to environmental
settings in mind (provision of environmental services, protection of local biodiversity, air
quality, soil quality, etc.). Notwithstanding, this model could also be applied to more
general situations (roads, national defense, etc.).

Our choice to consider networks is motivated by the results of different studies that
have shown that the fact of belonging to a network may motivate participation in green
activities. Using a panel of 765 individuals in Belfast, Ireland, Kurz et al. (2007) provide
evidence that an individual’s participation in recycling activities is influenced by his or
her own neighbors’ participation. McCallum et al. (2007) obtained similar results in their
study of six communities in New Zealand. They show that citizens’ participation in green
activities is influenced by the community. Finally, Videras et al. (2012) estimate the
determinant of pro-environmental behavior using a panel of 452 individuals. In addition
to the level of education and salary, the ecological profile of the individual’s community
explains those behaviors.

We have adapted the model proposed by Bramoullé and Kranton (2007). In their pa-
per, the authors focus on the study of Nash equilibria to describe the commonly observed
behavior of an individual. In our paper, contrary to these authors, we are concerned with
incentives to increase the level of contribution to the local public good. In particular, we
consider non-monetary incentives, namely nudges (Thaler and Sunstein 2009). Nudges are
simple actions to induce individuals to act in a given direction, at no cost (or at low cost),
and without restricting their set of actions. The nudge we consider is the disclosure of the
socially optimal contribution. Our modelization is close to that proposed by Harding and
Hsiaw (2014), Farhi and Gabaix (2015) and Ouvrard and Spaeter (2016). In the latter,
the authors compare the efficiency of a tax with that of a nudge to increase individual
contributions to environmental quality. They show that the nudge scenario may be as
efficient as a tax scenario, with agents who are highly sensitive to environmental matters.

Up until now, research on nudges has essentially focused on their effects on the be-
havior of individuals in the fields of energy conservation (Allcott 2011, Ayres et al. 2013,
Costa and Kahn 2013, Ferraro and Price 2013), organ donation (Johnson and Goldstein
2003), and savings (Madrian and Shea 2001). These studies highlight encouraging results
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concerning the use and efficiency of nudges. Allcott (2011) studied the impact of norma-
tive messages to decrease household electricity consumption. Home Energy Reports were
sent to similar households and included the mean energy consumption, emoticonsﬂ and
advice. An average decrease of electricity consumption of 2% was observed. Interestingly,
it would have been necessary to increase electricity prices between 11% and 20% in the
short run to obtain the same result. Similar results were obtained by Ayres et al. (2013),
Costa and Kahn (2013) and Ferraro and Price (2013).

In another paper, Banerjee et al. (2014) studied the effect of providing information
about the behavior of other individuals under the implementation of an agglomeration
bonus scheme. They considered landowners arranged in a circle, each landowner hav-
ing two direct neighbors. In the first treatment, subjects received information about the
behavior of their two closest neighbors. In the second treatment, subjects received infor-
mation about the four closest neighbors, i.e., they also received information about their
direct neighbors’ neighbors. Banerjee et al. (2014) showed that subjects receiving more
information on other subjects were more likely to coordinate their actions on the Pareto
optimal outcome. In particular, in the first treatment, the share of subjects choosing
the Pareto optimal outcome decreased from 63% in the first period to 4% after 30 peri-
ods. In the second treatment, the share of subjects choosing the Pareto optimal outcome
decreased from 73% in the first period to 18% after 30 periods.

To the best of our knowledge, no modelization of the implementation of a nudge in
networks has been proposed. In this paper, we propose to fill this gap and to study
how a nudge may induce higher levels of contributions for a local public good such as
environmental quality. From a public policy point of view, the interest of nudging is to
propose a low cost form of regulation. In this paper, we first propose a theoretical model
in which we consider individuals arranged in a network (complete, circle, star or line).ﬂ
The objective is then to study the equilibria under the implementation of a nudge. As in
Ouvrard and Spaeter (2016), the nudge we consider is the announcement of the socially
optimal contribution.

As in Bramoullé and Kranton (2007), we expect that the individual’s position explains
her level of contribution. Indeed, there is a spatial heterogeneity due to the number
of direct neighbors (especially in star and line networks). This spatial heterogeneity
may require, at the social optimum, some individuals to contribute more than others.
Thus, following the example of Sunstein (2013), we should vary the content of the nudge
to take this heterogeneity into account. However, this is possible only in the case of
complete information from the regulator point of view. Under incomplete information,
such refinement is not possible and the strategy must be adapted.

The rest of the paper is organized as follows. Section 2 takes a look at the models
of voluntary contributions in networks and the modelizations of the reaction to a nudge.
Section 3 describes the basic model. The implementation of a nudge under complete
information is discussed in Section 4. We relax the assumption of complete information
in Section 5. In Section 6, we discuss the results we obtained. Lastly, a conclusion is
proposed in Section 7.

If the energy consumption of the household was below (above) the mean, a smiley (sad emoticon)
was used.
2The complete network is a special case in which each individual is linked to everyone else.



2 Related literature

Our paper can first be related to others that propose a theoretical model of agents in
networks. We can distinguish between models of voluntary contributions with and without
spillovers. We first characterize models without spillovers and then concentrate on models
with spillovers.

Bramoullé and Kranton (2007) and Bramoullé et al. (2014) propose a model in which
individuals are part of a network and can contribute to a local public good. They adopt
a positive approachrf] and study the existence of Nash equilibria. They show that the
network’s structure shapes the Nash equilibriaf_r] Different networks are considered (circle,
star, complete, etc.) corresponding to different situations (neighborhood, individuals
connected by the Internet and social networks, hierarchical relationships, etc.). These
networks especially differ in the number of direct neighbors (the closest neighbors an
individual interacts with). More recently, Allouch (2015) proposed a model similar to
Bramoullé and Kranton (2007) and Bramoullé et al. (2014), except that agents have a
budget constraint. The author shows that under the assumption of normality of both the
private and the public goods, a unique Nash equilibrium exists.

The second strand of literature includes the study of spillovers. In the model proposed
by Bloch and Zenginobuz (2007), individuals belong to jurisdictions, and the hypothe-
sis is that individuals from other jurisdictions may benefit from the local public good
provided by a given jurisdiction. When the spillovers are symmetric between jurisdic-
tions, the authors show that a unique Nash equilibrium exists. However, in the case of
asymmetric spillovers, the existence of a unique Nash equilibrium is made possible only if
these spillovers are sufficiently low. Lastly, Sanditov and Arora (2016) propose a model
in which economic agents have a ego-utility (which comes from the consumption of pub-
lic and private goods) and a social utility (corresponding to the sum of utility spillovers
from their neighbors). The authors identify two opposite effects. Indeed, agents have an
interest in contributing to the public good since they receive a social benefit (primary
effect). However, when agents consume the private good, their gain in utility also benefits
the others through the spillovers (secondary effect). The equilibrium level is higher than
the one when considering purely selfish individuals (who do not consider the effect of
spillovers), but is still lower than the socially optimal one.

Due to the modelization of the reaction to an informational nudge, our paper may also
be linked to the implementation of a nudge. In particular, we follow a modelization close
to the one proposed by Ouvrard and Spaeter (2016). In a model of voluntary contributions
to improve environmental quality, the authors compare the efficiency of a tax with the
one of a nudge (based on the disclosure of the socially optimal contribution) to increase
individuals’ contributions. They argue that the marginal reaction to the nudge depends
on environmental sensitivity: the higher the sensitivity to the environment is, the higher
the marginal reaction to the nudge will be. Contrary to their modelization, we consider
the possibility that individuals contribute more than what is announced. Moreover, our
approach is more general.

3They are not interested in what individuals should contribute, but in what individuals actually
contribute.

“Different Nash equilibria are possible ranging from distributed (each individual contributes) to spe-
cialized (some contribute at the level of the Nash equilibrium; others do not contribute at all), and hybrid
(between the two previous kinds of equilibria).



Other authors have proposed a modelization to the reaction to a nudge. Farhi and
Gabaix (2015) proposed a model in which nudges (disclosure of some information, use of
anchors, etc.) are implemented to change the agents’ consumption of some goods (e.g.,
cigarettes). More precisely, the implementation of a nudge makes agents consider another
budget constraint instead of the "true” one (they consider a perceived budget constraint).
Agents are not affected in the same way and, similarly to Ouvrard and Spaeter (2016),
the reaction to the nudge depends on an intrinsic characteristic: individual nudgeability,
which corresponds to the parameter controlling the reaction to the nudge.

Lastly, Harding and Hsiaw (2014) proposed a model in which, contrary to Farhi and
Gabaix (2015) and Ouvrard and Spaeter (2016), it is not a regulator who provides the
nudges, but individuals themselves through goal-setting (e.g., to reduce energy consump-
tion). Depending on the agent’s level of consumption, they model the reaction to the
nudge as a disutility (utility) if she consumes more (less) than her objective.

In the next section, we adopt the model proposed by Bramoullé and Kranton (2007),
which presents the advantage of more easily studying the equilibria in different structures.

3 Basic model

We now discuss the model we are considering here, which is based on Bramoullé¢ and
Kranton (2007). First, we consider private optima. We then study to the study of
social optima. As emphasized in the rest of the paper, individuals’ positions in the
network, particularly in the star and line networks, are essential to characterize their level
of contributions.

3.1 Private optima

Let us consider an economy with N individuals. These individuals can voluntarily con-
tribute to a local public good. Let us denote the individual ¢’s contribution to the local
public good as a;, a; € R*. In this setting, a; can be expressed in terms of money, time
spent on effort, etc. Individuals incur a monetary cost from their contribution to the
local public good. For the sake of simplicity, let us assume that the marginal cost of
contribution, ¢, is constant.

Individuals are members of a fixed network. Let us denote the link existing between
individuals 7+ and j as g;; = 1, and g;; = 0 otherwise.E] If g;j = 1, then individual
j benefits from individual ¢’s contributions. In our setting, the links are not directed so
that g;; = gjzﬂ By convention, we also set g;; = 1, meaning that individual ¢ benefits from
her own contribution. As in Bramoullé and Kranton (2007), individuals’ contributions
are substitutes for their direct neighbors’ contributions. Moreover, let us denote the set of
individual ¢’s direct neighbors as N;, where N; = {j € N\i : g;; = 1}. Finally, the number
of individual 4’s direct neighbors is given by the cardinal of this set, k; = |Ny|.

°In the context of a neighborhood, g;; = 1 if individual j is the direct neighbor of individual i. In
the context of social networks (Facebook, Twitter, Linkedin, etc.), g;; = 1 if individual j is a ”friend” of
individual 7.

SLépez-Pintado (2013) proposed a model of voluntary contributions to a public good in networks with
directed links.



Individuals benefit from the voluntary contributions according to the benefit function
f(A), where A ="M a;, £(0) =0, f/(.) > 0and f’(.) < 0. Individual 7’s total utility is

thus given by:
Uz(al) = f (ai + Z aj> — CQ; (1)
JEN;
Individuals simultaneaously choose their level of contribution. The first-order condi-
tion is given by:
f'(AP)—c:O (2)

where AF is the Nash equilibrium level of Contribution. Thus, each individual con-
tributes so that the marginal benefit of the local public good equates its marginal cost of
provision. In particular, let us denote the level of contribution of individual ¢’s k; neigh-
bors as A_;. Considering the level of contribution of her k;, individual ¢ will contribute
if A_; < AP, In that case, she will contributes a; = A” — A_;. Otherwise, she will not
contribute: a; = 0.

Note that a condition to ensure an interior solution is that f’(0) > c. In that case, the
first-order condition is such that f’(0) —c > 0: the individual has an interest in increasing
her level of contribution.

In this paper, we consider four different networks: complete, circle, line and star
networks. In complete and circle networks, everyone has the same number of neighbors
and is observed by the same number of individuals. In line networks, two individuals
(each located on one extremity) benefit less from the contributions of the others (they
have one direct neighbor), while those inside the network have two direct neighbors. In
star networks, one individual is central with more neighbors than the others. Thus, this
individual can observe everyone but is also observed by everyone.

Example 1: Let us consider the following utility function:
Uz(al) = 4ln <1 —+ a; —+ Z CLj) — Q;
JEN;
According to the first-order condition, we have:
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The Nash equilibrium level is such that A” = 3. Note that we have:

f(0)=4>1=c¢

In Fig. 1, we consider four individuals arranged around a circle. Two Nash equi-
libria are possible. First, there is a distributed equilibrium (left) in which each agent
contributes a positive amount. There is also a specialized equilibrium (right) in which
some contributes while others do not.

In Fig. 2, we consider four individuals arranged around a star. Contrary to the
previous case, the individual in the center has three neighbors, while the others only

"We do not prove the existence of a Nash equilibrium. This relies on the use of Brouwer’s Fixed Point
Theorem.
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Figure 1: Equilibria in circle networks.

have the individual in the center as their neighbor. Two Nash equilibria are possible,
both being specialized equilibria. In the first one, the individual in the center contributes
nothing, whereas the others contribute to the level of the Nash equilibrium. The second
case is the opposite of this first equilibrium.

AP =3 0

AP =3 AP =3 0 0

Figure 2: Equilibria in star networks.

In Fig. 3, we consider four individuals arranged along a complete network. A complete
network is a special case in which each individual is linked to everyone. This situation
corresponds to the classic public goods game. As for the circle network, all individuals
have the same position in the network given that everyone has the same number of direct
neighbors. Multiple equilibria exist (specialized, hybrid and distributed) ]

Lastly, in Fig. 4 we consider four individuals in a line network. As emphasized
below, the two individuals inside the network benefit from the contributions of two direct
neighbors in addition to their contribution, while those on the extremities benefit from
one direct neighbor only. Two specialized equilibria are thus possible.

|

The importance of an individual’s position in the network is highlighted on the basis
of these examples. In particular, it shows how Nash equilibria are shaped. The number
of Nash equilibria might be a concern from a coordination point of view. This is due to

8Hybrid and distributed equilibria add complexity since it is more difficult for individuals to coordinate.
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Figure 3: Equilibria in complete networks (specialized and distributed).
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Figure 4: Equilibria in line networks.

strategic uncertainty (Van Huyck et al. 1990): economic agents may fail to coordinate
their actions because they don’t know which equilibrium to choose. In the next section,
we will see if the implementation of the nudge may helps to resolve this issue.

3.2 Social optima

We now study of social optima. It can be shown that the Nash equilibrium is lower than
the social optimum. Indeed, let us consider the following utilitarian welfare function:

W(a) = Z f (ai + Z aj) - ani (3)

iEN FEN; ieN

where a = (ay, ..., a,) is the profile of contributions. The first-order condition is given by

f/<ai+zai>+2f/ aj—FZa,; —c=0 (4)

JEN; JEN; IEN;

By comparison with Equation (), we note that individuals do not take into account the
impact of their contributions on the benefit of their neighbors. This explains why the
Nash equilibrium is lower than the social optimum.

Obviously, in a regulmﬂ graph (like for the complete and circle networks), the social
optimum is the same for everyone given that the number of direct neighbors is the same

9A graph is said to be regular if each individual has the same number of neighbors k;.



for everyone. However, if individuals differ in the number of direct neighbors k;, like in
the star and line networks, then different social optima would be possibleET]

To illustrate this, let us consider the example provided by Bramoullé and Kranton
(2007; p.485) with the star network. Let us denote the contribution of an individual j
in the periphery as ape;, and the one of the individual in the center as acepter. The
first-order condition for an individual in the periphery is given by:

f/ (aper,j + acentre) + f/ (acentre + Aper,j + Z apenl) —c=0 (5)
I#j

That of an individual in the center is given by:

f/ (acentre + Z aper,j) + Z f/ (acentre + aper,j) —c=0 (6)

jeNcentv‘e jENcentre

Let us consider individuals ¢ and j, respectively, in the center and in the periphery. We
denote the profile of the socially optimal contributions as Aj, where aj; > 0. Let us
also consider A3, the profile of socially optimal contributions such that aj, = 0 and
aio = aj;+aj,. Both profiles A7 and A3 yield the same level of contribution at the same
cost. However, the higher contribution made by individual 7 in the second profile benefits
more individuals. Thus, the second profile is more efficient than the first one.

A similar argument can be considered for line networks. Contributions of individuals
on the extremities of the network benefit their direct neighbor and themselves. However,
contributions of individuals inside the network benefit their two direct neighbors and
themselves. As a consequence, individuals on the extremities should not contribute on
the basis of the argument developed for star networks. Note that all individuals inside
the network do not necessarily contribute since the contributions of the others may be
enough. Some examples are provided in the Appendix.

To increase the aggregate level of contributions and to reduce strategic uncertainty,
the implementation of a nudge is considered in the next section.

4 Implementation of a nudge under complete information

Let us consider the implementation of a nudge based on the announcement of the socially
optimal contribution. In this section, we consider the case of a perfectly informed regulator
who knows the structure of the network as well as each individual’s position. Thus,
the regulator can implement a personalized nudge for each individual, depending on her
position, following the recommendations of Sunstein (2013).

As in Ouvrard and Spaeter (2016), the reaction to the nudge takes the form of a moral
cost function that depends on the distance between the announcement and individual i’s
contribution. The marginal disutility due to the nudge is higher for individuals with the
highest environmental sensitivity. In this paper, we consider a more general setting. We

OBramoullé and Kranton (2007) explain that it may be more efficient in a non-regular graph for some
individuals to not contribute in an efficient profile (p. 485). In particular, if the neighborhood of some
agent is a subset of the neighborhood of another agent, then it is more efficient if the agent with the
largest neighborhood contributes because more agents benefit from her contributions. In that case, the
agent with the smallest neighborhood should not contribute.



first describe how we model the reaction to the nudge, and then study the shape of the
equilibrium profiles.

Formally, the moral cost cost is defined by the function g(a; — G;), where a; the
announcement made by the regulator, ¢g(0) = 0, ¢ § 0 if a; — a; § 0, and ¢” > 0.
Thus, as long as contributions differ from the announcement, individuals incur the moral
cost["T] Note that individuals in circle or complete networks all have the same number
of direct neighbors k;. Thus, the aggregate social optimum is the same for everyone,
and we can consider the implementation of a symmetric contribution. Let us denote the
corresponding contribution, which is announced by the regulator, as a.

Under the implementation of a nudge (announcement of the optimal contribution),
individual ¢’s total utility is now given by:

Ui(a:) = flai+ ) a;) — ca; — g(a; — &) (7)

JEN;

The first-order condition is given by

flla +) a)—c—ga) —a;) =0 (8)
JEN;
where @ is individual i’s level of contribution under the implementation of a nudge.

Individuals now have to equalize the marginal benefit from contributing with the marginal
cost of contributing and the marginal moral cost from deviating from the announcement.

The nature of the nudge depends on the network structure. In the circle and complete
networks, we consider the announcement of the symmetric social optimal contribution.
In the star and line networks, the nudge implemented is not the same across individuals.
For those on the periphery, they are told not to contribute. For the individual(s) in the
center, the optimal aggregate level of contribution is announced. We obtain the following
proposition:

Proposition 1 Assume that N individuals are members of a fized network. Under com-
plete information, if the requlator implements differentiated nudges according to individ-
uals’ positions in the network, then:

(i) A symmetric distributed equilibrium exists in circle and complete networks.

(ii) In circle networks, a specialized equilibrium may exist if, for individuals who do

not contribute, the condition —g'(0 — a) < f' (AF) — f’ (Z#i aé\[) where 3 a3y > AP
18 satisfied.

(11i) A distributed equilibrium may exist in star and line networks if,

gy —0) =f <af-v—|—zjeNi aN> — [ (AT), where a + Yen, a3 < AP, for an

J J
ndividual who should not contribute,
and

—g(a)) —a) = [ (AF) = f (aﬁv—l—zjeNi a§V> where a) + 3.y ay > AT, for an
individual who should contribute.
(iv) Specialized equilibria exist in star and line networks such that:

1Tn this setting, the formulation of the moral cost is similar to that of Figuieres et al. (2013), who
consider a moral cost function that depends on the distance to a moral ideal that individuals have. It is
also similar to the model proposed by Brekke et al. (2003), in which the authors assume that individuals
will incur a moral cost if they depart from their personal self-image.
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(a) al € ]AP, A* [, for those who should contribute, and the others do not contribute;
(b) Those who should contribute do not if —g'(0—a) < f' (A") — f’ (Z#i aév> where

>y > AP and g'(a] —0) = f' (aﬁV +D e a?) — [ (AF), where al +3ien, ) <
AP for individuals who should not contribute.

According to points (i) and (iv)(a), it seems possible that our nudge based on the
disclosure of the socially optimal contribution helps individuals to coordinate their actions
on the socially optimal profile of contributions, even if this profile is not implemented. Our
nudge does not seem to be an optimal tool. However, the issue of strategic uncertainty
still remains since other equilibria are possible according to points (ii), (iii) and (iv)(b).

The equilibrium condition —g' (0 — a;) < f' (A”) — f (Z#i a?) states that an indi-
vidual will not contribute if the marginal disutility from not contributing is lower than
the gain in marginal benefit.

To illustrate our results, we propose another parametric example. In particular, we
highlight the fact that it is also possible to interpret the conditions for the existence of
equilibria that we obtained in the previous proposition as conditions for the sensitivity to
the nudge (or "nudgeability”, as in Farhi and Gabaix 2015), or the interest in the public
good. More precisely, equilibria obtained in points (ii) and (iv)(b) are possible if the
sensitivity to the nudge (or the interest in the public good) is low enough.

Example 2: Let us consider the following moral cost function:

where the parameter m is an individual’s sensitivity to the nudge or her interest in the
public good. Individual ¢’s utility is:

m A2

Ui(a;) =4in | 1+ a; ] —ai — (@ —ay

(a;) n<+a+Za]> a 2((1 a;)
JEN;

According to the first-order condition, we have:

4
1+ AN

Let us consider agents in a circle network and let us study the possibility of a specialized
equilibrium as predicted by point (ii). Assume that each agent not contributing to the
public good is separated by an agent who contributes to the equilibrium solution AY.
Thus, the first-order condition of an agent not contributing is:

4 4

i m0—d) = —— 1+ ma
1+ 24N m(0—a) = oy~ 1+ma

Compared with the first-order condition obtained in the previous example, we have:

— —1=0
1+ 24N 14 AP

11



Le. if:
4 4

1+ AP 142AN
+ _ + (9)

a

m <

In the previous example, we computed A" = 3. According to the regulator objective
given by Equation (3|), the symmetric socially optimal contribution is 5 = a = 3.67.

With m = 0.1 (agents are not very sensitive to the nudge), we obtain that contributors
invest AY = 3.20 in the public good, and the expression on the left in @ is equal to 0.13.
We thus have m = 0.10 < 0.13, and a specialized equilibrium is possible. B

On the basis of this second example, we can observe that the socially optimal profile
of contributions could be implemented (provided that m # 0), if the regulator does not
disclose the ”true” value of the symmetric optimal contribution, but a higher value instead.
However, such an approach by the regulator would not be an ethical solution. We discuss
this issue in the last section.

Example 3: Let us consider the same functions as in the previous examples, with
agents in a star network. We focus on point (iv)(b) of the previous proposition.

As explained in Section 3, in star networks, the socially optimal profile of contributions
is such that the individual in the center contributes the optimal contribution, while those
in the periphery should not contribute. In our case, we have aeepter = A* = 15 and
Qper,j = 0 Vj

Assume that individuals in the periphery contribute aﬁem > 0. If the individual in
the center contributes a positive amount as well (a? ... > 0), then individuals in the

periphery are in equilibrium if their first-order condition is such that:

4
N
—1-ma,,.=0
N N per,j
1+ ape'r,j + Qcenter
or, equivalently, if:
4 4
N
—1—-ma,, . = —1=0
N N per,j P
L+ aper,j + QAcenter 1+ A
ie. if:
4 4 4 _1
1+a11;\zf3r,j+a£\clznter 1+AP 1+a’;1;\£3r,j+a1]:\2nter
a . a .
per,j per,J
with A” = 3 in this example. Notice that this condition is satisfied if @), ; +all,.., < A",

to have m > 0. Similarly, we obtain that the condition for an equilibrium to be feasible
for the individual in the center is:

4 4 1— 4
— 1+AP 1+aé\‘£nte'r+zjeNcentar alj:je’rvj _ 1+a£\‘};”te"‘+zj€]\jcent€7‘ a‘;I;Ve'r,j ].1
m = A+ — N - A* — N ( )
QAcenter QAcenter

If m = 0.01 (individuals are not very sensitive to the nudge), we obtain agér i =

N _ N N _ P _ 9’
0.139 and aper = 2].\[70. In ]\t[hat case,N we have a, ; ]—Di— Qprier = 2.99 < A" = 3, and
Agenter T D2 jeNownser Aperj = Geenter + 30per; = 3.57 > A" = 3. Moreover, both conditions

on m are satisfied. W
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This third example allows us to discuss the results we have obtained so far. In particu-
lar, we show that the existence of a unique equilibrium in both the circle and star networks
remains on individuals’ sensitivity to the nudge or their interest in the public good. In
an environmental context (local biodiversity, protection of forests, etc.), the regulator
could expect a higher environmental quality with a unique equilibrium when individuals
are highly sensitive to the environment. This result differs from Ouvrard and Spaeter
(2016) because, in their model, individuals are more or less sensitive to the environment
and more or less optimistic regarding the risk of pollution. This last characteristic may
interact with environmental sensitivity such that an individual highly sensitive to the
environment but also highly optimistic concerning the risk of pollution may contribute
less than an individual not very sensitive to the environment but also not very optimistic
about the risk of pollution. In this paper, we do not consider attitudes toward risk and we
focus on the content of the nudge depending on individuals’ positions in the network and
how the regulator may increase the total level of contributions by changing the content.

In the next section, we discuss the case of incomplete information from the regulator.

5 Implementation of a nudge under incomplete information

We now relax the assumption of complete information. In this section, the regulator only
knows the structure of the network (complete, circle, star or line), but does not know
each individual’s position. The implementation of a nudge whose content depends on
individuals’ positions is no longer possible.

In a circle or a complete network, this loss of information is not, a priori, a concern,
given that each individual has the same number of direct neighborsff] Considering a
star or a line network, we saw in the previous sections that individuals’ positions directly
determine their level of contribution. Thus, two strategies may be implemented. In the
first one, the regulator may announce to everyone that individuals in the periphery should
not contribute. In the second one, the regulator may announce that the individual in the
center should contribute the socially optimal contribution.

A third strategy may be considered: to announce the level of the socially optimal
contribution to everyone, depending on their position in the star network[”] However,
empirical evidence from laboratory experiments shows that individuals are ”conditional
cooperators” (Keser and van Winden 2000, Fischbacher et al. 2001): they contribute in
the same proportions as the other individuals. In that case, individuals in the center of
such networks could decide not to contribute regarding the level announced to those in
the periphery. As a consequence, we do not consider this strategy in this paper.

The case of the line network is more specific as the number of individuals in the
network, as well as the position inside determine the level of contribution in the socially
optimal profile of contributions. We discuss it below.

5.1 Implementation of the nudge in circle and complete networks

Under incomplete information, the nudge implemented in a circle or complete network
does not differ from the one implemented in these networks under complete information.

127 Ag if” individuals had the same position in the network.
BEveryone is told what the individual in the center should contribute, as well as what individuals in
the periphery should contribute.
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This is due to the fact that all individuals have the same number of direct neighbors (they
have the ”"same” position).

As a consequence, individual i’s total utility is still given by (7)), and the first-order
condition is given by . We thus obtain Proposition 2:

Proposition 2 Assume that N individuals are members of a fixed circle or complete
network. The implementation of a nudge under incomplete information is equivalent to
the one under complete information (points (i) and (ii) of Proposition 1).

Regardless of the level of information that the regulator has concerning individuals
arranged in a circle or complete network, the predicted equilibrium does not change. We
could expect this result because individuals’ positions in this type of network are not a
direct determinant of their contributions in the public good. Given that everyone has the
same position, it is the neighbors’ behavior that determines the level of contribution.

Moreover, even if the regulator is in such a situation of incomplete information but
has some knowledge about individuals’ sensitivity to the nudge (or knows their interest in
the public good), then strategic uncertainty may still be reduced provided this parameter
is high enough.

5.2 Implementation of the nudge in star networks

We now consider the star network. As mentioned above, two strategies are possible: the
individuals in the peiphery are targeted, or the one in the center is targeted. In both
cases, the content of the nudge is the same for all individuals (contrary to the previous
section).

5.2.1 Targeting the individuals in the periphery

The regulator announces to the entire network that individuals in the periphery should
not contribute. The total utility of the individual in the center does not change from
because this individual is not targeted by the nudge. However, the total utility of an
individual 7 in the periphery becomes

Uper<aper> = f (aper + acentre) - Caper —4g (&per - 0) (12)

The first-order condition is:
f(all, + acentre) —c— g’ (ape, —0) =0 (13)

We obtain Proposition 3:

Proposition 3 Assume that N individuals are members of a fized star network. Under
icomplete information, if the requlator implements a nudge that targets the individuals
in the periphery, then:

(i) A specialized equilibrium exists such that a®, . =0 Vi and aeentre = AT .

pe/r7j
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(i) A second specialized equilibrium may exist with aﬁém >0 Vj and acentre = 0, if
q (aﬁér —0)=f (aéver + Qeenter) — f' (AF) for individuals in the periphery.

(111) A distributed equilibrium may exist if g' (aéi,T — O) =f (af,\gr + acmm) —f (AP)
for individuals in the periphery, and Geepire + Zj Noonsor a;\[e ri = AP for the individual in
the center.

Contrary to the results of Proposition 1 (under complete information), the imple-
mentation of the nudge does not necessarily lead to an increase in the aggregate level of
contributions. Moreover, in Section 3 we saw that two specialized Nash equilibria were
possible for a star network. Under the implementation of such a nudge, three equilibria
are theoretically possible. Thus, this tool does not help to reduce strategic uncertainty in
this particular context.

However, it is worth noticing that point (i) seems much more likely that points (ii)
and (iii,) given the strong conditions these points require. Indeed, points (ii) and (iii)
depend on individuals’ sensitivity to the nudge.

We provide a numerical example to illustrate point (ii) of the previous proposition.

Example 4: Let us consider the same functions as in the previous examples.
If acenter = 0 and m = 0.1, we obtain aﬁ;T = 2.262 < 3. In that case, we have (for
a star network with four individuals) 3 x 2.262 > 3, and the condition of point (ii) is
satisfied:
g (al, —0) =m (a)., —0) = 0.1 x 2.262 = 0.2262

and
4 4

= — = 0.2262
14+2262 1+3

f/ (a;ﬁ,\;q« + acenter) - f/ (AP)

5.2.2 Targeting the individual in the center

We now consider the case in which the regulator announces to everyone that the individual
in the center should contribute the socially optimal contribution A*.

The total utility of the individuals in the periphery is not affected by this announce-
ment, and is given by . The one of the individual in the center becomes:

Ucenter(acenter) - f (acenter + Z aper,j) — CQcenter — G (acenter - A*) (14)

jeNcenter

The first-order condition is:

f/ <ac]\£nter + Z ap@hj) —Cc—= g/ (a’é\ém&er - A*) =0 (15)

jGNcenter

We obtain Proposition 4:
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Proposition 4 Assume that N individuals are members of a fized star network. Under
icomplete information, if the requlator implements a nudge that targets the individual in
the center, then:
(i) A specialized equilibrium ezists such that ape.; =0 Vj and all,,.. € |AT; A*[.
(11) A second specialized equilibrium may exist with ape,; = AP VY5 and aeentre = 0,

i (A7) = 1 (S jenp A7) = = (0= A%,
(i) A distributed equilibrium may exist if all,,.. + aper; = AT Vj in the periphery,

P N _ N ; N
and f/ (A )_f/ <acente7‘ + ZjeNcenter aP‘”J) - _g/ (acenter - A*) with a’center—f_ZjeNceme,. Aper,j >

AL for the individual in the center.

Again, the implementation of a targeted nudge does not help to reduce strategic
uncertainty. However, as for Proposition 3, the equilibrium predicted by point (i) seems
to be more likely than those predicted by points (ii) and (iii), given that they require
more conditions.

Moreover, the levels of contributions in this proposition are higher than those ob-
tained in the previous proposition and in Section 3 as well (in the absence of outside
incentives). This result seems to indicate that, under incomplete information, a policy
based on informational nudges should target individuals who should contribute[]

5.3 Implementation of the nudge in line networks

As emphasized below, socially optimal profiles of contributions in line networks depend on
the number of individuals in the network. Moreover, we explained that individuals on the
extremities of the network should not contribute, and some inside the network should not
contribute as well. Lastly, the level of contribution also depends on individuals’ positions
(see the Appendix). Thus, socially optimal profiles of contributions in line networks
may be more complex than in the other networks we focused on in this paper. As a
consequence, a drawback of this nudge is that it is not necessarily suited for line networks
under incomplete information.

We propose the implementation of a ”second best” nudge, based on the announce-
ment of the highest contribution of the individuals in the line network considered. More
precisely, under incomplete information, the regulator announces to the entire network
what the highest contributors should contribute. For instance, we propose the case of
a line network with eight individuals in the appendix. In this example, the regulator
could announce to the entire network that individuals in position 2 and 7 should con-
tribute 9.75/7| Individuals 4 and 5 in the network should contribute 4.88 each. However,
announcing their contribution level in the same message could raise fairness issues from
their point of view. We thus exclude this possibility. As a consequence, a drawback of
this ”"second best” nudge is that a non-perfect maximizing utility individual in position
4 (or 5) could consider contributing at a level close to the one suggested by the nudge.
Given that we did not consider such a bias in this paper, we also exclude this possibilitym

4This point may appear obvious. Notwithstanding, efficiency in this type of network requires some
individuals to not contribute. This motivated the study of these two strategies.

15This level of contribution has been computed using the same utility function as in the rest of the
paper.

16This last issue could be considered as an extension of this paper.
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Under the implementation of the ”second best” nudge, the total utility of individuals
who are not targeted is still given by since they are not concerned by the nudge. For
the individuals targeted, the total utility is now given by (7).

We obtain Proposition 5:

Proposition 5 Assume that N individuals are members of a fixed line network. Under
icomplete information, if the requlator implements a "second best” nudge that targets the
ndividuals who should contribute the most, then:

(i) A specialized equilibrium exists such that individuals who are targeted contribute
aV € }AP; a; [, while the other individuals do not contribute if they are a direct neighbor
of individuals who are targeted, or a; > 0 otherwise, with Z#i a; = A",

(i1) A second specialized equilibrium may exist with individuals targeted not contribut-
ing if their direct neighbors contribute A”, and f' (AT) — f' (247) > —¢' (0 — ;).

(i) A distributed equilibrium may ezist if, for an individual i who is targeted (§) is
satisfied, ie., ' (AP) — f' (af-v + ZjGNiaJ_) = —g¢ (a¥ — a;). For the other individuals,

(@) must also be satisfied.

As for the previous propositions, the sensitivity to the nudge (or the interest in the
public good) is the key to the efficiency of this incentive tool with individuals in the
network.

We provide a numerical example to illustrate point (iii) of the previous proposition.

Example 5: Let us consider the same functions as in the previous examples, with a
line network with eight individuals (see the Appendix).

Consider the contribution profile illustrated in Fig. 5 obtained with m = 0.03 (very
low sensitivity to the nudge):

* ————o0 0 0 00— —— 0

2.24 0.76 1.48 0.76 0.76 1.48 0.76 2.24

Figure 5: Distributed equilibrium in a line network with eight agents under the imple-
mentation of a second best nudge.

The conditions of point (iii) are satisfied:

—¢ (a = 9.75) = —m (aj., — 9.75) = —0.03(0.76 — 9.75) = 0.27

per

and

4 4
T 143 14+2244+076+1.48

f/(AP)_f/ aiv_'_z

jENi(l]'

1-0.73=0.27

and the sum of contributions for individuals who are not targeted is always equal to 3
(AT).

For this network under incomplete information, we do not consider the strategy that
consists of targeting the individuals who should not contribute. Indeed, following the
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same steps as for the star network (still under incomplete information), we can show than
this strategy does not help to increase the level of contributions, or to reduce strategic
uncertainty.

6 Discussion

In this section, we propose a discussion on the different results we have obtained so far.
We first compare our conclusions to those of Bramoullé and Kranton (2007), and then
discuss some implications of our results in terms of ethics.

In their paper, Bramoullé and Kranton (2007) focus on the existence and on the
shape of Nash equilibria. As previously explained equilibria may be specialized, hybrid or
distributed depending on the structure. In particular, the authors show that a specialized
equilibrium always exists.

In this paper, we are concerned with socially optimal profiles of contributions and
with strategic uncertainty. In the next subsections, we explain that it is possible to both
increase the levels of contributions and reduce strategic uncertainty if nudge implemen-
tation targets the individuals most sensitive to environmental matters (or those with the
highest interest in the public good).

On the basis of Proposition 1, we saw that, under the implementation of the infor-
mational nudge we consider, it is not possible to achieve the socially optimal outcome if
the regulator announces the "true” contribution levels. However, it could be possible to
achieve the socially optimal outcome if the regulator would announce a higher level of
contributions than the socially optimal ones (provided that the sensitivity to the nudge
is positive).

This solution would raise some ethical concerns since it would manipulate individu-
als. Hausman and Welch (2010), Goodwin (2012) and Vallgarda (2012) have proposed a
discussion on the manipulation induced by the implementation of nudges. More recently,
Sunstein (2016) argued that nudges do not manipulate individuals in the same way so
it would be necessary to consider "shades of manipulation”. In particular, an action is
said to be manipulative if the agent cannot sufficiently carry out her capacity for re-
flection. Hansen and Jespersen (2013) propose to distinguish nudges according to their
transparency (if individuals can detect their implementation) and their impact on System
1 or System 2 (Kahneman (2003))[7] Nudges that cannot be detected by individuals
(non-transparent) and that impact System 1 are those that manipulate the most individ-
uals. Those that are transparent and that impact System 2 are those that manipulate
the least individuals.

In this paper, the nudge we consider is based on the disclosure of a piece of informa-
tion. Given that individuals receive this piece of information that they would not receive
otherwise, we can consider that our nudge is transparent (like the one proposed in Allcott
2011, Ayres et al. 2013, Costa and Kahn 2013, Ferraro and Price 2013). Moreover, this
piece of information needs to be analyzed by individuals, thus requiring an action by Sys-
tem 2. Finally, we can consider our nudge as one that manipulates the least individuals.

17 According to Kahneman (2003), individuals act according to two systems of thinking. The first one,
System 1, is quick and automatic. The second one, System 2, is slow and rational (this is the system
that is used when individuals need to think before acting).
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Notwithstanding, were the regulator to announce a higher value in order to achieve the
socially optimal outcome, our nudge would then be much less ethical.

According to Proposition 2, the loss of information from the regulator’s point of view
does not seem to be a concern with the circle and complete networks, given that we
obtained the same results as those under Proposition 1. For the star (Propositions 3 and
4) and line (Proposition 5) networks, we saw that strategic uncertainty is increased by
comparison with the situation in the absence of outside incentives. This may due to the
fact that the regulator can no longer target individuals and send a nudge whose content
is not adapted to certain individuals’ positions in the network.

Lastly, the ”second best” nudge we propose loses in precision compared to the differen-
tiated nudges we started with. Moreover, as for the nudge implemented in star networks
under incomplete information, this kind of nudge that targets some individuals in the
network may be seen as unfair for targeted individuals since it suggests that some indi-
viduals should contribute, without giving any precision on what the others in the network
should do. This is why such nudges should be tested in the laboratory.

7 Conclusion

In this paper, we considered the implementation of an informational nudge to increase
contributions to a local public good such as environmental quality or local biodiversity.
Our objective was also to implement these instruments to observe the possibility to reduce
the number of possible equilibria. Indeed, we highlighted that in the model proposed by
Bramoullé and Kranton (2007), individuals may have difficulties to choose their level of
contribution due to multiple equilibria.

We show that in complete and circle networks, regardless of the level of information
the regulator has on individuals’ position, the aggregate level of contributions may in-
crease compared to the Nash equilibrium, and strategic uncertainty may be reduced (the
predicted equilibrium is unique) as long as individuals’ sensitivity to the nudge (or their
interest in the public good) is high enough. However, in line and star networks, the results
are mixed. Under complete information, two equilibria are still possible (one specialized
and one distributed), but the specialized equilibrium seems to be more likely as it requires
less conditions. Under incomplete information, two equilibria are once again possible, re-
gardless of the type of individuals targeted by the content of the nudge. Notwithstanding,
if the individuals in the periphery are targeted, the aggregate level of contributions does
not necessarily increase compared to the Nash equilibrium.

In sum, these results seem to indicate that the implementation of a nudge in networks
has to target some individuals in order to be as efficient as possible. More importantly,
these results seem to indicate that it may be possible to induce a higher level of contri-
butions.

However, this result is highly dependent on the properties linked to the moral cost
function. Like in Ouvrard and Spaeter (2016), we considered very general properties.
Future research and especially experimental research should try to characterize the way
individuals react to such an informational nudge. Moreover, the results of this paper
should also be tested.

Another extension of this paper could be to consider the implementation (and the
modelization) of other nudges. Indeed, we highlighted some drawbacks of our nudge
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for line networks under incomplete information. Finally, heterogeneity in individuals’
sensitivity to the nudge could be considered as well.
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APPENDIX

Proof of Proposition 1

(i) We first consider the case of a circle network (each individual having two direct neigh-
bors). Let us assume that an equilibrium exists, and let us denote the corresponding
aggregate level of contributions as AY. We begin by showing that this equilibrium is a
symmetric one. Under the implementation of the nudge, the first-order condition for an
individual in the circle network is:

f’(af-v—l—a?il—l—aﬁl)—c—g'(aZN—d):O

where a}¥ | and afy, are individual i’s direct neighbors (to the left and to the right).

N
Let us consider the symmetric contribution R Moreover, let us assume that indi-
N N
vidual ¢ — 1 contributes — — ¢, € > 0, while individual 7 + 1 contributes KN + €.

The first-order condition of individual 7 + 1 is

N *
f(AN) —c—¢ (%—Fe—%) <0

while the one for individual 7 — 1 is

N *
f’(AN)—c—g’(A?—e—A?> >0

These two individuals are not in equilibrium given that their first-order conditions are not
satisfied with equality. Individual 741 has an interest in reducing her level of contribution
to reduce her marginal moral benefit, while individual ¢ — 1 has an interest in increasing
her level of contribution to reduce her marginal moral cost. Thus, if an equilibrium exists,
it is symmetric.

We now show that an equilibrium exists. Let us consider the case in which 5 < AP,

*

If all individuals contribute 5 then their first-order condition is such that
f(A") —c—4g'(0) <0

All individuals have an interest in reducing the level of their contributions to increase the

marginal benefit of contributions.
P

If all individuals contribute 3 then their first-order condition is such that

AP A
f/<AP)—C—g,(?—?) >0

All individuals have an interest in increasing the level of their contributions. Thus, an
P *

A
equilibrium exists such that 5 <al < EY or, equivalently, A” < AN < A*,
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*

A
Following the same steps for the case in which 5 > AP we show that the only existing
AP A*

equilibrium is such that — < a¥ < —.

The proof for the complete network follows the same steps.

(ii) Let us consider individuals in a circle network, and let us assume that individuals
i+ 1 and i — 1, individual ¢’s two direct neighbors (to the right and to the left), do not
contribute. Let us denote individual ¢’s equilibrium contribution when individuals 7 4+ 1
and 7 — 1 do not contribute as a?, i.e., al¥ is such that:

f’(afv)—c—g'(af-v—&)zo

In turn, individual 7 + 1 is in equilibrium if her first-order condition is such that:

I Zaév —c—¢g(0—a)<0

JENi+1

or, equivalently,

JEN;+1
ie., if
_g/(o_d)Sf,(AP)_f/ Zaj\f
JENi+1

provided that a® > AP, Then individual i + 2 is in equilibrium if

JEN;+1 7
f(ats) —c—g'(aly —a) =0
if the number of individuals in the network is even, or if:
f(als+als) —c—g (a,—a) =0
if the number of individuals is odd.

(iii) Let us consider that a)¥ > 0 for individuals who should not contribute. The

%

first-order condition for such an individual is given by:

f’(afv—i-Za;-V)—c—g'(afv—O):O (16)

JEN;

which may be satisfied if }° .\ a < A”.
Let us consider the case of the star network. The first-order condition for the individual
in the center is

f/ <aé\¢[entre + Z aﬁ(er,j) —Cc— g/ (a’é\ém‘me - A*) (17)

jGNcent're
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If a%,,.. > 0, Equation (19) is satisfied if it is equal to Equation (2 . Le., if =g (al,. — A%) =

f1(AP) =" < a¥ .+ 2]6 Nowo G0 ]> which also requires a?,,..+>_ . FENeemire an,. ;> AP
The proof follows the same steps as for a line network.

centre

(iv) (a) Let us consider that a)¥ = 0 for individuals who should not contribute (follow-
ing the optimal profile of contributions). The first-order condition of such an individual

(a —|—Za>—c— g (a¥ —0) =0 (18)

JEN;

Equation (18) is satisfied if >,y a) > A”. In a star network, if ay
the first-order condltlon for the 1nd1v1dual in the center is such that:

= A*, then

centre

f/ (aé\éntre) —C—= g/ (0) <0

The individual in the center is not in equilibrium and has an interest in reducing her level
of contributions.

If a¥ = AP then the first-order condition for the individual in the center is such
that:

centre

N N

f/ (acentre> —C— g/ (acentre A )
Again, the individual in the center is not in equilibrium and has an interest in increasing
her level of contributions. Thus, a contribution exists al,,. € |A"; A*[ such that the

first-order condition of the individual in the center is satisfied.
The proof follows the same steps for a line network.

(b) Let us consider that a¥ > 0 for individuals who should not contribute. The
first-order condition for such an individual is given by , which may be satisfied if

> en, ay < AP
Let us consider the case of the star network. The first-order condition for the individual
in the center is

f ( Qeentre + Z per,]) —Cc— g/ (ai\éntre - A*) (19)

J ENcent're

If a ... = 0, Equation (19) is satisfied if it is less or equal to Equation (2)), i.e., if
—g' (0= A) < f (A7) = ' (X enmmn a%nj)? which also requires . a . > AF.

JE€Ncentre ~ DET.J
The proof follows the same steps as for a line network.

¢

Proof of Proposition 2

The proof follows the same steps as the proof of points (i) and (ii) of Proposition 1. 4

Proof of Proposition 3

(i) Let us consider that )., = 0 Vj. The first-order condition for an individual in the
periphery receiving the nudge is given by . The one of the individual in the center is

given by .
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Knowing that aper ;=0 Vj, and considering Equations (13) and ( ., all individuals
are in equilibrium if aeepsre = AL

(ii) Let us consider that a)),.. >0 Vj. According to the first-order condition for an
individual in the periphery given by , these individuals are in equilibrium if:

J' (perj + Geentre) = ¢ = 9' (aper; = 0) =0

ie., if:
0

I (@per + centre) = ¢ = ¢ (tper; = 0) = f (A7) =
or, equivalently, if
g/ ( Uper,j O) f, (AP) - f/ (ape'rj + acentre)

A condition for this last equation to hold is that aper it Geentre < AP,
In turn, the individual in the center is in equilibrium while not contributing if Z
AP,

>
pem =

(iii) Following the same steps as the previous point with a ;>0 V7 and aeentre > 0,
Equation || may be satisfied if afj\ér it Qeentre < AP and Equatlon . may be satisfied
lf Qeentre + = AP ‘

_] per ]

Proof of Proposition 4

The proof of this proposition follows the same steps as the previous one, with Equation
that has to be satisfied for individuals in the periphery, and Equation that has to
hold for the individual in the center. ¢

Proof of Proposition 5

(i) Let us consider a line network. For individuals who are targeted by the second best
nudge, their first-order condition is given by Equation . As shown in the previous proof,
if the direct neighbors of targeted individuals do not contribute, then targeted individuals
contribute a¥ € | A”; ;[ to be in equilibrium.

If a direct neighbor j of a targeted individual has a direct neighbor who is not a
direct neighbor of another targeted individual (for line networks with n > 7), then her
first-order condition given by Equation is satisfied if she contributes a; = A" or if

_ AP
aj“‘ZleNjal*A :

(ii) Let us assume that the targeted individuals’ direct neighbors contribute the Nash
equilibrium solution A”. Then those who are targeted will not contribute if their first-
order condition is such that:

f’(QAP)—c—g’(O—di)SO

ie., if

freAY) —c—g (0—a) < f'(A") —c=0
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or, equivalently, if
Note that this is true for line networks with n > 4 (two targeted individuals have to be
separated by at least one individual).

The proof of point (iii) follows the same steps as the previous one, with the direct
neighbors of targeted individuals contributing 0 < a; < A”.

¢
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Examples of socially optimal profiles of contributions in line networks

Below, we provide some examples of socially optimal profiles of contributions in different
line networks. We considered the same utility function as in the paper. Note that for
individuals not contributing, their first-order condition (obtained from the program of an
utilitarian regulator) is always negative.

o 00— 06— 0

0 9.10 0 9.10 0

Figure 6: Socially optimal contributions in a line network with five agents.

e —— 00— 06— 0

0 11 0 0 11 0

Figure 7: Socially optimal contributions in a line network with six agents.

* —————0 0 0 —————0—————— 06— 0

0 8.53 4.26 0 4.26 8.53 0

Figure 8: Socially optimal contributions in a line network with seven agents.

* ————————o0 0 0 00— ————0°

0 9.75 0 4.88 4.88 0 9.75 0

Figure 9: Socially optimal contributions in a line network with eight agents.
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