FUZZY CONVENTIONS
MARCIN PESKI

ABSTRACT. We study binary coordination games with random utility played in net-
works. A typical equilibrium is fuzzy - it has positive fractions of agents playing
each action. The set of average behaviors that may arise in an equilibrium typically
depends on the network. The largest set (in the set inclusion sense) is achieved by
a network that consists of a large number of copies of a large complete graph. The
smallest set (in the set inclusion sense) is achieved in a lattice-type network. It con-
sists of a single outcome that corresponds to a novel version of risk dominance that

is appropriate for games with random utility.

1. INTRODUCTION

An individual’s behavior in social or economic situations is often positively influenced
by similar decisions made by their friends, acquaintances, or neighbors. Examples
include the decision to maintain a neat front yard, to obey speed limits or tax laws,
to engage in criminal activity, or to adopt a technology with network externalities. A
substantial literature has shown that the details of the network of social interactions
may affect which of the equilibria is more likely to arise (see, for example, references in
[Jackson and Zenou(2015)]). A typical result in this literature establishes conditions
under which a particular behavior is adopted by everyone and becomes a convention
(see [Young(1993)|, [Ellison(1993)], among many others). At the same time, completely
uniform behavior is very rare in the real world. Even in situations which clearly involve
positive externalities, there will often be interactions in which neighbors make the
opposite choices. For instance, there are families where some members use iPhone and

others use Android.
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An obvious reason for heterogeneous behavior is that individuals are different and
their tastes and unique circumstances play just as important of a role in determining
their decisions as the behavior of their neighbors. The goal of this paper is to analyze
the impact of heterogeneity in a systematic way. A natural question is how adding
heterogeneity in tastes affects our ability to predict the unique outcome. What can we
say about the set of possible equilibrium conventions and how does it depend on the
network and other parameters of the model, like the taste distribution?

To address these questions, we study a random utility coordination game played in
a network. Each player chooses a binary action and the relative gain from the action
is increasing in the fraction of neighbors who make the same choice. Additionally,
payoffs are subject to individual i.i.d. shocks. The independence assumption is key
for our results, and it is appropriate for some but not all applications. An individual’s
equilibrium action as well as the aggregate distribution of equilibrium actions depend
on the realization of the entire profile of payoff shocks. We are interested in the
asymptotic of the average (i.e., aggregate) behavior as the network becomes arbitrarily
large and, importantly, as the graph becomes sufficiently fine i.e., the weight of the
largest neighbor in a neighborhood of each player becomes sufficiently small. The
latter ensures that no single individual has a disproportionate impact on another, and
it is the second key assumption in our model.

In contrast to a simple model of coordination games, a typical equilibrium in our
model is fuzzy - it has positive fractions of populations playing each action. Also,
despite there being only two potential actions, a coordination game may have many
more than two equilibria. To illustrate the latter point, consider a continuum toy
version of the model, in which individual payoffs depend on the fraction = of agents
choosing the high action in the entire population. Let P (x) be the probability of
a payoff shock for which the agent best response is to choose the high action as well.
Function P has values between 0 and 1 and is increasing in x, but is otherwise arbitrary.
An example is illustrated in Figure[I] Fixed points of P, i.e., intersections of the graph
of P with 45° diagonal, correspond to the equilibria of the toy model.

The goal of this paper is to study the set of all possible equilibrium conventions

or, more precisely, the set of equilibrium average actions. Our results characterize the
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Lmin € Tmax] X

FiGURE 1. Continuum best response function P

asymptotic upper and lower bounds in the sense of set inclusion on the equilibrium

sets, across all networks. Two results characterize the upper bound:

e Theorem [I] shows that if players live on a sufficiently large complete graph,

all stable fixed points of P (essentially, fixed points where the graph of P
crosses the diagonal from above) are arbitrarily close to average actions in some
equilibrium. (This and all subsequent results are stated “with a probability
arbitrarily close to 1.” ) That, generically, includes the largest x.x and the
smallest z.,;, fixed point of P. The proof of Theorem [1|is straightforward.
A corollary shows that when players live on sufficiently many disjoint copies of
sufficiently large complete graphs, different equilibria on component networks
can be mixed and matched so that the total average approximates an arbitrary
point on the interval [Zpin, Tmax] -

e Theorem [2| shows that, for all sufficiently large and fine networks, there are
no equilibria with average payoffs above xy., or below ;. Although the
statement is very intuitive, our proof is surprisingly complicated. The difficulty

is to show that none of the profiles with average payoffs outside of the range
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is an equilibrium. There are many such candidate profiles and the claim must
simultaneously address all of them. The difficulty is compounded by the lack

of additional assumptions on the network.

Together, the two theorems show that the interval [Zyin, Zmax] is a tight upper bound on
the sets of equilibrium average actions across all networks. In this way, we obtain the
strongest possible partial identification theory: without any further information about
the network, an econometrician who uses observed average behavior x, can conclude
that the parameters of the model must be such that the parameter-dependent set
[Tmin, Tmax| contains .

In particular, T, = Tmax is a sufficient condition for the uniqueness of an equi-
librium convention, regardless of the network. As the subsequent results show, this
condition is not necessary for some networks.

In order to characterize the lower bound on the equilibrium sets, define a random
utility-dominant, or RU-dominant, outcome z* as a solution to the maximization prob-

lem
X

" € arg mgx/ (y —p! (y)) dy.
0
(See Figure ) Generically, an RU-dominant outcome is unique, in which case, it

is always a stable fixed point of P. The notion of RU-dominance is one of the con-
tributions of this paper. When the impact of payoff shocks on an individual utility
converges to 0, the RU-dominant outcome converges to the risk-dominant outcome (as
in [Harsanyi and Selten(1988)]) of the deterministic 2 x 2 coordination game.

We have two results:

e Theorem [3| shows that there exist networks where the average payoff in each
equilibrium is arbitrarily close to z*. One example of such a network is a 2-
dimensional lattice. The idea of the proof is to show that, for each profile with
an average behavior that is not RU-dominant, contagion-like best response dy-
namics would bring the behavior close to x*. The proof uses an idea from

[Morris(2000)] to show how a contagion wave spreads across lattice networks.
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This is supplemented with explicit calculations of (a) the likelihood that a fa-
vorable configuration of payoff shocks may initiate such a wave, and (b) the
likelihood that such a wave would not be stopped by an unfavorable config-
uration of payoff shocks. The problem with the latter is the reason why the
1-dimensional network of [Ellison(1993)] is not a good example for the result
and a 2-dimensional lattice is needed.

e Theorem [ shows that any sufficiently large and fine network has an equilibrium
with average payoffs close to x*. The starting point of the proof is a beautiful
idea from [Morris(2000)], where it is shown that it is not possible to spread
risk-dominated actions by contagion. This idea is adapted to work for RU-

dominance, random utilities, etc.

The two results together show that the single-element set {z*} is a tight lower bound on
all sets of equilibrium average payoffs across all networks. This leads to an equilibrium
selection theory: x* is the only outcome that is robust to changes in the underlying
network.

Coordination games form one of three main approaches in the literature that stud-
ies games in networks ([Jackson and Zenou(2015)]). The second set of results of this
paper is very closely related, and it greatly benefits from the literature on contagion
in networks, especially from two beautiful papers, [Ellison(1993)] and [Morris(2000)].
[Ellison(1993)| (see also [Ellison(2000)|) is the first to show that a risk-dominant action
can spread from a small initial set of deviators to an entire 1-dimensional lattice net-
work by a simple best response process. [Morris(2000)] describes properties of networks
for which Ellison’s contagion wave exists. Among others, any contagion wave from 1-
dimensional lattices can also be used in higher dimensions. [Morris(2000)] also shows
that risk-dominated actions cannot spread through a best response process regardless
of the geometry of the network.

Evolutionary game theory ([Kandori et al.(1993)Kandori, Mailath and Rob|, [Young(1993)|,
[Blume(1993)], |[Newton(2021)], and many others) studies the long-run behavior of per-
turbed best response processes, where players commit mistakes with a small probability,

and instead of choosing a best response, take some other action. One of the key results
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of this literature is that risk-dominant coordination is (uniquely) stochastically stable
regardless of the underlying network ([Peski(2010)]). Our current results (specifically,
Theorems [3| and []) are closely related, but with some key differences. On the one
hand, there i s a relation between “noise” in the behavioral rules of the evolutionary
literature and “noise” in the payoffs of the current paper. On the other hand, there are
two important differences: We are interested here in static equilibria instead of a dy-
namic adjustment process, and our payoff shocks are permanent instead of temporary
mistakes. (The best response dynamic plays an important role in the proofs as a tool
to identify equilibria.) Finally, the evolutionary literature is subject to the criticism
that one may need to wait for a really long time before reaching a stochastically stable
outcome ([Ellison(1993)]). That criticism does not apply to our model.

There is a literature that studies evolutionary equilibrium selection in games with
heterogeneous populations. The interests in such games arises naturally from evolu-
tionary biology like predator-prey models. For instance, [Friedman(1991)] describes a
general framework with multiple continuum populations choosing actions and receiving
payoffs and studies evolutionary steady states of continuous time adjustment dynamics.
More closely related to this paper is [Neary(2012)], who studies a similar model to us
but with two payoff shocks (more precisely, two subpopulations of deterministic size)
and agents located on a complete graph. The paper presents conditions under which
the evolutionary dynamics of [Kandori et al.(1993)Kandori, Mailath and Rob| selects
a fuzzy convention, i.e., an equilibrium where members of different subpopulations play
different actions. [Neary and Newton(2017)] study general payoff shock and present a
sufficient condition under which the logit dynamics of [Blume(1993)| selects a fuzzy
convention.

Section ] contains the model. Sections [BHGl state and discuss the four theorems

mentioned above. Section [ concludes.

2. MODEL

2.1. Coordination game in a network. There are N agents ¢ = 1,..., N who live in
the nodes of a network. The network is defined as an undirected weighted graph with

weights g;; = gj; > 0 for 4,7 < N. We assume that g;; = 0 and that g; = 3>, g > 0 for
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each player 7. Let

max; g;

d(g) = max 2 and w(g) = =49,
L3 G min; g;

where d (g) € [0,1] is a bound on the importance of a single player in another player’s
neighborhood and it describes how fine the network is, and w(g) > 1 is a rough
measure of the degree inequality. A network is balanced if all players have the same
degree g; = g, for each i, j. In balanced networks, w (g) = 1.

The agents play a binary action coordination game. Each agent chooses an action

a; € {0,1} and receives a payoff
1
*Zgiju (ai7a’—i7€i)7 (1)
Gi j

which depends on the actions of her neighbors and a payoff shock ¢; € [0,1] drawn
i.i.d. from a probability distribution F'(.). The payoffs are supermodular in actions:
for each ¢,

w(l,1,e) +u(0,0,¢) > u(1,0,e) +u(0,1,¢).

Mixed actions are represented by the probability a € [0,1] of pure action 1. Due to
expected utility, payoffs are linear in mixed actions. We refer to the tuple (u, F') as the

random utility game.

Example 1. In an additive payoff shock model, the payoffs of player ¢ from interaction
with j are equal to

u(a;, a;) + Al (a; = 1), (2)
where u is a symmetric 2 X 2 coordination game. Although seems more general than
, the two models are equivalent in the sense that the payoff shocks can be matched
so that the best responses to mixed strategies in both models are identical. Parameter
A measures the importance of the payoff shocks. When A — 0, the model converges

to the deterministic game.

2.2. Equilibria. We assume that the payoff shocks are publicly observable, i.e., players
know the preferences of the other players. Each network ¢, and each realization of

payoff shocks ¢ leads to a many-player complete information static game G (g,¢). Let
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(a;) be a (possibly, mixed) profile of actions. Let

(@) = = Y ga

v

be the average action weighted by each player’s neighborhood size. This turns out
to be the natural notion of average behavior. If g; € {0,1}, then g; is a count of
the interactions in which agent i participates, and Av (a) is the average number of
interactions in which action 1 is played.

For each profile a, let ¢ = izj gija; be the weighted average number of agents
in the neighborhood of ¢ who play 1. We refer to profile f* = (5¢) as the profile of
average neighborhood behaviors.

Profile a is a Nash equilibrium if, for each player i, u (a;, 5%, ;) > u (1 — a;, 5%, ;).

Denote the set of average behaviors attained in Nash equilibria as
Eq(g,¢) = {Av(a) : a is a Nash eq. of G(g,e)} C [0, 1].

Eq(g) as a set-valued random variable, i.e., mapping from the space of payoff shock
profiles to subsets of [0, 1]. The goal of the paper is to analyze the behavior of Eq (g)
as the network becomes larger and the importance of individual players decreases,
d(g) — 0.

For any = € [0, 1] and any two compact subsets A, B C [0, 1], say A is n-included in
B, write A C,, B, if max,es mingep |z —y| <n. If A G, B and B C,, A, then we write
A=, B.

2.3. Continuum best response function. For each z € [0, 1], let
P(z)=F(e:u(l,x,e) >u(0,z,¢)).

P (z) is the ex-ante probability that action 1 is a best response if a player faces z
fraction of opponents who also play 1. A typical graph of P is illustrated on Figure [I}
The assumptions imply that P is increasing, right-continuous, and that P (x) € [0, 1].
We do not assume that P is invertible (and it will not be, if, for instance, F' has atoms).
Instead, we define P~ (y) = inf {(z : P (z) > y)}.
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It is helpful to think about P (x) as a best response function in a continuum toy
version of the game, where each agent’s payoff depends on the fraction of the entire
population who choose to play 1. Due to the continuum law of large numbers, P (x)
is the fraction of the population for whom 1 is a best response. Fixed points of P, i.e.,
intersections of the graph on Figure [1| with the 45°-line, correspond to Nash equilibria

in the continuum version of the game.

3. EQUILIBRIA ON COMPLETE GRAPHS

In this section, we consider a complete graph, i.e., network g such that g;; = 1 for
each i # j. For large N, such a graph should approximate well the continuum toy
model.

We say that a fixed point x = P (x) is strongly stable if there exist v < 1 and
a neighborhood U > z, such that for each y € U, if y < x (resp. y > ), then

P(y) > P(x) +v(y —x) (resp., P(y) < P(x)+v(y —z)).

Theorem 1. Suppose that = is a strongly stable fized point of P. Let " be a complete
graph with N nodes. For each n > 0, there is N > 0, such that

P ({x} <, Eq(gN,5>) >1-—n.

Large complete graphs have equilibria that are close to strongly stable points of x.
The result is a sanity check, as it confirms our interpretation of P as a best response
function on the continuum toy model. The proof is straightforward (see Appendix .

When there are (finitely many) multiple strongly stable points, Theorem (1| implies
that, with a large probability, all of them are close to the average behavior in some
equilibrium. In particular, if x,;, and x,.« are, respectively, the smallest and the
largest of the fixed points of P, then {Zmin, Tmax} S, Eq(g) with a large probability
for a sufficiently large complete graph.

One can obtain other equilibrium averages by mixing and matching networks. By
taking a large number of disjoint copies of large complete graphs (see Figure , and
considering a variety of equilibria on component networks, we can approximate an

arbitrary point on the interval [Zmin, Tmax]-
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FIGURE 2. Multiple complete graphs

Corollary 1. Suppose that xni, and xnax are strongly stable. For each n > 0, there

exists a balanced network g such that
P ([xmina zmax] gn E(] (9, 5)) 2 1-— n.
4. UPPER BOUND ON EQUILIBRIUM SET

The next result shows that [Zmin, Tmax] 18 an upper bound on the equilibrium set.

Theorem 2. Suppose that Ty, and Tn.. are strongly stable. For each n > 0 and

w < 00, there is 6 > 0 such that for each network g, if d(g) <0, w(g) < w, then

P(‘EQ(g) gn [Imin7xmax]) Z 1 - n.

The theorem yields a partial identification theory of the parameters of the model.
Consider an econometrician who studies a coordination game on a network. The econo-
metrician may not know the network g on which the game is played, nor the parameters
of the random utility model, and she treats them as parameters. If she observes the
average behavior x, she may reject all parameters for which @ ¢ [Zmin, Tmax]-

Theorem [2| and Corollary (1| together show that the interval [z, Tmax] 1S a tight
upper bound (in the sense of set inclusion) on the average behavior across all networks.

In particular, the partial identification obtained from the result cannot be improved.

4.1. Proof intuition. Although the statement of Theorem [2] is intuitive, our proof

is surprisingly complicated. To explain the issue, notice first that it is not difficult to
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show that the probability of any given profile being an equilibrium is small. In fact,
one can easily find an exponential bound exp (—pN) on such a probability, where N is
the number of agents and p > 0 is some constant. In order to show that, with a large
probability, none of the profiles with an average payoff x > x,.« + 7 is an equilibrium,
one could try a brute force method: multiply (a) the above exponential bound by
(b) the number of such profiles. The problem is that the number (b) is exponentially
large in N and there is no guarantee that the product of (a) and (b) converges to 0 as
N — o0.

The brute force method relies on the worst-case scenario, where events “profile a is
an equilibrium” across different a are treated as disjoint. However, they are typically
correlated, more so for profiles that are similar, in some way. The idea of the proof is to
divide profiles a into groups of similar profiles such that (a) there exists an exponential
bound on the probability that none of the profiles in a group is an equilibrium (Lemma
|§| in the Appendix), and (b) the number of groups grows at a much slower rate than
the exponent of the part from (a).

In order to explain the division into groups, define the notion of closeness of two
profiles a and b as a weighted version of the Euclidean metric:

10.0) = [ a2 - 0 )
> G;

For some 6 > 0, and each profile a, let

B (a,6) = {b:d(ﬁ“,ﬁb) gfs}.

B (a,d) consists of profiles that have similar average neighborhood behavior for all
agents. Lemma [10in the Appendix shows that the number of sets B (a,d) required to
cover the whole space of profiles is exponentially large, but not bigger than exp (%cd(g)N ) ,
where cq(g) is a constant that decreases to 0 as d (g) — 0. Because the exponent con-
verges to 0 for sufficiently fine networks, the division deals with step (b).

We give more details for step (a). We start with some preparatory remarks. First,
observe that it is enough to work with a continuum best response function P* (z) =

Max (Tmax, Tmax + 7 (T — Tmax)), Where v < 1 is chosen so that P (x) < P*(x) for each
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x. (Such a v exists due to z,ax being the largest fixed point that is also strongly stable.)
The reason is that one can construct game payoffs with continuum best response P*
and show that the equilibria of the latter dominate the equilibria of the original game.

Next, for each profile a, define the best response profile b* (a,e)=(b} (a,€)), where
for each 7, b} (a,¢) is the highest best response of agent ¢ with payoff shock &; against
profile a. The expected value of agent i’s best response is equal to E b} (a,e;) = P* (5¢),
or the continuum best response function applied to the average neighborhood behavior.
Let p* = (P*(B¢)), be the profile of the expected best responses.

The form of the continuum best response function P*, and specifically the fact that
x—P*(z) > (1 —7)(x — Tmax) for each & > Ty, implies that the expected best
response behavior p® to a profile with average neighborhood behavior above 3 > .
is strictly smaller than the average action in the average neighborhood behavior. More
generally, we establish the following fact (Lemma [6)): if profile a is close (in the sense
of metric (3)) to some other profile b with the property that b; > xy., for each i,
the average action in the expected best response profile p® is strictly smaller than the
average neighborhood action 3% by a factor (1 — ) (Av (@) — Zpax)-

The rest is divided into three steps.

e If agent ¢ has sufficiently many neighbors and none of the neighbors are too im-
portant, the average best response action in the neighborhood of i is likely to be
similar to the average expected best response, é > 9iib; (a.g;) ~ i > 9i; P (6;)
More precisely, we show (Lemma [7|in the Appendix) that, if the network is suf-
ficiently fine, then, with a large probability, the average neighborhood behavior
3" (@) is close (in the sense of metric (3)) to the average neighborhood behavior
[P obtained from the expected best response profile p®. The probability bound
is exponential, where the exponent depends on the measure of fineness of the
network d (g).

e Take any two profiles a and b and consider best responses b* (a,¢) and b* (b, ¢)
of agent 7 to such profiles. The probability that the payoff shock &; is such
that the best responses are different, b} (a,e) # b} (b, €) is closely related to the

difference between the neighborhood behavior witnessed by player 4, i.e., 3¢
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and (2. The smaller the difference, the smaller the probability. For any two
profiles @ and b € B (a, ), the vast majority of agents observe a similar neigh-
borhood behavior ¢ ~ 32, which means that their best responses are likely to
be identical (Lemma [7]in the Appendix makes this argument precise). Further,
it means that, with a large probability, the distance between the average
neighborhood behavior profiles 4% (¢¢) and 3°"(*<) is small (and decreasing with
9), with a large probability. Together with the previous paragraph, this shows
that, with a large probability, 5% (*) is close to " uniformly across all profiles
b € B(a,d). A similar statement about the uniform closeness of ﬁpb and [P°
holds as well.

e Take a that Av (a) > xn.x and suppose that the above large probability events
hold. Because of the form of the continuum best response function P*, we
clearly have 8* > ., for each i. Suppose that b € B (a,d) is an equilibrium,
b* (b,e) = b. On the one hand, the above fact applied to profiles 3° and B*"
implies that the average action in profile 4 must be strictly smaller than the
average action in profile 87" and the gap between two average actions can be
shown to be of the same order as (1 — ) (Av (@) — Zmax). On the other hand,
the probabilistic assumption implies that profile 5 = (<) is close to pr in
the sense of metric . It is straightforward to show that the average action
in profiles that are close in the sense of metric is also close. Contradiction

between the two claims means that no profile in B (a,d) is an equilibrium.

5. RU-DOMINANT SELECTION

In this section, we introduce an equilibrium selection tool appropriate for coordina-
tion games with random utility (RU): the RU-dominant outcome. We show that there
are networks in which the RU-dominant outcome is essentially the only equilibrium

average.
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5.1. RU-dominant outcome. An equilibrium action z* € [0, 1] is RU-dominant if it

is a maximizer of
X

" € arg m;;mx/ (y — P! (y)) dy. (4)
0
It is strictly RU-dominant, if it is a unique maximizer. Generically, any game with

random utility has a RU-dominant action.
The following example shows that, if the impact of the random utility impact disap-

pears, the RU-dominant outcomes converge to standard risk dominance of [Harsanyi and Selten(1988)].

Example 2. (Cont. of Example Suppose w.l.o.g. that 0 is the unique strictly
risk-dominant action of the coordination game with payoffs u. Then, each player is
indifferent between two actions if a fraction a > % of players plays action 1. When
A — 0, P! (y) — a for each y € (0,1), and we have

/(y—P‘l(y)>dy—>/(y—oz)dy: 2x2—ax:x<2x—oz>.
0 0
The last expression is maximized by # = 0. Hence the RU-dominant outcome(s)

converge to 0, i.e., the risk-dominant action of deterministic game w.

The main result of this section shows that there are networks where, with a large

probability, all equilibrium averages are close to the strictly RU-dominant outcome x*.

Theorem 3. Suppose that x* is the strictly RU-dominant outcome and that either
x* >0 and P(0) >0, or z* <1 and P (1) < 1. For each n > 0, there is a network g
such that

P(Eq(g) Sp{z"}) > 1—n.

5.2. Proof intuition. The network constructed in the proof is a 2-dimensional lattice,

2
parameterized with M and m. There are M? agents living on square {O, %} C R?

at fractional points (%,%) for some k,I = 1,...,M. Any two agents i and j are

connected, g;; = 1, if the (Euclidean) distance between them is no larger than 1. To
make the network balanced and to simplify the arguments, we assume that all distance

2
calculations are done mod%, which turns the square [O, %} into a torus.
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We show that, if m and % are sufficiently large, then for a large probability set
of realizations, there is no equilibrium in which the average action is significantly
higher than z*. Together with an analogous argument for the other side, this suffices
to establish the theorem. Our argument should extend to K-dimensional lattices for
K > 2, but not to K = 1.

The proof relies on the idea of a contagion through best response dynamics in-
troduced in [Ellison(1993)] and further expanded in [Morris(2000)]. If the lattice is
sufficiently large, with a large probability, there exists a contiguous group of agents
for whom 0 is strictly dominant. We refer to these agents as initial infectors. Assume
that, initially, all the other agents play 1. Consider a best response process in which
agents, in some order, are offered an opportunity to revise their actions to a myopic
best response. Because of the payoff complementarities, the revisions will always go
in the same direction, i.e., towards action 0. The process must eventually stop and
the action profile at which it stops is the highest equilibrium for a given realization of
payoff shock.

It is helpful to imagine downwards revision of actions as a wave of Os moving away
from the set of initial infectors. We are going to show that, for almost all realizations,
the contagion wave spreads throughout the entire network in such a way that, even-
tually, in almost every neighborhood, the average fraction of agents who play 1 is not
much higher than z*.

The rest of the argument is divided into two parts.

5.2.1. Contagion wave on line. First, we explain how the existence of the contagion
wave is related to the maximization problem . It is convenient to explain this part
of the argument using a version of the line network from [Ellison(1993)]. Suppose
that agents are located along a line at equally spaced locations. We assume that each
location in the network contains a continuum population of mass 1. We further assume
that the weight of connection between agents in locations ¢ and j depends only on their
distance g;; = gi—; =: gj—i, where we take no connections between agents in the same
location, i.e., go = 0. We normalize the weights so that >~ g; = 1. The continuum

assumption allows us to use the law of large numbers to compute the average best
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response action of agents in node i as equal to P (3>, g4ti+q), where a; is the average
current action played by agents in node j. Initially, locations ¢ < 0 consist of initial
infectors i.e. those agents who play 0. All locations ¢ > 0 initially play action 1.

Let a; be the average action in location 7 > 0 when the best response process stops.
Due to payoff complementarities, af must be increasing in i. Let a; = max (z*, a}) and
a = lim;_,, a; = sup; af. Suppose that a > z*. Because z* < P (y) for each y > z* and
because a; is the limit action of the best response process, the average action cannot
be larger than the best response
a; = max (z*, a}) = max (m*, P (Z gda;-ﬁrd)) < max (x*, P (Z gdai+d>> =P (Z gdai+d> )

d d d

Taking the inverse, we obtain

P (a;) < ngaier ="+ Z ( Z gd) (ajr1 —aj),

Jo\d=j—i
where the equality is due to a discrete version of the “integration by parts” formula
and the fact that a; > «* for each i. After multiplying by a;11 — a; > 0, and summing

up across all locations i, we obtain

S (P (@) = 2%) (a1 —ai) <Y ( > gd) (a1 — ai) (a1 —a;).  (5)

i ig \d>j—i
The left-hand side of the inequality is approximately equal to [ (P~* (y) — z*) dy.

To compute the right-hand side, notice that we can switch the roles of 7 and j in the

summation, and using the fact that 324>, ; 94 + > 4>i—; 92 = 22 g4 = 1, we have

Z ( Z gd) (aiv1 — ai) (@41 — aj) = ; (Z ( Z 9a + Z gd> (@1 — a;) (aj41 — aj))

i,j \d>j—i 5,J \d>j—i d>i—j
1 #\ 2
=3 D (i —ai) (501 —ay) | = 3 (a—a%)

i7j
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Putting the two sides together, inequality implies that

/ (y—P' () dy >0,
which contradicts the fact that z* is the unique maximizer of the integral on the right-
hand side. Hence, the contagion must spread across the entire network.

More formally, Lemma [I2]in the Appendix uses similar calculations to establish, for
each n > 0, the existence of 6 > 0, L < oo, and a d-contagion wave: a strategy profile
o; with the property that (a) o; < z*+nfori < 0and o; > 1 fori > L and (b), for each
location ¢, the best response strategy of the agents to o + 0 in that location is smaller
than the current strategy o, s in the location that is 6 away on the left side. The
idea is that, starting from o, the best response dynamics move the population strategy
o rightwards by at least 6 at each stage of the dynamics - eventually spreading the
behavior of at most x* + 7 to the entire network. We refer to L as the length of the
wave.

The spread of a contagion wave from a small set of initial infectors extends from
the line to higher-dimensional lattices due to an elegant argument from [Morris(2000)].
The idea is that if the front of the wave is sufficiently smooth, i.e., with a sufficiently
low curvature, then it can be locally approximated by a hyperplane. The spread of the
wave in the direction that is orthogonal to its front can be analyzed using the same

techniques as the spread of the wave on a one-dimensional line.

5.2.2. Obstacles. The continuum assumption used in the above argument ensures that
the average best response action of agents in a location is given by the continuum
best response function P (.). The assumption makes it easy to compute average best
responses. At the same time, it ignores a positive probability of a contiguous group of
“bad” agents for whom 1 is the strictly dominant action. If sufficiently large, such a
group of “bad” agents will stop the best response revisions towards action 0 and block
the contagion wave (see the left panel on Figure |3)).

One could try to compare the relative frequency of initial infectors necessary to start

the wave versus the sets of “bad” agents who may block it. Unfortunately, for some
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initial infectors initial infectors

Line Lattice

F1GURE 3. Obstacles to contagion wave

Ps, the latter are more frequent. As a result, the line network is not a good candidate
example for Theorem [3]

At the same time, the “bad” sets are intuitively less likely to block the contagion
wave on higher-dimensional lattices (see the right panel of Figure . The reason is
that to block the wave, the “bad” sets would have to be arranged so as to surround it.
Even if the number of “bad” sets is much larger than the number of initial infectors,
the probability of a bad arrangement can be quite small.

We show that, indeed, the likelihood of “bad” sets surrounding the initial infectors
is very small if the lattice is sufficiently large. Below, we sketch the main ideas. The
details of the proof can be found in Appendix [D]

First, the lattice is divided into large and small cubes (see Figure [4)) so that the
number of large cubes in the lattice is very large, each large cube contains a very large
number of disjoint neighborhoods, each neighborhood contains a very large number
of small cubes, and each small cube contains a very large number of agents. These

numbers are chosen so that the following series of claims holds:

(1) The numbers of small cubes in a neighborhood and the number of agents in a
small cube are sufficiently large, so that the fraction of shared agents and the
fraction of shared small cubes in neighborhoods of any two agents ¢ and j is

well approximated by the area of the intersection of two 1-radius circles with
centers at i and j (Lemma [L3).
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(2) The size of the small cube is sufficiently large so that, for each small cube, with
a probability close to 1, the empirical distribution of payoff shocks within the
cube is close to the true distribution. We say that a small cube is (v-)bad if,
for some fraction z, the average best response action of the agents within the
cube is (7y-)larger than P (z). Agents in bad cubes may tilt toward higher best
responses than a statistical agent. Agents in a small cube that is not bad are
well approximated by the continuum assumption in the following sense: the
average best response in the small cube is not higher than P (), where [ is
the average “belief” (i.e., the average neighborhood action) for members of the
cube (Lemma [15)).

(3) A large cube is good if it contains no bad small cubes. The ratio of the size of

the small cube (i.e., the number of agents within) to the number of small cubes
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in a large cube is sufficiently large, so that the probability p that a large cube
is not good is arbitrarily close to 0.

A large cube is extraordinary, if it contains only agents for whom 0 is the
strictly dominant action. Extraordinary cubes play the role of the set of the
initial infectors. The number of large cubes is sufficiently large, so that the
probability that an extraordinary large cube exists is arbitrarily close to 1.
Two large cubes are connected if they share a wall. The number of large
cubes is sufficiently large, and the probability p that a large cube is not good
is sufficiently small, so that there exists a giant component of good large
cubes - a set of good large cubes that contains almost all large cubes on
the lattice and such that all of its elements are connected with each other
by paths of large cubes that share a wall. This argument is the content of
Lemma and it relies on definitions and results from the percolation theory

([Bollobas et al.(2006)Bollobés, Riordan and Riordan]).

(a) First, we show that each connected set .S can be surrounded by a connected
“boundary” 95 that isolates set S (and, possibly, some other large cubes)
from the remaining large cubes. The total number of large cubes isolated
away from set S is not larger than |S|>. (On a two-dimensional lattice,
the worst-case scenario bound comes from elements of set S arranged in
a way that surrounds an interior proportional in size to the square of its
perimeter.)

(b) For a collection of connected sets Si, ..., S; that are not connected with
each other, the giant connected component that omits all sets S; contains
all but at most 3 |S;|* large cubes.

(c) Let Si,...,S; be the collection of all maximally connected collections of
large bad cubes. We estimate the expected value of 3 |5; ]2 as proportional
to the number of all large cubes multiplied by the probability p that a single
large cube is bad (Lemma . An application of the Markov inequality
shows that, if p is sufficiently small, the giant connected component that
contains only good cubes contains a fraction of all large cubes that is

arbitrarily close to 1.
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(5) If the curvature of the two-dimensional contagion wave is sufficiently small rel-
ative to the curvature of an individual neighborhood, the contagion wave will

spread, as long as its path contains only good small cubes (Lemma .

Putting it together, the contagion wave is going to spread through a vast majority of
the giant connected component of good large cubes, and thus a vast majority of the
lattice. Hence, with a large probability, the average action in the largest equilibrium

on a sufficiently large two-dimensional lattice is close to z*.

6. RU-DOMINANT EQUILIBRIUM IN EACH NETWORK

The previous section identified an RU-dominant outcome as a candidate solution for
equilibrium selection theory. Next, we ask whether there are other potential candidates,
i.e., whether there are other outcomes that can be unique equilibria on some networks.

The next result shows that the answer is negative.

Theorem 4. Suppose that x* is the strictly RU-dominant outcome. For each n > 0,
there is d > 0 such that, for each network g, if d(g) < d, then

P({z"} C, Eq(g)) > 1—n.

If the network is sufficiently fine, then, for almost all realizations of payoff shocks,
there is an equilibrium with action distribution close to the RU-dominant action. In
particular, no outcome other than the RU-dominant outcome can be a unique equilib-
rium in some network.

Theorems [3 and [ lead to an equilibrium selection theory: only the RU-dominant
outcome x* is robust to changes in the underlying network. This claim is made precise
by the proof of Theorem [d In the proof, we consider a profile in which almost all
players choose best responses as if z* neighbors play action 1. We show that any best
response dynamics starting from such a profile will stop in an equilibrium profile in
which a great majority of players never revise their actions. It follows that, if players

play such an equilibrium under one network, and then the network is changed (in a
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manner independent of actions and payoff shocks), then the best response process will

end up with a very similar profile as an equilibrium.

6.1. Proof intuition. We start with an initial profile a® in which all players choose

their best response as if fraction z* of their opponents plays 1,
a) € argmaxu (a;, %, &) .

Although each agent chooses depending on their payoff shock, the law of large numbers
and the fact that z* is an equilibrium of the continuum game imply that the average
action in the population is unlikely to be far from z*.

Starting from the initial profile, we consider an upper best response dynamics, where
at each stage, a single player is allowed to revise their action towards the best response,
but only upwards, i.e., if the best response is the action 1. Such dynamics must
stop eventually, and the resulting profile a¥ does not depend on the order in which
players revise their actions, as long as all players for whom 1 is the best response
has the opportunity to revise. We argue below that the average action under aV
is not too far from the average action under a”, and hence from z*. Similarly, an
analogous result holds when we analyze a downward counterpart of the best response
dynamics. Because of payoff complementarities, there must be an equilibrium action
profile sandwiched between the limit profiles obtained by the upward and downward
best response dynamics. The two results imply that such an equilibrium is not far
away from z*.

In order to motivate the key step, it is helpful to begin with a special case when
the game is (almost) deterministic and z* ~ 0 (i.e., a small perturbation of Example
. In this case, Theorem {4 follows from an argument that is based on the proof of
Proposition 3 in [Morris(2000)]. First, because z* =~ 0 and the definition of a°, the
initial profile a® has a small number (~ z*N) of agents who play action 1. Second,
let a' be the tth stage of the upper best response dynamics. At each stage, we define

the infection capacity of profile a' as the mass of links that connects agents who play
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action 1 with agents who play action 0,

Fola)= > gy (6)
ijrat=1,at=0
If, at stage t+ 1, player i revises her action upwards, then (a) the capacity will increase
by the weight Zj:aé.:(] gi; of links that ¢ has with agents who play 0, and (b) decrease
by the weight Zj:a;ﬂ gij of links that ¢ has with agents who play 1 in profile a’. Recall
that a > % is a fraction of neighbors that makes players indifferent between the two
actions. Since action 1 is ¢’s best response, we have Zj:a§:1 gij = a; i = ag; and
3 jiat=09ij = (1 — a)g;, which implies that the capacity in each stage must decrease by
ag; — (1 —a) gi = (2 — 1) g; > 0. Because the capacity cannot fall below 0, we obtain
a bound on the total mass of players who switch actions
(2 — 1) o g <F (ao) .
i:0=al<al =1

As the initial profile had a small number of agents playing 1, the number of agents who
revise their actions must be small as well.

There are two important features of the above argument: the initial capacity is
small and it must appropriately decrease with each upward-revised action. The proof
of Theorem [4] preserves the two features, but with a modified notion of capacity. We
cannot use @, because, for general payoff shocks and z* € (0, 1), a substantial fraction
of the population plays each action, and @ is too large. Instead, we replace actions

a; by their expected best response versions p; = P (gi > gijaj) = P () and define
1
F(p) = 3 Zgij (i —py)*. (7)
Z7‘7

(To motivate the definition, notice that if we replace p; by a;, then @ and are
equal.)

The law of large numbers implies that, under the initial profile a®, the average action
among the neighbors, 3? = ézj gija(;, and hence the expected best response p; must
also be close to x*. Thus, the capacity of the initial profile is appropriately small and

the first required feature of capacity is preserved.
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The second feature is preserved as well. We sketch the idea here and leave the details
to the Appendix. Due to symmetry in the weights g;; = g;; for each 4, j, we have for

each t,
) -+ 0)

_ZQZ(H—I) Zgl(z) Z(t—i—l pz)Zg’L] Z v

s=t,t+1

ZE;QZ( )’ Ei:gz- ()’ Zgz( - pl) S};ﬂﬁf
+Z( i Pﬁ);gia’ > (ai—p§>,

s=t,t+1

where, in the third line, we use 5§ = izi gija3. Because p; = P (f37), we have

t+1

( t+1 ) Z S 2/ p! (y) dy + small terms,

s=t,t+1

t
79

where, here and below, the “small terms” depend on the stage increase in 57 —
which is small due to our assumption that at most one agent revises her action per
period and because the impact of a single agent in the neighborhood of another is
smaller than d(g). They may also depend on the difference 37 — z*, which is small
because the initial profile is close to z*.

t+1
Summing across t < T', and noting that (pf“) - (p§)2 =2 fp’? ydy, we obtain

P £ ) - 5 (F67) -7 )

:—ZZgi /( 1 (y) —y)dy +X;Z(t“—p§)2:g¢j Zl(aj—Pj) (8)

+ small terms.

The details of the calculations can be found in Appendix [E]
The second term of the right-hand side is small for probabilistic reasons. Notice that
the probability that action 1 is a player j’s best response in period s is not higher than

the expected action pj. In fact, the probability is not higher even if conditioned on
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the actions of other agents. The reason is that agent j’s behavior positively affects the
actions of other players only after she revises her action. This observation, together
with the fact that each agent j is small in the neighborhood of ¢, allows us to show that
the second last term is small, with a large probability, due to a version of the finite law
of large numbers.

Ignoring all the small terms (including terms discussed in the previous paragraph),
summing across ¢, and remembering that p! = P (3!) and that 8? ~ 2* = P (2*) ~
P (3?), we obtain

P(87)
F (') 222 g / (P~ (y) —y) dy
The definition of the RU-dominant outcome implies that, at least locally, the integral is
increasing in 37. Hence, if the original capacity is small, then, for each T', the average
behavior in the neighborhood of a great majority of players cannot be too far away
from x*. Hence, the limit of the upper best response dynamics cannot be to far away

from z*, which concludes the argument.

7. DISCUSSION

7.1. Unweighted average. Our definition of the average action stated in Section
[2.2] weights individuals by their neighborhood size g;. An alternative is to use the

unweighted average
1
AVunweighted (a) - N Z ;.

When the network is balanced, i.e., when g; = g; for each ¢ and j, the two notions of
average are identical.

Because Theorem [T} Corollary[I} and Theorem [3|are proven using balanced networks,
they continue to hold verbatim if we change the notion of average to an unweighted one.
A version of Theorem [ holds with the following modification: for each w > 0, and
each > 0, there is d > 0 such that, for each network g, if d(g) < d and w(d) < w,
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then
P({z"} S, Eq(g,)) 21—
The required modification of the proof is very minor and it can be found in Appendix

E8

We were not able to find an immediate way of extending Theorem [2|

7.2. Small number of links. The results of this paper focus on the limit case d (¢g) —
0, and they apply to networks with a large number of connections (i.e., large degrees),
like networks of acquaintances. If d (g) > 0, none of the results hold. The small-degree

case requires different techniques and separate analysis. We leave it for future research.

7.3. Independence. Another key assumption of the model is that the payoff shocks
are independent across agents. An alternative and natural assumption is that the payoff
shocks of directly connected agents can be correlated. If imperfect, such a correlation
dies out exponentially with the distance between agents, making distant agents roughly
independent. For this reason, we suspect that the results of this paper continue to hold.

However, the proper analysis of this case is left to future research.

APPENDIX A. MONOTONICITY

This part of the Appendix shows that if P is a continuum best response function of
random utility game (u, F'), then, for any increasing and right-continuous function P’ >
P, there is a random utility game that has P’ as a continuum best response function,
and such that the distribution of equilibria first-order stochastically dominates the
distribution of equilibria in the original game.

Formally, the space of (mixed) action profiles A = [0, 1]" is a lattice with coordinate-
wise comparison: for any a,b € A, we have a < b iff a; < b; for each i. Let <g denote
the strong set order on subsets or R and, as a lattice extension, of A. We say that a
probability distribution u € AA is dominated by p/ € AA in the sense of first-order
stochastic dominance, and write u <gppg p' if, for each a € A, p({d' :a’ > a}) <
w({d :d = aj).

Let (u, F') be a random utility game. Let E (u,e) denote the set of equilibrium

profiles in random utility game (u, F'). We compare sets using the strong set order.
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Let p(u, F) denote the probability distribution over the sets of equilibrium profiles
induced by the distribution over profiles of payoffs shocks. We say that random utility
game (u, F') is dominated by game (u', F") if p(u, F) <pos p (v, F").

Lemma 1. Suppose that P is a continuum best response function of random utility
game (u, F'). Then, for each increasing, right-continuous P' > P, there exists a random
utility game (u', F") such that (a) P’ is a continuum best response function of (u', F"),

and (b) random utility game (u, F') is dominated by game (u’, F").

Proof. First, observe that any two random utility models with the same continuum
best response function P have the same distributions over sets of equilibria. Second,
we show that we can construct different models over the same probability space. Let
Q = |0, 1]N and let AV be the product uniform measure on 2. For each increasing,

right-continuous P, define utility function up so that
up (1,7,e) =z — P! (¢) and up (0,7,¢) = 0.

Then, the continuum best response function of (up, A) is equal to P. Finally, notice
that if P' > P and the two games up and u/, are considered on the same probability
space (Q, AV ), then the best response of each player in the second model is always
higher (in the sense of strong set order) than the best response of the player in the first
model. A consequence is that, for each €, E (up,e) < E (ups,e), which concludes the

proof of the result. 0

APPENDIX B. PROOF OF THEOREM [I] AND COROLLARY [l

B.1. Proof of Theorem Let U be an open set from the definition of a strongly

stable z. Fix § > 0 and N < oo such that [z — 20,2 + 26] C U and y5 < 2 (1 —~) 4.

Let n=1(1—~)d. Then,

r—0 < x—5+<(1 —7)d — 71>—n < P (z)—y ((5—1— 1)—77 <P (x —— 1)—7],
N -1 N -1 N -1

and similarly, P (x +0+ ﬁ) +n < x+9. Additionally, choose a sufficiently large NV

so that 2exp (—2Nn?) <.
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Let

]1722;1(5(5)@

be the empirical distribution of best response thresholds. Define event P = {sup, | P (z) —

By the Dvoretsky-Kiefer—Wolfowitz—Massart inequality, for each n > 0,
Prob (not P) < 2exp (—2]\7172) <.

For each profile a, define 5 = ﬁ >+ aj as the average action in player 7’s neigh-

borhood. The average action is not far from the average action in the population,

|87 — Av(a)| < 5
Suppose that event P holds. Let b(a,e) be the best response profile to profile a,

where, in case of a tie, we assume that an agent chooses 1. Then,
Av (b(a,¢)) Zl{ﬁ g) < B}
If Av (a) € [x — 6,2 + 6], the above inequalities imply that
x—20
<P (Av(@) - ) —n sy D1{BE) < A0 - )
v N_1) "T=N R V|
<Av (b(a,¢))

ATafr0smm ) ssp (v 5

<z —0.

Hence, mapping b (,.€) maps the set of profiles a s.t. Av (a) € [x — 0,z + §] into itself.

The result follows from the fixed-point theorem.

B.2. Proof of Corollary [1. By Theorem [I] for each n > 0 and for sufficiently large
N,

»Ea(gV,e)) <.

A~ =

P ({#mm omas} 1, Ba (9 2)) < > P({}c

xe{xminyxmax}

1
8"

Let g = ¢'" be a balanced network that consists of K copies of complete N-person

graphs. Let g denote the kth copy. Let A(g,e) = {k {Zmins Tmax } Q%n Eq (gk,e)}

P (z)| < n}.
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be the set of copies that contain equilibria with averages close to the largest and the
smallest of the fixed points. By choice of N and the Central Limit Theorem, for
sufficiently large K,
Prob (- 14(g.6) <1 5n) <
Let Ymax; Ymin : {1, ..., K} — [0, 1] be functions such that ¢ (k) € Eq (g, ) for each
s = max, min and each k, and, if k € A(g,¢), then |¢), (k) — 2| < £n. Then, for each

subset B C {1, ..., K} of copies, there is an equilibrium a with average payoffs equal to

AV <a> = ]1( (Z ¢max (k) + Z ¢min (k>) .

keB k¢ B
Because of the choice of ¥, (.),

K max K min 2 — — max

If K > %, for any x € [Zmin, Tmax], We can choose B, and hence arrive at equilibrium

1
K K Lmin + 577

a, so that the average payoffs in a are at most n-far from z, |Av (a) — z| < n.

APPENDIX C. PROOF OF THEOREM [

The first subsection introduces notation and metric d. Section derives various
deterministic inequalities connecting metric d and average behavior. Section de-
rives probabilistic bounds. The next two sections contain steps (a) and (b) described

in the introduction. The last section concludes the proof of the theorem.

C.1. Preliminary remarks. We make some preliminary remarks with an intention
to simplify the problem. First, it is sufficient to establish one side of the probability
bound: for each n > 0 and w < oo, there is § > 0 such that, for each network g, if
d(g) <6 and w(g) < w, then

P (maxEq (g",2) > Tumax +1) <.

The proof of the other probability bound is analogous, and the two bounds together

combine to the statement of the theorem.



30 MARCIN PESKI

Second, say that a is an upper equilibrium if, whenever indifferent, each agent plays
action 1. Because of supermodularity, if a is an equilibrium, there exists an upper
equilibrium o' st. @’ > a. Thus, it is enough to show the above probability bound
when set Eq (g, ) contains only the average payoffs in all upper equilibria.

Third, because xy.x is strongly stable, there exists a constant v < 1 such that for
each x,

P (z) < max (Tmax, Tmax + (1 —7) (¥ — Tmax)) = P* ().

(Such a constant exists locally due to the definition of strong stability. The existence
for all x follows from compactness and the fact that z,., is the largest fixed point of
P.) Because P* is increasing and right-continuous, Lemma implies that there exists a
random utility game (u*, F™*) with continuum best response function P* that dominates
(u, F). Thus, it is enough to show the second claim in Theorem [2] for game (u*, F™¥).
Henceforth, we assume that P* is the continuum best response function. Notice that
P* is Lipschitz with a Lipschitz constant equal to 7.

Finally, we will use the following notation. Let b; (a,¢) = max (arg max,, u; (a;, 5%, €))
be the largest best response action of agent i against a_; given payoff shock &;. Let
b(a,e) be the profile of best responses. If a is an upper equilibrium given e, then
b(a,e) = a. Also, we denote p* = (P*(5¢)), to be the profile of expected best re-
sponses.

Let A = [0,1]" be the space of (mixed) action profiles. Let B = {3%:a € A} be
the set of profiles 5% = (8%) of neighborhood behaviors that can be generated from the
profiles. We assume that A is a subset of a normed space R with a metric (3)). Under
this metric, diam.A = 1.

Let gmin = min; g; and gpax = max; g;.

C.2. Deterministic relationships. This section discusses deterministic relationships

and bounds on profiles.

Lemma 2. For each profile a € A,

Av(a) = Av(B?).
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Proof. Notice that
1

Av (B%) = S g Zgwaj = Zzgw aj = Zajg]

z] z’LZ 17,]

O
Lemma 3. For any profiles a,b € A,
|Av(P" (a)) — Av(P" (b))] < [Av(a) — Av(b)].
Proof. The inequality follows from P* being Lipschitz with a constant v < 1. U

Lemma 4. For any profiles a,b € A,

|Av(a) — Av(D)| < \/w (g)d(a,b).

Proof. Notice that

|Av (a) — Av (b

|CLz b|<\/zlzgz a; — z
< \/w (9) 293 > g2 (a; — ) = Y (9)d(a,b),

where the second inequality follows from Jensen’s inequality, and the third one from
Zgjz- < Gmax 2 95 < w (g) gi X g; for each i. O

Lemma 5. Suppose that profile b is such that b; > xyax for each i. Then, for each
profile a,

S goma (s 00) € () )

i9i

Proof. For each profile a, define profile min (2 pax, @) so that (min (Zmayx, @)); = min (Zmax, a;).

Then, because function f (y) = min (y, Tmayx) is Lipschitz with constant 1, we have

d (mln (aa xmax) ) xmax) =d (mln (a, xmax) ) min (b, mmax)) < d (aa b) )
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where, abusing notation, we write z,., to denote the constant profile, and we use the

fact that min (b, Tmax) = Zmax. By Lemma [4]

1
= > gimax (Tmax — @, 0) = AV (Tmax) — Av (min (@, Tuax))

= Av (min (b, Tmax)) — Av (min (a, Tyax))

< yJw (g)d (min (a, Tyax) , min (b, Tymax)) < y/w (g)d (a,b) .

O

Lemma 6. Suppose that profile b is such that b; > xyax for each i. Then, for each
profile a,

ST

Av(a) = Av(P" (a)) = (1 =) (Av(a) = Tmax) = 2(w (9))

where P* (a) is a profile of actions P* (a;) for each agent i.

d(a,b),

Proof. Lemma [5] implies that

1
Z'g' Zgz max (xmax - (IZ‘,O) < \/@d ((I, b) = 5,

where the last equality defines 0. Let A =3, _ 5g; and notice that

1 1
A= Z gz = Z gi (xmax - ai) < —= Zgz max (xmax — g, 0)
3:0; <Tmax— \/_Zaz<1'max \/3 \/g i
)
<—=>g=Viy g
< \/529 29
Hence
* 1 *

Av (a) — Av (P" (a)) = S _ 9i (@i = P (a;))

1 1 -
2_279 Z gi_\/gzgi Z Z ”alz gi (a; — P (a;))

T . .
7':aigmmax_\/g 1:Tmax >0i > Tmax — f 2%max

Z gi (ai - xmaX>

(1= =
¢ i:aizxmax

> (1 =) (Av (@) — Zmax) — 2V/0.
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The first inequality is due to P* (a;) = ZTmax for a; < oy and the fact that . —a; <
1. O

C.3. Probability bounds on distances between profiles. This subsection con-
tains probabilistic bounds on the distances between profiles of neighborhood behaviors.
First, we show that the distance between neighborhood behaviors obtained from the
best response profile b(a,e) and the expected best response profile p® is likely to be

small.

Lemma 7. There exists a universal constant ¢ < oo such that, for each profile a,

P(d(8"9,8") > n) < exp (—WN (- d(g))z) :

Proof. Notice that

St (a(#. 7)) = gt (5107 - 01')
—Z (Z 9ij ( pj))
Bz <Zgﬂgm) (b (a.) =) (b () — ) > (ZW) (b (a.) = 13)"

J#Fk N\ i
Because g;; < d(g) gi, the second term is not larger than d (g) 3 ¢7. Let z; = b; (a,e) —
pj for each j. Then,

P(d (g, p") > n) <P (Z (Z gjigz-k> e > (n° —d(9)) ng) -
£k \ i i

Let g](-i) = 3 gjigix and let G@ be the symmetric matrix of elements gﬁ). Observe
that

2 9jifik 2
g = 3" gisgi = Y. Fg;9: < (w(9))” G,
i i 939
where we denote mj, = >, %ggl—'f“. Note that, for each j, >y mjn = 2k, gg“ gg““ > g” =
J T 7
1. Hence m;, < 1.
Because the best response of each player ¢ depends only on independent shock ¢; (and

not on other payoff shocks), z; and x;, are independent for j # k. Hence the expected
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value of 37, .1 (32; gjigik) 721 is equal to 0, and we can use the Hansen-Wright inequality
(Theorem 6.2.1 in [Vershynin(2018)]):

P (Z <Z gjigik:) LTy > t) < 2exp (_CtQ HG(Q)HI_«“Q) ’

ik N\
where ¢ is some universal constant (note that the random variables z; are bound by

2), and where HG(Q)HF is the Frobenius norm of matrix G®:
2 2
|69 =250 (0) < (w(9)* gn 305
] )
< (w0 (9))" gain 22 2 Tt < (10(9))" g V-
(A

Take t = (n* — d(g)) >; g7, and notice that 3, g7 > Ng2,, to obtain the inequality in

the statement of the lemma. OJ

The second result shows that, for any fixed profile ag, the maximum distance between
neighborhood behaviors obtained as the best response to ag and the best response to
some other profile a, across all profiles a that have similar neighborhood behaviors to

ag, is small.

Lemma 8. For each profile ay,

1

b(ao,e) pbla,e) x . _ 9s52/3 2
? (o 1020 0) 2 0) < o (5 o - ).

B,890)<é

Proof. For payoff shock e, let 8 (g) such that () = max {5 :u(1,5,¢) <u(0,5,¢)}
with § = —oo if the set is empty. For each profile a and player i, b; (a,€) # b(aop, )
if and only if either 5¢ < B (g) < Bj° or i° < f(g) < B¢. Denote a random variable
p>p(E)X; =1 {5 (e:) € {5;10 — 6213, g0 ¢ 52/3” . Then, for any profile a,

b (a.€) = by (a0, )| < X1 {|87 — | < 2} + 1 {1 — 5| > 6%
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Hence
sup > g7 (bi(a,2) = b (a0, )’
a:d(B,f0)<8

< Z g2X2 sup Z g?
a:d(f*,390)<§ . |,Ba ao|>62/3

<Y gXPH swp 6P 3T g (B - )
a:d(5%,5%0)<8 i:| e~ g | >62/3

<Y GXPHO  sup 3 Dgl(d (8% 6)),

a:d(8*,8%0)<
<ZQ2X2+52 4/32!% 292X2+52/329¢2-
Variables X? = X, are independent Bernoulli variables with parameter E X; =

p* (ﬁf + 52/3) — P* (ﬁf + (52/3) < 20%/% as P* is Lipschitz with constant 1. The Ho-
effding’s inequality shows that

P @ X2+ g2 =nd> gl) <P (X gl (Xi —EX)) > (n—36"%) > g?)
< exp <_(222gi)§* (n—352/3)2>.

Finally, notice that 23 g% < (w (g))* g%, N and (X 93)2 > gt N2 O

C.4. Probability bound on the existence of an upper equilibrium. This sub-
section finds a bound on the probability that, for any profile ag, there exists a profile

a with similar neighborhood behaviors as ag, and such that a is an upper equilibrium.

Lemma 9. For each £ > 0 and each w < oo, there is § > 0 so that, for each profile ag
such that Av(ag) > Tymax+&, and for each network g such that d (g) < 6 and w (g) < w,

P (there ezists a s.t. a is upper equilibrium and d (5%, %) < §) < 2exp (—0N).
Proof. Choose 1,6 > 0 such that
1
(1=7)€&> ywl(g) (20 +2n) +2(w(g))* v2n and

C 2 1 2
25— (p—35%3)"
w0 g 1 3)

>,
(VAN
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Assume that d(g) < 6.

Consider the following two events:
A={d (B9, 37) < n},

B — { sup d (517(&0,6)’ 51)(@75)) S n} .
a:d(B*,670)<8
Due to Lemmas [7] and [§ the probability that at least one of the two events does not

hold is no larger than

exp | — ¢ 2 2 ox R as2/3)2 ot (— |
b (< 0 = 40)) oo (= e (357 <20 (-

Assume that the two events hold simultaneously. We will show that there exists no
a such that d (8%, %) < § and such that a is an upper equilibrium.

On the contrary, suppose that such a exists. Then, a = b (a, ). Because d is a metric
and events A and B hold,

d (5a, ﬂp%) —d <5b(a,s), ﬁp“O) <d (ﬁb(a,s)’ Bb(aO,s)) +d (ﬁb(ams)’ 51)“0) < .

Because ﬂfuo = i > 9i;P* (ao,;) > Tmax for each ¢, we can apply Lemma@to £ instead

of a and SP" instead of b (notice that p* = P* (3%) by definition):

N

Av (5%) = Av (p*) = (1 = 7) (AV (B) = Zmax) = 2(w (9))

By Lemmas [2] [3] and [4] and because d (57, 5*) < 4,

[Av (p%) = Av (p™)| < [Av (a) — Av (ao)| = [Av (B%) — Av (6%)] < \/w (9)9.

V2. (9)

By Lemmas [2] and {4, and because event A holds,

AV (p) = AV (b(ao,€))| = |Av (87") = Av ("= | < \/w (g)n.
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By Lemmas [2] and [4], because a is an upper equilibrium, and because event B holds,
AV (b(ao, €)) — Av (89)] = |Av (b (ag, €)) — Av (a)]

= |Av (b(ap,€)) — Av (b(a,e))]

= [av (02) - Av (529)]

Putting the three inequalities together, we obtain

< yJw (g)n.

[Av (5%) — Av ()]
< [Av (b(ag, €)) — AV (5)] + [Av (b (ao, €)) — Av (p*)| + |Av (p*) — Av (p))

< yw(g) (0 +2n). (10)

Combining inequalities @[} and , we obtain
1 a
(Vo (@) 6+ 2m) + 2w (9)} V1) 2 (1= 9) (AV (5°) — ).
By Lemmas [2| [4] and because d (87, 5%) < 6

[Av (8) — Av (ao)| = |Av (87) — Av (6%) < /w (g)0.

Hence,
(Vo 9) 26+ 20) + 2w (9)} v27) > (1= 7) (Av (a0) = ama) > (1 =) &
However, this violates the choice of the parameters n and 9. 0

C.5. Metric entropy bound. For each § > 0, let A/ (§, B) be the covering number
of B, i.e., the smallest cardinality n of a list of profiles b, ..., b" € B such that, for each
b € B, there is | < n so that d (b, bl) <.

Lemma 10. There exists a constant ¢ < oo such that, for each 6 > 0, and each network

g,
N (5.8) < exp (e (w(9)*d(9) N)

Proof. We will use Sudakov’s Minoration Inequality (Theorem 7.4.1 from [Vershynin(2018)]),

which provides an upper bound on the covering number via the expectation of a certain
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Gaussian process. For this, let Z; for each agent ¢ be an i.i.d. standard normal random

variable. For each (possibly mixed) proﬁle a € A, define

Xa = Zgzaz i
Vi g
For any two profiles a,b € A,
2
E(X,—X;)" = (Zgl a; — b;) )
\/Zgz i

= i 7;— —dab
ﬁzgl;g (a,0).

Given the definition and the above property, Sudakov’s Minoration Inequality implies

that, for some universal (i.e., independent of parameters and the current problem)

constant ¢; > 0,

E su X,)?
1ogN(5,B)§cl< pgef o)

We compute
Esup X, = Esup X3« = E | sup Z GiZ. (1 Z gija])
beB acA acA 1/z: gZ i Gi

1
— E
Vi 97 (ig‘)zaz (Zgw ))S i 97 Z
2 1
W\/Zzﬂ?; ; ’

where the last inequality is due to a bound on the expectation of the absolute value of

the normal variable 3 g;;Z; via its standard deviation o; = /3, gZQJ Because 3 gfj <
d(g) g? and (¥, 9:)" < N2 (w (9))* g2 < N (w (9))” T g7, we have

s .8) <[ 2es b < (5 ) 0 < by 2wty

7
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C.6. Proof of Theorem 2] Fix n > 0 and w < co. Use Lemma [J] to find 6 > 0
and 0 < ﬁn such that, for each profile b, and each network g, if Av (b) > Zpax + %77,
d(g) <6, and w(g) < w, then

P (there exists a s.t. a is upper equilibrium and d (6“, 6b> < 5) < 2exp(—0N).

Use Lemma |10 to find a list of n < exp (6%0 (w(g))*d(g) N) profiles b', ..., b™ such
that, for each profile a € A, there is [ < n such that d (5bl, ﬁa> < ¢. Observe that if a
is such that Av (a) > . + 7 and d <6bl,ﬁa) < ¢ for some [, then, by Lemmas [2| and

A

Av (bl) — (q:max + ;77> > Av(a) = (Tmax + 1) + ;7) - ‘AV (a) — Av (bl)‘

> ;n — |Av (8%) - Av (B")] > ;n —Vwd (8, 8") > 0.

Putting the above observations together yields

P (there exists a st. a is upper equilibrium and Av (a) > Zpax + 1)

< Z P (there exists a st. a is upper equilibrium and d (6“, Bbl) < 5)
lgn:Av(bl)zxmaer%n

<2 (- (5 - e (9)d(9) N)

for some universal constant c. Because N > oL if

1 1 1
d(g) <min | =8%c! BT — |
(@) < min (55 @ G sl

the above probability is smaller than 7.

APPENDIX D. PROOF OF THEOREM [3]

D.1. Proof description. The proof consists of five parts. Section [D.2]is devoted to
the existence of a contagion wave, i.e., the third step of the proof intuition from the
main body of the paper.

Section introduces a two-dimensional lattice. In the limit, the neighborhoods

converge to radius-1 balls in R?.
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In Section we divide the lattice into areas, called small cubes, such that (a)
there are many agents and the law of large numbers can be applied to describe the
empirical distribution of payoff shocks inside each small cube, and (b) the cubes are
sufficiently small so that agents from the same small cube have similar neighborhoods,
which implies that their incentives are similar. The two properties imply that average
behavior in a small cube is close to the behavior of a continuum of agents in the toy
model.

Section studies the statistical distribution of bad small cubes, i.e. small cubes,
where the empirical distribution of payoff shocks is not close to the distribution from
which the shocks are drawn. We show that bad small cubes are few and sufficiently
sparse, so that the set of small cubes which are far away from the bad cubes contains
a giant connected component.

The last section concludes the proof of the theorem.

D.2. Contagion wave. Consider a toy model, where agents are located on a line, each
location has a continuum of agents, with a continuum best response function ¢ (not
necessarily the same as P from the statement of the theorem), the connections depend
only on the distance between agents, and the cumulative weight of connections between
agents x and agents in set {y' : ¢y <y} is equal to f(y — ), where f : R — [0,1] is
a function that is balanced: (a) f(x) is strictly increasing for z € (—1,1), and (b)
f(=1) =0and f(x)+ f(—z) = 1 for each z. Given the interpretation of f stated
above, condition f (x)+ f (—x) = 1 is a consequence of the symmetry of the connection
weights, and f (—1) = 0 means that agents separated by 1 or more are not connected.
Notice that the weight of connections depends only on the distance between the agents.

Consider a strategy o that is increasing in locations. For each location x, the average
action of neighbors of agents in location z is equal to (assuming sufficient regularity,

for intuition)

[owiarw-o=tin s@+ [ f-o)ds).
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We say that o is a contagion wave for () if, at each location x, the best response of
agents in such a location is no higher than o (x) or, in other words, if the above average
action is smaller than Q™! (o (z)).

This section contains two results: First, we show the existence of a contagion wave for
a continuum best response function that can be represented by a step function. Next,
we show the existence of a stronger version of a wave for the original best response
function P.

We begin with a definition. An increasing function ¢ : R — [0, 1] is a step function
if the image ¢ (R) is finite. We refer to the elements of the image as steps. If ¢ is a
step function and a € ¢ (R) is a step, then the most recent step before a is denoted as
a_ =max{b € q(R):b<a}. Foreacha € [0,1],let ¢~ (a) = min (v : ¢ (v) > a) if the
set is non-empty and ¢! (a) = oo if the set is empty. We have ¢~ (a_) < ¢~' (a) for

each step a.

Lemma 11. Let Q) be a step function with steps 0 < ag < ... < a1 = 1 and such that

for each a > agy, we have
a

/ (Q’l (x) — x) dx > 0. (11)

ao

Suppose that f is a continuous and balanced function. Then, there exist 0 = vy <
v1... <wvp < L such that, for eachl =1, ..., L,
Q () = ao+ Y, (1 — f (vk — ) (ars1 — ax) -
k>0
We interpret each vector as a step strategy, where agents in locations v;_; < z <y
play action a;. Then, the right-hand side of the inequality is equal to the average action
experiences in location v;. The lemma says that, if () is a step function, and it satisfies

condition , then we can choose the step strategy such that the next step action

a;+1 is a (Q-)best response for agents living on threshold v;.

Proof. Let V' be the set of all vectors v = (vy, ..., vr) such that

O=v<...<wvpand vy <vyy+1foveachl=0,...,.L —1.
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(Abusing notation, we take v_; = —0c0.) Define function F : [-1,L+ 1] x V — R so
that

F(zlv) = ao+ ) (1= f(vk — 2)) (ars1 — az).

k>0
Then, for each strategy v, F'is the (weighted) average action experienced by agents in
location z.

Due to properties of function f, function F' is continuous, strictly increasing in x for
x € (vg — 1,vr_1 + 1) and decreasing in the lattice order on V* (i.e., F' (z,v) > F (z,v)
for any v, v’ such that Vyup < wvy.) For each v € V and [ =1, ..., L, define

by (v) = inf {x >0: F(zv) >Q* (al+1)}7

and we take b, (v) = oo if the set is empty. Here, b; (v) is the first location in which
action a;,1 or higher is the best response given the strategy determined by v. The
properties of F' imply that b, is weakly increasing in the lattice order on V', and,
because Q7! (a;41) > Q7' (a;), we have by (v) < by (v), with a strict inequality if either
b (v) € (0,00) or byyq (v) € (0,00). It is also continuous for v such that b, (v) < oc.
Let b(v) = (b ()1,

Define function b* : V' — V so that

by (v) = min (b; (v),v_1+ 1), foreach i =1,.... L — 1.

Then, b; (v) > 0, b* is continuous and increasing in the lattice order. Moreover,

o if b (v) = vy + 1, then Q7 (ai11) > F (b} (v) v),
o if bf (v) < vy +1and b (v) >0, then Q' (a;41) = F (b} (v) |v), and
e if b (v) = 0 (which means that b, (v) = 0), then Q7! (a;11) < F (0Jv).

Consider a sequence v = (0,0,...,0) and v = b* (v"!) for n > 0. Because the
sequence is bounded (v" € V* for each n) and b* is continuous and increasing, it must
converge to v* = b* (v*). The properties of b and b* functions imply that if v; > 0, then
by (v*) > vf. (The reason is that if n > 0 is the first element of the sequence such that
v > 0, then clearly b; (v"~') = o' > 0 = v}, and by monotonicity, b (V") > v

for each m.)
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Let lp =min (Il =1,...,L st. vy = v;_1 + 1), where [y = L + 1 if the set is empty. We
will show that [ = 1. On the contrary, suppose that [ > 1. Then, for each I < [y,
v = by (v) <v/_y+ 1. The properties of b* stated above imply that
Q™' (art1) < F (o) = ao+ Y (1= f (v — 7)) (ars1 — ax)

k>0
lo—1

= o 3 (1= (= o) (o — ).

where the last equality follows from the fact that v; — v > 1 for [ < [y — 1 and
k > lo. Multiply both sides of the above inequality by (a;41 — @;) and sum across all
[=0,...,lp — 1 to obtain

lo—1

Z QM (a1) (w41 — w)

lo—11lp—1

>ag (a1, —ao) + Y Y (1= f(vp = v))) (ars1 — ax) (a1 — @)
k=0 [=0

lo 1lp—1

=ao (@, — ao) + 5 Z > (- —v) + 1= f (] —vp)) (@rir — a) (@41 — ar)

k 0 =0
1 lo—11lp—1

=ao (a, — ao) + 5 D> (kg — ax) (@ — ar)
k=0 [=0

alo

=a (ay, — ap) + ; (aj, — ag)* = ; (alQO — ag) = /xd:v.
ag
(The first equality is obtained by exchanging indices k and [. The second one is due to
f being balanced.) Because the LHS of the above inequality is equal to f;;’o Q' (z)dx,
we get a contradiction with . The contradiction shows that [y = 1.

Because [y = 1, v =1 > 0, and we have v; > vi > 0 for each { = 0,...,L — 1. The
properties of the sequence v™ imply that b, (v*) > v > 0, which further implies that
Q' (aiy1) > F (vf|v*), and, due to the definition of Q-*, that a;,; > Q (F (vi|v*)) for
each [. Moreover, for each [, either v;, ; = b1 (v*) > b (v*) > vy, or vy, = vf + 1.
In both cases, v,; > v;. This establishes the existence of vector v with the required

properties. U
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The next lemma strengthens the conclusion of Lemma

Lemma 12. Suppose that P (1) < 1 and z* is strictly RU-dominant. For each n >0,
there exist § > 0, a* < x*+n, L < 0o, and a step function o : R — [0,1] such that
0(0)=a*, o (L) =1, and, for each z,

U($—5)25+P(5+a*+ > (l—f(a_l(a)—x))(a—a_)), (12)

a€o—1(R)

where the summation is over the consecutive steps of the step function o.

We refer to o as a d-contagion wave for P.

Proof. Define P° (z) = P (z) + 6 for 6 € (0,1 — P (1)) and notice that for sufficiently

small §; > 0, for each ¢ < 4y, if ag is the highest maximizer

a

ap € sup arg méxx/ ((P‘Sl)_l (x) — IL‘> dz,
0
then, ay < o* + %77. Each Ps, can be approximated by a step function @ such that (a)
@ > P (hence P7' > Q71), (b) each step is bounded by ¢; —a;_1 < 16, for I =1,..., L,
and (c) if a* is the highest maximizer of

a® € sup arg mgx/ (Q‘l (x) — x) dz,
0
then a* < xg + %77 = z* + 1. (We omit the details of finding such approximations.)
Find 99 > 0 s.t. 09 < %51 and, for each a > a*, we have
/ (Q_l () —x— 52> dx > 0.

Such 4§y exists because @ is a step function and lim,~ .+ Q! (z) > a*.

Let Q5, = Q (z + 02). Then, Qs, is a step function that satisfies the hypothesis of
Lemma [I1] Let 0 = vg < v1... < v, < L be the thresholds from Lemma [I1} Then, for
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each [ > 0,

1 1
ai—1 2 Q41 — 551 > Qs, (a* + Z (1= f (v —w)) (ag41 — ak)) - 551

k>0

— QS ta+ (- f (0 — ) (aper — an) —;51

k>0

1
ZP 52+a*+2(1—f(vk—vl))(ak+1—ak) +§(51
k>0

Z P (52+CL*+Z(1 —f(vk—vl)) (ak—i-l —ak) +52. (13)

k>0

The first inequality follows from a; 1 — a1 < ap— a1 + a1 —ap < %51; the equality
follows from Qg; (a) = Q71 (a) — da; the second inequality follows from Q > P + dy;
and the last inequality follows from d, < %51.

Define

a* x <0
o(x) =< q €[y _1,v)andl=1,.., L
P(1)+4§ z>wvg.
Find 6 > 0 such that 6 < d3 and 0 < v;.1 — v; for each [ = 0, ..., L — 1. Because the
right-hand side of inequality is increasing in x, we have:

o If x < 4, then o (z — ) = a* = ap. Hence, inequality follows from inequal-
ityforl:landthefactthatx§0:vo<vl.

e lfuy 1+0<zx<y+dforl=1,.. L, then o (zr — ) > a;_1. Hence, inequality
follows from inequality and z < ;.

o If x > vy + 6, then o (x —J) > P*(1) + J. Hence, inequality is satisfied

automatically.

D.3. Lattice. We start by describing the candidate network. For each M > m, the

(M, m)-lattice is a network with
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e N = M? nodes from the set Ip; = {1, ..., M}>. We define a distance on I); by

a(i, ) = WZ (Gi—ji) mod MY,

and a ball in this metric as B (i,7) = {y : d (z,y) < r}. The subtraction “modM”
2
turns the lattice into a subset of “Euclidean torus” [0, %] ,

e connections g;; = 1 <= j € B (i, 1).

In the course of the proof, we will assume that there exists values b and B such that
0 <K< b m< B« M, B is divisible by b, and M is divisible by B. This divisibility
assumption simplifies the proof. The theorem remains valid without it, but the proof
requires small modifications to take care of the reminder items. We omit the details.

For each i € Iy, and two sets U, W C I, let

d (i, W) :jnelg}d(i,j) and d (U, W) zlzréglgrelwd(i,]) (14)
For each set W, and each r, define the r-neighborhood of W
B(W,r)={i:d(i,W)<r}=J B(,r).
iew

For large m, the neighborhoods of each agent behave in a similar way to open balls
on a Euclidean plane. This is formalized as follows. Let Bgz (x,r) be the ball on the
plane with center 2 € R* and radius 7. Let |A| be a Lebesgue measure of a measurable
set A CR%. Let

fodsri,2) = — |Bee ((0,0),72) 1 Bea ((4,0) )

be the measure of the intersection of two balls, with radii v, and r, respectively, sepa-
rated by distance d, and divided by the measure of the unit ball B ((0,0),1).

Lemma 13. (1) For each p > 0, there exists C, < oo such that if m > C,, then
for any two agents i, 7, for any r1 <1 < ry, we have

B (i,11) N B (j, )]
B (i, 1)]

- fO (d(lv]) 7T17T2) S p-

(2) Function fy has the following properties:



FUZZY CONVENTIONS 47

o fo is Lipschitz over d and ri1 <1 <y,
o fo is decreasing in d, and
o fo(d,r1,m) =0ifri+ry <d, and fo (d,r1,79) =1 ifry =1 andd < ro—ry.
(3) Functions fi (x,r1;re) = fo(re —x,1m1,79) forry < 1 and © € R converge uni-
formly to function lim,, ,o fi (z,71;72) = fa(x,r1). In particular, for each
p >0, there exists R, such that, if ri <1 and ro > R, then,
:'EPI |fo (@, 1) — fi(z,r1m) | < p.

Functions fi and fy are Lipschitz over d and r; < 1 and increasing in x.
(4) Let f(x) = fa(x,1). Function f is balanced (in the sense of the definition from

Section .

Proof. The properties of fy, f1, fo, and f follow from their geometric interpretations
and from the fact that the counting measure on I,; converges weakly to the Lebesgue
measure on the torus. For example, f5 (x,71) is a circle segment of a radius r; circle

with height equal to | + z for x € (—ry,r). O

D.4. Small cubes. We divide the lattice into disjoint areas that we refer to as small
cubes. Each cube is much smaller than the diameter of the neighborhood of each node
so that the neighborhoods of nodes in the same cube are largely overlapping. At the
same time, each small cube contains a sufficiently large number of nodes so that the
distribution of payoff shocks within the cube can be probabilistically approximated by
its expected distribution.

Let G be a (M, m)-lattice. Take any b > 0, where we intend b < m. For each real
number z, let |z | be the largest integer no larger than x. For each node i, the set of

nodes

i) ={j e {1,... M} : ¥, [ir/b) = |5i/b) }

is referred to as a cube that contains 7. Any two cubes are either disjoint or identical.
Each cube ¢ is uniquely identified by a pair of numbers ¢; = [7;/b| for each [ = 1,2 and
any i € c. Due to the divisibility assumption, each cube contains exactly b% elements,

and there are (%)2 small cubes on the (M, m)-lattice.
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Let G® = {cb (1)1 € G} be the set of all cubes. We refer to the elements of G°
as small cubes, to distinguish them from the large cubes introduced in Section [D.5]

Sometimes, we treat G as a network with edges

gcc

1) mod— ’ =1 (15)

This way, each cube has four neighbors. We refer to (gb, gb) as a network of cubes.
For any ¢, € G, let d® (c,c’) denote the length of the shortest path between ¢ and
¢ in the network (gb b). For any S C G°, let d° (¢, S) = minges d® (¢, ).
For each strategy proﬁle a = (a;); and each small cube ¢ € G, define

ZZ,

i€c

1 1

B (i) = aj = 57 a;, and
[BG 1), Z(;1) ’ |B(2v1)| j:d(z’,zj)gl ’
Ba a;,
S50 = g S e, L

where a (c) is the average action within the cube, 5% (i) is the fraction of neighbors of

i who choose action 1, and (3 (c) is the average fraction in cube c.

D.4.1. Average fractions. The next result shows that if the cube is sufficiently small,

individual and average fractions are similar.

Lemma 14. There exists a universal constant D < oo such that, if% <pandm > C,,
where C, and is a constant from Lemma 13, then, for each profile a, each small cube,

and each i,j € c,

|6 (i) — B* (e)| < Dp.

Proof. 1t is sufficient to show there exists D < oo such that |5% (i) — 5% (j)| < Dp for
each 7,5 € c. Notice that

o) g < BGUABGDL | |BGD\B D)
) = 7 )] < e
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By Lemma |13| and the fact that d (i, j) < v/2p, the above is no larger than
<20+2(1—fo(V2p,1,1)).

The claim follows from the Lipschitzness of function fy and the fact that f, (0,1,1) =
1. 0

D.4.2. Average best response. For each small cube ¢ € G® and realization of payoff
shocks, define the empirical cdf of best response thresholds:
P.(z|e) = Z 1{8 (&) < z}.
i€c

(Recall that 3 (e;) is the fraction of neighbors of individual ¢ with payoff shock ¢; that
would make her indifferent between the two actions.) For v > 0, say that a small cube
c is y-bad if there exists = such that P. (x|e) > P (z)+; otherwise, the cube is y-good.

Next, we show that if a cube is good, then the average action can be approximated

by a best response to average beliefs.

Lemma 15. There exists a constant D < oo such that if % < p and m > C,, where
C, is a constant from Lemma then, for each equilibrium profile a, if small cube c
is y-good, then

a(c) <7+ P (8 (c) + Dp).

Proof. Notice that

Zaz_ 21 (&) <5a§i21 B (e:) < B*(c) + Dp)

i€c 1EC 1€C

=P (8 () + Dple) <7y+P(B"(c)+ Dp).

The first inequality comes from the fact that if a; = 1 is a best response, then 3 (g;)

<
¢, and the second inequality is a consequence of Lemma [14] 0

D.4.3. Behavior dominance. The next definition and result plays an important role
in extending the contagion wave mechanics from a one-dimensional line to a two-

dimensional lattice.
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Let o be an increasing step function (see Section [D.2)) for the definition. Let a = (a;)
be a strategy profile. We say that profile a is (W, R, p)-dominated by o given a set
W C G° of small cubes and R > 0 if for each small cube ¢ € G°, we have

a(c) <o(d(c,W)—R)+p,

where the distance between sets is defined in ((14)).

Lemma 16. There is a constant D < oo with the following property: Fix p > 0.
Suppose that % <p, R>R,, and m > C,, where C, and R, are the constants from
Lemma . For each increasing step function o : R — [0, 1], and for each set of small
cubes W, if strategy profile a is (W, R, p)-dominated by o, then for each cube c,

B (c) <a* 4+ Y (1 —f(a_l (a) +R—d(c,W))) (a —a_)+ Dp.

aco—1(R)

Proof. By Lemma [I4] there is a constant Dy such that for any i € ¢,

a a (; o x 1 . *
B (c) < B (i) + Dop = a +|B(i’1)|j€§’l)(a0)—a)+Dop
) 1 e {i:1-V2p<d(ij) <1}
SCTEG,, DT B b

c:d(i,c' ) <1—+/2p

Lemma [I3] implies that the third term is bounded by

<1—fo(0,1=V2p,m) < Dip



FUZZY CONVENTIONS 51

for some constant D; to the Lipschitzness of function fy and f,(0,1,1) = 1. For the
second term, we have

1
e Y [ (a(d) —a”)
|B<Z7 1)‘ c’:d(i,c’)gl—\/ip
1 *
=BG D) 2 Jleemn) = =)
! c:d(i,c)<1—+/2p

e |B<1 ] » “
i i d(i,d)<1—+2pand d(d,UW) > R+ 0" (a)
<p+ Z |B |Hj d2])<1d( UW)>R—|—U ()H (16)

aeo

(Recall that o (R) is the set of steps of the step function 0.) Let ¢* € arg min; ¢ jy d (4, j).
Then, d (i,i*) = d (z UW). Applied again, Lemma |13| implies that

|H <1d<"UW>2R+o*1(a)H
SM H] :d(i,7) <1,d(j,i*) > R+o " (a)}‘
IB(i,1) N B (*,R+ 0" (a) - p)|

B (i,1)]
<1—fo(d(i, UW), LR+07" (a)) +p
—fi(R+07 (@)= p—d (i, W) LR+ 07" (a)) +p
§1—f2(R+a—1(a)—p—d(@',U ). 1) +p
<i—f (R0 (a)=d(i,UW)) + (K +1)p,

where K is a Lipschitz constant for f. Hence is not larger than

< Y (a—a)(1=f(R+o7" (@) —d (i UW))) + Dap

aco(R)

w
w

for some constant Dy < oo that may depend on the number of steps in the step function

0. The result follows from putting the estimates together. U
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D.5. Good giant component of cubes. We will show that if the lattice is sufficiently
large then, with an arbitrarily large probability, we can find a set of small cubes that
(a) contains almost all small cubes (we say that it is giant) (b) is connected in the
small cube network, where (c) each cube in the set is far away from bad cubes, and (d)
contains a large set of agents for whom action 0 is dominant. Properties (b)-(c) will
allow the contagion wave to spread across the entire set W, property (a) will ensure
that spreading to set W means spreading almost everywhere, and property (d) will
ensure that the set contains sufficiently many “initial infectors”.

Formally, say that agent x is extraordinary if action 0 is strictly dominant for such
an agent. A small cube ¢ € G’ is extraordinary if it only consists of extraordinary
agents. In any equilibrium, a (¢) = 0 for extraordinary cube c.

Say that set W C G of small cubes is (v, R)-good if

(a) the union of all small cubes in W contains at least a fraction of (1 — ) elements
of the lattice, [JW] > (1 —~) M?,

(b) it is connected as a subset of nodes on graph (gb, gb) (see the definition of a
small cube network in (15)),

(c) if ¢ € G* is y-bad, then d(c,c) > R for each ¢ € W (in particular, each cube
in W is 7-good), and

(d) it contains a cube ¢ such that each cube ¢ s.t. d(c,¢p) < R is extraordinary.

The goal of this subsection is to prove that large good sets of small cubes exists with

a large probability:

Lemma 17. For each v,p > 0, and R < oo, there exist constants m., , g, Ay ,r > 0
such that, if m > m., , r and M > (A%p,R)mG, then there exists b so that ~ < p and, if

G is (M, m)-lattice with the associated small cube network G°, then
P (there exists (v, R) -good set W C gb) >1—7.

D.5.1. Large cubes. In order to find a set W that is sufficiently far from bad small
cubes, we are going to contain and separate bad small cubes in sufficiently large sets.

Let B be a number that is divisible by b, B = kb, and such that M is divisible by B.

Consider a network of cubes (QB, g® ) defined in the same way as described in Section
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. We refer to elements of GP as large cubes to distinguish from the elements of G°.
Let K = %; then the number of large cubes is K2.
For each set of large cubes U C G, and for each R, define the small cube R-interior

of U as the set of small cubes that are R-away from nodes that do not belong to U
WU, R)={ced :d(c,Iu\(JU)) > R}.

Here, U U is the union of all large cubes in set U, and )\ (UU) is the set of all nodes
on the (M, m)-lattice that do not belong to one of the large cubes in U. We have the
following bound on the size of set W (U, R).

Lemma 18. Suppose that U is a subset of large cubes, U C GB. Then,

lgly’UW(U,R)’ > "g@’ (1—4; <Rbm+1)>.

Proof. Observe that

) U UR)|
uw W.R)| _ UG Tuel |w . )| W (U,0)
g] G BT WOl e

The bound is a consequence of the following observations:

e Because all small cubes have the same cardinality, we have ‘U Qb’ = |G| and
Uww.R)| _ wu.R)
Ue| ]

e For each regular large cube C' € U, W (C,0) consists of k? small cubes, and
W (C, R) consists of at least (k; 2( + 1)) small cubes. Hence ‘|VWV/(((U]”I§))‘| >
1— 42 (&m 4 7).

e Finally, notice that |IW (U, 0)| = k? |U| and ]gb\ = k? ‘QB).

O

The next result shows that if U is a connected component of large cubes, then

W (U, R) is a connected component of small cubes.
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Lemma 19. Suppose that R < % (%k‘— 1). If a set of large cubes U C GP is a
connected component in the network of large cubes, then the R-interior set of small

cubes W (U, R) is a connected component in the network of small cubes.

Proof. For each large cube C, let W (U, R)ﬂ{c €gGl:cC C} be a part of the R-interior
that consists of small cubes which are contained in C. It is clear that W (U, R) N
{c egb:cC C} is connected in the network of small cubes. If C and C’ are two
neighboring large cubes, say C; = C] and C) = C) + 1, then small cubes ¢ and ¢’ such
that c; =, = B(Cy — 1)+ ([RTWW + 1) and ¢, = co + 1 = BCy + 1 are neighbors and
they both belong to W (U, R). Hence, set W (U, R) = Ucery W (U, R)ﬂ{c €gl:cC C’}

is connected. U

D.5.2. Percolation theory - deterministic bounds. In order to establish the existence of
a giant connected component of small cubes that are not too close to bad small cubes,
we turn to the percolation theory. The percolation theory studies properties of graphs
obtained by removal of some nodes. In this paper, we are especially interested in the
size of the largest connected component of a so-obtained graph.

We divide the percolation theoretic arguments into two parts: deterministic and

probabilistic.

Lemma 20. For each connected S C GP st. |S| < K, there are connected sets 0S C
C'S C GB\S such that |GE\C'S| < |S[,

{ceCS:d®(c,S)<1}coasc{ceCs: d®(s) <2}.

Proof. Because |S| < K is smaller than the length and width of the network of large
cubes, set S can be contained in a cube of size |S|” in a way that the complement of the
cube is connected and it contains at least ’QB ’ \ |S)? elements. Let C'S be the connected
component of GZ\ S that contains the complement of the cube. Using Lemma 1 from
[Bollobas et al.(2006)Bollobas, Riordan and Riordan|, we can construct a finite path
Co, ---, ¢ of neighboring cubes in C'S surrounding S in an intuitive way such that, if
0S = {co,...,cr}, then OS satisfies the required inclusions. The construction implies

that the path ¢y, ..., ¢, may contain cubes that lie in distance 1 from set S (i.e., with a
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shared wall) and a distance of 2 from set S (that, intuitively, share a corner with a set

s). O

For each S C GB, say that a set S C GP is k-connected if, for any subset T C S,
min.erees\r dP (¢,¢) < 2. In other words, a 2-connected set cannot be split into two

parts that are more than 2 away from each other.

Lemma 21. For each k-connected S C GP st. |S| < K, there are connected sets

0S € C'S € GP\S such that |GP\C'S| < 2% |SP,
{ceCS:d®(c,8) <1} caSc{ceCS:d®(cS) <2}.

Proof. If S is k-connected, then its k-neighborhood S*, i.e., the set of large cubes that
are within k-distance or less from S is connected. The cardinality of S* is at most
4%|S| as each cube has at most 4 neighbors. The claim follows from Lemma 200 O

Lemma 22. Suppose that Si,...,S; is a collection of 2-connected subsets of lattice
GP such that each |S;| < K and such that for any i # j, mineg, ses, d° (c,d) >
2 . Then, graph GP\US; contains a connected component of size not smaller than

G5\ %, 2818,

The above result says that, for each collection of 2-connected sets Si, ..., S; that
are at least 3-distant from each other, the network of large cubes without those sets
contains a connected component which size is not smaller than ]gB ‘ \ >, |Sj|2.

Note that the reason why we require sets .S; to be at least 3-distant is that sets that
are 2-distant can form an obstruction to connected paths: our definition of distance

implies that two cubes that share a “corner” but not a “wall” are 2-distant.

Proof. Suppose that Si,...,5; is a collection of connected subsets as in the statement
of the lemma. For each j < J, let 9S; C C'S; be as in Lemma 20} Let C' = N, CS;.
Then, |C| = |, CSi| >G5\ ;28 |S,*

For each i # j, suppose that 95, NCS; # (. Then, 05; N C'S; is connected. Because
the distance between S; and S; is strictly greater than 2, 95; NS; = 0. Hence,
dS; C CS;. Tt follows that, if 9S; N C # (), then 9S5; C C.
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It is enough to show that C'is connected. Take a,b € C and construct an arbitrary
path from a = ay,...,a, = b of neighboring cubes in network GZ. Such a path may
go outside set C' and, if so, let | = min{m : a,, ¢ C'}. Suppose that a; ¢ CS; for
some 7. Then, a;_1 € 05; N C, and, by the above argument, 05; C C. Let k =
max {m : a,, ¢ CS;}. Such k is well-defined and k < n because a,, = b € C. Hence
apy1 € 05; C C.

Because 0S; is connected, the segment of the path between a;_; and a1 can be
replaced by a path that lies completely within 9S; C C. We can repeat such a modifi-
cation for any other segment of the path that lies outside of set C. After finitely many
modifications, we obtain a path from a to b that is entirely within C. It follows that

C' is connected. O

The last result in this part provides an upper bound on the number of distinct

2-connected sets.

Lemma 23. The number of distinct 2-connected subsets of G of cardinality r is no
larger than K?*(12)".

Proof. Each r-element 2-connected set S can be (not necessarily uniquely) encoded as

a pair of a signature (to, ..., t,_1) such that > ¢; = r — 1 and a tuple

(CO, Cly.eeny Ctoa Cto-i—l; cees Cto-l—tl-i-la cees Cto-l—...-‘rtl_l-i-la cees Ct0+---+tl7 ceey CT) s

where

® Cy, ..., ¢y is the list of all 2-neighbors (i..e, cubes that have d? distance no larger
than 2) of ¢,
e more generally, for each [, ¢ty 44, 41, -+, Cto+..+¢, 1S @ list of all 2-neighbors of

c; that have not yet been listed.

The number of different signatures is no larger than 2. Given signature (to,...,%,),
notice that there are at most K? choices of cy; given ¢y, there are at most (12)T°
choices of ¢y, ..., ¢, (there are 12 cubes that are at most 2-distant from a given cube),

etc. Thus, the number of encodings is no larger than

K2-(12). .. (12)" ' = K?(12)"".
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The result follows. O

D.5.3. Percolation theory - probabilistic arguments. Next, we consider a standard model
of percolation theory, where nodes are removed i.i.d. with probability p € (0,1). Let
gg,) denote a random graph obtained from the lattice of large cubes G by removing
i.i.d. nodes. The following two results provide the bounds on the probability of the

existence of a giant component of gg,).

Lemma 24. There exists a universal constant & < oo such that, for each vy € (0,1), K,
and p, if p < &2 and K2 (12p)~ < 57, then

P (Q’g,) has a connected component of size no smaller than (1 — ) K2> >1—n.

Proof. Let E C Ik be the (random) set of nodes removed to obtain graph Qg). For
each removed node a € E, let S (a) C E be the maximally 2-connected component of
removed nodes that contains a. In other words, S (a) is 2-connected, and if ¢ € E is
such that d? (¢, S (a)) < 2, then ¢ € S (a). Let S = {S(a) : a € E} be a collection of
such components. The construction ensures that, for each S,T € §, if S # T, then
Mingeser d? (c,c) > 2.

Let mmax = maxges |S]. Let
X, =|{SeS8:|S|>r} foreachr>1,
X =23 |SP =222 (X, = X)) =2) (P = (r = 1)) X, =253 (2r - 1) X,.

Ses T r r

We compute the expected value of X. By Lemma [23] the number of r-element 2-
connected sets is bounded by K2 (12)". The probability that all elements of a particular
r-element tuple are removed is equal to p". The linearity of the expectation implies
that E X, < K?(12)" p" and

24p
1 —24p

EX =2 (2r—1)EX, <2°K*) 2" (12p)" < 2°K*

"
The probability that there exists a 2-connected component not smaller than K is no

larger than
P(Tmax 2 K) S EXK S K2 (12p)K
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By Lemma [22| the probability that gg) does not have a connected component weakly
larger than (1 —~) ’QB‘ is not larger than

P (gg) has no connected component of size weakly larger than (1 — ) K 2)

EX 1., 24p
<P (X > 7K?) 4P (rpax > K) < P(rmax > K) < =28 ———

+ K2 (12p)% .

(The second inequality is due to the Markov inequality.) Assuming that v < 1, if
p < 5572 and K227K < %, then 1 —24p > %, and

212.24
1o 24 1 1
;281 — 54]9 + K* (12p)" < S 2.2%. ﬁ72 + K2 (12/p)5 p/?
=35 K2<12) Sy <
< vt %) 317

O

Next, we find a probability bound on the existence of a giant component of large
cubes that do not have any bad small cubes. A large cube C' € G? is v-clean if it does
not contain any y-bad small cube. Let gf be the random subgraph of the network of

large cubes that consists only of v-clean cubes.

1/2
Lemma 25. There exists a universal constant & < oo such that, if b > - (log %) /
2y v

and K?27K < %’y, then

P (Q’f has a connected component of v-clean large cubes and size of at least (1 — ) ‘Q’BD > 1—.

The giant component from the lemma is obviously uniquely defined. We refer to it

as U,.

Proof. Due to the Dvoretzky—Kiefer—Wolfowitz—Massart inequality, the probability
that a small cube c is v-bad is bounded by

P (c is y-bad) < e=2"7",
The probability that a large cube C' is not y-clean is bounded by

P (C is not y-clean) < k%207,
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By Lemma [24/ and some algebra, the claim holds if k2275 < 1y and k%e~2"" < 1 fy

for some universal constant ¢ < oo. U

D.5.4. Extraordinary set. A large cube C' € GP is extraordinary if it only consists of
extraordinary agents. The next result bounds the probability that the large component

identified in the previous section contains an extraordinary large cube.

—K2PO)

Lemma 26. There exists a universal constant & < oo such that, if e~
1/2
%7, b > % (log %) / s and K227 < i% then

P (|U7| > (1 —v) K? and U, contains an extraordinary large cube) >1—n.

Proof. The probability that a single agent is extraordinary is P (0) = P (8 (g;) <0).
The probability that a cube C' € GP is extraordinary is P(O)(kb)Q. Because each
extraordinary cube is also vy-clean, the probability that C'is extraordinary, conditional
on C being part of the giant component U, and on an arbitrary realization of payoff
shocks outside of (', is no smaller than P (O)Ud’ Conditional on |U,| > (1 —~v) K2,
the probability that the giant component has no extraordinary cube is bounded by

P (U7 has no extraordinary cube| |U,| > (1 —~) K2)
_ 2

The claim follows from the above bound and Lemma 251 O

D.5.5. Proof of Lemma [17 Assume w.lo.g. that R > 1 and v,p < 1. Let k,, =
[%me and b, = { (l og 100&]“2 )1/1, where £ is the constant from Lemma Then,
km,bn > 1 and there is a constant m. g such that, if m > m, , g, then %’" < p.
Moreover, the assumptions of Lemma, [19| are satisfied:

Z‘(;km—1> >§m—l;l>570R p> R.

Find constant A, , g < oo such that for each m > m, , g,

mb 1 2 1 —k2 p2
> J— mYm .
(Aypr)™ > Kby, max (20, 2log2 < log ( 407>> 1 < log <2O’Y>> (£ (0)) )
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(Such a constant exists because k,, < %Rm and b,, < m.) Take K > K,, =
[ﬁ (A77p7R)m6} and let M = Kkpb,. Then, the assumptions of Lemma [26| are
. . 1 . .
satisfied with ;5 instead of ~:
~a-pRe PO o L g gtk o L
¢ =g ™ =20 =T
Finally,

. 4
glm gL (MmN g L fm 4
v e\ ) S Tt T 007 S

which implies that the bound in the brackets of Lemmais larger than 1—4i (’:—7’: + 1) >
1—7.
Lemma 26| implies that

b 1 (Rm ) 1 Rm

1 1
P (\U7| > (1 — 107) K? and U, contains a extraordinary large cube) >1-— 1—07.

If U] > (1-&7) K?, Lemma [1§] implies that [UW (U, B)| > (1—7)M?, and
Lemma (19| implies that W (U,, R) is connected in the network of small cubes. The
definition of W (U,, R) implies that each small cube that is not y-good, and hence not
contained in U, is at least R-distant from each small cube contained in W (U,, R).
Finally, because R < %’" (%k’m — 1), it Cy € U, is an extraordinary large cube, then
W (Cpy, R) is non-empty and it contains a small cube ¢ € W (Cy, R) C W (U,, R) such
that for any ¢, if d(c,¢9) < R, then ¢ € Cj and c¢ is extraordinary. Therefore set

W (U,, R) is (v, R)-good.

D.6. Proof of Theorem [3|. Fix n > 0. We will show that, for each n > 0, there exist
constants A, mg > 0 such that, if m > mg and M > Amﬁ, and G is a (M, m)-lattice,
then the probability that there is an equilibrium a on the (M, m)-lattice such that
Av (a) = ﬁ >.a > x* 4+ 7 is smaller than 7. The argument for the lack of equilibria
with average action below x* — 7 is analogous (and it follows from exchanging the roles
for binary actions 0 and 1). Combining the two bounds (and taking the maximum of
the respective constants A and mg) delivers the result.

Apply Lemma (12 to %n and find 6 > 0, a* < z+ %n, L < o0, and a é-contagion wave
o for P.
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Let D > 1 be a constant that is larger than the sum of constants from Lemmas
and . Choose p < %(5 and v < min ((5, in) . Let R, be the constant from Lemma .
Let R=R,+ L. Let my =m,,r and A = A, ,g. Choose m > my, M > Am6, and
let b be as in Lemma [I7

Let W denote a (v, R)-good set of cubes in the network of small cubes G° if such
a set exists. Let ¢g € W be the cube such that for each ¢, if d(c,¢p) < R, then c is
extraordinary.

Let a be any equilibrium on the lattice. Let W; C W be a maximal subset of small
cubes such that the equilibrium a is (Wy, v, R,)-dominated by o. If W exists, then
co € Wy and Wy is non-empty. (To see why, notice that a(c) =0 < o (d(c,c0) — R,)
for each extraordinary cube, including all cubes ¢ st. d(c,¢o) < R. Additionally,
o(d(c,co) — R,) > o(L) =1 > a(c) for each cube ¢ such that d(c,co) > R.) By
Lemmas [15] and [16] for each y-good small cube ¢,

a(c)gfy—l—P(a*—l— > (1—f(a1(a)—|—Rp—d(c,Wd)))(a—a)—l—Dp)

a€o(R)

§5+P(a*+ 3 (1—f(a1(a)+Rp—d(c,Wd))>(a—a)—i—é).

aco(R)
Because ¢ is a d-contagion wave (see Lemma , the above is no larger than
<o(d(c,Wy) —R,—9).

Suppose that W, # W. Because W is connected, there is a cube ¢; € W\W, such
that ¢4 is a neighbor of ¢, € Wy in the network of small cubes. Then, d(cq, ;) < p,
and, by the triangle inequality, d (¢, Wy U {cs}) > d (¢, Wy) — p for any cube c¢. We

have:

e For each 7-good cube ¢, because p < 4,
a(c) <o(d(c,Wq) —R—9)<o(d(c, WgU{cs}) — R).

e For each cube c that is not vy-good, we have d (¢, Wy U {cs}) > R > R,+ L due
to WyU{cq} € W. But then, a(c) <1=0(L)=0(d(c, WqU{cqa}) — R).
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It follows that equilibrium a is (Wy U {c4}, 7, R,)-dominated by o. But this is a con-
tradiction with the choice of W, as a maximal set.
Therefore, W, = W, a is (W, ~, R,)-dominated by o, and for each ¢ € W,
1
a(c)<o(d(c,W)—R)+p=0c(—R)+p< a*+177.
Hence

1 1 1 W
Av(a):]\/pzaz:a*_{_’gb‘;/(a(C)—a*)—{—’]\/[)wLi‘g%: (ai—a*)
c i w

1
Sa*+1n+’y§x*+n.

Because the probability that (v, R)-good set of small cubes exists is at least 1—y > 1—mn,

the above inequality demonstrates our claim.

APPENDIX E. PROOF OF THEOREM [4]

E.1. Proof overview. We formally describe the best response dynamics: initial profile
and the updating process. Next, we compute capacity-type bounds on the dynamics,
i.e., calculations () from the main body of the paper. We show that the reminder terms
are small. We use this to show that the average payoffs at the end of the dynamics

cannot be significantly different from x* and conclude the proof of the theorem.

E.2. Initial profile. In this part of the Appendix, we define the initial profile for
the dynamics and its properties. Let x* be the RU-dominant outcome. For each
relation r € {=,<,>}, let E, = {g; :u(0,2% ;) ru(l,2*¢;)}. Then, E_ is the
set of payoff shocks that make a player indifferent if exactly a fraction z*of their

neighbors play action 1. Then, because z* is an RU-dominant outcome, F (E.) <

¥ < F(E.)+ F(EZ). If F(EZ) # 0, define p = F(E<);(FE(:E):)_$*. For each player

1, let Y; be the binomial i.i.d. variable equal to 1 with probability p and equal to 0

otherwise.
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Define an initial strategy profile as a function of the payoff shocks:

BRZ a_;,&; if BRZ a_;; ;)| = 1
o [BRiase) i |BR (ase) .
Y, otherwise.

For each player 4, let 39 = i -2 9ij ? be the fraction of neighbors of agent ¢ who play
action 1 under profile a! The next result derives a probabilistic bound on the average

distance of neighborhood behaviors from the RU-dominant outcome.

Lemma 27. For each n > 0, there exists d > 0 such that if d (g) < d, then

P(Zgi 5? -z (Zgz)) <

Proof. Variables a) are independent of each other and E a) = 2*. Hence, for each 1,

E(ﬁ?—m*szi”E(a —a:) <Zd g”: d(g).

j (2

By Cauchy-Schwartz inequality, we get E |3 — 2*| < 2,/d(g). Let d(g) < d = 1n*.

1
Then, by Markov’s equality, for each 7,

P>y

(Zgl)) < E(X g8 —z*) < 2y/d(9) <.

0_
K n (3 gi) -

O

E.3. Best response process. In this subsection, we formally define best response
dynamics: starting from the initial profile a, agents who play 0 but have 1 as a best
response revise their actions to 1, in an arbitrary (but fixed) order. Assume that all

players are labeled with numbers i € {1,..., N}. For all t > 0, and for each i, let

- Y, 18
=P (8).
iy = min{i al =0 and u (1,6;,61-) > u(O,ﬁf,ﬁi)}7
i 1 ifi=q
altt =

7
t

a; otherwise.
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We refer to pl as the expected action of agent 4 in period ¢. Because at most one player
gl — ﬁf“‘ < d(g) for each i. The stochastic

process (a', 8%, p'), depends on the realization of payoff shocks e.

changes actions at each step, we have

If the set in the third line is empty, the process stops. Because there are finitely
many players, the dynamics must stop in a finite time. We denote the final outcome

of the process as (aZU, By, pY )

E.4. Main step. For each profile of expected actions p, define the functional
1 2
F(p) = izgij (pi —pj)°-
Z7‘7

Clearly, F (p') > 0 for each ¢. Also, define function

x

L(ﬂf):/(P‘1 (v) — ) dy.

Because z* is RU-dominant, it is the unique minimizer of L (x). Hence L (z*) = 0 and
L (z) > 0 for each x # z*.
The next lemma fills calculations behind formula in the main body of the paper.

Lemma 28. For each t,
23 gL (p1) <F (') + A+2) g
where A is defined as

A= 3= X X (a6 -n).

t<T i s=tt+1

B o

+2d(9) Y g, (19)
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Proof. Observe that for each ¢,

> 9ij (P = plph)

) -

T () = o (0 - ) B (- )
) =X ) s 3 p
)

s=t,t+1

V)
|
(]
S
=
[\
|
(]

o (P ) X s (T ) Y X (4 n),

s=t,t+1 i j s=t,t+1

where, in the last line, we used g;3; = >; gi;a;. Summing up across ¢t < T', we obtain
FE)=70") =2 (F(") -7 ()
t<T
:Z (T—H) Zg() Zzg(t“ f) Zﬁf‘FA

t<T i s=t,t+1

=A+> g {(pf“f - (p?)2 —2 / P~ (y) dy]

+2

t<T s=tt+1

Q/P‘l () dy — (0™ —pt) 2 Bf]-

p;

The second term of the above is equal to

> i {(}%T“)Q () -2 / P~ (y)dy]

0

2;gi{]ydy—/f’l(y)dy

=234 (L () = L (p)).
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Notice that L (z*) = L (P (z*)) = 0 and L (P (8Y)) is Lipschitz with constant 1. Hence

the above is no larger than
< -2 gL ( ZTH) +> g

Recall that sup,.p (ﬁf“ — Bf) < d(g). By definition of the Lebesgue integral,

B — o

T+1

S BNy B < P y) < B < /
t<T 0

Z(md A (y: B <P (y) < B

where ) is the Lebesgue measure on the interval [0, 1]. The definition of inverse function

P! as well as p! = P (B!) for each t imply that

My:B <Py < BT =i 1l

Hence
pitt
29> |2 / P (y)dy — (pi —pl) > B[ <2d(9)Y g
( t<T A s=t,t+1
p;
The result follows from putting the estimates together and the fact that F (p;?mrl) >
0. 0

E.5. Estimates. In this section, we provide estimates of the terms on the right-hand

side of .
Lemma 29. For each n > 0, there exists dﬁ > 0 such that, if d(g) < dﬁ, then
P(F () >n(Xa) <n

Proof. Note that

«7:<p0) < Zgi (pi —2%)* < Zgi(S (@D) )
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where 0 (z) = (P (z) — 2*)°. Note that § (#*) = 0. Choose £ > 0 such that ¢ (\/E) +
VE< %77. Let d < n be sufficiently small so that Lemma [27 holds for £. Then,

P Z 9¢>\/§ngz‘ <&,
802/

and, if the event in the brackets does not hold, we have

Xi:gié (89) < ;gi (5 (ﬁ) + \/E) <7 (Zg) ,

To gain estimates on term A, we need a preliminary lemma:

Lemma 30. For each j and s,

E (aj — max (.r*,pj) |5,]-) <0.

Proof. Fix player j. The stochastic process (a’, 5%, p'), can be defined on the probability
space Q = EV composed of the realizations of the payoff shock for each individual.
Consider an auxiliary stochastic processes (o, 8", p'*), defined on the same probability
space with the same equations — as the original process, but with setting a;.t = a?
for each t. Additionally, define

T — 1iff u (1’ max (w*, 5;;) 75j> > (0, max (w*’ 5;5) 753') .

J

So defined a;ft depends on e_; only through process ’. Hence, for each ¢_;,

P (a}ftﬂ = 1]5,j) =P (u (1,max (x*,ﬁ;-t) ,aj) >u (O,max (x*,ﬁ;-t) ,aj) |€,j)
=P (max (:c*, B;t)) .
Notice that a}’ft > a§ for each t. Indeed, let ty = inf {t : a§ = 1} and equal oo if

the set is empty. Then, 8! = (I for each 7 and ¢ < to . Moreover, a;o = 1 implies
U (1, 5;0_1, 5]’) > (0,6;0_1,@) , which implies that a}fto =1.
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Further, payoff complementarities imply that, for each s, 5* < 3%, and hence p"* <
p®. Additionally, p'*~ < p’*. Thus,

E (a; — max (x*, j) |5_j) = (aj- = 1|5—j) —max (x*,p;.5>
(a;s — 1|5—j) — max (l'*,pgs)
_ (maX (m*’ 5;571)) — max (:c*,p}s)

= max (:c*,p}s’l) — max (a:*,p}s> <0,

where the first equality is due to the fact that p’f‘l

E_;. OJ

and B]'-S_l are measurable wrt.

Lemma 31. For each 1 > 0, there exists d, > 0 such that, if d(g) < d,, then

P (;Zgw (aj — max (m*,pj>) > 77) <.

Proof. By Lemma [30| finite stochastic process X; = + Y., g;»a’ is a supermartin-
y J gi —3'<) I

gale. Take d,, = —ﬁ. Then, the Azuma-Hoeffding’s Inequality implies that

1 1
P—>_gia; —p; > n) <exp |- < exp (—n) < exp (Inn) = 7.
<gz Z I J d(g) ( )

2
i

g.
2
1

g

Lemma 32. For each n > 0, there exists dﬁ > 0 such that if d (g) < d;‘, then for each

1 and s,

P<A27729i> <.
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Proof. Because p'tt

AL S0 =) X 30 (o —max(e15)

> pt for each i,

t<T 4 s=t,t+1
+ (P =) gy > (max (a7,p)) - p))
t<T i j s=t,t+1
S Z Z (PEH - pf) Zgij Z (aj — max (x*,pj)) +2 Zgj ‘p? _
i<T i J s=t,t+1 J
=A; + A,.

We are going to bound each of the two terms separately.

2 : Al _ 72
Let d; be the constant from Lemma . Then, if d(g) < d," = d%\/,?

(ST 6 - T (s (a9)) < Ja T
t<T i j s=tt+1 i

By Markov’s inequality,

1 : g1

P (Al > nZgz-) < yizisi 1

2 5772!% 2

Take 0 (x) = | P (z) — *|. Note that ¢ (z*) = 0. Choose { > 0 such that max (5, 4 ((5 (\/E) + \/E)) <
%n. Let d;m < 1 be sufficiently small so that Lemma [27| holds for £&. Then,

n.

P( Z 9¢>\/gzgi> <¢,
i167>1/¢

and, if the event in the brackets does not hold, we have
1
230y [P ()~ <2 (5 (Ve) + V&) T < o (T
J i i

Take d/ = min (dAl dA2). Then,

noom

1 1
P (A > 7]2.%’) <P <A1 > 2772%) +P <A2 > 2772%) > .
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E.6. Average payoffs at the end of dynamics. We show that the average payoffs

when the upper best response dynamics stop are not much higher than z*.

Lemma 33. For each n > 0, there exists dg > 0 such that, if d(g) < df{, then
P (Av (aU) > (n+ ) Zgz> <.

Proof. By definition, z* is the unique maximizer of L (x). Fix n > 0 and find £ > 0
such that v/ < nand if L (z) < /€, then z < z* + %77.
Let (a', 5%, p'), be the upper best response dynamics defined in Section By

Lemmas , and 32| if d < df = max (df,d¢), then
Zgz‘L (pﬁj) < 5291‘

with a probability of at least 1 —¢. Tt follows that 3. (b0)2 /€ Y < V€, which implies
that 35, 5054011, g < V€. Hence,

Zgz’@US Z 9i <$*+;n)+\ﬁzgi§($*+n)zgi-

i:ﬁ?gx*-l—%n

Finally, notice that
Av(a”) =Y gial =303 gyal =303 gyl =3 gy
i i i g i
The result follows from the above inequality. OJ

E.7. Proof of Theorem [4, Lemma [33|shows that the best response dynamics, where
players only revise their actions upwards, stop with a profile a¥ with average payoffs
close to z*. An analogous result shows that a lower version of the best response
dynamics, initiated from the same profile a” and where players only revise their actions
downwards, stop with a profile a” with average payoffs also close to z*.

Due to payoff complementarities, the lower best response dynamics initiated from
profile @V will stop at equilibrium profile aV% that lies in between aV and a*. The

latter implies that the average payoffs must lie in between the average payoffs Av (aU>
and Av (aL). The claim follows.
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E.8. Extension to unweighted average. The argument remains identical except

for the following modification of Lemma [33} For each n > 0 and w < oo, there exists
U : U

d, > 0 such that, if d (g) < d,’, and w(g) < w then

P (Avunweighted (UCLO> > (n+ 33'*)> <.

To see the above claim, recall that a/ > a? . Hence

U
AVunweighted (CL ) - AVunweighted <a>

N (=) = 5 (g ) (o )
1 Yg 1
mlnzgzizgl( lU O) = min,; g; ]Vg > 9i Zgl( @i ’)
< (e U0) = A () = (o) (v (V) ~ v (a7)).

An application of Lemma [33] establishes the claim.
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