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LARGE BANDIT GAMES

Antoine Salomon

Abstract

We study a multi-player one-arm bandit game: for infinitely many stages, players
choose between playing a risky action or dropping out irreversibly to a safe action. Each
player observe his own payoffs and other players’ actions. We study equilibria of the game
when the number of players gets large. We argue that either limit equilibrium exhibits
aggregate randomness, or players behaviours leads to a swift determination of the value
of the risky action. The conditions under which one or the other case arises are provided.
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Introduction

In this paper, we study situations where many agents deal with a dilemma between exploiting
a known profitable investment and experimenting others with unknown values. One-arm ban-
dit model provides a good way to address this problem: each player faces a machine which he
sequentially decides to (or not to) operate. This is equivalent to deciding which arm to oper-
ate when facing a machine with a safe arm (representing the exploitation option) and a risky
arm (for the exploration option). When the risky arm is pulled, the player gets a payoff from
which he can learn about the profitability of its machine, and when the safe arm is pulled he
is rewarded by a payoff of known value. Without loss of generality, we assume that the value
of the safe arm is normalized to zero. Usually a machine is one of two types, say High and
Low, that the player does not know and that is drawn randomly at the beginning of the game.
This type may also be referred as the state of the nature. The expected value of the risky
action is positive when the type is High, and negative when the type is Low. So the player
has to choose if he stops experimentation, and when: not too early to have time to detect the
High state and not too late to avoid costly bets. Gittings [Git79] was the first to describe the
optimal strategy in such a model (one may also look at Ferguson [Fer06| for a review). Models
with a single player and a multi-armed bandit still spawns many publications (e.g. Brezzi
and Lai [BL02]), most of it in a non-bayesian setting (|[LR85|, [ACBF02|, [AMS09], ...). In a
multi-player game, the situation is trickier: a player may be able to watch others’ decisions
and/or payoffs, which is another way to get information when the types of the risky arms are
correlated. This is the topic we are interested in, in particular when there is a large number
of players.

First, let us briefly describe some basic problems raised by the study of multi-player bandit
games, and by games with many players.

A major question is the social efficiency of Nash equilibria, that is, the difference between the
expected gain of a player in a situation of strategic interaction and the expected gain of an
isolated player (who only observes his own payoffs). This difference is always positive, since
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a player can not suffer from getting extra information from his neighbours, but the amount
may depend on the level of cooperation between agents. Besides, an alternative way to study
social efficiency is to look at the difference between the gain of a cooperative players (who
fully cooperates to maximize the sum of their rewards) and the gain of the players in strategic
interaction.

In this view, a popular subject is free-riding: some players may have an incentive to take
advantage of other agents’ experimentation without taking risks themselves (see Bolton and
Harris [BH99| and Keller, Rady and Cripps [KRCO05]). This brings some intricacies in the
description of equilibria, and it affects their social efficiency. As we do not want to focus on
free-riding we will assume that the decision to switch to a safe action is irreversible.
Nevertheless, the fact that there are many players enables them to gather a better amount of
information. As the number of players is growing, this may even asymptotically lead to a full
learning of the state. Thus, the players would eventually all play the same action, which has
proven to be the best. Consequently our subject is linked to herding , which is not restricted
to bandit games (see Banarjee [Ban92| and Aoyagi [Aoy98|). In this case of asymptotic perfect
learning, we can also wonder if it benefits to a large proportion of players, and how fast the
state is revealed. This issue was studied by C. Chamley and D. Gale [CG94| in a model of
investment. Among other parameters, they underlined the role of the cost of experimentation:
the more expensive experimentation is expected to be, the more players are willing to take
risks in order to shorten the learning period.

Our subject is the description of equilibria with a large number of players, and to discuss the
possibility of asymptotic perfect learning. To avoid triviality, it is critical that players do not
observe each others payoffs (or, at least, not a good piece of it). If not, by means of the law
of large number and provided that the types of the machines are correlated enough, the state
of the nature would be learned automatically after the first stage thanks the massive amount
of observed payoffs.

Previous works are mostly based on models with a continuum of agents (see, e.g. Caplin and
Leahy [CL94|, Bergemann and Véliméki [BV97], and Camargo [Cam06]). In these settings,
an individual player can not reveal anything and only massive actions indicate relevant in-
formation. Each player gets a piece of information, which affects his decisions, so that the
proportion of players who take a given option is a feature of the state of the nature. For in-
stance, the equilibria considered in [CL94] are depicted as follows: at some point a proportion
of agents is led to leave the market, and this reveals the state to the others. The interest for
these models is justified in so far as a large number of players is expected to be asymptotically
equivalent to a continuum setting. As an example, in Rosenberg, Solan and Vielle [RSV07],
the number of players is finite but when it gets large we also observe a revealing fraction
of exit. Nevertheless, the equivalence is questionable. In [RSVO07|, the model assumes that
some payoffs make players so pessimistic after one stage that exiting becomes their dominant
strategy. That is why, when the number of players gets large, a massive departure is observed.
Without this assumption, players could be tempted to delay their exit or to leave far more
scarcely, so that limit aggregate behaviour displays randomness and is not determined by the
state of the nature. In a study that is related to our, P. Murto and J. Vélim&ki [MV06] study
this randomness and the process of learning. They show that when the number of players is
large and under certain circumstances (basically, when the cost of waiting is not too high),
information aggregates smoothly by several random wave of exits. In their model, a player is
either informed (i.e. he has received the positive signal that tells his that his state is High) or
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uninformed (i.e. he did not get the positive signal).

Our model is close to [RSV07]: each of a large number of players operates in discrete time
a one-arm bandit machine, they observe each others’ actions but not each others’ payoffs, so
that the only way players can get information is from their own payoffs and from watching
others’ decisions. Except from one technical assumption, the distribution of payoffs is general,
and learning is not monotonic as in [MV06]. The type of the machines are perfectly corre-
lated: either they are all in the "High" state, either they are all "Low". This means that all
the machine shares a common distribution of payoff, the expectation of which is positive in
the High state and negative in the Low state. Conditionally to the state, payoffs are drawn
independently across players and across stages. Finally and as mentioned before, the decision
to stop experimentation is irreversible.

Our claim is the existence of an alternative.

For some asymptotic equilibria, players wait until a fraction of them gets too bad news and
is forced to leave. Thus the state is revealed to the remaining players. This case is similar
to models with a continuum of players, as the limit aggregate behaviour does not show un-
certainty. This is also related to herding: except for the first leaving players, all players will
act the same. Their decisions are based on others’ behaviours rather than on their private
information, but this always leads to the best action anyway. We will call these equilibria
Asymptotically Deterministic. We provide conditions for their existence, which are the in-
equalities that make sure that a non negligible part of the players exits at a given stage and
that all other players are optimistic enough to wait for this revealing stage. In particular,
these inequalities can be viewed as conditions for existence of equilibria in a similar model
with a continuum of players.

For all other asymptotic equilibria, the limit aggregate behaviour exhibits randomness. At
some stage of the game, some of the most pessimistic players will leave but the number of
exits is uncertain, as it is not fully determined by the type of the machines. This situation
is due to the fact there are not enough players willing to reveal a good piece of their private
information. Indeed, we will show that the average number of exits is bounded, with a bound
which is independent of the number of players involved in the game. In particular, if the
equilibrium is symmetric, the law of this number is asymptotically equivalent to a Poisson
distribution. As a consequence, this limit case cannot be modelled by a continuum of players.

The paper is organized as follows. In the first section, our model is described and the main
results are presented. Then, we give the main leads of their proofs. The third section is
devoted to the complete proofs.

1 Model and results

1.1 Model

Each of N players sequentially operates a one-arm bandit machine. They have to decide when
to stop. The decision to stop is irreversible and yields a payoff normalized to zero. At any
stage n > 1, each player i:

1. decides to drop out or to stay in,
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2. observes own payoff X
3. observes who stayed in.

The machines have a common payoff distribution, which can be one of two possible types:
High or Low. This type is a random variable, denoted ©, and stands for the state of the
nature. Players are not informed of the value of ® but they share a common prior pg, which
is the probability of the state being High. We assume that, conditional on O, the payoffs

(XzL)nZI,ie{L,,,,N} are i.i.d.

0 (resp. 0) stands for the expected stage payoff of a machine of type High (resp. Low) and

is w.lo.g. identified with this type. To avoid trivial cases, we assume that § < 0 < .

Players discount payoffs at a common rate 6 € (0,1) so that the overall payoff of player i is
ey SF1X7 where 7; is the last stage where player i decides to stay in (possibly 400).

Lastly, we denote by Py the conditional probability given © = 6 (6 € {0, 60}).

Remarks

e Payoffs are private information, but decisions are publicly observed. Thus, the only way
a player can learn the state is thanks to his own payoffs on the one hand, and to others’
players decisions on the other hand. If payoffs were publicly disclosed, the study of the
large game (i.e. N — +00) would be simple: there would be a full learning of the state
after the first stage.

e Except for one technical assumption which will be detailed below, there are no restric-
tions on the reward distributions. Thus, the model itself is not very restrictive. For
example, it could be that some payoffs are not a good profit but are good news, i.e. they
show that the state is likely to be High.

e The fact that all the machines are either all of type High, or all of type Low is an
assumption of perfect positive correlation. It implies for example that good news for
one player is good news for the others. This assumption is common to most of the
publications in the field, but some works investigate negative or partial correlation (e.g.
[KRO8| or [RSV10]).

e Lastly, the fact that dropping out is irreversible forbids any player to get back to exper-
iment if they stopped it before. This will enable us to have a simple characterization
of equilibria. Without this assumption, the study would be trickier notably because of
free-riding.

1.2 Cutoff Strategies

We want to study equilibria when N is large. Let us first describe the strategies that charac-
terizes equilibria for any N. To this aim, we introduce the notion of private belief and of the
status of players.

To make a decision, a player ¢ may take into account his past payoffs, which partially disclose
the state. For that, he can compute his Private Belief, denoted pi,:

Pp=P(O=0|X,,.... X}).
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This is the probability that player ¢ assigns to state High according to his own payoffs, re-
gardless of others players’ actions (as if he were alone).

Assuming he knows the others players’ strategies, player i also knows how to account for other
players’ decisions. Let us set the r.v. «f" , which gives the status of player j at stage n in
the N player game, as follows: BN = aif player j still active, N = m if J left at stage m
(m < n). One can sum up the status of all players (except i) in a random vector Y whose
coordinates are the r.v. of” (j # i). We will denote A the vector such that all coordinates
are A. Moreover, a significant parameter of the N player game is the number of departures

before the end of stage n, and we will denote it k:gN), ie. kYY) = #{j e {1,...,N}od™ + a}.

Now, player i can play as follows: at each stage, he computes p! and decides to stay only if it
is above a given cut-off which depends on n and on the status of the other players ay, “N

We define cutoff strategies as a sequence (75" (£,)) with values in [0,1] indexed by the stages
n > 1 and by t,, the possible vectors of status at stage n. Player 7 plays the strategy if he
stops at stage inf{n >1:p! | <=t (& “M)}.

Beware the notations that can be a bit deceptive, because the decision at stage n rely on
private belief p¢ .

These strategies were introduced in [RSV07]. Their study of equilibria is based on the 2-player
game but their results are easily generalized for the game with any number of players. Their
results also suppose the following assumption, and our results are based on this assumption
as well.

Assumption A. The private belief pi has a density w.r.t. the Lebesque Measure.

This implies that the law of p is continuous for any n > 1 (see section 3.1.1). This is a way
to rule out mixed strategy and to simplify the description of equilibria: if pli had atoms, some
players could have the same belief at the same time and there would not exist equilibrium if
they did not mix their strategy.

Another consequence of A is that p{, has the same support under P, and Py: if not, it would
mean that, with positive probability, p;, has a value that is characteristic of the state. So the
state could be revealed and this value would be either 0 or 1. Consequently we would have
P(p, =0) > 0 or P(p. = 1) > 0, which contradicts the fact that p, has a density.

The main result of [RSV07] is the following.

Theorem 1.1. Under A, there exist symmetric equilibria. Moreover, every equilibrium strat-
eqy is a cutoff strategy.

That is why a sequence of equilibria indexed by the number of players NV will be sometimes
referred to by the corresponding sequence of cutoffs (W;{N(Fn)).

Now we will study the asymptotic equilibria when N — +o00. As we will see, there are mainly
two types of asymptotic equilibria.
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1.3 Asymptotically Deterministic Equilibrium
1.3.1 Introducing example

D.Rosenberg, E.Solan and N.Vieille [RSV07] study limit equilibrium play as N — +oc0 in a
particular case. In this setting the support of pil is [0,1] and asymptotic equilibria can be
fully and intuitively described. Basically, this full support assumption makes sure that some
players will be so pessimistic after the first stage that they will leave, which enable the other
players to learn the state.
To understand the description, we need to introduce the cutoff p*, defined by the following
equation:

po

1-6
This is the cutoff that makes a player indifferent between staying and leaving when he is sure
to learn the state at the following stage: leaving yields a payoff of zero, whereas staying yields
one payoff of expectation 6 in the Low state and payoffs of expectation 6 for all the remaining
stages in the High state. Consequently if a player has a belief below p*, he has to leave be-
cause even if he could learn the state afterwards, he will still not get a positive expectation.
Conversely, if a player has a belief over p* and if he is going to learn the state at the following
stage, he has to stay.

+(1-p")g=0.

Now let us describe the equilibria of large games when p} has full support. After the first
payoff, a fraction of players have a belief under p* and for them the best strategy is to drop
out. This fraction depends on the state of the world, as players get on average more bad news
in the Low state than in the High state. When the number of players is large, this reveals the
state by the Law of Large Numbers. Thus players who have a belief above p* after the first
payoff can afford to stay for one more stage as the number of departures will show them the
state. Therefore players tends to play with cutoff p*.

In this paper we do not assume that p} has full support anymore. We define F, ¢ as the c.d.f.
of p¢, under Py, and we define 7, as the worst possible belief at stage n:

m, = inf{m € [0,1] : F,, g(m) > 0}.

Note that 7,, does not depend on #, because p!, has the same support under Py and Py.

First casual intuition suggests that learning is only delayed and the equilibria will still be
deterministic: players will remain active until a fraction of them gets too bad news, leaves,
and thus reveals the state to the others. Let us define precisely this kind of asymptotic play.

1.3.2 Definition

A sequence of equilibria will be called Asymptotically Deterministic if, as the number of players
gets large, the play is roughly always the same: players all experiment for a given number of
stages, then some of them leaves, and then all remaining players play in perfect accordance
to the state.

Definition 1. A sequence of equilibria indexed by the number of players N for which each
game 1s set is an Asymptotically Deterministic with delay n > 1 if:
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N—+o0
P ( N) :N) 1
o Py (k1 o
. P§<Vlzn, k) :kl(N)> 1
N—+o00

Such a sequence will also be called an Asymptotically Deterministic Equilibrium (ADE).
The idea is that the number k,(LN) of departures at stage n reveals the state to the remaining
players, who then all leave in the Low state and all stay forever in the High state.

Note that n = 1 is a possible value of the delay, but this situation basically means that no-
body enters the game, and this does not make a determination of the state possible. Indeed,
this would mean that in the Low state, every player drop out at the very beginning of the
game, before getting any information. Consequently their decisions do not depend on their
private payoffs, or a fortiori on the state, and the players all leave in the High state as well.

In section 1.5, this situation will not be considered as an ADE.

1.3.3 Results

Let us now give necessary conditions and sufficient conditions for the existence of an ADE
with delay n.

Firstly, a fraction of players leave at stage n and this reveals the state to the others. Conse-
quently, the most pessimistic belief is below p*. If not, any leaving player would have better
stay active one more stage as he would learn the state and thus get a positive average payoff.
Moreover, this guarantees that a non negligible fraction of players, whose belief is below p*,
does leave at stage n. So we have a first condition.

Secondly, nobody leaves before stage n. So we have to ensure that, at any stage m < n, even
the most pessimistic player is willing to stay in. Such a player’s belief is 7,,,_;. He expects to
get an average payoff of 7, 0+ (1 —x,, ;)8 for n — m stages before some players leave. At
stage m he will leave only if his belief is below p*. If he stays he learns the state by looking
at the number of departures, so that he remains active forever if the state is High, and leaves
if the state is Low. The expected payoff of this strategy must be positive for this player (say
player i) to be right to remain active at stage m, as claimed in the following inequality:

(1464 .. +6"" ) (w10 + (1 — m,,_1)0)

_ g ; * |, 1
+om " <wm_1HP9(pZ_1 > p*|Pim—1 = Tp—1)

+(1 - Em—l)QPQ(pfz—l > p* |pin—1 = 7Tm—1)> > 0. (L)

We also denote by (I,,,) the corresponding large inequality.

These conditions are summed up in the following theorem.
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Theorem 1.2. Ifw,,_; < p* and if inequalities (I1), (I2),..., (In—1) hold, then there exists an
ADE.

Conversely if there exist an ADE, then m, , < p* and inequalities (I1), (I2),..., (In_1) hold.
In particular, the delay n is the first stage such that m,,_; < p*.

***This theorem enables us to know when there exists an ADE: as we will see in some exam-
ples (Section 1.5) and in corollary 1.3 below, this depends on the settings of the game (i.e. ¢,
po, and the reward distributions fg, fp). One can show that inequalities (I,n) and inequality
m,_1 < p* are the necessary and sufficient conditions for the existence of an equilibrium in
the same game but with a continuum of players. In this view, our theorem is similar to the
results of A. Caplin and J. Leahy [CL94].

If inequalities (I,,) and m,,_; < p* hold with at least an equality, the existence of an ADE is
uncertain. For example if (fm) is an equality, two phenomenons compete when N is getting
large: on the one hand the fact that there are more players may reveal the state at stage n
with better accuracy; on the other hand, more and more players may have critical bad news
at stage m and this could entail some exits before stage n. The balance between this two
phenomenons is linked with the equivalent of z +— P(pi, ; < x) in a neighbourhood of ,, ,
and is left outside the scope of this paper.

Finally, note that this theorem does not claim the uniqueness of asymptotic equilibria: it
could be that...

Now, let us give the main consequences of Theorem 1.2.

Corollary 1.3. o For any n > 2, there exist settings of the game for which there exists
an ADE with delay n.

o There exist settings of the game for which there is no ADE.

***Thus there are more asymptotic equilibria than equilibria in the continuum of player game.

Remember that, even if an ADE exists, it is not necessarily the unique asymptotic equilibrium.
We have a uniqueness result though but, contrary to theorem 1.2, its hypothesis does not only
rely on conditions on the settings of the game. This result is crucial to establish the alternative
between the two types of asymptotic equilibria.

N

n—

) =0) ——— 0 and if

Proposition 1.4. If (®y) is a sequence of equilibria such that P(k
N—+o00

T,_1 < p*, then (Pn) is an ADE with delay n.

This result takes up the same ideas as before: players wait for stage n, then a fraction of them
gets a belief below p* and reveals it by leaving, which enables the others to learn the state.

The following section describes what happens when limit equilibrium play is not deterministic
and exhibits randomness.

1.4 Other asymptotic equilibria and Poisson aggregate behaviour

Let us first deal with symmetric equilibria. If a sequence of equilibria is not A.D. and if players
delay their departures until stage n, then they limit themselves to only a few exits for the
state not to be revealed at once. The distribution of this number of exits is asymptotically a
Poissonian, the parameter of which depends on the state.



hal-00562257, version 2 - 5 Feb 2012

Theorem 1.5. Let (Pn)n>1 be a sequence of symmetric equilibria. Assume that there exists
a delay, i.e. a stage n such that

(N

)1 =0) —— 1 and limsupP(kY) = 0) < 1,

Pk
N—+oo N—+o0

and assume also that m, _; > p*.
Then there exists two bounded sequences (Ng y)n>1 and (Mg, N)N>1, with (Ag N)n>1 bounded
away from zero, such that:

k
[4 (N) — (N) = ~ _>‘9’N M
V0 € {0,0), Pk = Kk =0)  ~ e A

Note that the result still holds for a subsequence (i.e. for a sequence (<I>¢(N)) N>p» Where
¢ : N — N is a non-decreasing function). Thus the condition of existence of a delay is not
really binding, because any sequence of equilibria can be divided into subsequences for which
there exists a delay.

What strikes most is that the average number of exits at stage n stands bounded no matter how
large the number of players N can be. This extents to non symmetric equilibria, as expressed

in the following proposition which can be viewed as an alternative result of propostion 1.4.

Proposition 1.6. If (Py) is a sequence of equilibria such that P(k:n]p1 =0) Voo 1 and if
—+00

T,_1 > p*, then the sequence (EQ[ ﬁLN)|kn]X)1 = 0})N>1 is bounded.

Nevertheless it is not sure that we will always observe a Poisson distribution. For example,
it could be that only a given group of players (say player 1 to player ng, where ny does not
depend on N) may leave at stage n. Every other player may afford to stay one more stage
because this would enable them to learn the useful information given by this group.

To complete our study, let us comment the case of a sequence of equilibria (®) such that

P(kfﬁ)l =0) — 1 and if ,,_; = p*. This limit case does not entirely fit our alternative,
N—+oc0

and what we observe in this case is a sort of weak ADE. The number of exits Ey [k:éN) \kfﬁ)l = 0]

tends to +oo and this enables the players to discern the state, but the number of exits can be
less than order N and the revelation is not as clear as in an ADE. One can show that:

Vi>1, Py, =a) ——— 0
e Vi~ Q(an+1 )N—>—|—oo

o Vi>1, Vl>n, Pg(a%’N = af’N) — 1.
N—+o0

This is much weaker than in our definition of ADE.

As a conclusion, the scenario described in our introducing example (section 1.3.1) is not
general. If we do not assume that players can be arbitrarily pessimistic after the first stage,
the scenario is either delayed and still deterministic, either completely different: in particular
the process of learning exhibits randomness.



5Feb2012

°
~

hal-00562257, yegsions2

o

0.1

0.2

0.3

1.5 Examples

As an illustration of previous results, we would like to know when there exists ADE and to
see how the parameters of the game affect this existence. We call the delay (and denote it
n) the stage when first players exit. In the case of ADE, n is the smallest integer such that
Tpo1 <P

The setting is the following : the distribution of the X! + 1 is exponential, with parameters Ag
if the state is High, and ) if the state is Low. To avoid trivial case, we must have Ap > 1 > g,
as Bg[X!] = /\ie -1

On Figures 1, 2 and 3, x-axis is the prior py and y-axis is the discount rate 6. The color
shading from left to right shows the increase of the delay n, except for darkest zones which
are the values of pg and § for which there can not be ADE.

0.4 05 06 0.7 0.8 0.9 1

=11 =15 =11

: . N0 : . N : .l
Figure 1: Figure 2: Figure 3: ;= 0.5

Ag = 0.9 Xy =0.9

With a delay of n = 1, we have pg < p* and no player can afford to enter the game. This
situation (an ADE with delay n = 1) is not considered as an ADE here (left of the figures).
The other possible values of n are bordered by curves m;, = p*, k=0,1,2,....

For given values of Az and Mg, an increase of Ag (which is equivalent to a decrease of §) there
are less possible ADE (see Fig. 1 and Fig. 2). Even if the delay is shorter (for given values of
po and ), it that seems players can not wait for the revelation. Indeed, their average payoffs
before the revelation is not high enough.

On the contrary, a decrease A7 is an incentive for players to wait to learn the state. Thus, in
the particular case of Fig. 3, there always exists ADE.

Similarly, an increase of J seems to act as an incentive to wait, because after the revelation
the reward is higher when in the High state. Indeed there always exists ADE if § is close to 1.

Lastly, when § goes to 0, the game becomes basic because only the following stage is signif-

icant. Thus strategies are straightforward: when it becomes possible that some players are
obliged to quit because they do not expect a positive reward for the next stage, they leave and

10
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their departures reveals the state to the others. Consequently there are more ADE in this case.

2 Sketch of the proofs

We want to show that, except for some limit cases, asymptotic equilibria are either determin-
istic (when the conditions of existence of theorem 1.2 apply), or the state is not revealed when
first players leave and in this case the average number of exits is bounded w.r.t to N (as in
theorem 1.5 and 1.3).
More precisely, we are interested in any sequence of equilibria (®x)n>1 for which we can
define a delay n, which is asymptotically the first stage where some players could decide to
leave:

P(k N)l =0) —— 1 and limsupP(kM) = 0) < 1.
N—+too N—+o0
Remember that any sequence of equilibria can be divided into subsequences for which we can
define a delay. What we are going to explain still hold for subsequences.
Note also that when N is large, all players always remain active before stage n and we can
not derive any information from their behaviour. That is why player i’s belief over the state
at any stage m < n is assumed to be equal to his private belief p¢ .

Let us denote ng = min{m > 1|r,,, < p*}. To avoid a limit case, we assume that m, < p*.
Stage ng + 1 is then the maximum value of the delay n. Indeed if we had n > ng+ 1, it would
imply that P(k(N) =0) o 1. Thus, for N large enough, every player would decide to

no+l ——+00
remain at stage ng + 1, whereas a non negligible fraction of them would have a belief below

p*.

What we will see is that the behaviour of the players is different whether n = ng + 1 or
n < ng + 1. In the first case, players stay active until a fraction of them gets a belief below
p* and leaves, which enable other players to learn the state. In the second case, the first
departures happen before any player can get a belief below p*. There can not be too many
exits: if not this would give relevant information about the state and staying would be a
dominant strategy for any player, as all of them has a belief greater than p*.

2.1 n=ng+ 1: the Asymptotically Deterministic case

First, let us study the asymptotic equilibrium when n = ng + 1.

In this case, players wait at least until stage ng+ 1 before dropping out. Then a non negligible
part of them gets a belief below p*, and is obliged to drop out. Thus there is a significant
fraction of players who leave at stage ng + 1. As players get on average better news in the
High state than in the Low state, this fraction depends on the state.

On the other hand, players who decide to remain active after stage ng + 1 can observe this
fraction and learn the state very accurately when N is large. So if player ¢ decides to stay, he
will get a ng + 1-th payoff (the expectation of which is pfm@—l— (1 —pfm )8), and then by looking
at the fraction of exits he will be able to play in accordance to the state: stay forever if it is
High and drop out if it is Low. On average, player ¢’s asymptotic continuation payoff is then:

N

i 7 7 7 ? 7
pnoe + (1 - pno)Q + 0 (pnol_é + (1 - pn0)0>

11
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Therefore, by definition of p*, if pﬁlo > p* this payoff is non-negative and player ¢ will not drop
out.
This discussion enables us to conclude that players tend to play with cutoff p* at stage ng + 1.

Now let us see on what conditions this strategic profile is an asymptotic equilibrium.
We consider the decision of player i at stage m € {1,...,no}. If he follows the strategy profile
described above, he is going to get ng —m + 1 payoffs, then at stage n he will remain active if
p’, > p*, and then he will play in accordance to the state. The average payoff of this strategy
is:

(1404 + 0" (ph 18+ (1—pi,_1)0)

3 . 7] 4 . . . .
40 (s 5Py > 1)+ (1= P P 1 > 2l 1) )
This payoff has to be positive. If not this strategy would not be optimal because player i
would have better leave, which yields a continuation payoff of 0. This even has to be positive
for all players in any case. Consequently, this payoff is still positive for a player who got the
worst news from his private payoffs, i.e. whose private belief is 7,,,_;. That gives us inequality

(jm)

(L4004 48" ) (10 + (1 — 1-1)8)

- 7] ‘ .
+mm (wml ﬁpé(pfﬂ > PPt = T—1)

+(1 =7, )P (Pl 1 > P* [Pl 1 = Wml)) > 0.

Conversely if strict inequality (I,,,) hold for any m € {1,...,no} and if N is large enough, our
strategic profile is an equilibrium. Indeed, any player at any stage m € {1,...,no} can expect
a non negative payoff if he stays, whereas leaving would give him 0. Then at stage n each
player plays with cutoff p* which, as explained before, is the optimal strategy.

2.2 n <ng+ 1: the average number of exits is bounded

Now, let us consider the case n < ng + 1.

This condition is equivalent to m,,_; > p*, and in this situation the asymptotic proportion of
leaving players at stage n is either 0 or 1. Indeed if the fraction were in-between, it would
depend on the state because players averagely get worse beliefs in the Low state. Then, as
explained in the former case, any player who decides to leave at stage n should deviate and
stay, because staying would enable him to watch the fraction of exits, and thus he could learn
the state and react accordingly. This strategy would yield a positive payoff because private
beliefs are greater than p*.

In fact the fraction of exits can not be 1 either. Indeed, the condition P(k‘fﬁ)l =0) o 1
—+00

means that, asymptotically, every players have planned to stay until the end of stage n — 1,
and being that optimistic is not consistent with dropping out for sure at the next stage (see 77).

12
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Thus there are few exits at stage n. We denote by A\ 5, and Ay y the average number of
leaving players at stage n, in the N-player equilibrium @y, respectively in the High and in

the Low state:
N
—

Non = EglkM |k M = 0], Ay = EglkM KLY, = 0],

n—

A,
What we have showed is that =5~ and /\%"[N go to zero as N goes to +o0. In fact A\j ,, and
Ag,n are bounded w.r.t. to N because too many exits would still enable active players to
have a good guess on the state if N is large enough. Ag n is also bounded away from zero:

by definition of the delay n some players are likely to leave the game at stage n (that is the

condition limsup P(k:r(LN) = 0) < 1), and there are more exits in the Low state than in the
N—+o00

High state.

Now let us consider the case of symmetric equilibria. As players all play the same strategy,
the probability to leave at stage n for each of them is AGT’N, which depends on the state
(0 € {0, 0}). At stage n the decision only depends on private payoffs, which are independent
across players conditionally to the state. Therefore the number of exits kme) is the sum of
N independent Bernoulli r.v. with the same parameter )‘GTN So the distribution of kJLN) is a
binomial, which is usually equivalent to a Poisson distribution when N is large:

)\k
)1 = 0 ~ 6_>\91N797N

0 € 10,0}, Py(k™ = k|k
v E{ a,}y 9( n | N—4o00 k!

n—

Let us sum up our two cases: we have an alternative between a massive and deterministic
dropping out of a fraction of players (if w,,_; < p*), and a bounded average number of exits
(if m,,_1 > p*). In the first case we have established that some inequalities must hold for this
situation to be an equilibrium. That is the content of theorem 1.2, 1.5 and 1.6.

3 Proofs

3.1 Preliminary results

The proof of the main theorems requires some preliminary results that are given in the present
section.

3.1.1 Beliefs

Let us give a more detailed presentation of beliefs.
As pj has a density, the payoffs X| have a density fy under Py.
By means of Bayes rule, we then have an explicit formula:

P po XD (X)) f(XG)
L—pl,  1—pofo(Xi)  fo(X)  fa(X5)

i
1
i
1
and in particular we have

L—pl 1=pp fo(Xy00)  fo(X7)

13
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Now assume that others’ strategy profile is fixed.
All the information gathered by player i at stage n is then given by his Posterior Belief,
denoted ¢’

¢, =PO©=0\X], ., Xi a>N).

n

Similarly, we have the following formula by Bayes rules:
¢, ph Pya@"" =ad)
1—q, 1-pPy(a,"" =a)

Y

whenever o, A
We will often debate the case of every player remaining active until a certain stage n as

N is getting large, i.e. P(k,(LN) = 0) ﬁ 1. The number of departure observed by
—+00

player i is kn ", defined as # {j e {1, -, N\{i} ol A} CAs kN < kf@N), we have

Pk, "N = 0) ~— - 1, and because P (k"™ = 0) = poPy(kn"" = 0)+(1—po)Py(k "™ = 0)
one can write: ' '

Py(k, " = 0) o Land Py(k, "N = 0) -
The events {&T_Li’N = A} and {k;i’N = 0} are equal, so that player i’s posterior belief is
equivalent to his private belief when k:gLN =0:

G _ph Pyl =0)
1—qj 1=l Py(kn ™ = 0)
: iPy(kn "N =0 ,

PiPg(kn" = 0) + (1= pj)Py(kn " = 0) Nrboe

This explain the fact mentioned in section 2 that player ¢ can not derive public information
from his opponents, the latter being expected to remain active no matter what their private
payoffs could be.

3.1.2 Special Cut-offs

One player cut-off 7* When there is only one player, the game reduces to an optimal
stopping problem which is equivalent to the classic one-arm bandit problem (see [CR63] and
[Fer06]) where exit decisions can be assumed reversible. Indeed, if the player finds it optimal
not to play at a given stage, it will remain optimal for the following stages. In this case,
the optimal policy is to leave as soon as the belief p? drops below a time-independent given
cut-off, denoted 7* .

Note that, in our multi-player model, if ¢/, > 7* player i will find it optimal to remain active:
in this situation, even if he could not observe the others any more, staying would still be the
best decision.

Myopic cut-off p A simple way to decide to stay is to account just for the next stage. Its
expected payoff, that we call myopic payoff and denote myop(q’,), equals ¢%.0 + (1 — ¢')0.
The myopic cut-off, denoted p is defined as the only value such that myop(p) = 0. It is readily
seen that if ¢/, > P, player i has to stay at least one more stage. As this is still true in the

one-player game, one has also p > 7*.

14
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Best optimal continuation payoff cut-off p* We have already introduced the cutoff p*.
Let us give an another presentation based on the notion of optimal continuation payoff.
When facing the decision at the beginning of stage n, a player has to balance two things. On
the one hand, there is the next payoff with expectation myop(q’). On the other hand if he
stays he can expect to be informed better for the next decision, thanks to the the payoff X}
and to other players’ behavior. At most, he could learn the state nearly perfectly. Thus, if he
stays he can not expect more than the best optimal continuation payoff:

6qL0 g0

-5 1.5 U@l

opt(q’,) = myop(ql,) +

which is possible to get if at stage n + 1 he leaves when the state is Low, or stays forever if
the state is High.

In [RSVO07], it is showed that, a strategy profile being fixed, the optimal continuation payoff,
i.e. the expected payoff player i can get from a stage n + 1 if he stays at stage n+ 1 and then
plays optimally, is a function wiY which only depends on p!, and ap “N This means that the
optimal strategy consists in staying active as long as w}{N(pil, &;Z’N) > 0. And from what is
explained above, we deduce that opt(qt) > wi™ (pi, dn ).

We define the best optimal continuation payoff p* as the unique cut-off such that opt(p*)=0.
A simple property of p* is that if ¢/ < p*, it is a dominant strategy to leave.

On the contrary, if ¢/, > p* player i has to stay if he is optimistic enough and/or if he expects
to get a good piece of information looking at other players’ behavior. In particular, the more
players there are, the more information he can expect.

The optimal continuation payoff has a role in our results. In an ADE with delay n, when the
end of stage n is reached, a wave of exits reveals the state with more and more accuracy as N
is getting large. Asymptotically, any player 7 is facing the optimal continuation payoff when
making his decision at stage n. Consequently, at stage m, player ¢ expects a continuation
payoff of:

(L+6+ ...+ 8" Hmyop(pl,_1) + 6" "E[max (0, opt (ply_1)) |Phy_1]-

As myop is non decreasing and p!,_; is increasing w.r.t. to p’,_; (equation (1)), this expression
is non decreasing w.r.t. p!,_: this explains explains the intuitive fact that a player is all the
more willing to stay in the game as his belief is higher. Moreover, one can show that:

g | » | | »
p:n—lli_(spg(p%n—l > P Pm1) + (L = Pp1)0Po(pr 1 = ¥ [P 1)
= E[max (0, 0pt(p},_1)) [P}—1]

Combining the last two equalities and with p{, | = & we find an other expression of

m—1»
equalities (I,,) and (I,,). It has to be positive for any player to be right to remain active at
stage m (leaving only yields a payoff of 0).

It is also worth noticing that, the left side of equality (fm) being an expression of a con-
tinuation payoff with belief &, ;, it is strictly lower than opt(m,, ;). Consequently if (I,,)
holds then m,, ; > p*. This explains the last part of theorem 1.2: in an ADE, the delay n is

necessarily the first stage such that m,,_; < p*.

15
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No let us give some results about how a player behaviour affects the other players’ beliefs.
We want to formalize the fact that players get on average better news in the IHigh state than
in the Low state, and as a consequence it is good news for a player to observe his opponents
remaining active.

3.1.3 Staying is always good news

If a player i (with cut-offs m? () stays until stage n + 1, his contribution to other active
players’ beliefs is given by the following likelihood ratio:

. . . N . i N , -—i.N N N
P@@% > Wzi (anz )s D1 = 752{—1(0%171 )7-~-7P1 > 7711 (041 )

: ; Ny N ——iN N, o—i N\
PQ(P%ZW%’ (anz’ )y D1 > T (@0 )7-~-7P1>7TZ1 (@, "))

Now, if this player is still active at stage n + 2, the former contribution has to be updated by
multiplying by:

',N =i, N N iN
Pa(PnH >7rn+1( )|P ; (anZ ),.--,pl >7Ti (ay ay )

N, —i,N N iN
PQ(an > 7Tn+1( )|P Z (anZ ),.--,pl > 771 (a1 )

The fact that this ratio is always greater than 1, i.e. that it is always good news to observe a
player staying active, is a by-product of proposition 3.2 thereafter. To obtain this result we
need the following lemma, the proof of which can be found in the appendix.

Lemma 3.1. For each stage n and each cutoff m1,...,mn—1 € [0,1], the likelihood ratio

P 2 mp g 2 M) 2 M)
Q(pzn Z ﬂ-’pjlfl 2 Tn—1, ap’i 2 7T]_)

P
1S INCreasing.
We now come to our proposition.

Proposition 3.2. (Conditional stochastic dominance)
For each stage n and k € {0,1,...,n — 1}, z1,x9,...,xy € [0,1],

P;(p;, > Tn, s Dy = T [P = Ty D1 = 1) = Po(py, 2> Ty o Py > Tt [P = Ty oo D] > T1)

Proof. Thanks to Lemma 3.1, as x,, > 0, we can write:

P;(pl, > Tn, 0l > Tp_1,...,0} > 1) . P5(pl, > 0,p% 1 > p_1,...,p4 > 1)
Po(pl, > Tn, Dl > Tpo1,...,p8 > x1) — Poph, >0,pl_1 > apn_1,...,p0 >z
> P@(p;—l > Tp-1,- ,p1 > x1)
~ Po(pl g > xnon, e pl > 1)

Hence:

Pg(p31>x pn 1>Jjn 1y-- 7p11>1:l) >P9( anvpn 1>$n 1’-"pl12$1)
Pg(p%,1 > Tn—1,-- 7p1 > CCl) - PQ(pnfl > Tn—1, "’apl > IEl)
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which is exactly the desired result for k =n — 1.
We derived from this the whole proposition, as:
PG'(piz Z T,y "'7p’li<;+1 Z ﬂfk-&-l‘pi; 2 Tk, 7p?L Z l‘l)
= Polpy, = znlph_1 = Tn-1,..,01 = 1) X Po(pr,_1 = Tna1[ph_g = Tn-2,...,p1 = 21)
Xooo X Po(ply1 2 Tp41|Pf = Ths oo, P 2> 21).

O

Let us mention a simple consequence of proposition 3.2 which will be useful subsequently,
and which shows that public information is increasing from stage to stage as long as no more
players leave.

Corollary 3.3. For all cutoff strategy profiles, for all stagesn > m, and for alli € {1,--- | N},

P; (kgi,N _ k;li,N’d;li,N>
~ - — >1 a.s.
—1, —1, ——1,

Proof. As the payoffs are independent across players conditionally to the state, the above ratio
is equal to

O
Pyl 2 (@™, sy 2 Tl (6l 2 (™), > ™ (@)

[[ Don2m @ )ooPin 2 T (Gl Mlom 2 TGl ), g 210 (57 ),
oot P = w0 @)l 2 @ e (@ ). 2 (@)

and all the factors in this product are greater than 1 because of proposition 3.2. O

Thus, it has been showed that a player staying active increases his contribution in other
players’ posterior beliefs from stage to stage. But this is an increase in a large sense, as his
contribution can remain constant. For instance, in an ADE every player asymptotically stay
active until the revelation stage no matter what their private information may be, and their
public contribution remain equal to 1.

Now we will show that someone leaving after a stage where all players were still active repre-
sents a strict decrease of his contribution to others’ posterior belief.

3.1.4 Leaving is bad news

What we want to study specifically is what happens when first players exit. To this aim, we
introduce the probability P, g = Pg(- - - |l<:£LN) = 0) and E, g the corresponding expectation (a
sequence of equilibria being given). Let Fqi o be the c.d.f. of p’, under this probability:

fle(x) =Py (pﬁb < :1:‘ ]gT(lN) - 0) .
Note that Féﬂ(x) =Py (pil < x‘ P> WZTI(A), Pt > Wi’N(A)) by independence of pay-
offs across players conditionally to the state. In particular, by definition of cutoff strategies
we have:

Py (i leaves at stage n + 1|k(N) = 0) = f;’g(wﬁ;N(A)).

17
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To show that leaving is meaningful, we need to prove that one can not forecast with certainty
that a player ¢ will stop at a given stage. If not, this exit cannot give us any information as
it was due to happen, no matter what player i’s private information is.

The following lemma states that, in an equilibrium where every player have planned to stay
until stage n, the probability that a rational player leaves the game at stage n+ 1 is uniformly
less than 1. Indeed, being too pessimistic would not be consistent with staying until stage n.

Lemma 3.4. Let (Py) be a sequence of equilibrium such that P(k‘ﬁLN) =0) —— 1.

N—r+o00
There exists No > 0 and By, Bg € [0,1) such that:
VN > Ny, V0 € {0,0}, P, (i leaves at stage n + 1|p,_1) < By P9 — a.s.
In particular:
VN > Ny, V0 € {0,0}, P, (i leaves at stage n + 1) = £79(W2N(K)) < Bp.

Proof. Let us first prove the existence of 3.
We are studying the decision of player i at stage n + 1, given that his private belief at stage
n, pn 1, is known. As we are working under the probablhty P ng> We can also assume that he
has not observe any departure from other players yet. So his posterlor belief at stage n is also
known: A
dn—1 o pizfl (knliv — )

l—q,y 1-p, 1 Py(k," =0)
The fact that player ¢ will not decide to leave at stage n + 1 too often is the consequence of
one of two cases: either he has got news good so far and he will mostly remain optimistic at
stage n + 1, either he has not but the fact that he has not dropped out until stage n anyway
shows that he is still expecting something and will not leave too soon.

Case n°1: player ¢ is optimistic enough to get a posterior belief at stage n greater than the
myopic cutoff p.
From the inequality § < 0 < 6, it is easy to show that there exists €, > 0 such that

f(X) qn p
P (ff(Xz) Zl—i—e) Assumethatt1 = 11 > p1+€

n

to stay when the belief is greater than p, we have.

As it is a strictly dominant strategy

P, (i stays at stage n + 1|p;,_1) 2 P, 5(q, 2 plp,—1) =P, 3 (” > _’p§11>

(koY = ofk, Y = 0)

qi;_l fe(X) 9
g@* =0k, =0) ~ 1=P

P
=P
P

™ 1iqn 1f9< )

V
\

3
f@'

>1 see corollary3.3
< Pl X)) b
"\1-Pl+efo(X)) = 1-7

v

As pﬁ'hl and k:,(lN) are measurable w.r.t. o (Xgm 1<m<N,1<m<n-— 1), they are inde-
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pendent from X! under Py, and we have:

(X1 ) (X E
9<;Z§XZ; >1+e p2_1> :P9<f6( T.L) >1—|—e> > €.

Case n°2: he is not that optimistic but he still had to experiment.
In this case, we have: '
qzz—ll < p 1 _
1-¢,_;  1-pl+e

(N)

We are working under probability P 3, so we assume that k, ° = 0. In particular player

i decides to remain active at stage n and pi,_; > Wf{l_vl(x). Consequently the continuation
payoff that he was expecting to get at stage n is positive. Let us overestimate this continuation
payoff.

At the beginning of stage n, player ¢’s decision is based on the information kriﬁ)l =0 and on
p' ;. When he stays, he first gets a myopic payoff of expectation myop(q’,_;). Then, if he
observes k‘ﬁi’N = 0 he will stay if p, > mi;N(K). Let us say this will never happen in the Low
state and, if he stays in the High state, he will remain active forever (which yields on average
%). Moreover, we can overestimate his continuation payoff when ke N # 0 by % in the

High state and by 0 in the Low state. So we have the following overestimation:

i qﬁL_ 360 i 0N\ (.~ i
myop(gp—1) + == Pglp, > m (K)[k, Y =0, KN = 0,0, )Pk, "N = 0k} =0, _))
7 —1 N i é
+ qn—lpg(kn N ?é O‘k}(z—)l = Oapn—l)l _ (5

kN = 0, k)

As pi | > wzjjl(i), we have oY = A and conditioning by 1= 0,ph,_ is

equivalent to conditioning by kT(ZN) =0,p!,_;. As a consequence we have:

Py(p, > miN () kN = 0,6, = 0,9, 1) =P, 5(k, > 7iN (&), ).

n

The same argument, together with the fact other players’ decisions do not depend on is pi,_,
but only on OJ{N, enables us to write:

P,k N £ 0N =0,p)_)) = P@( ;@N £ 0, a:;N — A|k:< V) =000, 1)
(N) £ 0).

IN A
%
=z

Moreover we can simply overestimate Pg(k;, WN = 0|k:n 1 =0,p,_,) by 1.
Consequently player ¢’s continuation payoff is less than:

qafléé
1-96

, [
+ g Py(kN) # O)Q-

myop(ql,_1) + P, 50, > mN (K)|p),_1)
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And than:
P 50

- £ _ 7 > i,N e 7
myop(l + 6(1 _ﬁ)) + 1— 5Pn’9(pn Z Ty (A)|pn—1)
0
P (k) — .

As player i did decide to remain active at stage n, this payoff is necessarily positive: if not he
would have better leave, which yields a payoff of 0. Consequently we have:
1-90

Pn,é(l); > WZN(K)|P§L—1) > T sh (WKJOP(

)+ Py (k) £ 0)115) .

1+¢€(1—Dp)

As P( qu) =0) ——— 1, one can find Ny > 1 such that, for any N > Ny:
N—~oc0

1-4 p 0 L=o A
109 )+ Pk £ 0)— | > ———myop(-———).
50 (myOp(1+e(1—p))+ ot 7&0)1—5)_ a5 TR

As a conclusion of the two cases, we can set 7 = max(1 — €, 1+ myop(ﬁ)ﬂ).

260

Now, we will prove the existence of Sy.

Let Gg be the c.d.f. of }Eg’}; under Py. We have:

Po(pl, < miN(K)pl,_1) = Png

- P, fa(XfL) Pn—1 W%N(x) pi
I\ fe(X)1—pl T 1 —mN@E)|
N,/
. (A) 1—pb_
O PO R @
11—y (A) Pn_1

because X! is independent from pﬁl_l and k7(LN) under Py.
As Gg is continuous and increasing, we can consider the real r = max G5 '({B5})- Then
Gy(r) = B3 < 1, and, according to equation (2) by the property of 85 we have:

L<yr P 7 — a.S.

7 — n,

And to:

l=1,...,n—1
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As the private beliefs have the same support under Pz and Py, we have:

N2 ;
N, NE) 1—pi_
Py N »izaN&) m{ W”iy(N) ip”1>r} — 0,

and equivalently:
N (R) 1—p_
1—msN(&) phy

Then, by means of equation (2):

i,N /o i
N (2 [ (K) 1—pl_
P.o(pf <" (K)|p; )=G9< mi (&) P 1) < Go(r) Ppy — a.s.

As 7 E "; has the same support under Pz and Py, G(r) < 1 so that we can set 8y = Gg(r). [

Remark 1. The proof shows us that the existence of Bz and By can be written as the existence

mi (G ) 1o Py <r Ppg—a.s. Then By = Gy(r), where

1— W:LN(CM,,L 1) Dy_1

of a non-negative real v such that

Gy is the c.d.f. of f"( 7) under Py.

As a consequence of Lemma 3.4, the lemma thereafter states that a player leaving when
everybody is still active implies a strict pessimism for the others. Indeed, the evolution of his
contribution in public information is then

N . ‘,N = . ',N N '7 ’L,N 2
Py(pi, < mi (K)[ph_y =m0 (K), sl = M (X)) B p(mi™ (A))

2y e ; N ¢ ] LN (o L, N (o
Py(pj, <" (K)|pi,_y > w2 (K)o pf > N (K) F (™ (X))

and is smaller than a constant v < 1.

Proposition 3.5. Let (Py) be a sequence of equilibria such that P(lﬁ(lN) =0 —— 1.
There exists No > 0 and v € [0,1) such that:

VN > No, Vi € {1,..., N}, Fi (N (£)) < 7Fly(miV ().
Proof. We first show that there exists as an upper bound v < 1 of ﬁ n (v,r], where Gy and

fa(Xn)
fo(X3)

r have been introduced in Lemma 3.4, and where v is the infimum of the support of

(for Gfe to be defined).
Notice that:

Vo € [0,7], Gy(z) = /{fe(“) } fa(u)du < /{fe(“) <x} zfo(u)du = 2Gg(z) < rGy(x).

fo(u) = fo(uw) =

Consequently if r < 1, setting v = r enables us to conclude. If not, thanks to the presence of
bad news, there exists y; < 1 such that Gg(y1) > 0. Then v, > v, and just as before we have:

Vr € [0,7], Gg(x) < 11Gy(z).
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In particular:

Gg(n) < Gp(m) =

On the other hand the function

~(fa(XE)
L 1-Gyla) _ P (Jitxiy 2 2)
[~ Gole) "~ p, (4

is well defined on [y, r] (because z < r implies that Gy(z) < Gp(r) < 1) and increasing (see
Lemma 3.1). Thus:
1 Gyla) _ 1- Gyln)

va € [yl 1 Go(r) = 1 - Gp(m)

> 1,

and:
Vo € [y1,7], Gg(z) < Go(x).

Going back to the function %, we then see that, on the segment [y, 7], its values are all in
0

(0,1). As this function is continuous, we have by compactness:

maxj < 1.
[v1,7]

To conclude, we can set v = max(vy1, maxp,, , %)’ so that:
va € 0,1, Gylx) < 1Go(a). 3)
v is indeed the upper bound we were looking for.

Now, let us see why v applies to the conclusion of our lemma. We choose Ny as given by
Lemma 3.4.

We have:
oMY (K) = Puo(p, < mN (X)) = Epg (Pro(py, < m; " (K)|pr,_1))
N, i
Tn (A) 1 - Prn—1 i, N -
= Eg| Gy o - Py = mN (K)o ph > N ()
( (1_%@{]\[(‘) o, n—1 n—1 1
by means of equation (2), and because conditioning by k:SLN) = 0 is equivalent to conditioning
by {pl,_, > wiﬁl(x), oDy > Wi’N(K)} by independence of payoffs across player conditionally
to the %ate .
As IW", NA()A) pp" L <r, (3) applies and one can write by positivity of expectation:
—Tr n—1

— : i N, —
pn 1 > 7T (A) -apll Z ﬂi’ (A)>

AN
2
=
)
/
Q
I
VR
—
3
§AS
s 2
SE
[—
3| |
3
3
—
~—

- ; i N, —
pn 1 > 7T (A) 'apll Z ﬂ—i’ (A)> .
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Y (K) 1=pn
1=y (K) P
decreasing w.r.t. pi_, this can be done by approximation by positive linear combination of
functions of the form L cm with 7 in [0, 1]. Consequently, it remains to show that:

In order to conclude, we need to replace Egz by Ey. As GQ( ) is positive and

- ; PN, = N ; i\N o
Py (phor < lphoy = TN (&), ot = w1V (K)) < Po (s < 7lphoy 2w (&), ok = 7N (X))
which is equivalent to:

- ; i, N /o - ; N /o
Py (pn 12 wlphy = (&), > N () = Py(pl g > wiphoy > m (K), e ph > (A))-

Iftr < 7rn 1( ), both terms of the inequality equal 1. If not, the former inequality can be
written as:

Py (s > 7m0l > wi’NG)) _ Po(azmeniz #;N(x))

P@ <pfz—1 Z 71—;;—1( )7 7p1 > 7T1 (K)) PQ <pil—1 Z ﬂ-;;—l( )7 7p1 > 7T1 (K))

I

and:
Py (p%_l >y Py 2 Y (A)) Py (pn 12w (K), ) 2y (A))
Py (b = 7t 2N (&) T Py (i 2 N (&), o = APV ()
The result then follows from Lemma 3.1. O

3.2 Main theorems
3.2.1 Proposition 1.6 and consequences
First, let us demonstrate proposition 1.6, and then draw some useful consequences.

Proof. Assume for contradiction that (Ee [k:(N)\k: 1= 0]) . (El F 9( (K)))

is not bounded. Up to a subsequence, one has

N>1

lim Ey[kM k) = 0] = +oo.

N—+400 n

Let us show that this assumption enables to learn the state at the following stage if N is large

(N) (N) (N) (N) _
enough, by comparing k:( ) to My Bglhn ko~ OHE 1y 1 =0] . Indeed k( ) tends to be
greater than My in the Low state and lower than MN in the High State because players get
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worse news in the Low state and leave more often. Let us prove this:

Py (k) < My kfff)l:o)
SR F (m () + FL_ (Y (X))
= Py | k) < ) > KM =0

>0
. o N f) Ey_y p(m (K)) — : Bagmi @)
zz 1 Fiog (s () = By (i (K)
(zi VEL () < BN (&)
by means of Tchebychev’s inequality.
Moreover, thanks to proposition 3.5:
Vi1 g(my ™ (K)) = Fi | 5(mi, (X))
with v € [0,1) and N large enough, so that:
Pg(ng)<MN‘k,(ﬁ)1:O> <4 Sy Fi_yglm ZN(A)) 2
(1 =22 (SN Fiy (i (X))
4 4

N
I
o

)2 Fl(miM i (K)) (1= 7)2Bg [k R = 0] Moo

Similarly, one can show that:

Py (k) = My| k) = 0)
< 4 Zz VB 1o(m ZN(A)) <4 YL F n— 19(W:{1V1(x)) :
(=72 (SN oy @) (1 =22(S Fiy (i (X))
4 4

N = 0.
(1=9)? Zz L F 19( (Z)) (1—7)%Eq [k( )|k:£LN)1 0] N—too

Now let us see how this affects player i’s decision. He is able to make to make a similar
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) ] i, N (N) —i,N L (N) _
comparison, between koY and My = Bylkn ks O];Eﬂ[kn ki =0 gy this case we have:
. . 4
Py (k"N < M| K] =0) < =
(1 =)l " [k} = 0
4
< (4)
= N),, (N
(1= )2 (Eglkt™ 1Y) = 0] -1)
and
. . 4
Py (k. > M|k = 0) < . (5)

(1 =72 (Bglk™ k) = 0 - 1)

Consider the strategy consisting in leaving if ky, BN > M, and staying forever otherwise, when

everybody is still active at the end of stage n — 1, i.e. kfﬁ)l = 0. The overall expected payoff

after stage n — 1 is:

i 0y, 10 —i i
Opt(qnfl) - 1 _15 Pé (kn N > MN} kn]X)1 = O)
1—q. 1)d0 » .

Thanks to equation 4 and 5, one can underestimate this by:

: 46(0 — 6
opt(gh1) - L )
(=) =) (Balk™ k) = 0]~ 1)
‘1:}1 _ pi’L*l P§(k$£)1:0) Pizfl

thanks to Lemma 3.3, so that qﬁl_l > pﬁl_l >

In our case — = : .
l=qu_y — 1=pp_ 1 Py =0) = 1-Phy

m,,_1- Therefore, our strategy yields at least an average payoff of:

46(0 — 0)
(1= 8)(1 = )* (Balk™ (K} = 0] - 1)

opt(m,_1) —
]

N—+o0 Enl -0 + (1 - En—l)g = Opt(ﬂn—l) >0, as Tp_1 > p*'

Consequently, this payoff is non-negative for any ¢!, _; and for N large enough and any player
should stay active at stage n. This is absurd because the equilibrium strategy leads some

players to leave in some non negligible cases: if not, the sequence (EQ [k,gN)|k£ZJX)1 = O])

N>1

would not converge to +oo. O
. : Eg [k 16, =0+ B4 () (1Y), =0

Remark 2. In this proof, notice that we compared k,(LN) to My = olbn_ k) }; plfn Ik s },
but we could equivalently have compared it to any strict convexr combination of EQ[k%N)\kfﬁ)l =

0] and B[k k), = 0].
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N

n—

Ny _ ) 1ifo=0
fn1=0) T { 0if =6 °
Others conclusion can be drawn by the former proof, that generalizes the large game result
which can be found in [RSV07].

More generally, for every sequence (an)n>1 converging to a € (0,1), and if (Eg[ksz)\k: )1 =

0])N>1 converges to +00:

N
M =0

n

PQ(/A ) < an B[k EN) = 0] + (1 — an)Eg[kM)|k

Proposition 3.6. For any sequence (W%N(Q)N> of equilibria such that
>1

the cutoffs m, (Z) uniformly converge to p*, i.e

sup |, (&) = p*| ——— 0.

Moreover there exists a sequence of real numbers (Kn)n>1 such that Ky ——— 0 and:
N—+o0

opt(gh_1) > Wi (ph_ 1, K) > opt(qi_y) — Kn a.s.

Proof. According to the definition of p*, a player whose posterior belief ¢, _; is below p*

should exit. Moreover if no player has left until the end of stage n — 1, we have that 13’;7;1 =

n—1
Py (knzl _0) pn 1
Pi(kniN 0)1-p% ;"

Consequently we can underestimate WZ]_VI(K):

&) Pyk, Y =0) pr
WwWN ,— Z —i,N *
1_7T’ 2(A)  Pyk, =0)1-»
Pé(’f—i’fv =0)
(1= p*)Py(k;, " = 0) + p*Py(k, ) = 0)

*

= 7r (x)>p

Now we want an overestimation, and for this we have to find a cutoff that makes player ¢
optimistic enough to stay. In the former proof, we provided a strategy that guarantees at
least a payoff of opt(q!,_,) — Kn, where

Ky =

and with v € [0,1) and N large enough (see equation 6).
If our strategy yields a positive payoff, player i has to stay. This is the case if ¢% _; > p* + Ay,
where

45(0 - 9)
a N) (N :
(1=7’0— (1= )0) (Bolki™ k) = 0] 1)
A straightforward calculus leads us to the overestimation of WQN(K) we were looking for:

Py(k, ") = 0)(p* + Ay)
Pk, " = 0)(1 — p* — Ax) + Py(k;, Y = 0)(p* + An)

Ay =

ivl(x) <
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Both sides of our estimation tends to p*. The convergence is uniform w.r.t. to ¢ because
Pg(kfﬁ)l = 0) < Py(k, Y = 0) < 1. That gives us the first part of the proposition.

The fact we have a strategy that guarantees a payoff of opt(qt,_,)— K implies that w! | (p%,_,, &) >
opt(¢’,_,) — Ky by definition of ‘wy,_q. The inequality opt(ql_1) > wi_(pl_,, &) is also a
by-product of the definition of w! ; (see section 3.1.2), hence the second part of the proposi-
tion. O

3.2.2 Theorem 1.2, Necessary conditions

Our aim is to show that if there exists an ADE with delay n, then 7, ; < p* and inequalities
(Im), 1 < m < n—1, hold. We will reach this goal by dividing the proof into simpler
intermediate results.

Lemma 3.7. If there exists an ADE with delay n, then EQ[kﬁlN”k

Proof. We proceed using reductio ad absurdum. Up to a subsequence, (EQ [k,(lN) ]kiﬁ)l = 0]) =

N>1
(zl (Fi (A)))N21 is bounded.
And we have:

Py =0) = Py =0k} = 0Py (k) = 0)

N 'n—

= Py <ﬂ{z stays at stage n} kN

and

log Py(k Zlog (1= Fio1g(m (&) ) +log (Pa(k) = 0)) .

The sum has the same behaviour as — ZZ L o(m, N 7, (X)), for we know that
Fy o(m W 7 (K)) < By < 1 (see Lemma 3.4) so that, by concavity:

log(1 — By)

G Faag i ()

log(1 — Fy_y g(m, Y (X)) >

Combining these facts and the fact that Py (kfl )1 ) ﬁ 1, we get:
] o

Ja >0, 3Ny > 1, YN > Ny, Pe(kY) =0) > «

And in these conditions (see corollary 3.3) Pg(kq(zN) =0) > «, so that we have:

Py (k1) # k)
P, (k") = 0)

Pk # 0k = 0) = Pyk{) # kMK = 0) <

P, (k) # k)

« N—+oc0
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by means of the third condition in the definition of ADE. Therefore we have:

(N
P = — 1
e(k”“ Olki) = 0) N—+o00
And then:
N
P,k = 0) = Py(kY) = 0k = 0)P5(kN) = 0) > aPy(k{Y) = 0k = 0)

so that Pg(kiﬁ)l =0) > § for N large enough.
In particular:

Py (b = i (&).ph > mp ().l = 7Y (E)) 2

Up to a subsequence, one can assume that:

o] 2

vie{l,---,n}, Im €[0,1], n, "N (&) —— m.
N——+oo

Consequently, we have Py (p% > T, Py > T, Py > 7Tn) > 5 and by continuity:

Q

I1 > 1, Iy > 7,y I > 0, Py (P12 F1,py 2 Foes D 2 T0) 2 7
As the private beliefs have the same support under P4 and under Py, one can write:

35 >0, Py (p1 > 71,03 > T, vy Dy = n) = 6.

Therefore, one have, for N large enough:

P9 (pl > 7T1 ( ) p2 > 7r2 (x)v "'7p711 2 7T#N(x)) 2 B

And then:
PH(k£L+)1 <N —-1) > Py(Player 1 is still active at stage n+ 1)
> Py ({Player 1 is still active at stage n+ 1} N {kN) = O})
= PQ(k,gN) =0)Py (Player 1 is still active at stage n + 1[k{N) = ())
— N , - N, -

> aPy (ph = m N (@) phy = N (&), ph 2 7N (&)

> aPy (ph = mh V(&) phoy = N (&)} 2 7N ()

> af>0
This contradicts the fact that Pg(kfﬁ)l =N)— 1.

- N—+o0
O

Corollary 3.8. If there exists an ADE with delay n, then w,_; < p*.
Proof. This is a direct consequence of proposition 1.6 and lemma 3.7. O

Lemma 3.9. If there exists an ADE with delay n then the inequalities (~ ), 1<m<n-—1,
hold.
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Proof. Let us prove inequality (fm) To this aim, we fix an ADFE with delay n and we overes-
timate the continuation payoff that player ¢ gets at stage m in such a strategic profile when
no player has left, i.e. k( )1 = 0.

Let us say that 1f any player leaves before stage n, player ¢ could at best play in perfect
accordance to the state: stay forever in the High state and drop out in the Low state . If
not, he will stay in the game until stage n, and then stay iff the optimal optimal continuation

payoff W, 1(pn 1O iv) is positive (see section 3.1.2). The corresponding overestimation is
the following;:

(k(N1 o O‘k(N—1 =0 pm 1>qm 17 ? 5
+ PEMN, = 0N, = 0,p0, )| (140 + .+ ") (myop(g_1))
70 s 0,21 ) ]|
Qs _ Py Pglhin,=0)

. We denote by fN(pi ) this upper bound.

here T = T Py =0
We have that {fY(pi, ;) <0} N {k,(nN_ =0} C {kn L # 0} if fN(p¢ ) < 0 and kfn )1 =
player ¢ prefers to leaves at stage m (which yields at payoff of 0) because his contmuatlon

payoff is non-positive. Consequently we have
({fm (Ph1) < 0} N {KSY) = o}) <P (an{ ] 0) .,

and:

P (£ (ph1) 2 0k, =0) —— 1. ™)

N)l =0) — 1 implies that

On the other hand the fact that P(k
N—+o00

P(k N)1 = O\k(N) =0,p, ;) —— 1 a.s.
N—4o00

P, Pykn "N =0)
pi Py (ks N =0)+(1—pi )P (k™ =0)

As ¢f, = , it also implies that:

i i
> _1 Qa.S.
Am—1 N +oo Pm—1

Then thanks to lemma 3.7 and proposition 3.6 we have fY(pi, ;) ﬁ fm(P%,_1) a.s.,
—400
where:
Frn(Prn1) = (L4864 8" (phy 10+ (1 = ppy_1)0)
+I"TME [max (07 opt(pﬁ%l)) ‘ pfnfl} .

This function is non-decreasing (see section 3.1.2). Consequently there is at most one value
of pt,_; for which f,,(p,_;) = 0, and because the law p{ _, is continuous, we have:

Ui, 20 3720 Lmtel, )0 05
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Finally we have that P(kfév_)l =0) ——— 1 and, up to a subsequence, 1, vy ~ —— 1 a.s.
N—+o00 kpm-1=0 N—4oo

From this we deduce that:

P (1fﬁ(p%1)201kfn]\’_)1=0>

P (k) =0) N-oo

P (/3 (h1) = 0] K, = 0) = P (fn(phy-1) > 0).

Then f,,(p!, ;) > 0 a.s. by means of equation (7). As f,, is continuous, one can conclude
that fy,(m,,_1) > 0, which is the desired equation (I,,). O

The first part of theorem 1.2 is then the conjunction of corollary 3.8 and lemma 3.9.

3.2.3 Theorem 1.2, Sufficient conditions

To prove the second part of theorem 1.2, we first need to show proposition 1.4, and before

that we will begin by two useful lemmas.
(N

In proposition 1.4 we have P(k )1 =0) o 0 and 7,,_; < p*. After stage n, a significant
—+00

proportion of players have to leave because their private beliefs are less than p*, and this
proportion depends on the state. That is the content of the following lemma.

Lemma 3.10. Assume that w,_, < p*. For any sequence (W;QN(IF))N of equilibria such
>1
N

n—

)1 =0) — 1, we have:

that P(k
N—+oo

o € {6,8), Eglk(M kM) =01 ~  NE,_14(0").
N—+o00

In particular Eg[k,gN)|kT(L]X)1 = 0] — +o0.
- N—+oo

Proof. As in the proof of proposition 3.6, the fact that a player whose posterior belief is below
. . o ; - P,k "N =0)
* will ly 1 lies that: 72", (&) > p* nl -
p* will necessarily leave implies that: 7, (&) > p = Pa (N 0) 17PN =0)

Therefore we have:

Py(pi_, < 7N (X)) — Po(kY) #0)
Py(k\Y) = 0)

) ~Py(k(Y) #0)

i 1, - i 1, e N
n—l,@(ﬂnivl(A)) = P@(pnfl < Wnivl(A)‘kn,)l = O) >

Py(k, 7 =0)
(1—p*)Pg(k, 1 =0)+p* Py (k,, "1 =0)

Py <p311 <p*

v

Py(k) = 0)
« P5(k, "1 =0) B N)
y anl,e <p (1p*)Pe(knL{V=0)+p*P9(kni’{V=0)> Pg(kn—l ?é 0)
- Po(k(Y) = 0) |

—i,N
(1-p*)Pg(k;, 21 =0)+p* Py(k,, "1 =0)

The term p* converges to p*, and the convergence is uniform
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w.r.t. i because Pg(k(]\_[)1 =0) < Pg(k;i’iv = 0) < 1. Consequently we have:

n

B[k =0 = Z o (&)
N Foorg (v L ) I )
- PO\ (= Py, o =0)+p Py, 2 =0) o1
N i=1 Pe(k( )1 - O)
~ NF,_ ).
L NE() ®)
In particular Eg[ |k:(N) = 0] o +o00, and by means of proposition 3.6 the cutoffs
—+400
WZJ_VI(A) uniformly converge to p*. Moreover we have that:
n—1o(m D1 (K) = Py(p,_ 1<7Tn 1( k) =0)
iN 7
_ Po(rho = ma >) _ Faplri ()
= N N :
Py =0 Py(k =0)
And:
By k) = Z ol < Y T () 1 W) NEew). )
i1 P0 - 0) N—+o00
Equations (8) and (9) together give the result we were looking for. O

The basic idea is that, after the wave of exits, in the Low state ¢!, is mostly below p* so that
any player will leave, and in the High state ¢/, is mostly high enough for all the future believes
to be greater than p, so that any remaining player will stay forever.

Remember that the posterior belief of player i (after stage n) is expressed by:

4G _  Dh y P;(a,"" = d)
L—qi  1-p, Py(@,"" =a)
whenever the status of the players is @. This can also be written as:
. . ] i\N /o 1 i\N o
g, P I E | p(m=i(4)) 10 L= F_ S(m5 (X))
= — X X : .
— — J JN J N g
L Lo j#ipl_ <mi N (&) F” 1 0(7? (A)) j#ipl,_ >mh N (K) 1- Fn—l,Q(ﬂ-nfl(A))

The terms Ff;flg(ﬂi’i\fl(x)) converges to F,_, 5(p"), because P(k'gi)l =0) ﬁ 1 and
’ ——+o00

because of lemma 3.10 and proposition 3.6. This leads us to set p* such that :

anl,é(P*) + (1= ) log 1-— Fn,lyg(p*)
anl 9(p*) 1-— anl,Q(p*)
Using convexity properties, it is readily seen that F|, | 5(p*) < p* < F,—1¢(p*). The real p*

represents a critical fraction of players leaving at stage n above which the posterior beliefs
will decrease exponentially to 0 and under which it will increase exponentially, as stated in

p*log =0.

the lemma below.
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Lemma 3.11. Let (Dy) be a sequence of equilibria such that P(k(N)1 =0) o O 0, and
—+00

assume that m,_, < p*. For every p > p*, there exists K > 0 and Nog > 1 such that:
VN > No,Vi€ {1,..,N},V6 ' € {a,n}V st #{j € {1,..., N})\{i},#? # 4} > Np,
Pyl =87 _ _xn
e <R,
PQ(OM =57
Similarly, for every p < p*, there exists K > 0 and Ng such that:
VN > Ny,Vi € {1, ...,N},vﬁ s.t. # {g € {1,..N}\{i},a’ # A} < Np:

The proof of this lemma is in the appendix.

Let us now prove proposition 1.4.

Proof. First let us show the second condition in the definition of ADE.

We just have to show that Pn_w(kﬁﬁ)l < N) N——% 0, because then:
0 N

Pk, = N) = 1-PyklY) < N) =1 Py} < ,kLN)l =0) — Py(k\}) < Nk, £ 0)
> 1= Pkl < NJP(kY) = 0) = Po(klY) #0) ——— 1.

We set p = M. As Eg[kq(zN)|k7(ﬁ)1 =0] ~ NF,_19(p*) (lemma 3.10), and because p*
is a convex combination of Fj,_19(p*) and F,_, 5(p*), remark 2 enables us to write:

NgmmP" 10 <k(N) < Np) =0. (10)
Then we have:
Poo1o(kyiy <N) = Puig (kﬁﬁ)l < NESD > Np) +P,1y (k,(ﬁ)l < NEM < Np)
< P 19(/@(%)1 < NIEN > Np)P,, 19(k(N) > Np) + Py, 19(k( ) < Np)
< Pooig(k) < NIEN > Np) + Py (kN < Np)

As P, 9(]{5( ) < Np) ﬁ 0, we focus on the other term. We use the basic idea that we
—

mentioned before, i.e. the posterior belief of active player is necessarily greater than p*:

P, 19" < N BN > Np) = Pn,l,g(aieﬂ, N} abY = a <N>>Np)

< Poig (E!i €{1,...,N}, ¢, > p* and o5 = &| k) > Np)
< NP, 1p <qu > p* and & = a| kM) > Np)

*

Z‘ .
NPnLg( W5 P 4 af{N = A

1—q¢ — 1—p*

n

kN > Np>
Pn 9(0& Od) > p i, N kng) > Np) )

= NP, 19 - - > , 0 = A
" ’(1—p2P9(o7;“N:o7) L—p "
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The fact that k(N) p and that ¢ is still active implies that, for N large enough and for a

given K > 0 < e KN by means of lemma 3.11. This enables us to write:

*

i .
Pn—l,e(k}(ﬁ)l < NIEN > Np) < NPp_14 <1pni€_KN > 1 P *,Oé;’N = A‘ kN) > Np) .
- B —DPn -Dp

And then:

aiN = 4, k) >Np,kN>1=0)

Py (11727 o KN > - p*,
N n

P, 1k < NEN > Np) <

n+1
P 19<k( ' > Np) Pk = 0)

IA
=

NG—KN

IN

by means of Markov inequality.
This last term converges to 0. Indeed we have:

° PQ(kn]X)l 0) F 1 by hypothesis.
And )
fe(Xi)) fa(w)
EO ( - du = /f du = 1
“\ fo(X}) fo(u) o
so that:

pi B po  f3(XL) fi XD\ po HEXN"  po
Ey —E, VAR Ey L) =
1—p "\ L=po fo(X) fo(X1)/)  1—=po ~ \fo(X)) 1—=po
by independence of payoffs conditionally to the state.
We are then able to conclude that PQ(k:(N) = N) ——— 1, hence the second condition in

ntl N—+o0o
the definition of ADE.

Now, let us show the third condition.
Similarly to equation (10) we have

Nl—i>I—I‘,-looP -10 (k( ) <Np>

F,_ 50" )+
2

where p = . And, as in the former point, we just have to show that:

P, 15 (3= n kY £ Y| Y < Np) ——0.
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We use the fact that a player whose posterior belief is greater than p necessarily remains

active:
Py (32 n k) # KO RV < )
= P, 5 (W=, K1) £ kY and kY = k,gN>\ BN < Np)
< P, 3 (Ell >n,3i € {1,..., N}, i leaves at stage [ + 1 and kl(N) = kﬁLN) kSLN) < Np)
< P, 5 (31 >3 € {1, N}, ¢ <pand k™) = k| V) < Np>
< P, .3 (31 >n,die{l,.,N}, —L_ <P anq ng> _ kéN)‘ KV < Np)
’ l—¢q ~1-p
< Z P,_.3 4 - < p?andkl(N):k:,(LN) k‘%N)<Np :
I>n T 1— qlz l1—p
ie{l,..,N}
Since
1 —v—’L,N =
4 _ Dy 'PE( ! = d)
1—gq L =p; Py(a, "™ = a)
l i ——i,N — —i,N —i,N| >—i,N
_ Py H f?(Xm) % P@(a” = a) % P@(kl = kn | n )
1 Fa(X7) ——iN _ - —i,N i N|——i, Ny’
2% m=n+1 o\-Am PQ(O&n Oz) PQ(kl kn ‘ n )

q
1fql1

and k:;i’N < ng) < Np, we can underestimate using lemma 3.11 and corollary 3.3:

i ! (X
QZiz Tn % MX@Kle
l—qq 1—-m,

for N large enough and for a given K > 0.

Consequently:
i p V) _ ] v
; Pn1,9<1_q;§1_pandkl kﬁl)kﬁl)<Np>
i€ {l,..,N}
l —
(X)) _ P 1-m gen
S P 17 S — ne k'(N) < Np
ZZ:" S (mljzl—i-l fo(Xon l1-p =,
i€ {l,...,N}
l —
" X’L 1
- o J] s e "
I>n m=n-+1 fQ(Xm) 1—p T
_ . ‘ B
= Py P_1-fy kN _ ffXn) _ P 1-m, gy
S mlety e >+ZNP"<H Xo) ST-p m, )
— >n+1 m=n+1 72\ "M A

=0 for N large enough

Equality (11) is a by-product of the independence of payoffs conditionally to the state.
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fg(X0)
Jo(Xi)

Then, we set the r.v. Y}, = log , and denote by y its expectation under P5. We have:

fo(X0)1 [ folu) B B
B | 26555] = | ot = [ =1,
which gives thanks to Jensen inequality:
fe(Xﬁ}m)] [ fe(an)}
=1 m . 5 |1 Sl = —y.
0T loe s [mX:n) Sl X cn ]
f7(X7)

And because is not constant (it has a density) and log is not affine, y > 0. Moreover,

fo(X5)
we can assume that the r.v. Y;! are upper bounded and y is finite: if not, one can replace
Y by Vi = sup(Y;,, L) with L with large enough for the correspondent expectation § to
be non-negative (which is made possible by dominated convergence). Plus, the estimations
thereafter will hold a fortiori because Vi < Y.

We also define S} = Zlm:nH(erl —vy) and s = log (1@ 1_%). Then, we have:

-p =,
l .
S Xl —_ _
> NP9< I1 fﬂ(XZw) < p_1 Wne_KN>
>n+1 m=n-+1 fQ( m) -p T,
< ) NPy(S{ <s—KN—(l—n)y).
I>n+1

The r.v. Y;}, — v are upper bounded by a real M, and lower bounded by a real M’. Using
Hoeffding’s inequality we have (with N large enough to have NK > s):
—2(s = NK — (I —n)y)?

(Il —=n)(M — M")?

P;(S] <s— KN — (I—n)y) < exp

This leads us to the final conclusion since
—2(s = NK — (I —n)y)?
(Il —=n)(M — M")?

> NPy(Sj<s—EKEN-(l-n)y) < > Nexp

[>n+1 >n+1
—2(s — NK — ly)?
< D Nexp (M — M')?
>1
and by dominated convergence this converges to 0 as N — +o0. O

Now let us prove the second part of theorem 1.2.

Proposition 3.12. If r,_; < p* and if inequalities (I,) (1 < m < n — 1) hold, then there
exists an ADE with delay n.

Proof. Consider the game where each player is obliged to stay until stage n, and is still obliged
to stay then if p_; > m,_,. This game is very similar to the original one, there still exists
equilibria and all of them are in cutoff strategy. In this new game, we have:

Py(i leaves at stage n|k{Y) = 0,pi_o) < Pg(pl_; < @ slpl_s)
fa(Xi )

< Py(pl_y < myalplo = m,_5) = Py <f9()(l) < 1) <1
I\*n—1
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By setting Bp = Po(p!,_| < 7, o|pl,_o = m,_») (and 7 = 1) we get the same inequality as
in Lemma 3.4, and all that was proven thereafter is still true with these new bounds. In
particular, the fact that P(k’éN) = 0) =1 and that m,,_; < p* implies thanks to the previous
theorem (1.4) that any sequence of equilibria is an ADE.

Let (®n) be a sequence of such equilibria. Our goal is to show that there exists Ny such that
(®Pn)N>N, is a sequence of equilibria in the original game.

First, thanks to lemma 3.10 and to proposition 3.6, the cutoffs w:;N(K) uniformly tend to p*.
Inequahty (I—1) implies that m,_5 > p* (see section 3.1.2), so that the rule which compels
player i to remain active if p{,_; > m,_, is still obeyed in the original game for N large enough.
Now let us see if any player ¢ is not tempted to deviate unilaterally by leaving at a stage m < n.
If this player sticks to his strategy in the constrained game, he will remain active until stage

——1

n, and then stay iff his continuation payoff w,” 1(pn 1O, i\f) is positive (see section 3.1.2).
In the constrained game we have Py (k:l_ZN = 0) =Py (kl_’N = 0) =1(1<1<n-1),

this implies that p} = ¢} (see section 3.1.1) and that o_z’l_i’N = A. This gives us the following
underestimation of the payoff that player ¢ gets from stage m if he stays and follows his
strategy in the constrained game:

(L84 e 8" ymyop(ph, 1) + 8" E [max (0,0, (0,1, &) )|l |

By lemma 3.10 and propostion 3.6, we have wf{l_vl (pl,_1, K) > opt(pl,_,)—Kn, where Kx ﬁ
—+00

0 (irrespective to 7). Consequently, by staying at stage m, player i can expect at least a payoff
of:

(146 + ...+ 8" Dmyop(pl,_1) + 6" ™E [max (0, opt(pl,_1))| pPl_y] — 6" " Kn

As mentioned in section 3.1.2 this lower bound is nearly the left side of inequality (I,,,) and is
increasing in p! ;. Consequently, it is non-negative for IV large enough, and player ¢ is right
to stay at stage m because leaving would yield a payoff of 0. O

To conclude the results about ADE, note that the proof of corollary 1.3 can be found in the
appendix.
Our last proof deals with other asymptotic equilibria.

3.2.4 Theorem 1.5

Proof. Let (®y) be a sequence of symmetric equilibria such that P(knlp1 = 0) o 1
—+00
and lim sup P(kgv) = 0) < 1. We also assume that m,_; > p*. Then by theorem 1.6 the
N—+o00
sequence (E@ [k:( )|l<:7(1N)1 0]) is bounded, and so is the sequence ( [ ]k:(N) O])
N>1 N>1

by stochastic dominance. Let us set \g y = Eg[k‘( )|l<:(N)1 = 0]. As limsup P(k,(l ) = 0) <_1
N—+o0

and Pg(k:,(lN) =0) > PQ(k:ﬁl ) = 0) by stochastic dominance, Py (ks V) = = 0) is bounded away
from 1 and Ag n is bounded away from zero. We can also assert that Pg(k:,(lN) =0)<1for N

large enough, because kqu) is measurable w.r.t. the p!. (1<i< N and1<m <n—1) and
the pi, have the same support under P and Py. Therefore Ay 7 > 0 for N large enough.
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As the equilibria are symmetric, players all play the same strategy and the probability under
Pg(-|k7(ﬁ)1 = 0) to leave at stage n for each of them is /\?\’,N (6 € {0, 8}). Moreover each

decision only depends on private payoffs, which are independent across players conditionally

to the state. Therefore the number of exits k,gN)

with the same parameter )‘QTN So the distribution of kﬁlN) is a binomial distribution:

is the sum of N independent Bernoulli r.v.

(V) (N) w (an )" Ao\
Po(ky") =klk,1=0) = Oy ) \1-—x
_ NV (VR D) Qen)* (0 A\ (AT
Nk k! N N
- ()\Q,N)keNlog(l—/\(i\’,N)
N—+o00 k!
N (/\G»N)ke—ke,zv
N—+o0 k! '
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Appendix

Proof of Lemma 3.1

Proof. As the link between p! and the likelihood ratio

is an increasing bijection between

pk
[0,1] and [0, +00), we can restate the result as:
(X)) (X)) f5(XD) fe(Xi 1) fe(XD) Ja(X3) )
L (fg(Xﬁ;) T ) T X)) 2 T ) Fa(X) 2 b iy 2
N A G g B0 )
O\ Fo(X) Fo(Xi_ ) Jo(X3) = To(Xh 1) fo(Xq) = Tl fo(Xy) =
3 1-—
is increasing, with z; = lfm pfo

_ faX0) [e(X1)  fp(X)

( .
To(Xi) Fo(Xe— ) Fa(x) 20

We consider two positive reals = and 2’ with 2’ > x. We have to show that:
Py(a") Py(x) — Py(x) Py(a’) = 0.
First, note that:
Py(a")Py(x) — Py(x) Po(a') = Pyla’) (Po(z) — Po(a)) — Py(a’) (Py(z) — FPy(a)),  (12)

where A(uy,) is the event {:c > L

On A(uy), we have fz(u,) < 5

/ fQ(X;éL— ) f@(XZ)
Py(w) - Pyla’) < B [ [ i

Jo(un) fg(un—1)... fg(ur)dus...du,

]-B(ul,...,un)f@(un)fg(unfl)...fg(ul)dul...dun

= x'/l U )
Pt oty
x'/

where B(u, ..., u,) is the set { ;ZEZ”% fZEZS >x,..., fg(1) > 331}- We then have:

Pj(x) = Py(a') < a'Py(2' >R}, >, R,y > @p1,..., R > 21)

Combining this with (12), we get:
Py(a')Py(x) — Py(x) Py(a’) = Pyla’) (Pa(x) — Po(a')) — 2'Py(a') (Py(x) — Py(a'))
(Po(x) — Po(a")) (Py(a') — 2’ Py(2')) .

Using similar arguments, we find that Py(z) > 2/ Py(a”).
Then : Pj(x")Py(x) — Py(x)Py(z") > 0, and the result follows. O
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Proof of lemma 3.11

Proof. First notice that the function
' . 4 N - . N -
avo (@) = Py (P <@g 2 M (K)o ] 2 V(&)
uniformly converges to F,,_1 9 as N — +oo. Indeed, on the one hand we have that:
gno(z,5) < Po(p),_y <o) = Fyo19(2).
On the other hand we have:

gne(z,j) > Py (PZL,l <z, k,(ﬁ)l = 0) > Py (pfl,l < 06) — Pe(knji)l #0)

> Fo_10(x) — Pe(k™) £ 0).

\%

Similarly, the function
. , . N - . N -
hno ' (,5) = Py (D) > 0,0 2 w2 (&), p] = V(X))

uniformly converges to 1 — F},_1 9 as N — +o0.

Now let us set p > p*. By stochastic dominance F,, ,7(p*) < Fj,—1,(p*) which implies that
the function

E,_15") 1—-F, _,5(")
-1,0 n—1,0
xHxlogL—{— 1—z)log———>——
TR Il e
is increasing. Consequently, by definition of p*, we have:
E,_15(") 1—F, _,5(p")
n—1,0 n—1,0
plog ——— + (1 —p)log —————~ <0.
Foora) TP TR )
Because of the uniform convergences mentioned above and by continuity of F,,_ g, one can

choose K in (O, —plog % —(1—p)log %), € > 0 and Ny such that

Vrw € [p* — " +¢, YN = No,¥j € {1, , N},
gna(m.J) B, 5)

L (1= p)log - K. 13
gne(m, ) 1=¢) ghw,g(ﬂ’,J) (13)

By lemma 3.10 and proposition 3.6, one can also choose Ny large enough such that:

VN > Ny, Vje{l,..,N}, p" —e< ngjl(x) <p"+e
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Then, for all N > Ny:

Py(@n " = 57)
log N _ =
Py(d@,"" = 67)
N,j g N,j /7
_ Z log INg ﬂn—]l(A)’J) n Z log hN,5<7rn—]1(A)7])
= NG NG
e 9N,0 ﬂn—JI(A)a ) oA ﬂ—n—jl(A)aj)

J?él‘pn 1>7r 1(‘)

T Nj (@ gzv,a(ﬂfzv_’“ (K),40")
< #i#il pp_y <7, (&)} log NN
gno(m, 0 (&), 5{Y)

-~

<0
NN o .
hN,@(ﬂn—Jl1 (A)a]{\[)
N
1

NN o .
h’Nﬁ(ﬂ-n—]ll (A)7] )

>0

Pl

9N, 0(7Tn 1(

] ) ) . h]\/,@(ﬂyjyfi(x)zj)
gne(mh ) (K).5) '

and j{v = argmax
JFi] pn 1<7"n 1(‘)

where jév = argmax
]7£1| p;71<7r,]:£]1(‘)
Then, thanks to equation (13) we have:

P(a, """ = 57)

log —* —
PQ(&HZN — 71)
NG 2\ 5N NG 2y 5N
7(77 By (A)a] ) hyg(m,” (A)vj )
< Nplog 2? ;LV;N 02 L N1 - p)log 2 ;;N L < KN
gne(m, 7 (K), () hyo(m, ) (&), 51)
The proof of the second assertion of the lemma is very similar. O

Proof of corollary 1.3

Proof. The second point of the corollary is a by-product of the examples in section 1.5.

Let us prove the first point. We fix n > 2, and set u = e?s mf . In particular the relation
>0 ¢

P _ J3(XD)  f(X5)  po
L—ph  fo(X])  fo(X) 1—npo

= "2 po . If there exists an ADE with delay n > 2, we have 7r,,_; < p* <

T, which equlvalent to u” 1 s < Ee

following equality between the settings of the game:

n—2 722-. To ensure the relation, we set the

*

w3 P _ P (14)
I—po 1-—p

7

As suggested in section 1.5, we fix all the settings of the games except for pg and § and we
show that, when ¢ is close enough to 1 and under certain circumstances, all the inequalities
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(Im) (1 <m < n—1) are satisfied so that there exists an ADE with delay n.
Let us study inequality (I,). First we set Ay, .m0 = Py (p'_1 > p*|p},_1 = 7,,_). We have:

Pi_1 p* i
Apmp = P9< 2> Pin—1 = Tm—1

p (B50) | ) Fus 5 )
fo(X, 1) fo(Xp)1—mp y — 1—p*
_p <fe(Xﬁ_1) . fa(X%n)Mm—n+% S 1>
fo(Xn1)  Jo(X3) -
by means of equation 14. Thus A,, ,, ¢ does not depend on d or py. Moreover we have:
1
Tm—1 _ _Po pml = P’ 'Ulmfn+% _ (1=0)(=g)um™ ">
=7y 1-po = p 0

and

Then one can check that:

(I4+6+ .. +0"" ) (m10+ (1 — m_1)0)

) 7 | |
6" (Wml T—5FoPn12 P lPn-1 = Tm1)

+(1 - Emfl)QPQ(Pf%l >p" ’pinfl = Wml))

1
E) _9 (Mm_n+5An,m,§ —n+m— An,m,Q) .

We want this limit to be non-negative for any m € {1,--- ,n—1}. To be more explicit, we set
the distribution of X}, + 1 as an exponential law of parameter )\g, as in section 1.5. In this

case = 3y, an anks to € proper Ol summation o amimma distriputions we ge at:
j= 32, and thanks to th ty of tion of g distributi get that

1 n—m—1 i

A ) xr — log )2
Ao = prorexg) ——, where x = ————.
; i\ 2(Mg — Ap)
1
Consequently 1 > Ay, o > p**0*0™9  and:

1 1
m—n+3+ (g )

_Q(Mm—n+%Anmg—n—|—m—An7m7Q> >—9<u —n—l—m—l).

The latter is non-negative for any m € {1,--- ,n — 1} iff:

1\ k2500 59
) 7 Skt

Vk € 1,---,n1,<
{ } .
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This is clearly the case if p is small enough and Az(Ag — Aj) is large enough, e.g. Ay = 10 and
s = 3.
0 2
As a conclusion, with these values of Ag and with 0 close enough to 1, all inequalities (I,,)
hold so that there exists an ADE with delay n.
O
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