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Abstract

Chapter 1 revisits the classic mechanism design question of when buyers with private information
in an auction setting can expect to receive economic rents. It is well known that under standard
assumptions, the seller can fully extract rent for generic prior distributions over the valuations of
the buyers. However, a crucial assumption underlying this result is that the buyers are not able
to acquire any additional information about each other. This assumption can be seen as a special
case of a general model where buyers have access to some information acquisition technology.
We provide necessary and sufficient conditions on the information acquisition technology for the

seller to be able to guarantee full rent extraction.

Chapter 2 studies auctions when there is ambiguity over the joint information structures gener-
ating the valuations and signals of players. We analyse how two standard auction effects interact
with ambiguity. First, a ‘competition effect’ arises when different beliefs about the correlation
between bidders” valuations imply different likelihoods of facing competitive bids. Second, a
‘winner’s value effect” arises when different beliefs imply different inferences about the winner’s
value. In private value auctions, only the first effect exists, and the distribution of bids first order
stochastically dominates the distribution of bids in the absence of ambiguity. In common value
auctions both effects exist, and the seller’s revenue decreases with ambiguity.

Chapter 3 characterises the equilibrium payoff set of a repeated game with local interaction and
local monitoring. A Nash threats folk theorem holds without any restrictions on the network
structure when players are arbitrarily patient, i.e. any feasible payoff above the Nash equilibrium
point can be approximated arbitrarily well in sequential equilibrium. When players discount the
future, the folk theorem cannot hold unless further restrictions are made either on payoffs or the

network structure.
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Chapter 1

Rent Extraction and Information Acquisition

1.1 Introduction

Agents with private information who interact in strategic situations often have incentives to acquire
information about each other before making their decisions, and in many relevant environments,
it is also plausible that they have the opportunity to do so. This paper explores the implications of
this observation for a seller in an auction setting who wishes to implement some allocation rule
and fully extract rent from the buyers.

It is well known that in the absence of information acquisition, full rent extraction is possible
for generic prior distributions of the buyers’ valuations. For example, consider a mechanism
where the payment of each buyer consists of two terms. First, each buyer pays the product of her
valuation for the object and the probability of winning for each profile of her opponents’ types
(so that without the second term, she always receives exactly zero payoff ex post). The second
term is a ‘side bet” with the seller about the types of the other buyers. As long the valuations are
correlated, it is possible to design these bets to have zero expected value under the belief of the
reported type, and strictly positive expected value under the belief of every other type. As the
bets become large, the incentive constraints for each type of buyer will be satisfied, since any type
that pretends to be another type will have to pay the side bet, which can be made arbitrarily large
in expectation.

Under this ‘side bet” mechanism, each buyer’s payoff will depend on the types of the other
buyers, and the payment can be very large for some types and very small for others. This implies
that buyers may have a strong incentive to learn about the types of their opponents, and having
acquired this information, misreport their own type or drop out of the mechanism altogether.
Thus, if buyers are able to acquire information, then this ‘side bet” mechanism may fail to fully
extract rent. However, this does not necessarily mean that the seller cannot extract rent using some
other mechanism that exploits the buyers’ information. For example, if each buyer can perfectly
learn the other buyers’ types, the seller can extract rent using a mechanism in which each buyer
reports the types of all the other buyers. With this information acquisition technology, the seller
can even extract rent when the underlying valuations are independent. On the other hand, if the
information acquisition technology is such that each buyer independently receives a signal with
probability p < 1, which perfectly reveals the types of the other buyers including whether they
have received a signal, then the seller cannot always extract rent. For example, if the seller wishes
to implement the efficient allocation rule, then a high type who learns that her opponents are low

type and have no signal must earn positive rents.
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Thus, the ability to acquire information may help or hurt the buyers in the presence of a
seller who wishes to fully extract rent, depending on the information acquisition technology that
is available, and so it is natural to ask which types of information acquisition technology can
guarantee full rent extraction for the seller. In this paper, we will give an exact answer to this
question by characterising the necessary and sufficient conditions on the information acquisition
technology such that the seller is able to guarantee full rent extraction.

In our model, buyers observe not only their private valuations but also some payoff irrelevant
signals that may be correlated with their opponents’ types (where a type is both the valuation
and the additional signal). After observing their valuations, the buyers are able to choose an
information acquisition action. The profile of the chosen information acquisition actions and the
realised valuations then determine the joint distribution of the payoff irrelevant signals according
to the information acquisition technology, which is represented by a function X : V X A — AS,
where V is the set of valuations, A is the set of information acquisition actions, and S is the set of
payoff irrelevant signals. V and S are assumed to be finite, but we make no restrictions on A.

We address the question of when the seller can fully extract rent using a mechanism design
framework. However, a nonstandard feature of our setup is that the distribution over the type
space is not exogenously given, but determined as the result of buyers’ choices. In particular, the
buyers choose their information optimally, given the seller’s choice of mechanism. Furthermore,
the buyers are able to deviate not only by misreporting their types in the mechanism, but also by
choosing alternative information acquisition actions. Thus, in designing the mechanism, the seller
must take into account the optimal information choices of the buyers.

Following the optimal choice of information, the revelation principle implies that we can
restrict attention to incentive compatible direct mechanisms. However, when buyers deviate to
other information acquisition actions they will not necessarily report truthfully. We define a game
between the buyers at the ex ante stage where the payoffs to each information acquisition strategy
is the expectation of the maximum payoff from the mechanism, given the profile information
acquisition strategies, and we require that the choice of information is a Nash equilibrium of this
game. A seller who wishes to implement a particular allocation rule can fully extract rent if there
exists a mechanism that implements that allocation rule such that following the optimal choice of
information, the buyers report truthfully and receive zero payoffs.

Without information acquisition, Crémer and McLean (1988) show that a necessary and suffi-
cient condition for the seller to be able to fully extract rent for any allocation rule is that for each
buyer i with valuation v;, the belief of type v; about v_; does not lie in the convex hull of the
beliefs of any type v/, such that v} # v;. When this condition holds, there exists a hyperplane that
separates each type’s belief from the beliefs of all other types. This is equivalent to the existence
of lotteries, one for each type, with zero expected value for that type and strictly positive expected
value for every other type. As we discussed previously, this implies that the condition is sufficient
for full rent extraction.

Note that the condition depends only on the beliefs, and not on the valuations associated with
each belief. This makes necessity less obvious. For example, if the only type whose belief lies in
the convex hull of the beliefs of the other types also happens to have the highest valuation, then
perhaps the seller can still fully extract rent even though the condition fails. Even though there
does not exist a hyperplane separating the belief of the highest type from the beliefs of all other
types, the seller does not need such a lottery for the highest type. In any mechanism where the
highest type gets zero ex post payoff for every profile of her opponents’ types, no type will deviate
by pretending to be the highest type. Intuitively, ‘side-bets” are required to prevent high types
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from deviating down, not low types deviating up.

In Crémer and McLean (1988), type v;’s valuation for the object is given by a function w; : V;
R, and the condition is necessary and sufficient to guarantee rent extraction for every possible w;,
which is the reason why it does not depend on the valuation associated with each belief. However,
in our model, since the seller can use a different information acquisition strategy to extract rent
for each specification of the payoffs, the conditions on beliefs will retain some dependence on the
type that holds each belief.

We show that a necessary and sufficient condition on the information acquisition technology
for the seller to be able to guarantee full rent extraction is that for every complete and transitive
ordering on >; on V;, there exists an information acquisition strategy a : V + A such that for each
type (v;, s;) that receives the object with positive probability in equilibrium and does not have the

highest valuation under >:

1. (v4, s;)’s belief is not in the relative interior of C(a—;), the convex hull of the beliefs of all
types that could arise from any unilateral deviation to an alternative information acquisition

strategy, given that the other players are following a_;

2. The smallest exposed face of the closure of C(a—;) containing (v;, s;)’s belief does not intersect
with the closure of the set of beliefs of all types with a strictly higher valuation than v; under
>; that could arise from any unilateral deviation to an alternative information acquisition
strategy, given that the other players are following a_;.

The first condition ensures that for each type, there exists a lottery with zero expected value for
that type, and weakly positive expected value for every type that could arise from any information
acquisition strategy. The second condition ensures that the lottery can be chosen to have strictly
positive expected value that is bounded away from zero for any type that has a strictly higher
valuation than v; under >;. Note that our conditions involve the beliefs of all types that could arise
from any information acquisition strategy. This ensures that there is no profitable deviation to
another information acquisition strategy and is a much stronger requirement than in the standard
model, since there can be (infinitely) many beliefs that arise from any information acquisition
strategy. If this set of beliefs is open (for example, if it is always possible to acquire more information
about each type of every opponent) then the seller will not be able to extract rent.

1.2 Related Literature

Crémer and McLean (1988) is the classic reference on full surplus extraction. Several papers have
considered mechanism design with information acquisition. For example, Bikhchandani (2011)
provides necessary and sufficient conditions for the existence of extraction lotteries that are robust
to the possibility of information acquisition. However, in Bikhchandani (2011), buyers can only
acquire signals that are independent conditional on the profile of valuations. Our model differs
in that the information acquisition stage is modelled as game, and we allow buyers to acquire
information not just about each others’ valuations, but also about each others’ information.

A closely related paper is Obara (2008), which extends the Crémer and McLean (1988) result
to a setting where agents take some hidden action that determines the distribution of their
payoff relevant types. Obara (2008) provides necessary and sufficient conditions for full surplus
extraction, and argues that the conditions are not necessarily satisfied when there are many actions
to which the agents can deviate. In our setting, the distribution of the payoff relevant type is fixed,
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but the buyers can determine the distribution of payoff irrelevant signals after learning their
payoff relevant type. Bikhchandani and Obara (2017) provides sufficient conditions for efficient
implementation and full surplus extraction when buyers are able to acquire information about an
unknown payoff relevant state of nature.

Yamashita (2018) considers a related question about the highest revenue the seller can guar-
antee when the buyers have access to additional information. The seller considers the worst case
information structure for each choice of mechanism, and chooses the mechanism to maximise
the worst case revenue. One interpretation is the buyers commit to some information structure,
and then the seller offers the mechanism. A key difference in our approach is that the seller first
commits to a mechanism, and then the buyers choose their information optimally. Thus, the seller
is better off.

Finally Heifetz and Neeman (2006) argue that the result that full surplus extraction is possible
for generic type spaces of a fixed and finite size that admit a common prior hinges on the non-
convexity of the set of priors, and generic priors on the universal type space do not allow for full
surplus extraction. In our model, the type space is endogenous and depends on the information
acquisition decisions of the buyers.

1.3 Model

There is a finite set I of n buyers who may buy a single indivisible object from a seller. Each
i € I has a payoff relevant valuation v; € V; and a payoff irrelevant signal s; € S;, where V;
and S; are finite. Let 6; = (v;,s;) € V; X S; = ©; be buyer i’s type. The profile of valuations
v eV =V X...xV,isdistributed according to I'l, and buyer i’s valuation for the object is given
by a function w; : V; = R.. We assume that utility is quasilinear in transfers. After observing v;,
each buyer chooses an information acquisition action 4; € A;, where A; can be an arbitrary set.
A function L : A X V +— AS determines a distribution over signals for each action profile a. Note
that the distribution depends on the entire action profile a.

Let a; : V; = A; be an information acquisition (pure) strategy for buyer i, and define T :
AVl A(V x S) as y(v, s|a) = n(v)a(s|a(v), v). That is, for any profile of information acquisition
strategies a, the resulting distribution over ® = V X S is given by I'(a). Let I'e,(a) denote the
marginal distribution on ®; given a:

ve(Oilai, a_i) = Z y(0i, 0-ilai, a_;)
0-i

= Z Z n(vi, v-i)o(si, s-i|ai(vi), a-i(v-i), vi, V).
U_; S_j
Finally, let ©;(a) = {6; : ve,(0i|a) > 0} be the set of 0; that arises with positive probability under
a.

Remark 1.3.1. Our framework is general enough to incorporate mixed strategies over a finite set
of actions as follows. Fix a finite set of actions A/, a finite set of signals S/, and an information
acquisition function L/ : Af x V + ASf. Now suppose that each i may randomise among actions
in A{ . This is equivalent to each i choosing a pure strategy from A; = AA{ , and receiving a signal
from S; = S{ X A{. Then X : A X V i AS is given by o(s|a, v) = Pr(a’|a)o/(s/]af, v).
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A direct mechanism (x, f) is an allocation rule x : VXS + Al and a transferrule  : VXS +— R".
The timing is as follows:

1. Seller commits to a mechanism

2. Each buyer observes the mechanism and v;

3. Each buyer chooses a;

4. Each buyer observes s; and reports 0; = (v;, 5;) to seller

5. Seller implements the mechanism and payoffs are realised.

Note that the seller commits to a mechanism first, and then the buyers choose their information
acquisition actions. This is unlike the approach in the robust mechanism design literature where
the seller considers the worst case information structure, which can be interpreted as the result
of an optimal choice by buyers who commit to an information structure before the seller chooses
the mechanism.

For 6; € ©;(a) and 0’ € ©;, define Ui(Qlf, 0i; @) as i’s expected utility when Player i reports 0,
Player i is type 0;, and the players are following the information acquisition strategy «. That is:

u;(e;, 0;;a) = Z y(0-i|6;, )x;(07, 0_))wi(v;) — Z y(0-i|6;, @)t (0], 6_;).
0 0

Note that y(6-|6;, a) = (v_i|v;)o(s—i|si, @(v)). Thus, Ui(Glf, 0;; a) depends only on a;(v;) and av—;,
but to simplify notation we let U;(0’, 0;; a) depend on the entire strategy a. Also note that given
a, U;(0!, 0;; a) is defined only for 6; such that ye,(6;|a) > 0; hence our restriction to 0; € ©;(«).
Finally, define U (0;; a) = maxg ui(0:, 0;; a).

Given a mechanism (x, t), buyers optimally acquire information « if o is a Nash equilibrium of

the game given by payoffs:

ii(ai,a-i) = Z ve,(0Oilai, a-i)U;(0;; ai, a—;).
0;€@;(aj,a—;)

A mechanism is incentive compatible given « if for all 6; € ®;(«) and for all 9; €0, :
Ui(0;, 0;;a) > U;(0], 0;; ).

A mechanism is individually rational given « if for all 6; € ©;(«x):
Ui(6;, 0;;a) > 0.

A mechanism fully extracts rents given « if for all 0; € ©;(a):
Ui(0;, 0;; @) = 0.

An information structure is (®,11, (A, X)), and for each valuation function w = (w1, ..., w,),
(©,11, (A, X), w) is the associated allocation problem. A social choice function f : V + Al maps a
profile of payoff relevant types to a probability distribution over the set of players.
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Definition 1.3.1. The information structure (0,11, (A, X)) guarantees full rent extraction for the
social choice function f : V + Al if for all allocation problems (®,I1, (A, L)), w), there exists a
mechanism (x, ) and an information acquisition strategy « such that:

e (x,1t)is incentive compatible, individually rational, and fully extracts rent given «
o Buyers optimally acquire information « given (x, t)
e x(v,s) = f(v) for all v, s such that y(v, s|a) > 0.

Definition 1.3.1 of rent extraction requires that for a given social choice function f : V  Al,
the seller is able to fully extract rent for all possible valuation functions w. This approach is
standard in the literature and simplifies the conditions on beliefs. Definition 1.3.1 is justified by
the revelation principle, which we now prove for our environment.

Let (x/,t') be an arbitrary mechanism, where x’ : M +— Al and t' : M +— R", and for each i,
let u; : Vi x S; X A; — M, be a strategy in the mechanism. Following the information acquisition
strategy a, for 0; € ©;(a), let lllf(m;, 0i; a, i—i) be i’s payoff when Player i reports mg, Player i is
type 0;, and the other players are following the strategy p_; in the mechanism:

U, 05, 1) = " Y(0-4104, @)xi(m), (0, a—i(v_i)))wi(0:)
6

- Z y(0-i|0;, a)ti(m], u_i(0_;, a_i(v_;))).
674
Define m™(6;, a, pi—i) = arg maxy,’ ui(m:, 0;;a, u—i), and Ur(0;; &, u—i) = Ui(m;, 0;;a, p—;) for
mi € m™(0;, a, p—i).

Proposition 1.3.1. Suppose that there exists an information acquisition strategqy a, a mechanism (x’, t’),
l.

and for each player i, a strategy i; in the mechanism such that for all a’; € AIin
1. (6, ai(v;)) € m™(0;, a, u_;) for all 0; € B;(a)
2. Yocoia) Yo (Oilai, a U (05 a, i) 2 Ygeoy(a,a ) Vor(Oila, a U (0 o, ai, p—i).

Then there exists a direct mechanism (x, t) such that (x, t) is incentive compatible given o, buyers optimally
acquire information « given (x, t), and (x(0), t(0)) = (x'(u(0, a(v))), t'(1(0, a(v)))) for all 0 € ©.

Proof. Appendix. m]

Remark 1.3.2. Conditions 1 and 2 in Proposition 1.3.1 are equivalent to («, i) being a Nash equi-
librium of the game G’ = (AlVI x MI1®*Al "), where

Wi e, p)= > ve(Oilai, a)Uj(pi(0;, ai(0), 05 i, i, i-i).
0;€0j(ai,a-;)

1.4 Examples

In the next section, we will establish necessary and sufficient conditions for the information
structure to guarantee full rent extraction. First, we provide some examples.
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Example 1.4.1 (Crémer-McLean). Suppose S = @, so there is no possibility of information ac-
quisition. Then ((V, @),I1, (A, L)) guarantees full rent extraction for all social choice functions
f V= Al if and only if for all v;:

n(V_ilv;) ¢ co{m(V_;|[v}) : v} # v;}.1

With information acquisition, IT exhibiting correlation is not sufficient for rent extraction, as

the following example shows:

Example 1.4.2. Letn =2, V; = {0, 0"}, S; = {@, (v*, @), (v*, 5), (v, @), (vF, 5)}, wi(vr) = v > 0,
wi(v") = 1, IT > 0 (IT can be any full support distribution), A; = {N,Y}. If a; = N, then
player i receives the null signal. If a; = Y, then with probability p < 1 player i receives a signal
that perfectly reveals the valuation of her opponent and whether her opponent has received
a null signal. Players receive signals independently. Note that for player i, types (v*, (v*, @))
and (01, (v}, ©)) have the same beliefs over ©_;, namely that player —i has valuation o' and
the null signal. Thus, there exists an allocation rule where type (v, (v', @)) of player i must
receive positive rents. Let x;((v, (vF, @)), (v}, @)) = x > 0. Since type (v%, (0!, @)) of player i
knows the type of player —i for sure, individual rationality implies ¢;((v%, (v), ©)), (v}, @)) < xv.
Now a possible deviation is for player i to choose a;(v) = Y, drop out for all types other than
(o, (v}, 2)), and for type (v, (v}, @)), report (v, (v, @)). The utility of this deviation is at least
m(of)r(ot[o)p(1 - p)x(1 - v) > .

On the other hand, with information acquisition, sometimes rent extraction is possible even

when IT is independent:

Example 1.4.3. Let n = 2, V; = {ol, 0"}, S; = {0}, v}, [T uniform, A; = {N, Y}.If a; = N, then
player i’s signal is uninformative. If a; = Y, player i’s signal perfectly reveals the valuation of her
opponent. Thatis,leto(s; = v—;,s-; = vi|lvi, v-;, (Y, Y)) =1,0(s; = v—i,s—; = vi|v;,v—;,(N,Y)) = %,
o(s; # v_i,s—i = vilv;,v_;,(N,Y)) = % For any x and for any w, the following mechanism is
incentive compatible, individually rational, and fully extracts rent given a;(v;) = Y for all v;, and
a;(v;) =Y for all v; is optimal for both players:

o ti((vi,si), (v=i,5-i) = xi((vi,si), (v—i, s-i))w;(v;) if v; =s_;and 5; = v_;

e ti((vi,8;),(v-i,s-;)) = oo otherwise.

1.5 Main Result

In this section, we will characterise the necessary and sufficient conditions for the information
structure (0,11, (4, L)) to guarantee full rent extraction.

Let y(©_|6;, a) = ()/(Qlilei, a),y(6216;,a),..., 7/(9|_®l.‘i||91-, a)) be the belief of type 0; about
©_;, given the profile of information acquisition strategies a. Let >; be complete and transitive

(Voglog) = (m@L o), ., @l o).
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binary relation over V;, and let R; be the set of all complete and transitive binary relations over
Vi.Let >=(>1,...,>4),and R = Ry X ... X R,,. Define:
o C(a-i) =co{y(@-0],a},a_;): a’ € All-vfl, 0! € ©;(a, a-;)}

1

o D(6;,a-i, =) = {y(©16, 0!, a_;) : a} € AV, 6 € ©i(a}, ay), v) >; 01}

e O(a, f)={0i €Oi(a): Xy, Xs_, v(v-i,5-i]0;, @) fi(vi, v_;) > 0}

o vi(>;) ={vi:v; = v} forall v € V;}.

C(a—;) is the convex hull of the beliefs of every type of buyer i that could arise from any
information acquisition strategy of buyer i, fixing the information acquisition strategy of the other
buyers at a_;. D(0;, a_;, >;) is the set of beliefs of every type of buyer i with a valuation strictly
greater than v; under >; that could arise from any information acquisition strategy of buyer i, fixing
the information acquisition strategy of the other buyers at «_;. Note that D(6;, a—;, =;) € C(a—;).
If A; is finite, then C(a-;) is a polytope. If A; is compact and ¢ is continuous, then C(a—;) and
D(6;, a_;, >;) are compact. @lff(a, f) is the set of types of buyer i that that receives the object with
positive probability. v7(>;) is the set containing the greatest elements of V; under the relation >;.

For any X € R", let X denote the closure of X, and let ri(X) denote the relative interior of X.
Recall that for any X ¢ R" and ¥ € X, p # O supports X at xif p-y > p - x for all y € X. The
hyperplane {y € R" : p -y = p - ¥} is a supporting hyperplane for X at ¥, and the support is proper
ifp-y>p-xforsomey e X.

Definition 1.5.1. For any convex set K C R", F is an exposed face of K if F satisfies any of the
following:

1. There exists a hyperplane H supporting K at some ¥ € Kand F = KN H
2. F=K
3. F=02.

If F # K # @, then F is a proper exposed face of K.

Definition 1.5.2. For any convex set K C R" and ¥ € K, let Fx(¥) be the intersection of all exposed

faces of K containing .

Proposition 1.5.1. The information structure (©,11, (A, X)) guarantees full rent extraction for the social
choice function f : V w Al if and only if for every >€ R, there exists an « such that for all i and for all
0: € ©f (a, f)\ (v;(=i) X S):

1. )/(®_i|9i, a)Nnri(Cla-)) =2

2. Fz

Cla)V(©=il0i, @) N D(0;,a—i, =i) = @.2

Proof. Appendix. m|

21f we assume that A; is compact and ¢ is continuous, then C(a—;) and D(0;, a—;, >;) are closed, so we can drop
the closure from the conditions. When Condition 1 is satisfied, there is always a hyperplane properly supporting Cla_;)
at y(©_|0;, @), so Faa;)(y(@,,-w,‘, a)) is a proper exposed face of E(a,,-), On the other hand when Condition 1 fails,

Faa;)(y(G_ilei, @)) = C(a_;), and Condition 2 cannot hold.
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Condition 1 requires that 0;’s belief does not lie in the relative interior of C(a—;), which is the
convex hull of the beliefs all of types of buyer i that could arise from any information acquisition
strategy of buyer i, fixing the information acquisition strategy of the other buyers at a_;. This
is equivalent to the existence of a hyperplane properly supporting C(a—;) at y(©_;|6;, @). This
requirement is stronger than the analogous condition in the standard model to the extent that
there can be (possibly infinitely) many beliefs that arise from any information acquisition strategy,
even when there are a small number of types that arise in equilibrium.

Condition 2 requires that the smallest exposed face of the closure of C(a—;) that contains
¥(©_;|0;, @) does not intersect with the closure of the set of beliefs of all types of buyer i with a
valuation strictly greater than v; (i.e. 0;’s valuation) under >; that could arise from any information
acquisition strategy of buyer i, fixing the information acquisition strategy of the other buyers at
a_;. By definition, there is a hyperplane that supports C(a—;) at y(©_;|6;, @) and intersects C(a—;)
at exactly this exposed face. Condition 2 is equivalent to this hyperplane strongly separating
y(©_;|6;, ) from any belief in C(a—;) with a valuation strictly greater than v; under >;.

For each >, we require the existence of an & such that the conditions hold for every type
0; = (v;, s;) such that s; arises with positive probability in equilibrium, v; receives the object with
positive probability according to f, and v; is not the greatest element of V; under >;. If we want
to guarantee full rent extraction for every f, then we can drop the requirement that v; receives the
object with positive probability according to a particular f.

Corollary 1.5.2. The information structure (0,11, (A, L)) guarantees full rent extraction for every social
choice function f : V > Al if and only if for every >€ R there exists an a such that for all i and for all
0i € ©i(a) \ (v;(=i) X S)):

1. y(0-i|6;, a) Nri(C(a-) = @
2. Fgo ) (7(©-i16:,0)) N D(6;, a-i, =) = @.

Remark 1.5.1. In the standard case without information acquisition S = @, y(©_;|0;, @) = n(V_;|v;),
and hence Corollary 1.5.2 requires:

1. For all >€ R and for all v; € V; \ v;(>;), n(V_i[vi) Nri(co{n(V-i|[v}) : v} € Vi}) = @
2. Forall =€ Rand forallv; € V;\v;(>)), Fco{n(v_;|u;);v;evi}(ﬂ(V—i|Ui))ﬁ{71(V—i|U;) (0] >0} =0

Note that this is equivalent to 7(V_|v;) N ri(co{n(V-i[v}) : v} € V;}) = @ for all v; € V; and
Fco{n(v_i|v;):v;ev,-}(77(V—i [vi)) = {n(V_i|v;)} forall v; € V;. Together they are equivalent to 7(V_;|v;)N
co{n(V-i|[v}) : v} # vi} = @, as we have stated in Example 1.4.1.

Remark 1.5.2. In Definition 1.3.1, the requirement that rent extraction is possible for all w simplifies
the conditions on beliefs in the standard model. In particular, as the last remark shows, the
conditions on beliefs do not depend on the valuation of the type holding each belief. However, this
reduction is not possible in our setting, since for each perturbation of the valuations, the seller can
induce a different information acquisition strategy to fully extract rent; hence for each information
acquisition strategy, the conditions on beliefs do not need to hold for every perturbation of the

valuations.

Proof Intuition

The intuition behind sufficiency is as follows. Condition 1 implies that for each 0; € @ (a, f)\(v}(=;
) X S;), there is a hyperplane {y : -y = 7 - y(©_;|0;, @)} supporting C(a_;) at y(©_;|6;, a). That
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is, there exists a lottery 7(0;) that has weakly positive expected value for all types 6; arising from
any information acquisition strategy. Condition 2 implies that for all 0 such that w(v}) > w(v;),
there exists an ¢ > 0 such that the expected value of 7(6;) for type 0/ is strictly larger than ¢—that
is, the hyperplane 7(0;) strongly separates the belief of 6; from the beliefs of types 0/ such that
w(v)) > w(v;).

Now for each 0; ¢ @;“(a,f), we can let £;(0;,0_;) = 0,3 in which case U;(6;, o, oc;,a_i) =0
for all a’ € All.Vi ’ 0! € ©i(a’, a-;). This is saying that no type has an incentive to deviate by
pretending to be a type that does not receive the object. For 0; € (v;(>;) X S;)N®(a, f), we can let
t;(0;,0_;) = w;(v;)x;(0;, ©_;).* Intuitively, if types with the highest valuation pay their valuation
for the object whenever they receive the object, they receive no rents, and no other type would
want to pretend to have the highest valuation as these other types value the object even less.

For types that do receive the object in equilibrium and do not have the highest valuation,
ie. for 0; € O (a, f) \ (vi(>=i) X S;i), we can add a scaled up version of the lottery 7(6;) to
the payment. So let t;(6;, ©_;) = wi(vi)xi(0;,©-;) + M7(0;) for sufficiently large M. Now types
0! such that w;(v!) > w;(v;) following a} will not want to pretend to be type 0;, since the
expected payment includes M1(6;) - y(©-;|6], a, a_;), which can be made arbitrarily large. For
types 6 such that wi(v;) < w;(v;), it is possible that 7(6;) - y(®_i|9[’., al, a—;) = 0, but in that case
u;(e;, 9;, 0(;, a—;) < Ui(6;,0;,a)=0.

For necessity, first note that for any 6;, it is without loss of generality to let #;(6;,©_;) =
wi(v;)xi(0;,©_;) + M1(6;) for some 7(6;). For the mechanism to fully extract rent, we need t(6;) -
y(©_i]6;, @) = 0. If Condition 1 fails, then there exists a type 6; € @lf(a,f) \ (03(=i) X S;) such
that for any 7(0;), either y(©-;|0!,a’, a—;) - ©(6;) = 0 for all &’ € Al.vil, 0! € ©i(al,a-i), or
there exists a) € A‘I.Vil, 0, € @i(a;,a_i) such that y(®_i|9;, a;,a_i) - 7(6;) < 0. But incentive
compatibility requires that y(©-;|0;,a) - ©(0;) > 0 for 67 € vi(>;) X S, and for w such that
maxy; w;(v}) is sufficiently large, M must also be large. This means that there must exist a; € A‘I.V" 3
0! € ©;(a}, a_;)such that y(®_;|0, a}, a—;)-1(0;) < 0. Then the utility from the following deviation
is strictly positive: choose &, drop out for all types other than 6/, and report 6; when type 6.

If Condition 2 fails, then there exists a type 0; € @ (a, f) \ (vi(>;) X S;) such that for any
7(6;) that supports C;(a—;) at y(©_;|0;, @), for every ¢ > 0, there exists an information acquisition
strategy a’ € All.ViI such that for some type 0! € ©;(a}, a-;) with w(v}) > w;(v;), the expected value
of 7(6;) after having chosen « is less than ¢. Then a profitable deviation is to choose «/, drop out
for all types other than 0/, and report 6; when type 6.

Simple Conditions

We now give simpler sufficient conditions and necessary conditions that depend only on the
beliefs, and not the valuations of the types holding each belief. Define:

o D'(0i,a-i) = Uyx,er,D(0;, a—i, 2;) = {y(0-;]0/, &}, a_;) : a) € Al-vilf 0! € @;(al, a-;), v} # vi}
o B(oi,a-) = {y(©-10}, ), a) : a € A, 0 € ©i(a, i), 0] = v},

D*(6;, a_;) is the set of beliefs of every type of buyer i with a valuation different from v; that
could arise from any information acquisition strategy of buyer i, fixing the information acquisition
strategy of the other buyers at a_;. B(v;, a_;) is the set of beliefs of all types of buyer i with valuation

@7.
3ti(0:,0-;) = (1:(6;,61)), ..., 1:(6;, 9'_,- i),
@_4
4xi(0:,0-) = (xi(6;,01)), ..., xi(0;, Hl,i ).
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v; that could arise from any information acquisition strategy of buyer i, fixing the information

acquisition strategy of the other buyers at a_;.

Corollary 1.5.3 (Sufficient Condition). The information structure (®,1I1, (A, L)) quarantees full rent
extraction for every social choice function f : V + Al if there exists an o such that for all i:

1. Forall 6; € ®;(a), y(©_|0;, &) Nri(C(a—;)) = @
2. Forall 6; € ©;(a), Faa_i)()/(®_i|9i, a)) N ﬁ(@i, a_j)=a.

Corollary 1.5.4 (Necessary Condition). The information structure (©,I1, (A, L)) guarantees full rent
extraction for every social choice function f : V + Al only if there exists an a such that for all i and for

some v}:
1. Forall 6; € O;(a) \ ({v;} x Si), Y(©-|6;, a) Nri(C(a-;)) =@

2. Forall 0; € @i(a) \ ({U;} X Si), Faa_i)()/(@_ilei, 0()) N E(v;, oz_l') =a.

1.6 Surplus Extraction

A closely related question is when the seller can fully extract surplus.

Definition 1.6.1. The information structure (®,I1, (A, X)) guarantees full surplus extraction if for
all allocation problems ((®,1I1, (A, X)), w), there exists a mechanism (x,t) and an information

acquisition strategy a such that:
o (x,t)is incentive compatible, individually rational, and fully extracts rent given o
e Buyers optimally acquire information given (x, t)
e x(v,s) = f*(v) for all v, s such that y(v, s|a) > 0, where f*(v) € argmaxyear Xjes fiwi(vi)-

Clearly, if (®,I1, (A, £)) guarantees full rent extraction for every social choice function f : V -
Al, then (0,11, (A, L)) guarantees full surplus extraction. However, the converse is not true. The
reason is that there is always a buyer such that the lowest type of that buyer values the object at
least as much as the lowest type of any other buyer. Then for every other buyer, the seller does not
need to allocate to the lowest types. Thus, the conditions are required to hold for a smaller set of
types. Let v.;(>;) = {vi : v] > v; for all v € V;} be the set containing the smallest elements of V;
under >;. Then:

Proposition 1.6.1. The information structure (©,11, (A, X)) guarantees full surplus extraction if and only
if for every >€ R and for every i € I, there exists an «a such that:

Forall 0; € ©j(a) \ (vi(=i) X Si):

1. y(©-i|6;, a) N1i(C(a-i)) = @
2. Fgi ) (7(©-i16;,0)) N D(6;, a-i, 2i) = @

Forall j # i, and for all 6; € ®;(«) \ ((v;(z,-) Uo.j(=))) X Sj):

3. y(©0;, ) nri(C(a-j) =@
4, FE(a_,)(V(®—J'|GJ"“)) 05(9]‘,&_]', >j) = @.

Proof. Appendix. ]
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1.7 Conclusion

In this paper, we have given a full characterisation of information structures that guarantee full
rent extraction when the buyers are able to acquire additional information about each other.
The standard result in mechanism design with correlated information is that the seller can fully
extract surplus. In other words, buyers do not earn any rents from their private information. With
information acquisition, buyers may earn positive rents. For example, a buyer who can always
learn more about each type of her opponents must earn positive rents whenever the seller wishes
to implement any allocation rule in which she receives the object with positive probability.

In our model, the additional signals do not contain any socially useful information since the
buyers already know their private valuations. We assume that information acquisition is costless;
otherwise, any information acquisition strategy that results in costly information acquisition
would be inefficient. It may be interesting to incorporate costly actions into our model. For example,
full surplus extraction would then require the existence of an information acquisition strategy
which does not involve playing any costly actions such that the beliefs that arise from that strategy
do not lie in the convex hull of the beliefs that could arise from any information acquisition
strategy, including those with costly actions. That is, full surplus extraction would become even
harder for the seller.

Appendix 1.A  Omitted Proofs

Proof of Proposition 1.3.1. Assume that Condition 1 and Condition 2 of Proposition 1.3.1 are sat-
isfied for a, (x’,t') and p. Now define the direct mechanism (x, t) as x(0) = x’'(u(6, a(v))) and
t(0) = t'(u(0, a(v))). First, note that (x, t) is incentive compatible given « since:

Ui(0], 03;0) = Y y(0-i10i, a)xi(0], 0_3)ewi(v;) = Y y(0-i16i, a)ti(0], 6-;)
0_; 0_;

= Z v(0-i10:, a)xi(ui(0], @i(v)))), u-i(0-i, a-i(v-)))wi(v;)
6_.

= > (04105, )t (6], ai(0]), p-i(6-i, a—i(v-)
0_;

= Uj(ui(0], ai(v))), Oi; a, i)
S Uj(ui(0;, ai(vi)), 0i; @, p—i)
= Z v(0-i10:, a)xi(ui(0i, ai(vi)), u-i(0-i, a-i(v-)))wi(vi)

Q_.

- Z y(0-i|0;, a)t{(ui(0;, @i(vi)), p-i(0-i, a-i(v-;)))
9_.

= Z y(0-i10;, a)xi(0:, 0_)w;i(v;) — Z y(0-i|0;, a)ti(0;, 0-;)

0_; 0-i
= U(0;, 0;; a).

To see that buyers optimally acquire information a given (x, t), note that for 6; € ®;(a}, a—;):
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U;(0;;a), a—;) = max u;(0;, 0;; a;, ;)
i

’ ’ Lo
< max u:(m;, 0;a;, a—i, u—;)
m.
1

= U (05}, a—i, pi—i)
where the inequality follows because for all 6;, LIi(Glf, 0;; a;, a_j) = Ulf(yi(Glf, ai(v;)), 0;; a;, a—j, h—i).
Also note that for 6; € ©;(«a):
Uu:(0;; a) = U;(0;, 0;; )
= U (ui(0i, ai(vy)), 0i; o, ;)
= U;(0;; a, p—i)-

Thus:

fiai,a-)= ) veOilai, a)U;(6;; ai, )
9,‘6@,‘(0()
= > ve(Bilai, a Ui (65, i)
0,€0;(a)
> Z ve, (0ila}, a))U(0;; &), i, pii)
9,~€®,~(a§,a,,~)
> ve,(0ilaj, a_)Uj(0; af, a—;)

9,‘€®,'(a§,a_i)

= ii(a), a;). o

Proof of Proposition 1.5.1. For sufficiency, take f : V + [0, 1]V, and for any w, take > such that for
all i, v; >; v; if and only if w;(v;) > wi(v;). Then let information acquisition strategy a be such
that:

1. Forall 6; € @;'(a,f) \ (07 (=1) X Si), y(©-i]0i, a) Nri(Cla-;)) = @

2. Forall 6; € O (a, f) \ (v; (=) X Si), Fg(,_(7(©-i16:, 0)) N\ D(6;, ai, =i) = 2.

Let x(6) = f(v) for any 6 that arises with positive probability under «, and let x(0) =
0 otherwise. Now we argue that there exists transfers such that (x, t) is incentive compatible,
individually rational, and fully extracts rent given «, and « is optimally chosen given (x, t).

For each 0; € ©f (a, f) \ (vi(=i) X S;), Condition 1 implies that there is a hyperplane:

{y:t-y =170, a)}

which properly supports C(a_;)aty(©_|6;, a). Thus, Ff(a,z-)(V(@—i |0;, @) is a proper exposed face
of C(a—;). Let 7(6;) be a lottery such that Fami)()/(@_ilei, a)) ={y :©(6;) -y =0} N C(a—;). This
implies that 7(6;)-y =0forall y € FE((Y—i)(y(@)_i |6;, @)). Without loss of generality, let 7(6;)-y > 0
forall y € Cla—i) \ FE(a_,-)(y(@_iwi’ a)).

For 0; € @;r(a,f) \ (ZJ:(Z,’) X §;) let t;(0;,0_;) = wi(v;)xi(0;,0_;) + M1(60;),> where M is
sufficiently large. Note that y(©_;|0;, a) - 7(0;) = 0. For 0; ¢ @lf(oc,f), let t;(60;,0-;) = 0. For

o_; o_;
"Recall that t;(6;, ©-j) = (ti(ei' L), £i(6;, 0! Z‘)) and x;(0;,0-;) = (xi(gi/ 0L),...,xi(6;, ) ’I)).

—i —i
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0; € (Ulf(zi) X SN @;“(a, ), let t;(6;,0-;) = wi(vi)xi(0;, ©_;). By construction, (x, t) fully extracts
rent given a. We now show that (x, t) is incentive compatible given a, and «a is chosen optimally.

First we show that for any 0; € ©;(a), 0] € ©;, U;(0;, 0;; @) < U;(0;, 0;; a). We will consider the
cases where 0! € O (a, f)\ (vi(2i)XS;), 0] ¢ O (a, f),and 0! € (vi(=;) xS;)NO/(a, f) separately.
Note that for 0] € ©;(a, f) \ (vi(=i) X S)):

Ui(0;, 0;; a) = wi(vi)y(©-i|0;, @) - xi(0;, ;) = y(©-|0;, @) - (wi(v))xi(0;, O-;) + M1(6}))
= (wi(v;) — w;i(v))y(@-i0;, a) - xi(0],0_;) = My(©_;|0;, ) - (0;)

<0.

The last inequality follows because y(©-i|0;, a) € C(a;), so y(©-i|60;,a) - ©(0]) > 0, and when
y(©-|0;,a) - ©(0)) = 0, w;(v;) < w;(v}) by Condition 2. To see this, first note that if y(©-;0;, &) -
7(0]) = 0, then y(0_0;,a) € Faaii)(y(@_ﬂ@;,a), since FE(a,;)(V(®—i|91/"“)) = Cla_j) N {y:
T(@lf) -y = 0}. But then Condition 2 requires that y(©_;|0;, a) ¢ D(@lf, a—i, =;). Since 0; € O;(a),
this implies that 6; must be such that w;(v;) < w;(v)).

For 6] ¢ @;r(a,f), ui(0:, 0;; a) = 0 since xi(G;,G),,-) = t;(0;,0_;) = 0. For 0 € vi(=i) X Si, note
that w;(v]) > w;(v;). Then:

Ui(0;, 0;; a) = w(v:)y(©-i]0;, a) - xi(0;,0-;) — y(O-;]0;, a) - (wi(v})xi(0;, O;))
= (wi(vi) — wi(v}))y(©-i|6;, a) - xi(0;, O—;)
<0.

Now we show that a is chosen optimally. That is, for any a; € Al.vilz

ye (Oila), a)U; (O af,a) < > ye,(0ila)U;(0;; ).
0:€0;(a},a-;) 0;€0;(a)

Note that for all 0; € ©;(a}, a-;):

U;(0i; a}, a) = max u;(0;, 0;; a;, a—)
max wi(v:)x(0],0-;) - y(©-i|0;, a}, a—;) — t(0;,0_;) - y(O_]0;, a;, a—;)

i

maX{ wi(vi)x(0],0-;) - y(©-i|0;, a}, a—;)

max
0/€07 (a, )\(v}(2)xS:)

(@i (0)xi(6), 1) + M(0)) - 7 (©116:, o) ), o}

= max { max (wi(v;) — w;i(v))x(0;,0-;) - y(©-i|6;, a}, ;)
0607 (a,f)\(v:(=1)%S1)

_ M(6)) - (@161, ) ), o}
<0.

The last inequality holds because for any o € A‘Z.Vil, 0: € ®i(a, a_;),and 0; € O (a, f) \ (v} (=
)XS;), either y(©-i|0;, a’, a—;)-t(0]) = 0and w(v;) < w(v}), or y(©-|60;, a}, a—;)-(0}) > € for some
¢ > 0 (i.e. ¢ is a uniform lower bound across all a).® The former was shown when we established

6When we established incentive compatibility, we did not need this step because the set of ; is finite. However, since
there can be infinitely many a7, it is not enough that y(@-;|0;, a}, a—;) - ©(6) > 0 for all &}, because now there is the
possibility that y(©_;|9;, a?, a_j)- T(@; ) can be made arbitrarily close to 0.
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incentive compatibility. To see the latter, suppose that for every ¢ > 0, there exists o’ € ALV"l,
0; € ©i(a}, a—;)wherew;(v;) > w;(v)suchthaty(®-;|0;, a’, a-;)-1(0)) < e.Lety® € 5(91’., a_i, =;)
denote the sequence of such beliefs. Since 5(9; , a_i, >;)is compact, as ¢ — 0, there is a convergent
subsequence which converges to y € 5(6);, a-i,>i), with y - 7(6) = 0. Note that y* € E(a_i), SO
yeCla_),andy € {y:y- 7(0?) = 0}. Since FE(a,i)(V(®—i|91"'0‘) ={y:y-7(6)) =0} N Cla_;),
v € Fg(, ) (7(©-|0], ) contradicting Condition 2. Thus, for sufficiently large M, the inequality
holds.

Now we prove necessity. Suppose that there exists > such that Condition 1 is not satisfied.
Define w such that for all i, w;(v;) > w;(v}) if and only if v; >; v/, and for all 7, for v; € v}(>;)
let w;(v;) = K, where K is sufficiently large. Take an arbitrary a and let 0; € O (a, f)\ (vi(zi
) X S;) such that 7/(®_i|éi, a) Nri(C(a-;)) # @. Suppose for a contradiction that (x, t) is incentive
compatible, individually rational, and fully extracts rent given «, a is chosen optimally, and
xi(0;, 0-;) = fi(vi,v—;) for all O such that y(68|«a) > 0. Without loss of generality, let t:(6;,0_) =
w;(5:)x;(0;,0_;) + M1(;) for some 7(8;). For rent extraction, we need 7(6;) - y(©_;|0;, a) = 0. For
0; € v;(>i)xS;, incentive compatibility requires y(©-;|6;, a)- (K=w(5;))xi(6;,0_;)—-M1(6;)) <0,
which implies:

Y(©-i16;, @) - MT(6;) > y(©_;16;, ) - (K = w(®;))xi(0;, ) > 0.

Since Condition 1 is not satisfied, there must exist y € C(a-;) such that y - 7(0;) < 0. Thus,
there must exists a/ € A‘Z.V”, 0; € ©i(a}, a-;) such that y(©-;|0/, &/, a—;) - 7(6;) < 0. The previous

displayed inequality implies that for large K, M must also be large. Then:

Z ve:(0ila}, a-)U;(0;; a;, a—;)
0:€0;(al,a-;)

> ye,(0]|a}, a_))U; (0} a), )
> ye,(0]la}, a_i)Ui(0;, 0}; o}, ;)
= ye,(0/]a}, a;) (wi(v})xi(0;, ©-;) — (0;,0-))) - y(©_]6/, &', a_;)

= yeo,(0/]a’, a_i) (wi(v]) - wi(0;)xi(6:,0-;) — MT(6;)) - (©_]6!, a}, a_;)

1
> 0.

Suppose that there exists > such that Condition 2 is not satisfied. Then define w as before, take
an arbitrary a, and let ; € Of (a, f)\ (vi(=i) X S;) be such that Faa_l_)(y(@)_i |6;,0))ND(6;, a_;, >
) # @. Suppose for a contradiction that (x, t) is incentive compatible, individually rational, and
fully extracts rent given «, a is chosen optimally, and x;(0;, 0-;) = fi(v;, v—;) for all 0 such that
y(6la) > 0. Without loss of generality, let ti(éi,(@_i) = wi(ﬁi)xi(éi,®_i) + M’l’(éi) for some 7(6;).
For rent extraction, we need 7(0;) - (©_;|0;, a) = 0. Assume that 7(6;) - ¥(©_;|0;, @) > 0 for all
y(0-:]0], &}, a_;), otherwise by the same argument as in the previous paragraph, the strategy «’
must yield strictly positive rents. Thus, 7(6;) is a supporting hyperplane for C(a_;), which implies
that Faaii)(ﬂ@—iléiﬂ)) c{y:y-t(6:)=0}

Since Condition 2 fails, there exists y € Fﬁ(a_,-)(y(@—imi' a)) N D(6;, a—;, >=;). We show that
for every ¢ > 0, we can find y(®_i|9;,a;, a_;) such that wi(v;) > wi(9;), 0] € Bi(a, a_;), and
7(0;) - v(0-i160,a}, a_;) < e. To see this, take any sequence 7/" € D(0;, a_i, =) converging to y.
As k — oo, 7(6;) - yk — 7(6;) - y = 0. Since y* € D(6;,a_;, =;), for each k, vk =y(0_;10,, o, o)

1



CHAPTER 1. RENT EXTRACTION AND INFORMATION ACQUISITION 22

such that wi(v;) > w;i(9;), Qlf € @i(a;, a_;). Take a sufficiently large k and we are done. Then:

ve,(0ilal, a_)U(0;; &}, a_;)
0;€0;(a,a-)
> ve,(0ilal, a)U;(0}; &}, a_;)
> ve,(6]]a, a_)Ui(6;, 05}, a;)
= ye,(0/|a}, a_i) (wi(v))xi(0;,©-;) — £(6,0-)) - y(©4]6], a’, ;)
= ye,(0]la’, a—;) (wi(v]) — wi(9:)xi(0;, ©-;) — M(6)) - y(©_10], &}, a_;)

> 0. |

Proof of Proposition 1.6.1. This proof is almost identical to the proof of Proposition 1.5.1 and is
included for completeness. For sufficiency, take any w, and let > be such that for all i, v; >; U; if
and only if w;(v;) > w;i(v}). Let i* be such that ming, wi(v.) = minv} w]-(v;.) for all j. Note that
we can choose f* such that for all i # i*, and for v; € v.;(>;), f(vi,v-;) = 0 for all v_;, since
w(v;) < w(v;-). Hence for i # i*, O (a, f*) € Oi(a)\ (v.(=i) X S;), and for i = i*, O} (a, f*) C Oj(a).
Proposition 1.5.1 then implies that the seller can fully extract rent for the social choice function f*.

Now we prove necessity. Take an arbitrary a, and suppose that there exists > and a buyer i
such that Condition 1 or Condition 2 is not satisfied for some 0; € ©;(a) \ (v;(>;) X S;). Define
w such that for all j € I, wj(v;) > w]-(v;.) if and only if v; >; v;., let maxy w]-(v;.) = K, and for
j#ilet ming, w j(v;.) < miny w;i(v}). Now we can replicate the steps in the proof of necessity in
Proposition 1.5.1.

If Condition 1 is not satisfied, let 6; € ®;(a)\ (v3(=i)xS;) be such that y (0] 0;, a)Nri(Cla;)) #
@. Note that f(d;,v-;) > 0 for some v_; (in particular, when for all j # i, v; € arg minv;_ wj(v;.)).
Suppose for a contradiction that (x, t) is incentive compatible, individually rational, and fully
extracts rent given a, a is chosen optimally, and x;(0;,0-;) = f(vi,v-;) for all O such that
y(6]a) > 0. Without loss of generality, let t;(8;,®_;) = w;(d;)xi(0:,©_;) + M1(8;) for some 7(0;).
For rent extraction, we need ’L’(éi) . y(®_i|éi, a) = 0. For 6; € v;(zi) X S;, incentive compatibility
requires y(0_;|0;, &) - (K — w(;))x;(0;,©—;) — M1(;)) < 0, which implies:

7(0.i6;, @) - M(0;) = y(©_0;, @) - (K — w(5;))xi(6;,0_;) > 0.

Since Condition 1 is not satisfied, there must exist y € C(a—;) such that y - 7(0;) < 0. Thus,
there must exists oz; € A‘Z.Vi|, 6; € @i(a;, a_;) such that y(@_i|61f, a;, a_j)- T(él‘) < 0. The previous
displayed inequality implies that for large K, M must also be large. Then:

D1 veOilal, a Ui (650l ay)
0:€0,(aai)
> Yo, (6l - U6 )
> ye,(0]la}, a_i)Ui(0;, 0}; o}, ;)
= ye,(0}la}, a—i) (wi(0)xi(0;, ©_;) — t(0;,0_;)) - y(©10., o}, a—;)

= ye,(0/]}, ai) ((wi(v}) — wi(9;)xi(0;, ©-;) — M(0:)) - y(©_i|0., &}, a—;)
> 0.
If Condition 2 is not satisfied, let 6; € ©;(a) \ (vi(=i) X S;) be such that FE(a,,-)(V(@—i|éi/ a))n

B(é)i,a_i,z,-) # @. Note that f(d;,v-;) > 0 for some v_; (in particular, when for all j # i,

vj € arg minv} w j(v})). Suppose for a contradiction that (x, t) is incentive compatible, individually
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rational, and fully extracts rent given «, « is chosen optimally, and x;(0;, 0—;) = f;(vi, v_;) forall 6
such that y(0|a) > 0. Withoutloss of generality, let t:(0;,0_;) = wi(9;)xi(0;, ©_))+M1(6;) for some
7(6;). For rent extraction, we need 7(6;) - ¥(©_;|6;, @) = 0. Assume that 7(8;) - y(©_;|0;, a) > 0 for
all y(©-;]0!, &', a—;), otherwise by the same argument as in the previous paragraph, the strategy
a; must yield strictly positive rents. Thus, 7(6;) is a supporting hyperplane for C(a_;), which
implies that FE(a,i)(V(®—i|éif a)) c {y:y-1(0;) =0}

Since Condition 2 fails, there exists y € FE(a_,-)(V(@—i|9i' a)) N D(6;, a—;, >=;). We show that
for every ¢ > 0, we can find y(®_i|9;,a;, a_;) such that wi(v;) > wi(d;), 0] € @,-(a;, a_;), and
T(éi) . y(®_i|6;, a;, a_;) < . To see this, take any sequence 7/" € D(éi, a_;, =) converging to y.
Ask — oo, T(éi) . yk — T(éi) -y = 0. Since 7/" € D(é,-, a_;,>;), for each k, 7/" = y(®_i|9;, a;,a_i)
such that w;(v’) > w;i(9;), 0] € O(a’, a-;). Take a sufficiently large k and we are done. Then:

Z ve,(0ila}, a))U(0;; a’, a_;)
0:€0,(a,a1)
> ye,(0]|a}, a_))U; (0} a), a_)
> yeo,(0]a}, a_i)Ui(0;, 05 ), a_;)
= ye,(0/la}, a_i) (wi(v))xi(0;, ©-) - £(6:,0-)) - y(©]6], a’, ;)
= yeo,(0/]a’, a_i) (wi(v]) - wi(0;)xi(6:,©-;) — MT(6;)) - (©i16., a}, a_;)
> 0.

Now suppose that there exists > and a buyer i such that Condition 3 or Condition 4 is not
satisfied for some j # i, and 0; € ©j(a) \ ((v}f(Zj) U v.j(2))) X Sj). Define w such that for all
jel wiv) = wj(v}) if and only if v; >; U;., and let minv; wj(v;.) = x and maxy w]‘(U;.) =K. If
Condition 3 is not satisfied, let é]' € 0j(a)\ ((U;(Z]') U v.j(2))) X §j) be such that y(®_j|éj, a)n
ri(C(a-j)) # @. If Condition 4 is not satisfied, let 6; € ®;(a) \ ((v;(z]‘) U v.i(>)) X S;) be such
that Fg(a_l_)(y(@_j | éj, a)) ﬁﬁ(éj, a_j,>j) # @. Note that f].*(zﬁj, v-j) > 0 for some v_; (in particular,
when for all k # j, vy € argmin, wi(v})). Then by exactly the same argument as before, there
can be no (x, t) that is incentive compatible, individually rational, and fully extracts rent given «,
where a is chosen optimally, and x;(6;, 0-;) = fj*(v]-, v-;) for all 6 such that y(6|a) > 0. O



Chapter 2

Private and Common Value Auctions with

Ambiguity over Correlation?

2.1 Introduction

In auctions, as in many other strategic situations, individuals often have a good understanding
of their own private information but they might know less about others” information sources.
For example, in auctions for drilling rights, a company can understand the test results that it
conducted but might be worried that its results are correlated with those of other firms. Similarly
the evaluation one gets about a piece of art on sale might be correlated in complex ways to the
evaluations other bidders get.

In these situations bidders might worry about their lack of understanding of the correlation
structure between their own information and that of other bidders.? These considerations are
important for their bidding behaviour. In private value auctions, beliefs about correlation influence
the assessment of bidders about the competition they might face. In common value auctions, such
beliefs also affect the bidders’ valuation of the good, which implies an additional effect on the
bidders’ strategies.

In this paper we analyse private and common value auctions when individuals have ambiguity
over the joint information structures generating valuations and signals. Specifically, we assume
that individuals know the marginal information structure generating a value or a signal to each
bidder, but that they are aware that their information sources might be correlated to a degree,
and face ambiguity over the possible correlation scenarios. We propose a simple model to analyse
ambiguity over correlation structures that is tailored to the comparison with the standard model.?
In particular, we use a single parameter, a, to bound the degree of pointwise mutual information of
the information structures.* When an individual receives a signal and contemplates what strategy
to play, she faces ambiguity aversion (as in Gilboa and Schmeidler (1989)) about the set of potential
joint information structures that are bounded by a.

Specifically, we analyse two-bidder, binary-value and binary-signal auctions (in Section 5 we

I This project has received funding from the European Union’s Horizon 2020 research and innovation programme
under grant agreement number 681579. We thank Subir Bose and Francesco Nava for helpful comments.

2Here we consider sophisticated individuals who entertain the possibility that such correlation might exist. A recent
literature looks at naive individuals who are not aware of the correlation between sources of information, i.e., correlation
neglect. See Ortoleva and Snowberg (2015), Glaeser and Sunstein (2009), Levy and Razin (2015a,b), Eyster and Weizsécker.
(2011), Kallir and Sonsino (2009), and Enke and Zimmermann (2017).

3 Auctions are typically analysed under the assumption of conditionally-independent private information, with the
bidders aware of this fact.

4See Church and Hanks (1991).
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extend the analysis to models with continuous signals and with many bidders). In this model, the
set of information structures that the bidders consider is centred around the true canonical case
of independent values and signals, and takes the following form. Consider the two bidders, 1 and
2, with values v = (v1, v2) each receiving a signal, s; and s, respectively. Let q(s|v) denote a joint
probability of the signal vector s = (s1, 52) conditional on the valuations for the good, and g1(s1|v)
and g2(s»|v) denote the marginal probabilities of s; and s, conditional on v. Similarly, let p(v)

denote the prior over v, with p;(v;) the marginal prior. We assume that individuals” ambiguity is
p(v)q(s|v)

i(0i) [iz1,2 9i(s:1v)
parameter a > 1, for any s, v.> In other words, the (exponential) pointwise mutual information

over the set of joint information structures satisfying 1 < Toa? < a for some finite
(ePMI) is bounded. The higher is a, the larger is the ambiguity. When a2 = 1 we are back in the
standard model with conditionally independent signals and no ambiguity. This framework allows
us to analyse ambiguity in the private value auction (where we focus on ambiguity over p(v)),
and in the common value auction (wWhere we focus on ambiguity over g(s|v)).

In the model, ambiguity over information structures is exogenous but ambiguity over the
valuations or the equilibrium bids of opponents is endogenous, and depends on the strategic
interaction. An ambiguity averse bidder focuses attention on beliefs that minimise her expected
utility. This will be reflected in beliefs that either put weight on more competition, believing
the other bidders have similar valuations, or on a low value of the good. The former effect, the
“competition effect”, is present in both private and common value auctions. The second effect, a
“winner’s value effect”, exists only in common value auctions.

We analyse the equilibria in the second-price and first-price auctions. We first focus on the
competition effect. We show how this effect implies overbidding in the private values case; the
distribution of bids in the first price auction in the face of ambiguity first-order stochastically
dominates that in the standard model. This implies that ambiguity is beneficial for the seller
as her revenue increases with a. In contrast, the “winner’s value effect” generally implies that
bidders should shade their bids. We show that in common-value auctions, in which both effects
are present, the “winner’s value effect” is stronger and the seller’s revenue decreases in ambiguity.
In particular, the low type always shades her bids while the high type does so unless ambiguity
is small and signals too imprecise. In Section 5 we show that this result (and the intuition behind
it) also holds when we consider an environment with many bidders, as well as an environment
with continuous signals.

We then turn to consider optimal auction design in the face of ambiguity over correlation
structures. We first show that the above results about the seller’s revenue also hold for the optimal
auction; the seller’s optimal revenue increases in ambiguity in the private values case but decreases
in the common value case. In the private values case our results are consistent with Bose, Ozde-
noren and Pape (2006) who show that the optimal mechanism fully insures the bidders against
ambiguity. In Bose et al (2006) bidders believe that valuations are independently drawn, but face
ambiguity regarding the particular distributions of valuations that others have. In contrast, in our
model bidders know the marginal distribution of valuations but face ambiguity about the joint
distribution of valuations. Nevertheless, the full insurance result holds in our setting when values
are private.

The full insurance result implies that the competition effect does not arise in equilibrium in
the optimal auction. However, there is a sense in which the seller exploits the competition effect to
increase her revenue. Since under the worst case belief the high type believes that her opponent

5Levy and Razin (2018) show that this restriction provides a meaningful way to constrain the set of ambiguous beliefs.
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is likely to also be a high type, she is less willing to deviate than when there is no ambiguity, so
that the seller is able to extract more rent from the high type. Thus, the seller’s revenue increases
in ambiguity.

In the common value case, insuring the buyers against ambiguity is not necessarily optimal.
In the standard case without ambiguity, any optimal mechanism must allocate the good with
probability 1 and fully extract rent. However, any such mechanism cannot be a full insurance
mechanism. To prevent the high type from deviating, the seller has to conduct side bets with the
low type. Under ambiguity, these side bets are costly since the expected payment to the seller
is smaller under the seller’s belief than under the worst case belief of the buyer. However, if
ambiguity is small or if the signals are very precise, these side bets remain optimal and the low
type is not insured against ambiguity.

Furthermore, even though there is no need to conduct side bets with the high type to satisfy
any incentive constraint, it is also not necessarily optimal to fully insure the high type. This is
because to fully insure the high type, the allocation rule needs to be independent of the type of
her opponent. Otherwise, the winner’s value effect implies that the high type will underestimate
the value of the object. However, when the ambiguity is small or the signals are precise, the seller
will allocate the good to the high type with higher probability when her opponent is a low type in
order to slacken the incentive constraint. In this case, the seller provides partial insurance by also
asking the high type to pay more when her opponent is low type. Under the worst case belief, the
high type does not care about the type of her opponent, but undervalues the object conditional
on winning. In other words, the seller insures the buyer against the competition effect but not the
winner’s value effect.

On the other hand if the signals are very imprecise and the ambiguity large, the seller finds it
optimal to fully insure the buyers against the ambiguity, so that the allocation of the good does not
depend on their signals. As a result, the high type earns positive rents in equilibrium. Finally, we
show that the seller’s revenue in the optimal mechanism is decreasing in the amount of ambiguity,

as we found in both the first and second price auctions.

2.2 Related Literature

Our paper is related to a recent literature on ambiguity and auctions. As far as we know, our paper
is the first to analyse ambiguity in common-value auctions. For private-value auctions, Salo and
Weber (1995) and Chen, Katuscdk and Ozdenoren (2007) show how ambiguity aversion translates
to higher bids as individuals underestimate their winning probabilities.® We complement their
analysis by defining ambiguity differently, and more importantly, by considering the common-
values case and the comparison with the private-values case, both positively and normatively.
Bose, Ozdenoren and Pape (2006) analyse optimal auction mechanisms for private-value auctions
with ambiguity over other bidders’ valuations. They show that the seller will fully insure the
buyers against ambiguity. Again, our key contribution is to analyse the common-values case and
compare it to the private-values case. Specifically, we show that in the common value auction
sometimes only partial insurance arises. Lo (1998) shows that the first-price auction dominates the
second-price auction in some environments. He uses a multiple priors approach and shows that
equilibrium bids are simply determined as if all players hold the worst-case prior. In our analysis

6Chen, Katugcik and Ozdenoren (2007) however provide experimental evidence that bids are lower in the presence
of ambiguity in first and second-price auctions with independent private values.
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players with different signals focus on different beliefs so the model is not equivalent to one in
which players start for example from a mis-specified model with wrong beliefs.

Bose and Renou (2014) study how principals can use ambiguous mechanisms to implement
social welfare functions that are not attainable under unambiguous mechanisms. In particular, they
construct ambiguous communication mechanisms between the agents and a moderator resulting
with agents updating to sets of beliefs. Hanany, Klibanoff and Mukerji (Forthcoming) is a recent
contribution to the study of incomplete information games and ambiguity. Finally, Bergemann,
Brooks and Morris (2017) consider private values auctions and study the set of achievable utilities
when considering, as modellers, the set of different feasible information structures. Our analysis
is different as in our approach it is the economic agents, rather than the modeller, who span the
possible information structures. In addition, we restrict the set of possible information structures
using the notion of pointwise mutual information. We show how this shifts equilibrium behaviour
in a non-trivial way.

2.3 Model

We consider a simple symmetric auction with two bidders (1 and 2), each with two possible
valuations v € {L, H} where 0 < L < H = 1. For expositional purposes we will focus on the case
of L = 0 in the body of the paper. Results are easily generalised to L > 0 (see the Appendix).

We will consider two cases, private values and common values. In the private value case we will
assume that valuations are independent across bidders and distributed uniformly. In the common
value case we will assume that the valuations are fully positively correlated with a uniform prior.
Bidders know if they are in the private or common values case.

The paper focuses on ambiguity over joint information structures. We model this ambiguity
by spanning a set of possible symmetric information structures around the true information
structures mentioned above for the private and common value cases. In particular, we assume
that bidders know the following aspects of the environment:

1. The state space. A state is a vector of valuations v = (v1, v2) € {L, H)?.

2. Priors about the state. Each bidder knows that the marginal prior distributions are uniform;
that is, the probability that each bidder has a low value is a half.

3. Signals. Each bidder i = 1,2 observes a private signal s; € {I, h}.

Bidders entertain a set of possible joint information structures that are consistent with the
above three aspects of the environment. A joint information structureis ({L, H}?, {1, h}?, q(s|v), p(v))
where 4(s|v) is a joint probability on {I,h}? conditional on v € {L, H}? and p(v) a distribution
over {L, H}? that is consistent with uniform marginals.

To define the level of ambiguity, we use a simple one-parameter characterisation for the set of
joint information structures introduced in Levy and Razin (2018). This characterisation uses the
exponent of the pointwise mutual information (ePMI) to define bounds on the correlation between
information structures. Specifically, for each bidder let g;(s;|v) denote the marginal conditional
probability of receiving the private signal s; € {I, h} given state vand let p;(v;) denote the marginal
prior. We assume the following:
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Assumption A1: There is a parameter 1 < a < oo, such that each bidder only considers joint information
structures, ({L, H}?, {1, h}?, q(s|v), p(v)), so that at any state v € {L, H}? and for any vector of signals
s €{I,h}?,

7

1 pW)q(slv) <
a "~ [liz12pi(0i) [1iz1,2 9i(silv)

The parameter a, the PMI-bound, describes the extent of the ambiguity a bidder faces over the
set of correlation scenarios. It is straightforward to see that ambiguity is larger when a is larger. The
formulation of the set is general in the sense that it is detail-free in terms of the underlying distri-
bution functions. It also captures the maximal set of joint information structures with correlation
bounded by a. Note that a joint information structure which satisfies independence would have
a = 1 at any point; whenever a joint information structure does not satisfy independence then the
ePMI is less than 1 for some (s, v), and is greater than 1 for some (s’, v/).® A higher a implies that
bidders consider information structures that are more concordant; for more on pointwise mutual
information as a measure of correlation see Levy and Razin (2018).

In Section 3 we will analyse first-price and second-price auctions for the private values and
common values cases, while Section 4 will provide the optimal auction analysis. In all these cases,
an equilibrium is denoted by a pair of bidding strategies for the two players, (b'(s1), b*(s2)), and
a symmetric equilibrium has b!(.) = b%(.) = b(.). We consider max-min behaviour. Specifically, in
equilibrium, given an observed signal, a bidding strategy maximises the utility of the individual
under the worst-case information structure.

Our framework is flexible enough to consider different types of underlying correlations, which
will be tied to the private/common values environment (indeed in Section 5 we consider environ-
ments with continuous signals and with many bidders). To complete the model, we now specify
the feasible information structures considered by bidders in these two environments.

Private values

In the private values model bidders know their values (and know they are in the private values
model). As signals are fully informative about one’s own value, ambiguity will arise about the
correlation in the prior distribution p(v). Specifically, each prior distribution must be consistent
with the uniform marginal prior distributions, so that the set of functions p(v) for v €{0,1}? is
represented by:

Table 2.1: Joint information structures for the private value case

p(v) 0 1
0 a %—(x
1 i-a a

Ambiguity is then over the parameter a. Given a, the ePMI constraints impose the following

restrictions on a:

1
<4a —

IA

1
—_— a,
a

S4(%—oc)$a

It is easy to see that the higher is a, the larger is the set of possible information structures that

are considered by bidders. From the above it is also easy to see that each bidder can consider «

7 All the results can be easily generalised if instead of the lower bound % we use some finite b < 1.
81t is then impossible to consider only priors/information structures with ePMI that is only higher (lower) than 1.
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satisfying

Common values

In the common values case, the ambiguity of the bidders will affect their perception about the
correlation between their signals and those of their opponents, through g(s|v). In the previous case
we had fixed the marginal priors; here we fix the marginal distributions of the signals. In particular,
there are two states of the world, v € {(1, 1), (0, 0)}. The probability of receiving the signal / in state
v = (0,0), or the signal  in state v = (1,1), is g > % ie., q(s =1](0,0)) = q(s = h|(1,1)) = g.°> We
assume that the true joint probability distribution, q(s1, s2|v), satisfies conditional independence,
so that q(s1, s2|v) = [1;21 2 9i(si|v). However, while individuals know the true marginal probability
distribution generating both their signals, they have ambiguity over the set of joint information
structures.

With the above specification, we can represent the family of information structures the bidders

entertain by:10

Table 2.2: Joint information structures for the common value case

q(s[(0,0)) I h q(s[(1,1)) I h
l g q—ao [ a1 1-g-—m
h g—ay 1-2qg4+ap h l-g-—a1 29-1+um

Under independence (a2 = 1), ag = q2 and @ = (1 — q)z. In this case then, ag and aq are the
parameters over which there is ambiguity, as we define below. It is then easy to derive the bounds
for these parameters using the ePMI constraints. Specifically, for a general a, the ePMI constraints
imply the following bounds on the values of the as:

a,(a) < ao < ()

a,(a) < a1 < ay(a)
where:

ay(0) = 2= P 424 -1, (@) = 71 - g

|

al-qP+29-1 a<L _ a(l-q)? a<
1 g - ()= 1 q
q-591-9) a> i 1=q-3q(0-q) a>q5

=

=
=

ag(a) =

=

2.4 The competition and winner’s value effects

We now show how ambiguity over correlation can affect bids in two different ways. The competition
effect arises as ambiguity will play a role in shaping beliefs about the probable bids of the opponent.
The winner’s value effect will arise as ambiguity may play a role in shaping beliefs about one’s own
valuation given the information held by the opponent. Naturally, only the first effect will arise in

the private values case while both will arise in the common values case.

9The analysis can be extended to non-symmetric marginal probability distributions.
10The table describes an information structure so for each state, all cell entries are non-negative and all entries sum up
to one.
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Private-values

In the private value case, for each bidder i, the signal s; € {I, h} fully reveals her value. Ambiguity
will then play a role in shaping beliefs about the probable bids of the opponent but not about
the value of the good. Below we show that the competition effect implies higher bids. The results
in this section are closely related to Salo and Weber (1995) and Chen, Katuscak and Ozdenoren
(2007) who analyse auctions with ambiguity about the distribution of values in the case of private
values. For concreteness, and in order to compare this environment to that of common values, we
replicate these results in our setting.

Consider the first-price auction. When a = 1, this is the standard model and the unique
equilibrium has the low type submitting a bid of zero, and the high type mixing between bids
in [0, %] according to the distribution F(b) = % When a > 1, the low type still bids zero—her
value—in equilibrium.

We now consider the high type, when a > 1. Let p be the belief of the high type of bidder 1 that
bidder 2 is a high type. From Table 1 we have that p = 2a, and thus given the ePMI constraints
for the high type of bidder 1, given a mixed strategy F(.) of the other player, the expected utility
for some bid b is given by:

min Pr(Bidder 1 wins)(1 — b) =

min
p=2a, a(a)<a<a(a) p=2a, a(a)<a<a(a)

(1 =p) +pE®))(1-D)

From this expression we see that the expected utility depends on beliefs only through the
probability of winning. Moreover, it is easy to see that for any b, the unique minimiser of utility is
the highest p feasible, which is easily derived as p(a) = 2a(a) =1 - % Let e(a) = p(a) - % We can
then describe the strategy of the high type in the unique equilibrium as mixing on the interval
[0, % +&(a)], for e(a) = %(1 - [1—1), according to the distribution F,(b) = ﬁ % which stochastically
dominates F,(b) for a = 1.

Intuitively, ambiguity together with max-min preferences makes the high bidder believe that
the other bidder is more likely a high type and so induces the bidder to bid more aggressively.
This is the competition effect. Ambiguity over correlation through the prior implies that one can
consider different possibilities for the type of the other bidder (and hence her bid). An ambiguity
averse bidder will consider the worst case scenario and hence will believe that she faces the
toughest possible competition, which will lead her to bid more aggressively, thus increasing the
seller’s revenue.

In the second-price auction, this effect does not exist as it is still weakly dominant to bid your
value. Once the value is known, then the other’s bid is not relevant. We then have:

Proposition 2.4.1. For private value auctions: (i) In the first-price auction, the equilibrium distribution
of bids when a > 1 first order stochastically dominates that of the case in which a = 1, with the seller’s
revenues increasing in a. (ii) In the second-price auction, the equilibrium distribution of bids when a > 1

is the same as that of the case in which a = 1.

Proof. Appendix. ]

Common values

We now analyse the common values case. In this case an additional effect of ambiguity emerges,
as players learn about their value from the equilibrium behaviour of others. Thus, in addition
to minimising their utility by envisaging a low probability of winning, bidders may also choose
beliefs that minimise the value of the good conditional on winning. This winner’s value effect will
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sometimes induce an opposite incentive compared with the competition effect; the competition ef-
fect can potentially induce bidders to bid more aggressively perceiving a tougher competition; the
winner’s value effect can induce players to bid less aggressively if they perceive lower valuations
upon winning. Bidders can then shade their bids even further than they would in the absence of
ambiguity.

Recall that bidders perceive correlation structures as depicted in Table 2, and so ambiguity is
over the correlation parameters g, 1. Let us consider the low type of bidder 1. Suppose she uses
the equilibrium bid of the low type of bidder 2, denoted as b,(I), so that b = b,(I). In both the
first-price and the second price auction then, her worst-case expected utility is:

1
min) E Pr(”lr (QO/ al))(E(ao,m)(v”/ l) - ba(l))/

(o, a1
where
Pr(I|I, (o, a1)) = ap + a1
aq
E([Xo,al)(v“/ l) = al + ao
And so:
aq
Pr(IL (00, 00) (o) (011, 1) = b)) = @0+ ar)( =5 = bo(1)

Note that the competition effect will imply that to minimise utility one has to minimise the

probability of winning, a1 + ag. On the other hand, the winner’s value effect will demand that
o
ao-i—lal

put the two together, the expression becomes

is minimised, which is best achieved when a4 is minimised and «a is maximised. When we

a1(1 = ba(1)) — aoba(I)

which implies that the worst case scenario is indeed (do, @), and so the winner’s value effect
dominates, as beliefs are chosen to minimise E, 4,)(v|/, [). In the first-price auction the low type
will remain without rent, so that indeed b = b,(l) = E(ao,gl)(v|l, I). This is also the bid that arises
in the second-price auction, where the players use the expected valuation that is based on both
bidders receiving their own signal. We therefore have derived that the bid of the low type is lower
than in the case with no ambiguity, in both types of auctions.

What about the high type? The intuition will be clearer in the second-price auction where
pure strategies are used (but the results are qualitatively similar as Proposition 2.4.2 illustrates).
Consider the high type of bidder 1. In the second-price auction, her expected utility when she
uses her opponent’s high type bid, so that b = b,(h) > b,(I) is

min Pr(1]h, (@0, 1)) Eqag (211, 1) = ba(0)) + (1/2) Pr(hll, (0, 41)) B )0l ) = o (1)

(av0,a1

where:
1- q—o
Pr(I|h, (a0, a1)) =1 — a1 — ag E(ay,an) (@I, h) = T—a1—ag
2q -1+ a;
Pr(h|h = E =
r(h|h, (ao, a1)) = a1 + ag (ao,a0) (0|, ) a1+ ag

Putting these in the expression for the utility, we have:

min [(a -+ ao)(ba(D) = 5bu(0) + 320 =1+ a1)+ 1= = a1 = by ()]
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The competition and winner’s value effects now incorporate the possibility of winning both
against the low type and against another high type, as well as the magnitude of the equilibrium
bid of the low type. The terms (29 — 1 + a1) + 1 — g — a1 express the expected valuation upon
winning. It is easy to see that to minimise utility, one needs to maximise @. The first element,
(a1 + ag)(by (1) — %ba (h)), denotes the expected payment given the two events in which the high

type bidder can win. Recall that b,(I) = E(,,—,O,gl)(vll ,1) = =2— which is lower than but related to

ar+ag’
%. Thus, when g is low so that signals are imprecise, b,(I) can be relatively high, implying
that to minimise utility one has to minimise a1 and ag, while when g is high, b,(!) is relatively
low, implying that to minimise utility, one has to maximise both. In the case when g is high,
both effects are then in tandem implying that the bidder chooses (&g, @1). This means that the
bid is b,(h) = Ea,,a,)(v|h, 1), which will be lower compared to the case of no ambiguity. Thus
the winner’s value upon winning against a high type, a more likely event, is indeed lower. In the
case of a low g, where the competition and winner’s value effect may clash, the latter dominates
implying that the bidder chooses (), @1). The effect now is more subtle; while this belief minimises
E(ay,a1)(v]1, 1), the winner’s value when she wins against a low type, it can, for a low 4, increase

E(ag,a1)(v]h, h) beyond the canonical case. We then have:

Proposition 2.4.2. For common value auctions: (i) Second price auctions: In the unique symmetric pure-
strategy equilibrium, compared to the canonical model, the low type’s bid decreases in a, and the high type’s
bid decreases in a for either high enough a or high enough q and increases in a when both a and q are
low. (ii) First-price auctions: For sufficiently low a, in the unique symmetric equilibrium, compared to the
canonical model, the bid of the low type decreases in a, the maximal bid of the high type increases in a, with
the average bid of the high type increasing or decreasing depending on q.

Proof. Appendix. m|

It is interesting to note that different types use different joint information structures, and thus the
model is not equivalent to one in which individuals simply have the wrong belief over correlation.
In other words, ambiguity interacts with equilibrium behaviour in a non-trivial manner. This was
harder to see in the private values case where the low type always bids her value; however in the
common value case, the low type is utilising a different belief to minimise her utility compared
with the high type, and moreover, as the result illustrates, the winner’s value effect dominates
so that the low type (and in most environments also the high type) end up lowering their bids
compared with the canonical model.

Seller’s revenue

In the case of private values we had seen that the seller’s revenue increases with ambiguity over
correlation, as bids increase (at least in the first-price auction). The case of common values yields
a different result, as can be gleaned from the fact that bids may decrease with a. As we show in
the Appendix, in the common value case, even when the high type increases her bid in the second
price auction, compared to the case of no ambiguity, her expected utility evaluated at the true
joint probability distribution will be higher compared to the canonical model. This arises as she
increases her bid when g is low, which implies she is more likely to encounter the low type and
hence pay the low type’s bid which is lower than in the canonical model. Thus, considering the
utility of bidders and the seller, we have:
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Proposition 2.4.3. For common value auctions: (i) Second price auction: The utility of both the high and
the low type increases in a and the seller’s revenue decreases with a. (ii) First price auction: For sufficiently
low a, the seller’s revenue decreases in a. (iii) The seller’s revenue is higher in the first-price rather than the
second-price auction.

Proof. Appendix. ]

In the common values case, ambiguity implies that bidders decrease their bids; it therefore al-
lows them to gain a higher utility and implies that the seller’s revenue decreases with a. As
another illustration of this, consider the second-price auction equilibrium in the limit, where all
information structures are feasible, and so ambiguity is very large. It is the limit of the unique
symmetric pure-strategy equilibria that we characterise in the Appendix, and it is characterised
by b,(I) = 0 and b,(h) = q."* Specifically, the high type believes that signals are fully correlated
and so E,1-4)(v|h, h) = E(v|h). These bids are the lowest among all equilibria and the seller’s
revenue is therefore substantially lower compared with the canonical model.

This result is different than in the private values case. Intuitively, in the former case ambiguity
increased the competitiveness of the bids, and thus these increased. In the common value case,
ambiguity in general induced the bidders to minimise their utility by minimising the value they
expect to gain when they win, implying lower bids at least on average.

The intuition for the result that the seller’s revenue is higher in the first-price auction is as
follows. In the second-price auction, an individual’s payment depends on the other’s bid and as
a result, there are more elements in her utility in which her beliefs play a role. For the case of no
ambiguity, this implies that she conditions her behaviour on more information, which increases the
seller’s revenue.'? For the case of ambiguity, this implies that individuals have more possibilities
to condition on their worst-case beliefs, which decreases the seller’s revenue. Intuitively, the
competition effect is more pronounced in the first price auction than in the second price auction.
This is because in the first price auction the payment is directly related to the bid.

2.5 Optimal auctions

Our analysis here will focus on two results. First, consistent with results in the previous section,
the seller’s maximum revenue will increase with ambiguity in the private values case but will
decrease with ambiguity in the common values case. Second, the type of optimal auction will
also change when we switch from private to common values, and specifically, the seller will not
necessarily fully insure the bidders.

Indeed the key issue when considering optimal auctions under ambiguity is the level of insur-
ance provided by the seller to the bidders. Under independent private values, Bose, Ozdenoren
and Pape (2006) show that the optimal mechanism fully insures the bidders against ambiguity. In
Bose, Ozdenoren and Pape (2006) bidders believe that valuations are independently drawn, but
face ambiguity regarding the particular distributions of valuations that others have. In contrast, in
our model bidders know the marginal distribution of valuations but face ambiguity about the joint
distribution of valuations. In Section 4.2 we replicate the full insurance result in our setting. When

reporting truthfully, the buyers are fully insured against ambiguity. However, the competition

I This is supported by the low type believing ap = g and a1 = 0, and the high type believing ag = g and a1 = 1 - g.
12With private values and ambiguity over the prior, Lo (1998) shows that the first-price auction dominates the second-
price auction in some environments.
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effect makes deviations less attractive, and the seller is able to exploit this by asking the high type
to pay more compared to the standard case without ambiguity.

In the common value case, however, the seller does not necessarily provide full insurance. We
show that when ambiguity is small or the signals sufficiently precise, the optimal mechanism fully
extracts rent (i.e. participation constraints are binding), using side bets with the low type to deter
the high type from deviating. These side bets expose the low type to ambiguity, and as a result
the seller cannot extract full surplus.

Moreover, the seller will allocate the object to the buyer with the highest signal, which exposes
the high type to ambiguity as well. As a result, the seller is then able to insure the high type
against the competition effect but not the winner’s value effect. Specifically, as we show in Section
4.3, when the two players receive different signals, the seller allocates the object to the high type;
the winner’s value effect then implies that the high type will undervalue the object, but the seller
is able to partially insure the high type by also asking her to pay more when her opponent is low
type. Under optimal transfers the high type does not care whether her opponent has received the
high or the low signal—that is, the high type is insured against the competition effect. On the
other hand when ambiguity is large and the signals imprecise, the seller fully insures the buyers,
leaving the high type with positive rents.

The seller’s problem

We now formalise the seller’s problem. A direct mechanism (x, ¢) is an allocation rule x : {I, h}? >
A{1,2} and a transfer rule t : {I,h}?> — R?. Let U?(s’,s) be i’s utility from reporting s” when i’s
signal is s, given that the information structure is @. A direct mechanism is maxmin incentive
compatible if for all s € {I, h}:

n}ﬂin Us(s,s) = min ug(s’,s)

forall s’ € {I, h}. The revelation principle applies in this setting as long as we make the following

assumption:

No-hedging: The utility from playing the mixed strategy o € A{l, h} is >} o(s") ming U7 (s, s) (as
S/
opposed to min, 3’ o(s")U(s, 5)).
s/

This assumption is standard in the literature on mechanism design with maxmin agents (see
for example, Bose, Ozdenoren and Pape (2006) or Wolitzky (2016)). In what follows, we restrict

attention to maxmin incentive compatible direct mechanisms.

Private values

In the private value case, 4;(s; = I|v; = L) = qi(s; = h|v; = H) = 1. For each signal s € {I,h}, let
v’ € {L, H} be the valuation associated with the signal. That is, let v/ = L and v = H. Let p denote
a buyer’s belief that her opponent has received the same signal as her. The ePMI constraints imply,
following Table 1 in Section 3, that 5- < p < 1 — 5-. An optimal mechanism solves the seller’s

problem:

2
max (L, 1)+ ti(l, ) + ti(h, 1) + ti(, )
i=1

xi,ti £
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subject to:
min  p[0°xi(s,s) - ti(s, s)] + (1 - p) [0°xi(s, s) — ti(s, s")]
Pe[ﬁzl—ﬁ]

> min p[o°xi(s’,s) — ti(s’, )]+ (1 - p) [0 xi(s”, 8") — ti(s', s")]
Pe[%rl—g]

11(11n P [0°xi(s,s) — ti(s,s)] + (1 — p) [v°xi(s,s") — ti(s,s")] = 0

pe[ﬂ’l_Za

foralli,and for all s,s” € {l, h}.

As in Bose et al (2006), when values are private, the seller finds it optimal to fully insure the

buyers against ambiguity and is able to extract full surplus when the ambiguity is large:
Proposition 2.5.1. When buyers have private values:
(i) Any optimal mechanism is a full insurance mechanism
1

(it) The optimal allocation rule depends on L: if L < 13, it is not optimal to sell to buyers with the low
1

valuation, but if L > 1-—, the seller always allocates the object.
(iii) The seller’s revenue is increasing in ambiguity, and as a — oo, converges to full surplus.
Proof. Appendix. m]

In the Appendix, we fully characterise the set of optimal mechanisms under private values.

Common values

In the common values case, the possible joint information structures are described in Table 2 in
Section 3. The seller’s problem is:

2 2
max % (®+1-97) [Z t(L D) + ti(h, )| + (1 - g) lz t(1, 1) + ti(h, 1)}
i=1 i=1

xi,ti

subject to incentive and participation constraints:
min a1x;(1, 1) + (1 = g = a))xi(l, ) = (a0 + a1)ti(1, 1) = (1 = a0 — an)ti(l, )
ap,a1

> min a1x;(h, 1)+ (1 —q—a)xi(h,h)—(ao+a)ti(h, 1) — (1 —ag — a)ti(h, h)

ap,a1

min (1 -q —ai)xi(h, 1)+ (2q — 1+ a1)xi(h, h) = (1 — ap — a1)ti(h, I) — (a0 + a1)ti(h, h)

@p,a1

> min (1 - q- ar)xi(l, 1)+ (Zq —1+a))xi(l,h)—(1—-ag—a))ti(l,]) = (ag + a1)ti(l, h)

ao,a1

min a1x;(l,1) + (1 —q - ap)xi(l,h) — (ap + a1)t;i(I,1) = (1 — ag — a1)ti(l,h) 2 0
ap,a1

min (1 -¢q—a))xi(h, 1)+ 29 -1+ a1)xi(h,h) — (1 —ao — a)ti(h, 1) — (ao + a1)ti(h,h) 20

ap,a1

For a given 4, the optimal mechanism will depend on two cutoff values of g, which we now

define. Let 4*(a) be the solution to g% + (1 - q)* — a, — a; = @, + &, + @ + a1 — 1 that lies between %
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and 1, and let g**(a) be the solution to g2+ (1—-q)*—a, -, = 3 -2+, +a; thatlies between land
1. We derive the explicit expressions for q*(a), ¢*(a) in the Appendix. For 1 < a < o0, q*(a) < g™ (a).
We then have:

Proposition 2.5.2. When buyers have common values:

(i) When q < q*(a), an optimal mechanism allocates the good with equal probability for each player
disregarding their type, and a transfer of 3(1 — q). The revenue of the seller is 1 — q, both types are
fully insured, and the high type earns positive rents.

(ii) When q > q**(a), the optimal mechanism allocates the good to the high type and with equal probability
to each player if both are of the same type. Transfers are such that the high type is partially insured,
the seller makes side bets with the low type, and the buyers earn no rents.

(iii) When q*(a) < q < q**(a), the optimal mechanism allocates the good to the high type and with equal
probability to each player if both are of the same type. There are no side bets with the low type, both
types are partially insured, and the high type earns positive rents.

(iv) Asa — oo, both q*(a) and q*(a) converge to %(3 —3),and asa — 1, both q*(a) and g™ (a) converge
to %

(v) Seller’s revenue (weakly, and sometimes strictly) decreases with a.
Proof. Appendix. m]

When g < g%(a), an implementation of the optimal mechanism is for the seller to first choose each
buyer with equal probability, and then sell to the chosen buyer at price 1 — 4. Since the decision to
sell is not based on the signal realisation, the good is worth 1 — g to the low type and g to the high
type. Thus, the high type earns positive rents in equilibrium. Note that this mechanism is efficient,
and that given the seller’s design, ambiguity is not relevant or does not arise in equilibrium.

When g > g (a), the participation constraint of the high type is binding;: it is optimal to fully
extract rent. The seller engages in a side bet with the low type to prevent the high type from
deviating. Unlike in the classical case, side bets are costly to the seller, so the seller uses the
smallest bet that is sufficient to prevent the high type from deviating. To reduce this cost further,
the seller allocates the good to the high type when the players receive different signals, which
generates endogenous ambiguity over the expected value of the good. The seller is able to partially
insure the high type by asking her to pay more when the other player has received a low signal.
In this case, the expected payment from the high type is:

T = S0 (- gR) - 5(6% - )

The expected payment from the low type is:

Tg:Q1 l-g-m—-a

i ? -

[‘72 +(1 _’7)2 -4 _21] 2(a + a1 ta,+a; - 1)'

The low type chooses @y and @1 both to minimise the perceived surplus from winning the object
and to maximise the perceived value of the transfers. Note that in the optimal mechanism, the
belief of the high type regarding a; is irrelevant. The high type does not care about the type of
her opponent: she gets the same utility from any belief about ;. In this sense, she is insured
against the competition effect. On the other hand she believes that ag = ). This gives rise to the
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1-a;
2-ay—ar’

winner’s value effect: her expectation of the value conditional on winning, is lower than
true conditional expectation (for any belief a; € [a;, @1]). When a converges to 1, only this case
remains.

The intuition why participation constraints must bind when a is small is as follows. If the
participation constraint of the high type is slack, the seller can achieve a first order increase in
revenue by increasing the payment of the high type. In order to ensure that the incentive constraint
is not violated, the seller can increase t;(/, 1) and decrease t;(I,]) in such a way that keeps the low
type indifferent, but lowers the high type’s utility from deviating. Since the low type may have
different beliefs to the seller, these changes in transfers may decrease the seller’s revenue; however,
as the ambiguity becomes small, this fall in revenue converges to zero. On the other hand, the
increase in revenue from increasing the payment of the high type is fixed.

When g%(a) < g < g*(a), it is optimal to allocate the good to the high type when the players
receive different signals, but it is not optimal to conduct side bets with the low type. Instead,
the high type earns positive rents in equilibrium in order to satisfy the incentive constraint. The
winner’s value effect implies that the buyers underestimate the value of the object conditional on
winning. However, the seller partially insures both types, so that the competition effect does not
arise.’® This interval shrinks as a goes to either 1 or co.

If buyers are fully insured against ambiguity, then the seller’s revenue is constant in ambiguity.
However, in the cases where buyers are not fully insured, the seller’s revenue is strictly decreasing
in ambiguity. The intuition is that as ambiguity increases, the larger winner’s value effect forces the
seller to decrease transfers. Thus, the seller’s revenue is always (weakly) decreasing in ambiguity.

Note that Crémer and McLean (1988) show that some of the conclusions from the analysis
of optimal auctions with independent private values are not robust. For example, since surplus
extraction is possible when signals are correlated, the optimal mechanism is efficient and leaves
no rents to the buyers. Proposition 5 shows that these results continue to hold for a close to
1.4 On the other hand, when a is large, it is possible for buyers to earn positive rents in the
optimal mechanism. Note that in this environment, it is always possible to fully extract rent (see
Renou (2015)); however, as we have argued, rent extraction conflicts with full insurance and is not

necessarily optimal when ambiguity is large.

2.6 Extensions

We now extend the model of Section 3 in two ways. We first consider the case of many bidders and
then that of continuous valuations. In each of these extensions we consider different models of
correlation which illustrate the flexibility of the framework. The key results of Section 3 extend to

these environments as well: seller’s revenue decreases with ambiguity for common value auctions.

Many bidders

Our analysis above focused on the case of two bidders. In this section we consider a model with
common values and many bidders. Naturally when extending the model to more than two bidders,

many correlation patterns can be considered; we now extend the model in the simplest way that

1B3For the low type, any belief about ag gives the same utility, but she believes that a1 = a,, so that her expected value
4
aptay
4The set of optimal mechanisms when a = 1 is large. As @ — 1, the optimal mechanism described in Proposition 5,
which is the unique symmetric mechanism when 4 is close to 1, converges to an optimal mechanism for the case when
a=1.

of the object conditional on winning, is smaller than the true conditional expectation for any belief ag € [a,, @]
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also maintains symmetry and anonymity when a single bidder considers the correlation among
herself and all other bidders.

Specifically, consider a population of n bidders, who consider distributions of the following
form: with probability @y, all bidders receive the same signal in state 0, and with probability a7,
all bidders receive the same signal in state 1. This signal, s* € {I,h}, is drawn from the same
marginal distribution as before; that is, Pr(s* = hlv = 1) = Pr(s* = Ijv = 0) = q > % With
the remaining probability, each bidder draws a (conditionally) independent signal, again, with
Pr(si=hlv =1)=Pr(si =llv =0) =g > % for all i. Bidders have ambiguity then over a; and «ay,
as before.

To see that similar considerations are involved, consider a low type. Intuitively, a low type wins
only when she faces n — 1 low types. Minimising utility implies as before that she will minimise
her winning probability in state 1 and maximise it in state 0. This implies that she sets up the
correlation among bidders to be the highest in state 0, as positive correlation implies the highest
probability of having a vector of identical types. Alternatively, she uses the belief that correlation
is lowest in state 1; with independent signals the probability of any specific vector of valuations is
the lowest. But of course this means that conditioning on a vector of low types implies that state
0 is more likely, inducing a strictly lower bid, in line with the “winner’s value effect”. We are then
able to show:

Proposition 2.6.1. When ambiguity is not too large, there exists a symmetric equilibrium in the first-price
auction. Moreover, there exists i, such that for all n > i, in this equilibrium the high type conditions her
bid on the belief (o, a1) = (0, @1), and the low type conditions her bid on the belief (ao, a1) = (&o, 0). The
(expected) bids of both types are lower than in the independent case, and the seller’s revenues decrease with
ambiguity.

Proof. Appendix. m|

For the high type (who uses a mixed strategy in equilibrium), the considerations are more com-
plicated as she needs to consider many vectors of types, each affecting both the probability of
winning and her valuation. For an / type, perceiving more correlation shifts the weight from the
set of events in which some types are also I, to the event in which they are all correlated (all /).
Consider for example the low state and hence ay, and its effect on the expected bid. Increasing «g
means reducing the probability of paying in all events in which there is at least one ! type and
increasing the probability of paying when all are 1. However the first set of events (where at least
one bidder is an /) happens with a much higher probability when # is large; thus increasing ay
reduces the average bid and as a result increases utility. Thus to minimise utility we have to reduce
correlation in the low state. Similar intuition arises in the high state. This belief implies that the
expected bid is lower than in the benchmark independent model, and as a result, seller’s revenue
is lower as well. While we can verify analytically that the above holds also for small  (e.g., n = 3),
we have derived an analytical proof for large n only.

Note that we focus in this case on a first-price auction as symmetric equilibria in the second-
price auction may not exist in a common value environment with discrete types and many bid-
ders.1®

15This is a general issue that does not relate to our specific model.
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Continuous signals

We show that the results of Section 3 are robust to the case of a continuum of signals. In the
common-value case, let the state of the world be v € {0, 1}, with an equal prior. We revert to the
case of two bidders, where each now receives a signal s’ € [0,1] about the state of the world. The
marginal distributions determining the signals given the state of the world, g,(s) for each player,
are known to the players. To simplify, let go(s) = 2(1—s) and g1(s) = 2s (more generally we require
in the Appendix that go(s) is decreasing and g1(s) is increasing, so that that Go(s) is concave and
G1(s) is convex). Note that Gy(s) > G1(s) for all interior s, and hence MLRP is satisfied too.

Individuals have ambiguity over a set of joint distributions in each state v € {0,1}. We use
a simple set of joint distributions, the F-G-M transformation (copula), which was introduced by
Morgenstern in 1956. Specifically, given g, (s), we have:

fv(s) = [1 + /\U(ZGU(Sl) - 1)(2Gv(52) - 1)]gv(51)gv(52)'

For this to be a distribution, for any v we need |A,| < 1.1 Note that when A, > 0 we have
positive correlation of signals in state v while when A, < 0 we have negative correlation. When
signals are conditionally independent, we have A, = 0 for all v. Adding ePMI constraints, we then
have:

1 1
Ay € [E -1,1- E] forv € {0,1}.

We analyse a second-price auction and show very similar results to the one derived in Section

3. Let us first write the utility of a player for each bid b. This is

U(s', b) « rr}‘in(‘/oz(l —b(s") fi(s!,s")ds’ — /OZ b(s") fo(st, s")ds”)

where b(s’) is the bid used by the other player and z = b~(b). In the Appendix we show that
when the level of ambiguity a is small enough, there exists a symmetric equilibrium in which

[1+A7(5)(2G1(s) = 1)*187(s)
[1+A5(5)(2G1(s) = 1)21g3(s) + [1 + A3(s)(2Go(s) = 1)21g5(s)

b(s) = EYC)(v[s, s) = (2.1)
where A*(s) minimises the equilibrium utility for each type. To do so, a player needs to consider
how correlation affects both the competition and the winner’s value effects, at each state.

As before, low types (specifically, below the median of Gp)'” minimise their utility by postulat-
ing the highest possible positive correlation at state 0 and the highest possible negative correlation
at state 1, given the strong winner’s value effect. They therefore minimise their valuation upon
winning (as they only win when the other player has even lower signals). This “winner’s value
effect” implies underbidding.

For high types, positive correlation in state 1 and in state 0 decreases their utility as it implies
paying a higher bid (while their probability of winning is relatively high in any case). This implies
that they choose the maximum positive correlation in both states. This was also the case in the
discrete case and again implies underbidding as conditional on their signal, and as Go(s) > Gi(s) >
1 for these types, fo(s, s) > fi(s, s) for any fixed positive A. Thus b(s) = E}®)(v]s, s) < EOO(o]s, 5),
where E@9(v]s, s) is the bid in the standard model with conditionally independent signals. We
therefore have:

16This implies that the highest correlation coefficient in this family is % in absolute value. See Schucany, Parr and Boyer
(1978).
17The median is important as the F-G-M copula is of the form 2G — 1.
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Proposition 2.6.2. When the level of ambiguity a is small enough, there exists a symmetric equilibrium in
the second-price auction in which b(s) is as defined in (2.1), where A*(s) minimises the utility of type s in
equilibrium, and the seller’s revenues decrease with ambiguity.

Proof. Appendix. m]

In the Appendix we generalise for other symmetric g, (s), and characterise a sufficient condition for
the marginal distribution function for which revenues decrease more generally. We also consider in
the Appendix for completeness the private value case, where we assume that valuations are drawn
from [0, 1] according to a uniform distribution, and individuals believe that the joint distribution
is f(v) = 1+ AQ20; = 1)(2v; — 1), for A € [% -1,1- %] We characterise a symmetric equilibrium

and show that bids in the first-price auction are uniformly higher compared to the case without
ambiguity (recall that bids in the second-price auction are not affected by ambiguity).

2.7 Conclusion

We have constructed a framework in which we can analyse ambiguity over correlation in infor-
mation structures of bidders both in the private and in the common value auctions. We have
illustrated in this paper that ambiguity over correlation induces different results in the private
values versus the common values auctions. Specifically, while seller’s revenue increases in the
private value auctions, it decreases in the common value auctions. The key insight of the analysis
is that in the common value auctions players choose worst-case beliefs that amount to minimising
the value of the good conditional on winning. This also leads to the optimal auction providing
less than full insurance to bidders.

Appendix 2.A  Proofs for Section 2.4

Proof of Proposition 2.4.1. To prove Proposition 2.4.1, we first characterise the equilibrium in the
first price auction under private values and show that in this equilibrium, the seller’s revenue
increases in a. Then we note that in the symmetric equilibrium of the second price auction, under
private values, equilibrium behaviour is not affected by ambiguity.

We consider an equilibrium where the low type bids L and the high type mixes on the support
[L,b], according to a distribution function F(b). It can be shown that this equilibrium is unique.’®
First note that the low type gets zero utility in equilibrium; any bid higher than L yields negative
utility, and any bid below L yields 0 utility.

As in the main text, the expected utility from bidding b for the high type is:

min __ ((1-p)+pF(0))1-Db),

p=2a,a(a)<a<da(a)

18For uniqueness, first observe that there cannot be pure strategy equilibria, and that in any equilibrium the low type
cannot earn positive rents. In any equilibrium, the low type of both players must bid L. Suppose that the low type of
player 1 bids strictly less than L with positive probability; then the low type of player 2 can get positive rents. But this
contradicts the fact that the low type cannot earn positive rents in equilibrium. Thus assume that each low type bids at
least L (so the utility of the low type is at most zero). Suppose that at least one low type bids strictly more than L with
positive probability, and without loss of generality assume that the low type of player 1 wins the auction with positive
probability with a bid strictly higher than L (and receiving strictly negative utility). Then the low type of player 1 has a
profitable deviation to bidding L with probability 1. Thus assume that both low types bid L in equilibrium. The bottom
of the support of the mixed strategy for the high type must be L, otherwise a high type who is supposed to bid just above
the bottom of the support can bid just below the support and reduce expected payment without changing the probability
of winning. The indifference condition then uniquely determines the equilibrium.
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which is minimised by maximising «. As the ePMI constraints are:

}La =a() <a<a)= %(1 - %”)/

utility is minimised at @(a) = 3 — £ which implies a probability that the opponent has a high
value of 1 — 5.
Now we compute the highest bid, b, in the support of F(b). For the highest bid we have:

(1—13):(%)(1—@@5:1—%(1—@.

Note that b is increasing in a. Computing F,(b) (making it explicit that F,(b) depends on a),
we have:

b-L
2a-1)(1-1b)

Note that for a’ > a, F,/(b) first order stochastically dominates F,(b) and thus seller’s revenues are

Fa(b) =

higher when a > 1 and increase in a.

Note that in the second price auction, under private values, it is still a dominant strategy to bid
one’s value, and hence for all a, b,(I) = L and b,(h) = H is a symmetric equilibrium. of the second
price auction. O

Proof of Propositions 2.4.2 and 2.4.3. We first characterise the symmetric equilibrium in the second
price auction. Then we characterise the equilibrium in the first price auction, and finally we

compare the seller’s revenue from the two auction formats.?

Equilibrium in the second price auction

Lemma 2.A.1. In the common value second-price auction, the unique symmetric pure-strategy equilibrium
satisfies:

1. The low type bids b,(l) = E(@Olgl)(vﬂ, 1), a bid that decreases in a;

2. Foralla < %, there exist cutoffs q, g, with 0.5 < g < g <1, where:

a) For q € (0.5, q), the high type bids b,(h) = E(%,dl)(zﬂh, h), a bid that increases with a.

b) For q € (q,1), the high type bids b,(h) = E(4,,a,)(v|h, h), a bid that decreases with a.

c) Forq € (q,q), the high type bids by(h) = E(4y,a,)(v|h, h), where ag satisfies Ey, a,)(v|h, h) =
ZE(ao,gl)(U”/ 1), a bid that decreases with a.

3. Foralla > a(q) > %, the high type bids b,(h) = E(a,,a,)(v|h, h).2

Proof of Lemma 2.A.1. We prove this Lemma by first conjecturing an equilibrium bid for the low
type. In all the equilibria we consider, the low type has the same equilibrium beliefs: (ag, a1) =
(@0, a;), and hence the bid is bs(I) = E(g,,a,)[v|, I]. Then we characterise the equilibrium beliefs
and bidding behaviour for the high type, and verify that neither type has an incentive to deviate.
We separate the analysis into two cases: equilibria where there is over-bidding for the high type

9For simplicity we set L = 0 but the proof is easily extended to L > 0.

q q

20When g is not too small, 4(g) = et When g is sufficiently close to 0.5, a(q) > e and symmetric pure-strategy

equilibria may not exist in the region [%, a(q)]-
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(relative to baseline case of no ambiguity), and equilibria where there is under-bidding for the
high type. As in the statement of the Lemma, overbidding arises for small 2 and small g (which
implies that in equilibrium b,(I) > %b,, (h)), and underbidding arises for large a or large g4 (which
implies b,(I) < %ba(h)).

We consider monotone equilibria where b,(I) < b,(h), ba(I) = E(ay,a,)(v]1, 1) for some (ag, 1),
and b,(h) = E(%,a;)[vlh, h] for some (ag, af).?

Let U®(b; s) be Player i’s utility from bidding b after receiving signal s, given that Player —i is
following the equilibrium strategy (b,(1), b (h)):

0 if b < b,(I)
%Pr(l|s, a)(Eqlv]l, s] = by(1)) if b =b,(1)
UX(b;s) = 1 Pr(l|s, a)(Ea[v]l,s] - ba(1)) if b € (ba(l), ba(h))

Pr(lls, a)(Eq[v|l,s] = ba(])) + %Pr(hls, a)(Ex[vlh,s] —by(h)) if b =b,(h)
Pr(lls, a)(Eq[v|l,s] — ba(1)) + Pr(h|s, a)(Eq[v|h, s] — ba(h)) if b > b,(h)

Consider the following assumption:

No-hedging: The utility for type s of Player i from deviating to the mixed strategy represented
by the cdf F is ﬁ min, U (b, s)dF(b) (as opposed to min, fh Uug(b, s)dF(b)).

Under the "no hedging" condition deviations to mixed strategies will have lower utility, and
thus equilibria are easier to sustain. We use this to characterise equilibria for large values of a.
Note that all equilibria derived without the "no hedging" condition will remain equilibria under
the "no hedging" condition.?

Consider first the low type. For any bid b € [b,(I), ba(h)), we have:

min pPr(I|l, (o, 1)) (E(ag,an oIl 1] = ba(l))
(a0,1)
= min paj — p(a1 + ag)ba(l)
(g, a1y
where p = 1if b > b,(I) and % otherwise. This is minimised by (&, &;). Thus the conjectured
equilibrium bid is b,(I) = E (&O/gl)(vll ,1). This will be the case for all equilibria considered.

Equilibrium with overbidding for the high type
Consider now the high type. Consider the case of an equilibrium that satisfies b,(I) > 1b,(h).
Bidding b = b,(h) yields:

min)Pr(llh, (@0, a1)) (E(ag,an)[011, 1] = ba(D)) + %Pr(hlh, (a0, a1)) (E(ag,an) [0, 1] = ba(h)

(a0,a1

2INote that in any pure strategy equilibrium where b, (1) < b,(h), we must have b, (1) = E(ag,a1) (011, 1) for some (ag, a1)
and b, (h) = E(%’O/l)[vlh, h] for some (a, a’). For example, suppose that b,(l) > E(ao,al)(vllr 1) for all («g, a1). Then the

low type gets negative utility, which contradicts b, (!) being an equilibrium strategy. Suppose that ba(I) < E(4,aq)(vl!, 1) for
all (o, a1). Then the equilibrium utility for the low type is min(, a;) %Pr(l|l, (a0, a1)) (E(ao,al) [o]l,1] - b,,(l)) > 0, but the

low type has a profitable deviation to bs(I) + ¢, which yields utility min(, «,) Pr(I|1, (a0, @1)) (E(aoral)[vll, IT=ba(l) - é)
The argument for the high type is similar.

22[f there does not exist a profitable deviation in the absence of the ‘no hedging’ condition, there cannot exist a profitable
deviation under the ‘no hedging’ condition, since under the ‘no hedging’ condition the payoff from the equilibrium (pure)
strategy is the same, whereas the payoff to any mixed strategy is weakly lower.
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where the optimal (ag, a1) is the same as the one that solves

(ba(h)

2 ba(”) - ([1 b, ()] - B2 2]

2

min —ag
(ao,a1)
Since by assumption b,(I) > 1b,(h), the payoff is minimised by (@, @1). Thus the conjectured equi-
_ —a)2
librium bid for the high typeis b, (h) = E(%,dl)[v |, h]. Note that E,a) [v|h, k] = a(l—j?hlg(i(—lq)zlth—l
is increasing in a. The equilibrium will hold then only if E(D—(O&)(UU, D> %E@Om)[vlh, h].
Note that the equilibrium payoff will be Pr(I|h, (a0, 1)) (E(ag,an)[©]1, 1] — ba(1)) . This has to be
non negative and thus under (a,, @1), we must have E(y a,)[0]l, ] > ba(]).

We now consider deviations. For the low type, the payoff from any mixed strategy is:

min poPr(11, (a0, a1)) (Eqg,anlolL, 11 = ba(D) + p1Pr(hll, (a0, 1)) (E(a,an) [0, 1] = ba(h))

(@o,a1

where 0 < p1 < pg < 1. Under the information structure (&, &), the first term is 0. Note that
E(ay,a))[0lh, 1] < ba(h) is a necessary and sufficient condition for no deviation. In that case, players
bid b = b,(I), use (&, a,) as the information structure, and the equilibrium payoff is 0.

Let us now consider the high type. As long as the other player is playing the equilibrium (pure)
strategy, the payoff from any mixed strategy is:

min poPr(lh, (a0, @1)) (Eagap[0ll, ] = ba(1)) + p1Pr(hIh, (a0, @1)) (E(ag,an[0lh, h] = ba(h))

(@o,a1

where 0 < p1 < pg < 1. Under the information structure (a,, a1), E(,a)[©|h, h] = ba(h), which
implies that the payoff from the deviation is at most Pr(I|h, (&, @1)) (E(%,&l)[v |I,h] — ba(l)), which
is the equilibrium payoff. Thus, it is not profitable to deviate to any mixed strategy.

Bringing together all the conditions, we now have:

E(ayanloll, h] > Eag,aploll, 1]
E(ap,aplolh, 1] < Eqaanlvlh, h]

E((i(),gl)[vll/ l] > %E(%,dl)[v|h/ h]

Fora < %, these conditions are:
(1) 1-q-a(1-9) _ 1(1-9)? 0
1-(F(1-g2+29-1)-a(1-9)>  (1-qP+a(1-)>+29-1
2g-1+a(1-q)? _ 1-q—1(1-9)?
@) a0 I0-q2+29-1  1-(a(i-qP+29-1)-L(—qP ~ 0
i(1-97 1_ 2q-1+a(l—q)
©) A raqPeag 1 2a(qrela gz > O

Conditions (1) and (2) are satisfied for all g4, while condition (3) is satisfied for all g < g(a).
1(1-9 1 29-141-q-3q(1-9)

P+q-Lq(-q)  21-g-Lq(1-q)+1(1-g?+29-1
for a which is above a cutoff 4. Note that allowing for no hedging will not affect the existence of

Fora > %, condition (3), now 1 = > 0, is not satisfied

this equilibrium for high a.
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Equilibria with underbidding for the high type

Next consider the case b,(I) < 1b,(h). Consider the high type, and assume that the other player is
playing the equilibrium strategy (b,(I), ba(h)).
Bidding b = b,(h) yields:

min Pr(I|h, (a0, a1)) (E(ag,an o1l B] = ba(D)) + %Pr(hlh, (@0, a1)) (E(ag,an) 01, 1] = ba(h))

(Dl(],al

which is like solving

min —aq + (a1 + ag)b, (1) + 10( - 1(011 + ag)b,(h)
(a0,a1) 21 2

1 1 1
= (21;1/1&1'11) _al(z_ba(l) + Eba(h)) + ao(ba(l) - Eba(h))
For b,(I) < %bﬂ (h), this is minimised by (@, @1).

The equilibrium payoff is then Pr(I|h, (&g, &1)) (E(&Om)[vﬂ, h] = ba(1)) .

We now consider deviations. Let us consider first the high type. The payoff from any mixed

strategy is:
(glgl) pOPr(llh/ (aOr al)) (E(ao,al)[v“r h] - ba(l)) + plpr(h”l/ ((XO/ CY])) (E(Oto,th)[vlhl h] - bll(h))
0,01

where 0 < p; < po < 1. Under the information structure (&g, 1), E(ay,a,)[0|h, h] = ba(h). Note
that this bid decreases with a.

Note that in equilibrium we must have (E(dml)[vll,h] - E(g—m&l)[vﬂ,l]) > 0, and that the
equilibrium maximises the probability of winning against the low type.

Consider now the low type. Under no "no hedging", we have that the payoff from any mixed
strategy is:

(min) poPr(I|l, (a0, 1)) (E(ao,al)[v“r I1- ba(l)) + p1Pr(h|l, (a0, @1)) (E(ozo,al)[vm/ I1- ba(h))
@p,a1

Under the information structure (&g, a, ), the first term is 0. Thus a necessary and sufficient
condition for the low type not to deviate is E(&o,gl)[v|h/ Il < Eqay,anlolh, h].
The equilibrium conditions as described above are therefore:

(4) E(do,&l)[z}”/ h] > E(&o,gl)[vll/ Z]
(5) E(O_zo,gl)[vlh/ l] < E(do,d])[vlh/ h]
(6) E(do,gl)[vll/ l] < %E(&o,dl)[v|h/ h]

Conditions (4) and (5) are satisfied for a < %, while condition (6) is satisfied for g > §(a).

To consider a > %, consider deviations of the low type under the "no hedging" condition.
Her utility from a mixed strategy which wins against the low type only with probability f and
with probability 1 -  wins against the low type with probability 1 as well as against the high type
with probability 1 is:

B min Pr(ll (@0, ar)) (EqapallL 11~ ba)
# (1= ) min (Pr(1L, (20, 41)) (Eqaga o1, 1] = o)

+ 3Pr(l, (@0, @1)) (B [0V, 1] = by ()
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Note that arg miny, o) Pr(I|1, (a0, 1)) (E(ag,anl0ll, 1] = ba(1)) is (@0, a;), and thus this part of
the utility is 0, and that

arg mm)Pr(lll (o, a1)) (Eag,anloll, 1] = ba(l)) + %Pr(hll,(ao,ai)) (Eap,anlolh, 11 = ba(h))

(o, 1

=(ﬁ0/ Ql)

A necessary and sufficient condition under the no hedging condition is for the above utility to
be lower than 0, the equilibrium utility.

Thus, for a > the equilibrium conditions are:

o q’
(4) Eay,aploll, h] > E(ao,gl)[vll,l]

(5) Pr(ll, (g, @) (Eaya, [0l 11 = ba(D) + 3Pr(IL (y, @) (Eqay 011, 1 = bu() < 0
(6) E(@o,ap[oll, 1] < 3Eay,a)[olh, ).

This equilibrium exists when a > a(g) > where a(q) > % for a low enough g but

2,
alg) = — otherw1se

Note also that the equilibrium converges to the equilibrium in the limit where all information
structures are allowed. To see the limit equilibrium, suppose that b,(I) = 0. For the low type we
minimise a1 at 0 and set @p = g (note that the low type gets the same utility under any belief about
ap) and hence E(; 0)(v|/,I) = 0. We are therefore in the case in which b,(I) < %ba(h) and hence the
high type uses ag = g and a1 =1 —q. As aresult, b,(h) = g = E(v|h) < E(v|h, h). This yields the
lowest revenue to the seller.

Finally, consider the case b,(I) = 1 5ba(h). We will show that this equilibrium holds for a < 1q 7 for
values g(a) < g < g(a). Let a and g satisfy: 215(0“),[,(1 [v|h, K] < E(ao,a,) [v]l,1] < %E%,al)[vlh h].
Consider the high type, and assume that the other player is playing the equilibrium strategy

(ba(1), ba(h)). Bidding b = b, (h) yields:
. 1
(mln) Pr(l|h/ (CY(), al)) (E(ao,al)[vllr h] - bﬂ(l)) + Epr(h“/l/ (CYO, al)) (E(ao,al)[vlhr h] - bﬂ(h))
apg,a1

Since b, (1) = 1b a(h), for any af, (aj, &) achieves the minimum payoff.
The payoff from any mixed strategy is:
min poPr(11h, (@0, 1)) (o (011, 1] = ba(0)) + prPr(alh, (@0, @1)) (Eqaga 010, 1] = )
0 1

Since Pr(aq,a)(I11) (E(ag,an @11, ] = ba(1)) > 0 for any (ao, a1) and increasing po relaxes the con-
straint on py, it is without loss to set pg = 1. Using the fact that b,(I) = %bg(h), the payoff becomes:

min Pr(ih, (@0, 01)) (Eg apl2ll, 1] = ba(D) + prPr(hlh, (a0, @0) (Eqasa[01h, 1] = 264(D)
ap,a1

= min 1-ba(l) = g + p1(29 = 1) + aoba(1)(1 = 2p1) + a1 (p1[1 = 204 (D] = [1 = ba(1)])

(@0, 1)

The payoff is minimised by (&, @1) when p; < % and (&, @1) when pq > %

Suppose that p; > 1. Then under (do, @), the payoff is lower than when p; = 3, since
1

E(ay,aplvlh, h] < ba(h). If pq < , then under (g, @1), the payoff is lower than when p; = 3, since
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E(%,&l)[vlh, h] > ba(h). Thus, for p1 # %, the payoff must be lower than when p; = %, which is the
equilibrium payoff.

Now consider the low type. As before, the equilibrium payoff is 0. The payoff from any mixed
strategy is:
min) POPT(ZU/ (0(0/ 0(1)) (E(ag,a1)[v|l/ l] - bﬂ(l)) + Plpr(h“/ (0(0/ 0(1)) (E(ao,a1)[v|h/ l] - ba(h))

(g,
Under the information structure (&o, @), the first term is 0 and the second term is negative
if Eag,ap[0lh,1] < ba(h). So we need %E(do,@l)[vlh,h] < E@gaploll, 1] < %E(%/&l)[mh,h] and
%E(ﬁolgl)[mh, 1] < E(ay,ap [0l 1], which is satisfied for the range of gs considered. O

Equilibrium in the first price auction

Lemma 2.A.2. In the unique symmetric equilibrium of the first price auction, the low type bids b,(I) and
the high type mixes on the support [b,(1), b,(h)] according to the distribution F,(b), where:

bu(l) = E(cio,gl)(vll/ l)
Ell(h) = Pr(h|h/ (QO/ d:1))E(g0,511)(’0|h/ h) + Pr(”h/ (%/ 0_(1))1—::(&0,&1)(7]”/ l)
Pr(l|h, (e, @1))(b = ba(1))

Fo )= 5l @y, G0 E o (@1, 1) = B)'

Proof of Lemma 2.A.1. We first conjecture the bid of the low type, and then we solve for the equi-
librium beliefs and mixed strategy of the high type, checking that neither type has an incentive to
deviate. We show that for the high type, the maximum bid increases in a, and that the minimum
bid decreases in 4, for a close to 1.

Consider a low type. For any b,(I), this type’s expected utility is perceived as

al

min (ap + a1)( — ba(1))
(@o,a1) ap + aq

= (ﬁnian) ao(=ba(1)) + a1(1 = ba(1))

which is resolved by setting ag to be the highest possible value and a4 to be the lowest possible
value, given the ePMI constraints. Therefore for a sufficiently close to 1, the solution is (&, ;).
Note that the low type cannot earn positive rents in equilibrium, and thus we conjecture:

F(1—-q) __(-gp
11-g2+a(-92+29-1 (1-q)+4°

bu(l) = E(&o,gl)(vll/ l) =

Since the derivative of E 4, 4,)(v|l, I) with respect to a is negative, the bid of the low type decreases
with a. We will establish later that this type will not want to use any other bid given the behaviour
of the high type.

Now let us consider the high type. Without loss of generality we can consider a mixed strategy
with support on [b,(1), b,(I)), as bidding less than b,(I) will provide a zero utility.

First let us consider a bid just above b,(I) which allows the individual to win against the low

type only. We then need to solve the following:
(mln) Pr(”h/ (aOI al))(E(Uéo,al)(th/ l) - bﬂ(l))
ap,a1

= (giﬁﬂ)(ﬂl — ao)(=ba (1)) + (1 = g — a1)(1 = ba(1))
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which yields the need to maximise a1 and to minimise ap. The solution is (QO, a1). Note that this bid
provides a utility of Pr(I|h, (a,, dl))(E(%,@l)(Mh, - E(dolﬁl)(z;ll, I)) > 0, and that ap + a; = a+a;.

We now consider the highest bid in the support, b, (h). Such bid implies winning for sure and
thus unambiguous gain of E(v|h). To be indifferent, this bid has to satisfy:

E(olh) = Ba(h) = Pr(ilh, (g, @) (Eqay ) (0111, 1) = Eqay o) (011, 1)
Thus:

Ea (h) = Pr(h|h/ (QO/ dl))E(go,&l)(U”l/ h) + Pr(llh/ (QO/ dl))E(LYo,gl)(Ull/ l)

o
=2g-1+a+(1-a,—a)—
q ai+(1-aq oq)aoJrg1
_ @,
=2g-1+4+a1+= -
ao+g1
1
2(1-9)

=2g-1+a(l-q)*+

1
—2(1=g)?
al-q2+2q-1+1(1-¢)0? ﬂ( 2
1

1 a
=2q—1+(1—q)2(”‘5+(a+%—1)(1—q)2+512)

1

2
>, evaluated ata =1, is L) > (0. Thus the

. . 1 2
Note that the derivative of a — - + Tr (g 2472941

maximum bid increases in a.
We now continue to characterise the equilibrium distribution. Let us consider the worst case
scenario in terms of utility for some distribution F(b) with density f(b). The expected utility is

/hf(b)[Pr(llh, (a0, @1))(E(ag,an)(@|h, 1) = b) + Pr(h|h, (a0, @1))F(D)(E(ag,ar) (011, ) — b)]db
= /bf(b)[E(vlh) —b— (1= F(b))Pr(h|h, (a0, a1))(E(ag,ay)(0lh, h) = b)]dD
To choose the information structure to minimise utility, we maximise
Pr(hlh, (a0, a1))(E(ag,an)(©|h, h) = b) = (29 = 1) + (ao(=b) + a1(1 - b))

and the solution is therefore, for all b, to maximise @1 and to minimise «g.
F(b) is characterised by using the indifference condition under the belief (a,,, @1):

Pr(llh, (ag, @) E(y,a) (011, 1) = b) + Pr(h|h, (g, @1))F(b)(E(a,,a,) (0|1, 1) = D)
=Pr(l|h, (ay, @1))(E(ay,a)(0lh, 1) = ba(D))
implying that
Pr(lh, (a,, @1))(b — ba(1))
Pr(h|h, (ay, @1))E(ay,a) (@I, 1) = b)’

We complete the equilibrium characterisation by showing that given the strategy of the high

Fo(b) =

type, the low type will not deviate.
For the low type, bidding any b above b,(I), we choose the belief to minimise expected utility:
[min Pr(l|l, (a0, @1))(E(ay,a0) (@1, 1) = b) + Pr(h|l, (a0, @1))Fa(0)(E ag,a1) (0|, 1) = D)
1,40

= min)(—b)(ao(l — F4(0)) + Fa(b)q) + (1 = b)(a1(1 = Fa(b)) + Fa(b)(1 - ¢))

(vzo,m
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As F,(b) < 1, the solution is (o, a,). This gives us a utility of:

Pl (o, @) (E sy ap (@11, 1)~ b)
Pr(lh, (ag, G1))(b ~ Ezy (211, 1)

Pr(hTi, (g, @0)E g (01, ) = by o) 1) = B)

Pr(llh/ (g(y 061)) (E ao,g1)(v|l/ h) - b) _ PI‘(”Z, (&O,Ql))
Pr(hl, (g, @0)) gy ey (@1, 1) —B) ~ Pr(hIL (0, 1))

1-9-1(1-9)? 2q—1+a(l—q)
1-ap—a < an+a
0—&%q 1
Pr (Ih) 1-a,-a (@o+a,) Pr(lll (@o,a;))
(ag.aq) 1 0 0/
23 0-%1 =0 =1 =1 — _
1,2 and that Pr, a1>(h|h) T T—@ora) — PrilL@0,a,)’ as @ +a; = a1+ a, > ;5 forall a.

Thus the ut111ty is negative and the low type does not dev1ate m]

+Pr(hl|l, (@0, ay))

= Pr(h|l, (@0, a1))(b = E(aq,a,) (@I, D)

Note that E (g4 ) (0|1, h) =

= E(q, La)(v|h, h), for a sufficiently close to

Seller’s revenue in the first price auction

Now we show that the seller’s revenue in the first price auction is decreasing in a, for sufficiently
small a. We prove this using five preliminary facts that allow us to rewrite the revenue in a
convenient form, and then we take the derivative with respect to 4, evaluated at 2 = 1, and show
that it is negative.

The expected payment to seller, I, is given by the linear combination of receiving the bid of
the low type (when both are /), the expected bid of the high type (when only one is /), and the

maximum bid of the two & types:

I1 = Pr(l, DE(ag,a, (011, 1] + 2 Pr(L, h)E[by ()] + Pr(h, h)E[max by (1)]

For expositional purposes we write this as

1 ax+(l-a)y y ax+(l-a)y
=5ry+Q- y)/ bfa(b)db + / b2f,(b)F,(b)db,
Y Y

where y = Pr(I|l), according to the true (independent) information structure, & = Pr(I|l, (a, @1))
according to the belief of the high bidder, (&, @1), x = E(% anlolh, k], y =E D—m al)[vll 1T = b,(l). We
therefore also have b,(h) = ax + (1 — a)y, F,(b) = =2 b= Y and f,(b) =1 (x b) > (x —y).

o xX—

We start by some preliminary results:

Fact1

ox dy
%——$>0

Proof. Note that:
29 -1+a(1-q)?
9> = (1= -2 +a(l—q)
dx _ d 2 —1+a(1-gq)>?
da da g2 —(1-1)(1-q)+a(l-q)>
2a +2q +2aq* —4aq - 1

x = E(%,,;,l)(vlh, h) =

2
=(q-1) > >0
(2292 —2a2q + a? +2aqg —a + g% —2q + 1)
dy _ 9 L1 -qp
90 9829 ~1+a(l-q)? + (1~ q)?
2a +2q +2aq* —4ag - 1
=—(q-1)* e e M . o

(a2q% — 2a2q + a® +2aq — a + g% — 2 +1)°

23n fact, this is true for all a.
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Fact 2
Jda

04 |a=1

Proof. Note that:

a= Pr )(lll)=g0+51 =a(1—q)2+%(1—q)2+2q—1

(@g,@1
da+1) 1
_— = 1 —_ 2 ]_ - - -1 = 0 O
T = 0P

Fact 3
(i) E[bs(h)] = x(1 + 1%" In(1-a)) - yle”‘ In(1 — a).

(if) Ata =1, the expected bid of the high type decreases in a for low g and increases in a for
high g.

Proof.

(i) Note that:

x—(b-x)In(x—b)
x-b '

b 1
./(x—b)zdb: T W bIn(x—b)+xln(x-b)) =

Therefore:

ax+(1-a)y b ax
/y —(b_x)2db‘—(1—a)(x—y)“n(l_“)'

Hence:

1-a axt(l-aly 1-a 1-a
E[ba(h)] = (x—y)/y db :x(1+Tln(l—a))—yTln(l—a).

! (b-x)
(i) As g—‘;la:l =(0and g—;‘la:l = _3_2“1:1:
JE[b,(h ox 1-a
[811( )] . %M(l +2——In(1 - a))je=1
_ox 1-2(1-¢g)*-29+1 )
~ da |a:l(1 2 20-q2+2q-1 In(1-2(1-¢)"-29+1)).

1-2(1-9)2-2g+1
2(1-9)%+2q-1
negative for ¢ < g* and positive for g > q* for some g* € (0.5,1). As %|a=1 > 0, we are

For q > 1, the expression (1 + 2 In(1 — 2(1 — q)® — 2q + 1)) is strictly increasing,

done. O

Fact 4
(i) E[maxj=12bi(h)] = = (x — y) 2((E2P In(1 - ) + £2) + x

(if) The expectation of the maximal bid when both are high types decreases in a for low g and
increases in a for high 4.

Proof.
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ONES o b{Q L (20%In(x — ) + 2 In (x = b) — 4bx + 2by — xy + 327 — dbxIn (x - b)) =
_ _ 4bx+2by xy+3x2 ax+(1-a)y b(b- y) o\ a(2x-2y-3xa+2ya)
In(x —b)-— EETTr— Therefore, / o =db =-In(1-«a) BT r=n

Hence, E[maxi-1.2 b} ()] = 2052 (x - y) [ %db = —2(52)2 (x = y) (in (L - )+

SRR ) () 2((12P In (1 - @) + 158) 4 .

2(1—a)2(x—y)
(if) Recalling that 3—’( = —a—yand that 9—"‘ = 0 we have,

JE[max;_1, bi(h)] _ _ 9,1( 4(1 a)2 11’1(1 a) - 41—_01 + 1) and

da
9E[maxi-1,2 b} ()] 29(1-q) 2 2q(1-q)
le = 9,1( 4( 7P+ (1—g) ) In(1-a)-4 7+ (1—g ) +1)
For the expression (—4( fz(ll 2)2)2 In(2q(1-¢q)) -4 31(11 Z)Z +1) thereisa g € (0.5, 1) such that
the expression is negative for 4 < § and positive for g > 7. As > 0, we are done. m]

Given the above facts we can write the profit function as:

= %73/+(1—y)x+1_a(x—y)(l—)/)ln(l—“)

+_%2(x_y)yln(1_a)_%y(zx—Zy—ZBxa+2ya)
- x(%+a;y(l;aln(l—a)+1))+y(l—%—aal(l?Taln(l—a)whl))
Taking a derivative with respect to a, recalling that fi—‘;‘lazl = 0 and that ‘;—Z = ‘;5 we get:
’Z—?lazl - —( 142 _7(1 Y In(1-a)+1)
= E(V_1)<O'

Seller’s revenue in the second price auction and a comparison across auctions

We now consider the seller’s revenue in the second price auction and show that the profits of the
seller are higher in the first-price auction, which is part (iii) of Proposition 2.4.3. We also show
that the seller’s revenue in the second price auction is decreasing in a, and that the expected
utility of both types of bidders in the second price auction, evaluated at the true joint probability
distribution, is increasing in a, which is part (i) of Proposition 2.4.3.

In the second price auction, the low type always bids E(z,q,)[?]!,1], and the high type bids
at most E(%,dl)[vlh,h] (either b,(h) = E(%,&l)[vlh,h] for low a and g, where E@O,&l)[v|h,h] >
Eayanlvlh, h] = bs(h) for higher g and a, or where E(%m)[vlh, h] > 2E(&o,g1)[v|l/ I] = by(h)). Let
R5P4 be the revenue from a virtual auction where the low type bids E(ap,a[vll, 1] and the high
type bids E(y, a,)[0]h, h]. Then the actual revenue in the second price auction must be weakly less
than RSPA.

The seller’s revenue in the second price auction satisfies:

o <0 (D)o (1)

where x = E(%,dl)[vlh, hl, y = E(dolgl)[vﬂ, 1], and y = Pr(I|l). The seller’s revenue in the first price
auction is:
RFPA

=x +y

z+u(1-_a1n(1_a>+1)
2 o o

1—Z—u(177“1n(1—a)+1)
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where a = Pr(l|l, (&, @1)). Thus, the difference in revenue between the two auctions is:

a_y(l_aln(l—a)le)
a o

RFPA _ RSPA » RFPA _ RSPA _ ( > 0.

x-y)

Finally, to see that RSP/ is decreasing in a, first note that when a and g are low:

DAV
1 )_ 1-y)5 <0

A TR
2

da |a:1_£ E +£

Let x” = E(a, a,)[v|l, h]. Then the revenue when g is high and a is high:

e )b

2 2
Therefore: spa
IR ox (Y\ . Y (7
2 = —_— — — —
da |a=1 oa (2)+8a (1 2)<0

ince 2 < 0. Finally in the last case: 25— =2 (1+) <0
since 45 < 0. Finally in the las case.Tm:l—%( +%) <o.

We have argued that the seller’s revenue in the second price auction is lower than in the first
price auction and is decreasing in a. Now we argue that in the second price auction, the expected
utility of both types of bidders, evaluated at the true joint distribution, is increasing in a. Since the
allocation does not depend on g, it is sufficient to show that the expected payment of each type,
evaluated at the true joint distribution, is decreasing in a. Note that for low g and low a (the case
where the high type’s bid is increasing in a) E(zy, o )[0|, 1] > %E(%m)[vm, h], and:

ay >12q—1+071
ap + oy 2 a,+ a1

1
E(&Orﬂ1)[v|ll l] > EE(%,@])[UM, h] —
= 2a,-a1+1-29>0

where the second line follows from the fact that ap + a, = a,+a1.The derivative of 2a, — @1 +1-2¢
with respect to a is negative; thus a necessary condition for 2a; — a3 +1 —2q > 0 to hold is

(1-q2+1-29 > 0,0rq < 2—VZ.But Pr(I[h) > 1 Pr(h|h) & q < 1 (3+ «/3) . Thus, Eqgy e, 011, 1] >

%E%@l)[vlh, h]implies Pr(I|h) > % Pr(h|h). Pr(l|h) > % Pr(h|h)and g—’a‘ = —3—Z imply that the overall
expected payment (under the true joint distribution) for the high type, Pr(I|h)y + %Pr(hlh)x, is
decreasing in 4. In all other cases, the high type reduces her bid with a, which implies that her
expected payment is decreasing in a. Finally the bid and expected payment of the low type is
always decreasing in a. m]

Appendix 2.B  Proofs for Section 2.5

We now prove two Propositions which are more detailed versions of Propositions 2.5.1 and 2.5.2.

1

Proposition 2.B.1. Private value case: If L < 1=,

(x, t) is an optimal mechanism if and only if it satisfies:
o xi(l,l)=x;(L,h)=t,(I,1) =t;(L,h) =0

o xi(h,1)=1,32 xi(h,h) =1

o ti(h,)=1

o ti(h,h) =x;(h,h)
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That is, if both buyers have the low valuation, then the seller does not allocate the object. If a single buyer
has the high valuation, then she gets the object with probability 1. If both buyers have the high valuation, the
seller can allocate to either buyer. Transfers are such that both buyers are fully insured against ambiguity
and receive zero rents.

1

If L > 1=, (x,t) is an optimal mechanism if and only if it satisfies:

o xi(l,h)=t:(I,h) =0
i) =1

ti(1, 1) = Lx;(1, I)

xi(h, 1) =1, X7 xi(h, ) =1

ti(hr h) = xi(h/ h)_%(l - L)xi(lr l)

ti(h,1) = 1-3(1 - L)x;(1, 1)

That is, the seller allocates the object with probability 1. If the buyers have different valuations, the seller
allocates to the one with the high valuation. Otherwise the seller may allocate to either buyer. Low types
receive zeto rents. Transfers for high types are pinned down by the binding incentive constraint and the full
insurance condition.

The revenue of the seller is:

L <

2
(L D)+t R + ti(h, 1) + ti(h, ) = +a
; i i i i N % N (ﬂ_lifll_L) 1fL S ﬁ

=
NI—= =W

R . . Lo 3 L L1
which is increasing in ambiguity. As a — oo, the revenue converges to § + 7, which is full surplus.

Proof. We prove Proposition 2.B.1 in two steps. First, we argue that any optimal mechanism must
be a full insurance mechanism, and then we solve the seller’s problem by finding the best full
insurance mechanism.

First, we argue that any optimal mechanism must be a full insurance mechanism. Define a full
insurance mechanism as one in which the ex post payoff of each buyer is independent of the type
of her opponent:

Definition. The mechanism (x, ¢) is a full insurance mechanism if for each player i and for
eachs,s’ € {I,h}: v°x;(s,s) — ti(s,s) = v3x;(s,s’) — ti(s,s’).

Suppose that (x, t) is an optimal mechanism, but v°xi(s,s) — ti(s,s) > v°xi(s,s’) — ti(s, s’).
Then the equilibrium belief for type s of player 1 is that her opponent is type s with probability
- and type s’ with probability 1 — 5. Consider the alternative mechanism (x’, t') where:

o ti(s,s)=ti(s,s) +0

o ti(s,s") = t(s,s") - 2ﬂ1_16
hd xi(s,/ ) = .X'](S,, ) and ti(s,/ ) = tl(s,/ )
b xé('/ ) = XQ(', ) and té(/ ) = tZ('/ )

For sufficiently small o:
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Type s of player 1 gets the same utility in (x, t') and (x, ¢) for every report

Type s’ of player 1 gets the same utility in (x’, t’) and (x, f) from reporting s’

Type s’ of player 1 gets weakly lower utility in (x’, #’) than in (x, t) from reporting s

Both types of player 2 get the same utility in (x’, t’) and (x, t) for every report

e The seller gets a strictly higher revenue in (1, ) than in (x, ¢)

Thus, the new mechanism is incentive compatible, individually rational, and yields strictly
higher revenue to the seller.

Next, note that x;(I, 1) = 0. For example, suppose that x1(/, 1) > 0. Consider the alternative
mechanism (x’, t’) that differs from (x, f) in the following way:

o X|(I,h) = x1(,h) -6
o t/(1,h) = t1(1,h) - 5L
o X0, 1) = xa(h, 1) + 6
o t3(h,1) = to(, 1)+

Note that (x’, ') is incentive compatible, individually rational, and yields strictly higher rev-
enue to the seller.

We can ignore the participation constraint of the high type as it is implied by the incentive
constraint. The participation constraint of the low type must be binding, and full insurance then
implies that the transfers for the low type satisfy:

ti(1,1) = Lxi(1, 1) 2.2)
ti(l,h) =0 2.3)

We ignore the incentive constraint of the low type and check ex post that it is satisfied. Then

the incentive constraint of the high type must bind:
min p [x;(h, h) = ti(h, )] + (1= p) [xi(h, 1) = ti(h, )] = min(1 = p) [xi(L, 1) = t:(, )]
pell pell

Since t;(I, 1) = Lx;(I, 1), minperi(1—p) [xi(I,[) — t:(1, )] = %(1 —L)x;(I, ). Full insurance implies
that x;(h, h) — ti(h, h) = x;(h,1) — t;(h,1), so we have:

ti(h, h) = xi(h, h) - %(1 —L)x;(1,1) (2.4)
ti(h, 1) = xi(h,1)— %(1 —L)x;(1,1) (2.5

Thus, we can write the seller’s problem as:
: 1
1}3;; Loxi(1, 1)+ xi(, 1) + i, 1) = ~(1 = Lxi(l, 1)

Clearly, it is optimal to set x;(h,I) = 1, Z?zl xi(h,h) =1, and Z%zl x;(1,1) to be either 1 or 0,
depending on the sign of L — 2(1 - L).
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Therefore, (x, t) solves the seller’s problem if and only if the allocation rule satisfies:
x,-(l ’ h) =0
x,-(h ’ l) =1

Zzl xi(h,h) =1

i=1

; 1
2 O lf L < m
DUl ) = {any w e [0,1] ifL =L
- 1 if L > -
and transfers are given by equations 2.2, 2.3, 2.4, and 2.5. 0

Proposition 2.B.2. Common value case:
(i) When q < q*(a), an optimal mechanism is, for i € {1,2}:

e xi(l,1)=xi(h,h)=xi(l,h) =xi(h,1)= %

o ti(h, 1) =ti(h,h)=ti(l,h) =t;(1,]) = (1 —q)
and the revenue of the seller is 1 — q.

(i) When g*(a) < q < q*(a), an optimal mechanism is:
e xi(l,1)=xi(h, h) = %, xi(l,h) =0, and x;(h,1) =1

e ti(l,)y=1ti(I,h)= %gl

q+ay+a, +aq1—-1

e ti(h,h)= 5

o ti(h,1)= TR
and the revenue of the seller is 3 (a, + 2a, + a1 +q — q> = (1 — 9)%) .

(iii) When q > q™*(a), an optimal mechanism is:

e xi(l,1)=xi(h, h)= %, xi(l,h) =0,and x;(h,1) =1

D) = 51+ a,)

[04
. ti(h,h)=—7°

o l-g-a1—-«
-ti(l,h)=‘71+(go+g1) it

2@ +ar+a,+a; - 1)

a l-g-—-a1—«a
B =2 - (- gy - a5

2@ +ar+a,+a; - 1)

Q0+0é()—q

and the revenue of the seller is 3 |1 — (4% + (1 - q)* — ay — _1)040 P—
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Proof. The proof of Proposition 2.B.2 proceeds as follows. First we solve for the optimal symmetric
mechanism for the seller, and then we show that the optimal symmetric mechanism is fully
optimal.

Recall from the main text that g*(a) is the solution to g%+ (1 - g)? —a,-a; = ay+a,+ag+a;—1
that lies between 1 and 1, and 4*(a) is the solution to g + (1 — )% - ay—a; =3q—-2+a, +a; that
lies between % and 1. The expressions for g*(a) and g*(a) are as follows:

_ 2 _ 13
b 4 PR 1 <as 1)
1 [ =7+6 1-12a+1242 1
q*(ﬂ) — 1 ( —Ztrga + \ (_211_:;1)2{Z ) E(_l + \/ﬁ) <a<2
3 =2
5 a=
1 ([ =7+6 1-12a+12q?
i (_—ztrua - \/#) a>2
—2a+3a2-43)
—a+a?)2
22—_2::—;22 + (2\/i ) 1<a < %(_1 + \/1—7)
1 (=543 1-4a+3q2 1
@)= 3 (e g H(-14VT7) <a <3
% a=3
1 (=543 1—4a+3a2
2 ( —3-:—11[1 Y} (—;:a)g ) a>3

First we find the optimal symmetric mechanism which will depend on the cutoff values of g
defined above. We will ignore the incentive constraint of the low type and check ex post that it is
satisfied. Therefore, the participation constraint of the low type must be binding.

Let Ulh be the utility of the high type in equilibrium and Uzl be the utility of the low type in
equilibrium, that is:

ul = min arxi(1L, 1) + (1 =g = axi(l,h) = (ao + ar))ti(l, 1) = (1 — ap — a1)ti(l, )

ulh =min (1-g-ay)xi(h, 1)+ 2q -1+ a)xi(h,h)— (1 —ag—a))ti(h, 1) — (a0 + a1)ti(h, h)

ap,a1

Note that it is optimal to set Uf = 0. The incentive constraint of the high type is:

min (1-q—a)x;(I,1)+ (29 -1+ a1)xi(I,h) — (ao + a1)ti(I,h) — (1 — ag — ap)ti(l, 1) < Ulh

ap,a1

The participation constraint of the low type is:
min a1x;([, 1)+ (1 —g—a)xi(l,h) — (@g + ar))ti(l, 1) = (1 —ap — a1)ti(l,h) =0
ag,a1

We can subtract the latter from the former to get:

1-g—a, —a)xi(,)+Bg—-2+a, +ay)x;(l,h)-U"
(1-g-a; —a)x(,1)+(3q ay +ap)xi(l, h) L — (L)

agta;+apg+ta;—1

Define:

At =ti(1,h) = ti(1, 1)
Ath,i = ti(h/ l) - tl(h/h)
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We can write the expected transfers to the seller from each type as:
T; = min ayxi(l, 1)+ (1= q - a)xi(l,h) = (4 + (1 - )" = (a0 + a1)) Aty
0,41

T! = min (1 - — a1)xi(h, 1) + (29 = 1+ a1)xi(h, h) = (q* + (1 = 9)* = (a0 + a1)) Aty ; — U
ap,an

Let aé, a’l and 0(6‘, a’f be solutions to these minimisation problems. The seller chooses x;(I, ) €
[0, 1], xi(h, h) € [0, 3], xi(I, h) € [0,1], x;(h, 1) € [0,1 = x;(I, h)], At;; € R, Aty ; € R, and U" > 0 to
maximise Tf + Tih subject to:

(=g -a,—a@)x(, 1) +Bq-2+a, +@)x(l,h) - U
agta;+apg+a;—1

< Aty

Clearly, it is optimal to set x;(h, h) = % and x;(h,1) =1 —x;(I, h). Thus, the seller’s problem is:
max {min arxi(1,1)+ (1 —q—a)xi(l,h) = (% + (1 - q)* = (a0 + a1)) Aty

x,-(l,l),x,-(l,h),Atll,',At;,,,',ui” ao,a1

+min (1 -g —a1)(1 —x;(h, 1))+ %(Zq —1+4+a7)- (q2 +(1- q)2 —(ap + ozl)) Aty ;i — Ulh}

ap,a1
subject to:
(1-g-a;, —@)xi(l,)+Bqg—2+a, +a)xi(l,h) - U Al
< .
ay+a; +ap+a;—1 =
1
0<uxi(l,]) < 5
0<xi(l,h) <1
Define:

(1-g-a, —a)xi(l, ) +Bg—2+a, +a)xi(l, h) - U}
ayta;+ag+a;—1

7

At;,i(xi(l/ l)/ xi(l/ h), Ulh) = max {0,

xi(l,h) = Xi(l,l)}

We show that At;; = Aty i(xi(l, D), xi(l, h), Z,Iih) is optimal. Note that At;; < 0 implies aé = ay,
which implies that g%+ (1 —¢)* - aé - a’l < 0, soitis profitable to increase At ; (which also slackens
ICy). Similarly when At ; < x;(I, h)—x;(1, 1), a’l = a1, which implies that g? + (1 —g)? - a(l) - ai <0,

so it is profitable to increase Aty ;. If At;; > x;(I,h) — x;(I,I) > 0, then it is profitable to decrease
(—g—ay—@)xi(LD)+(3g-2+ay +a)xi (L) -U}
aptag+apt+ar-1 :

At ;, which is possible if At; ; >

Define:

AE; (xi(1, 1)) = max {o, > xill, h)}

Similarly, it is optimal to set At;,; = At} .(xi(l, h)). Thus, the problem becomes:

max  R(x;(l,1),x;(1,h), U")
xi(11),xi(1,h), Ut
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where:

R(x;(I,1),xi(l, h), Uih) = Ir‘}‘in {ozlxi(l, D+(1—-g-a)xi(, h)

— (g7 + (1= 9P = (@ + ) At] (xil, 1), xi(1, ), Uih)}

2g -1+ m
2

+ min {(1 —qg—-a1)1-x;(I,h)+
ap,a1
— (97 + (1= 9)* = (a0 + a1)) Aty (xi(1, 1)) - uﬁ}
Now we show that x;(I,1) = % is optimal. Note that:

_ (P+(1-9)-ay-a)(1-g-a,-a1)

>0 xi(I,1) > max{x;(l,h), —xi(L,h)(3q—2+a, +a )+U!

21 ag+ap+a,+a;—1 1-q-a;—m
ko la >0 xill, ) < xi(1 1) < R
_— s I P h -
axi(l,1) q2 +(1- q)2 —a,>0 x,(l,h)(?[::Z)Jrlaog?7 ao)+U! < xi(,1) < xi(1, )

—  (P+(1-q)’-a,-@)(1-g-a,-71)
aytaota;+ai—1

go+0(0 q

>0 xi(1,1)< mm{x (1, ), B0 @o)+U” }
Thus, the problem becomes:

max  R(x;(I,h), Ul
xi(1,h), Uk

where:

RGxi(l, ), Uf) = ngiln{ S+ -g-avxh)

(0= = (g + ) o Gt 0, )

2g-1+m

Hr;m{a-q—al)(l—xi<z,h>)+ -

(P + (1= g7 (g + an) Al 1) - uﬁ}
Now we find the optimal x;(I, 1) as a function of Ulh

_ (P +(1-gP-ay=a,)(3q-2+a, +a@1)

-Ha +ap—q)+u’
aaora, ] <0 xi(l,h) > max {209

1

3q—1-ay—ag ' 2
_1 Tn— h
IR(e(1, ), U1 |2+ (=g -ay-a) <0 §<xi(lh)< ZR0m

3g-1-a,—aop
dxi(l,h h (9> +(1-9)*—ay—a,)(39—1-ay—a) -1(-g-a,-a)+U"
(L) - go+§2+gll+ﬁl—l = <0 3ora,ra 2+; Yo < xi(l,h) < 3
. -5(1-g-a —al)—%—Ulh
q2+(1_4)2—%—g1>0 xi(l,h)<m1n{%,W}
Therefore:
01 ) U?S%(l—Q‘Ql—al)
* h —2(1—g—a,—a)+U; —
X h)U") =1 =2 3q_zf;gl %( —q-a,—a) <U'<1@2q-1)
3 u; %(Zq 1)

We can now write the problem just in terms of Ul.h:

max R(Ulh)
Uh

i



CHAPTER 2. AUCTIONS WITH AMBIGUITY OVER CORRELATION

where:
o
RU}) = 5+ (=g = a)xi (LU = (% + (1= q) = (2 + ay)) Aty (U})
. N 2g-1+¢a
+ (1 -9 _Q1)(1 - xi(l/ h)(ui )) + T
— (77 + (1= 9)* = (ag + ) Aty (x*(, Y(UN) - U}
PH1-g -ay-a _
IR(UY) %fﬂgﬁrf—l Ui <3(1-q-a,-m)
i/ _ ) g +(1-g)-a,~a _
8Ulh - 3'7_2"'21??11 -1 %(1 iT4 T ) < ulh < %(Zq -1)
-1 ut > 329 -1)
Thus,
0 q2+(1—q)2—g0—g1§go+50+gl+al—1

U'=3l1-g-a,-a) aptao+a +ar—1<g?+(1-gP-ay—a,<3q-2+a,+a,

329 -1) P 1-qP-a-a; 230-2+a +a

This is equivalent to:

0 q=q"(a)
U'=3l(1-g-a,-@) @) <q<q”)
12q-1) q<q*(a)

Thus, in the optimal symmetric mechanism, x;(/, ) = x;(h, h) = %, and:

0 q2q"(a)
xiLh) =1} 7@ <q<q"@)
} a<q@)
1—¢7—Q —a *%

Taragemoy 1247@)

Ati=10 7'@) <9 <g"(@
0 q<q'@)
NG

Atwi={} 4'(a) <q<q"(@)
0 g<gq'a)

To recover the transfers ¢;(1, 1), ti(l, h), ti(h,1), and t;(h, h), use:
min a1x;(I, 1)+ (1 —q—a)xi(l,h) = (a0 + ar)ti(1,1) = (1 = ag — a1)(t:i(I, 1) + At; ;) =0
g, a1

min { (1-g—-anxith, )+ (29 -1+ ay)xi(h,h)

ap,a1

—(1—ap—ay))(ti(h, h) + Aty,;) — (a0 + a)ti(h, h)} =u’
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Now we show that the optimal symmetric mechanism is fully optimal. Suppose that there
exists an asymmetric mechanism (x, ¢) that is optimal. Define:

— 1 1
x('/ ) = Exl('/ ) + ExQ('/ )
- 1 1
)= =t )+ =t -
() =sh()+5h(,)
Consider the following symmetric mechanism:
X, ) =7(,0)

ti(l,-) = t(,-) + min {ozﬁ(l, D+(1—-g-a)x(,h)
ap,a1

- (0(0 + 0(1)?(1, l) - (1 — g — al)?(l,h) -

N =

2
> u]
i=1

() = £(h,) + min {(1 —q—a)x(h, 1)+ (29 — 1+ a)x(h, h)

2
— (1= ag +at(h, 1) - (ag + ar)t(h, h) - % > u,.h}
i=1

By construction, the high type gets 2, Lll.h in equilibrium and the low type gets 1 2, Uf
in equilibrium; therefore both participation constraints are satisfied.

Define AX; = X(I, h) = x(I,1), At; = (1, h) — t(I,1), Ax;; = xi(I, h) — x;(1,1),and Aty ; = t;(I, h) -
ti(1,1). To see that ICy, is satisfied, first note that:

(1;1’1101(’1 A-g-a)x(,D+2q-1+a))x(,h)-(1—-ap— a)t(l,1) = (ag + ar)t(l, h)

2
_ - 1
+ min a1 AX; — (g + a1)At; — 5 Z

ap,a1

and by definition:

N =

2

E min a1x;([, 1)+ (1 — g —a)xi(l,h) — (ag + a1)ti(I, 1) — (1 — ap — ar)ti(l, h) - Uf =0
- @p,a1

i=1
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Therefore:

min(1-g-a)x(l,)+2q-1+a1)x(l,h)—(1—ao - a)t(l, 1) = (ag + a1)t(l, h)

ap,a1

2
_ (gun arx(, 1)+ (1= g —a)x(, h) = (ao + a1, 1) = (1 — ag — ay)E(l, h)) + % Z u
0,01 i—1

1l
N~
.MN

Il
—_

1

2
_ - 1
+ min a1 AX; — (g + a1)At; — = Z mm a1Ax; ;i — (o + a1)Aty
ag, 2 Ly

2
%Z 0{1 arxi(L,)+ (1 —q—a)xi(l,h) - (ao+zx1)t,-(l,l)—(1—ao—oq)ti(l,h)—Uf
=1

—

2
— |min a1x(I, )+ (1 —g—a1)x(l,h) — (a0 + a1, 1) = (1 = ag — ar)t(l, h)) + 1 Z Uf
ap,x1 2 -1

2
= %Z min (1 -4 - a1)xi(l, 1) +(24 =1+ anxi(l, h) = (1= ag = an)hi(l, ) = (a0 + @)t
i=1
2
. - - 1 )
+ min a1 AX; — (g + a1)At; — = Z min a1Ax; ; — (g + a1)Aty;
ag,a1 2 —aom ! !

+
N =
-MN

Il
—_

min —a1Ax;; + (ag + a1)Aty; — mm —a1AX] + (g + a1)At; < = E Uh
ap,aq
1

The last inequality follows because:

| —

2
min a1 Ax; — (ag + Otl)AEl - Z min a1Ax;; — (o + a1)Aty ;
o, 2 = ap,a1

2

1

+ = Z mm a1Axp; + (oo + a1)Aty i — mln —a1AX] + (ag + a1)AL
24 wa

2
_ -1
= min a1AX] — (g + a1)At; — = Z 1n a1Axp; — (ao + a1)Aty ;
g, 2 a0 !

2
_ - 1
+max a1AX; — (ag + a1)At; — 5 E a a1Ax11 —(ag + a1)Aty
i=1

ap,a1

2
o — _ _ .- 1 _ _ _
= (a; +a1)Ax; — (ay +ap + a; + @1)At) - 5 Z(ﬁl +a)Axp; — (@, + @ + ay +ar)Aty;
ol

The proof that IC; is satisfied is analogous. Define AX;, = x(h, )= x(h, h), Aty = t(h,1)—

min (1 —g —a)x;(1, 1) +2q -1+ a)xi(l,h) — (1 - ao — ar)ti(1, 1) = (ao + ar)t;
ap,aq

60

(I, h)

(I, h)

=0

t(h, h),
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Axp i =xi(h, 1) —xi(h, h),and Aty, ; = t;(h, 1) — t;(h, h). Then:
min a1%(h, 1)+ (1 —q — a1)x(h, h) — (ag + a1)t(h, 1) = (1 — ag — ar)t(h, h)
ap,aq

(sz? (1-g-a)x(h,1)+2q—1+a)x(h,h)—(1—ag—a)t(h,1) - (@ + ar)t(h, h)

2
= 33 min agx(h, 1)+ (- g = @il ) = (@0 + antilh, D - (- ao = an)ti(h, )

| =

2
Z I a1Axh i — (o +ar)Aty, ;

ap,x1 2

2
+ % Z (min 1-g-anxi(h, )+ 29 -1+ a)xi(h,h)— (1 —ag—ar)ti(h,1)— (a0 + a1)ti(h, k)

ap,a1

(mm (1-q—a)x(h,1)+2q-1+a1)x(h,h) — (1 —ag—a)th,1) - (ag + ar)t(h, h)

ap,a1

Il
N =
b
SQB

:S
Q
AN

R
/—\

E‘

~

SN—
+
—~~
>_\
Q
Sé
=
SN
=
A
3‘
F
N
—_
R
[}
+
Q
—
N
—-
~~
=
—~
N

|

—_
—_
Q
[}

|

5]
=
N
——
~~
=
=
N

2
_ -1
+ min a1 Axy, — (ag + a1)Aty, — > Z

@p,a1

$3
1=y
=2
>
=
:"
|
—_
<
o
+
<
-
B>
~+
:"

2 2
1 1 I
E Z 0102 a1Axy ;i + (g + a1)Aty; — mm —a1AX), + (ag + a1)A, < <35 IZ; u;
Finally, note that %212:1 ti(l, 1) = t1,1), 4 3 Z ti(l, h) = t(1,h), 1 5 Z ti(h, 1) > t(h,1), and
% 212=1 ti(h, h) > t(h, h), so the symmetric mechamsm (x’,t") is incentive compatlble and yields
weakly greater revenue to the seller than (x, t). m]

Appendix 2.C Proofs for Section 2.6

Many bidders

Each of 1 bidders has a common valuation v € {0, 1} for an object, where Pr(v = 0) = % A public
signal s* € {I, h} is drawn so that Pr(s* = h|lv =1) = Pr(s* = Il[v =0) = q > % With probability
@y, all bidders receive the signal s* in state v: that is, with probability a, each bidder’s signal is
s; = s*. Otherwise each bidder’s signal is drawn independently from the same distribution as the
public signal so that Pr(s; = h|lv =1) =Pr(s; = llv =0) =g > % The bidders consider as possible
the following values of a,:
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Let g = o1 = a. Define P(k [, n —k —1 h|h, (g, a1)) as the probability of k I signals (ordered), and
n —k —1 h signals, conditional on an } signal under beliefs (ao, @1), and let E 4, o,)[v]k [, n — k k]
be the corresponding conditional expectation. That is:

P(kl,n—k—1hlh, (a0, a1)) = (1 - q)((1 - ao)g" (1 — q)"* ' + apI (k = 0))
+q((1 - a)g" 11 - 9F + ar I (k = 0))

q((1-a1)g"*1(1-g)* +a1 7 (k=0))

and Eqap[olk 1, =k h] = (1-g)(A~a0)g* (1-g)"* 1 +aod (k=0)+q((1-a1)q"*1(1-q)* +a1 I (k=0))

Proposition 2.6.1 will be implied by Propositions 2.C.1 and 2.C.3.

Proposition 2.C.1. When ambiguity is not too large, there exists a symmetric equilibrium of the first price
auction where for sufficiently large n:

o The low type has beliefs (a, 1) = (o, 0) and bids b, (1) = Ez, 0)[0]L, ..., 1]

e The high type has beliefs (ag, @1) = (0, a1) and mixes on the support [ba(1), br] according to
distribution F(b), where:

n-2
by = Z (” ; 1)P(k I,n—k—1hlh,(0,@))Eqalolk I, n =k h]+ P(n =1 1|k, (0, 71))b(])
k=0

and for b € [bu(l),gp], F(b) solves:
e

2
(” ; 1)P(k I,n—k—"1h|h,(0,@)Eozlolk I, n -k k] - b)F(b)"*1
k=0

= P(n —11]h,(0,a1))(b — ba(1))

Proof. For each type we first find the equilibrium beliefs and then show that there does not exist
a profitable deviation.

Note that Pr(l, ..., I|1, (a0, 1)) = (1 = g)(a1 + (1 — a1)(1 = 9)" 1) + g(ao + (1 - ag)g"™), and
E (o]l I = (1-g)(a1+(1-aq)(1—¢)" 1)
- 7T (=g +(1-an) (1) D +q(ao+(1-ag)g" !

7 Thus, the equilibrium utility of the low
type is:
min(1 - g)(ax + (1 = a1 = )" )1 = b)) = glao + (1 = ct0)g" )b (1)

Note that the derivative with respect to a has the same sign as —q(1-4"~!) < 0 and the derivative
with respect to a; has the same sign as (1 — g)(1 = (1 — g)"!) > 0. Thus, in equilibrium, the low
type’s beliefs are given by (ag, a1) = (o, 0). Under the equilibrium bid, the low type gets zero
utility. Note that any bid below b,(I) yields zero utility, and any bid above b,(I) yields negative
utility under the equilibrium beliefs (for sufficiently small a). Therefore any deviation is also not
profitable evaluated under the utility minimising beliefs.

The equilibrium utility of the high type (under no ‘no hedging’) is:

b

n-1 _ br
min (” 1)P(k I,n—k—1h|h,(ay,a1)) |E@ganlolk L n —k ] - (/ bdF"‘k(b)ﬂ
ba(l)
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The derivative of the utility with respect to «ay is:

V1 (n=1\[ _ 9PUcL,n—k—1hlh, (@, a1)) /bF pm—
pard n—k k (90(0 ba(l)

n—1 b
= Z ik (n ,: 1) [ -(1-9) (—(1 —q)" gk T (k = 0)) (/ bdF”‘k(b)) }

= ba(l)
e

- nl —q)"*q" ” n—k ]_1 - — (1~ )1 b n
i —k( k )[(1 D" (LmbdF (b)) —(1-q(1-01-9g) )(L(Z)bdlf (b)).

In Lemma 2.C.2 below we show that the above derivative is positive. The derivative of the

n—

=]
=

N

utility with respect to ay is:

=min
ap,a1 n—-k
k=0

Ep ]
_ PGk n — k=1 hih, (a0, a1)) ( [ an_k(b))
b i

g (n — 1) [8P(k I,n—k—1h|h,(ao, @1))Eqgaplolk 1, n —k k]

k daq

dan o)

SR (n—l)[ap(kz,n—k—1h|h,(a0,a1)) 1_/“
k dan bal)

N
|
=~

de”‘k(b)) ]

_ n-1 k n—k— _ br n—
- n_k( ; )[q(—(l—q)q k1+f(k_0)) 1—/h bdF k(b))

a(D)
-1 _ E]: EF
_— 1 (n-1 (1-g)g"*[1- / bdF" 5 (b)| | + 1q (1-g"")[1- / bdF"(b)
n—k\ k ba(l) n ba(l)
k=1 0 .
Note that by Lemma 2.C.2 this derivative is negative.

Note now that F is increasing, F(b,(I)) = 0, and F(br) = 1. Moreover, by(I) < E[v|n —
11,h,(0,a1)] (which is true when ambiguity is not too large) ensures that the utility of high

<0

type is greater than 0. Any bid below b,(I) gives zero utility, and any bid above br gives strictly
lower utility than bidding br. By construction, under beliefs (ag, 1) = (0, @1), any bid in the
support [b,(1), br] gives the same utility, and any other mixed strategy can give at most this
utility. m|

Lemma 2.C.2. There exists an 71 such that for all n > #,

1 (n-1 ok ok br ok _l ~ P br .
n_k( k )(1 7)""q (/hu(l)bdl—" (b)) - 7)(1-(1-9) )(/ba(l)bdp (b))>0.

Proof. Below we will focus just on some of the expressions in the sum above that are close to

n—1

k=1

k = ngq. These expressions will have the term /bhz) bdF"1=9(b) in them. We next prove that this
term will be bounded away from zero.

br
ba(l)

Claim: lim;, ( bdF”(l_”’)(b)) > 0 and lim; ( bbfl) bdF”(b)) > 0.
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Proof of Claim. Assume that a is very small and consider the equation for the high type to be
indifferent between any bid in [b,(]), Ep] :forany b € [b,,(l),Ep], F(b) solves:

n—1
(” ; 1)P(k 1,n—k—1hlh,0,@)Eozlolk I, n—kh] - b)F(b)" !
k=0

=P(n - 11|k, (0,a1))(b — ba(1))
f——
(+)  qay(l—b)F®b)"™ = (1-q)"F(b)"'b+ (1 - a1)q"F(b)"""(1-b)
n-1
"2, (" P == 1, 0, E ol 1 - F@
=P(n—11|h,(0,a1))(b - by(1))

Fact: For any b < b, either F(b)" - 0or F(b)" — C(b) < 1.

Proof of Fact. Suppose that for some b, br>b > b,(l), F(b)* — C(b) > 0. Note that as n grows
large, by the law of large numbers, the LHS of (*) converges to

gai(1=b)C(b) +g(1 —a)(1 - b)(C(b) (1 - g)b(C(b)'

while the RHS converges to zero. Therefore, (*) implies
— _ _ 1 _ b
ar(C()T + (1 —an)(C(b)* 1! = Tqm

As br = E[V|h] = q,iftb < br the solution will be {(b) < 1. O

Given the fact, for any b either F(b)" — 0 or F(b)" — ((b) < 1. Note that %% is

increasing in b and reaches its maximum for b = br where the expression is equal 1. Therefore, we

bdF"(l“?)(b)) > 0 and

conclude that for any b < br lim, . F(6)"?™) < 1 and so lim, e ( fbbz)

limy e ( fz;i}(:l) bdF ”(b)) > 0. This completes the proof of the Claim. o

For now look at the comparison between
- - _ b, _ _ b,
Sk L ()1 - gt ( J barr k(b)) and 1(1 - ) (1= (1 - ") (/,,nfl) de”(b)) as 1
grows large.

Above we have seen that o bdF"(b)] is bounded from zero, therefore the second term is
ba(l)

1

the same magnitude as .

We will consider only part of the first term. Consider the expression for k = ngq. By Stirling’s

approximation:
(n - 1) _ (n=1 V2mn(g)" _ 1 1
k | " (n=k=1)! \/m(@)nu-q)\/m—nq(g)nq ~ \ ng(1=¢) (1 - g)n0-0(q)na

so that the term in the sum relating to k = ng becomes: ﬁ(”;l) [(1 - q)”_qu] ~ n(+_q) m.

For any n take a sequence 71 such that -1 — 0 and % — oo. Consider all the terms in the sum
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k € {nq —n1,...,nq + n1}, note that for all these we have that:

1 (n - 1) [ ok 1 1
— (1-9)""q"| ~2m
ke{nq—n;,nq+m} n—k k 1’1(1 - q) ”‘1(1 - ‘7)

2m n 11— \’ln %— 2711%" 1_ E
where — 2Nt 0 i)/ﬁ 0, 0. As /h fl) bdF"1-9)(p)| is bounded from zero we are

n

done. O
Proposition 2.C.3. In the equilibrium described in Proposition 6A, the seller’s revenue is decreasing in a.

Proof. We show that the expected payment of each type, evaluated under the true joint probability
distribution, is decreasing in a. For the low type, the expected paymentis P(I, . .., [|[)Eg, (@) 0)[0lL, - . ., 1]
which is decreasing in a.

To make clear that the equilibrium strategy depends on n and a, denote the bidding strategy
for the high type by F(b; n, a). The expected payment of the high type is:

n-1

ZL(”_l)p(kz n—k—1h|h)/bF bdF"*(b;n, a)
n—k\ k ’ ball) o

As in the proof of Lemma 6A, consider the equation defining F(b; n, a):

gai(1- b)F(b;n,a)" ' — (1 - q)"F(b;n,a)"‘lb +(1- a‘cl)q”F(b;n,a)”_l(l - b)

n-1
n-1 — k-
+ kZ} ( P )P(k I,n—k—1hlh, 0, a1))Eoz@)lvlkl,n =k h] = b)F(b;n,a)" k=1

= P(n =111, (0,a1))(b - ba(]))
By the law of large numbers, for large 1, the LHS is close to:
qar(1 - b)F(b;n,a)" ! +q(1 - a@1)(1 - b)F(b; n,a)1" Y — (1 - q)bF(b; n, a) 170D

and the RHS is close to 0. Thus, F(b; n, a) is close to F*(b;n,a), where for b € [0,4], F*(b;n,a) is
the unique positive solution to:

gai(1-b)F(b;n,a)" ' +q(1 - ay)(1 - b)F(b; n,a)1"D —(1- q)bF(b;n,a)(l‘q)(”‘l) -0

Note that F*(b;n,a) is increasing in 4. Now when n is large, fbbz) bdE"*(b;n,a) is close to

/Oq bdF*"%(b; n,a). Takea’ > a;since F*"~*(b; n, a) first order stochastically dominates F"k(b;n,a’),
“r— , i L1 . qb _ , b _

foq bdE"*(b;n,a’) < /Oq bdF*" k(b;n,a),whlchlmphesfbafl) bdE"*(b;n,a’) < fbafl) bdE"k(b; 1, a)

for sufficiently large n. Thus, the expected payment of the high type is decreasing in a. a

Continuous signals

Here we consider a general set of marginal distributions, g.(s). Specifically assume that g is
increasing and g is decreasing, and assume symmetry so that g1(s) = go(1 - s).

Let us first write the utility of a player with signal s! for each bid b, when the other player is
following an increasing bidding strategy b(s’). This is

U(s', b) o« rr}‘in(/oz(l —b(s") fi(st, s")ds’ — /OZ b(s') fo(st, s")ds’)

where z = b71(b). Thus for each bid b, each player minimises utility by choosing a vector A,
given the strategy of the other player. Recall that s,, for v € {0, 1}, is the median of the cdf G, ().
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Lemma 2.C.4. Consider an equilibrium in which b(s) is increasing. Let A*(s) denote the information
structure which minimises the utility of the player for each s. Then:

(i) (A3(s), A1(5)) = (Amax, Amin) for all s < sq.
(ii) (Ay(s), A1(5)) = (Amin, Amin) for all s € [so, min{8, s1}].

(iii) (/\B(S), A;(S)) = (Amin, Amax) for s € [s1,8] if s1 < § and (AB(S)/ /\yi(s)) = (Amax, Amin) for
s € [$, s1] otherwise.

(i0) (A3(5), 15(5)) = (Amaxs Amax) for all s > max{s1, 8},

and § < 1 satisfies A
[ #6606 260(5) - s’ = .

That is, A*(s) changes with s, so the behaviour as described cannot be rationalised with a

unique a priori A.

Proof of Lemma 2.C.4 and Proposition 2.6.2. We first show in Claims 1-3 that A*(s) minimises the
equilibrium utility of each player for each s. We then show that the bidding function b(s) =
EY©)(v]s, s) is an equilibrium. Finally, we identify a sufficient condition under which the seller’s
revenue is decreasing in ambiguity.

Define:

I1(s)

/05(1 — b(s"))81(5")81(5)(2G1(s) — D(2Ga(s") — 1)ds’

In(s)

_ /O " b(s")g0(5")90(5)(2Go(s) - D(2Go(s) — 1))ds’,
Thus:

Claim 1: In equilibrium, A}(s) = Amin (Amax) iff I(s) > (<) 0.

Proof. I,(s) is the derivative of the expected utility with respect to A, at b = b(s). Given max-min
behaviour, the statement follows. m]

Claim 2: (i) I1(s) > 0 for s < s1, I1(s) < 0 for all s > sq; (ii) Ip(s) < 0 for s < sg, Iy(s) > 0 for all
s € (sg,8), Ip(s) < 0foralls > 3.

Proof. (i) I1(s) : This function must be strictly positive for s < sq as (2G1(s) — 1)(2G1(s") — 1) > 0 for
s,s’ < s1. Note that I1(s1) = 0, and that

Jd 2G -1 s1
81&125) e = g1(s)( a31(5) )|s=51 /O (1= b(s")g1(s")2Gr (s') — 1)ds’
= 2(81(51))2/0 1(1 - b(s"))g1(s)(2G1(s") = 1)ds’ < 0
More generally:
&IOE,ES) = (gi(S)(ZGl(s) -1+ Z(gl(s))z)/ (1- b(S'))g1(s’)(2Gl(s’) ~1)ds’
0

+(1 = b(s))g1(s)81()2G1(s) = 1(2Ga(s) — 1)

8O Agis)
= (o 6. (o) =1 1) + 2811 = bE)EG) - DRGE) ~1)
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So whenever I1(s) > 0and s > s; we have that % > 0 as ¢1(s) is increasing and 2(g1(s))*)(1 -

b(s))(2G1(s) — 1)(2G1(s) — 1)) > 0. So now it suffices to check that I1(1) < 0:

I(1)

1
a1(1) /O (1= b(s)g1(s)2Ga (s") - 1)ds’
s1 1
= al) /O (1 - b(s)g1(5)2G1(s") — Dds’ + g1(1) / (1 - b(s))g1(s")2G1 (") — )ds’
$1 1
< i) /O (1 - b(s1)g1(s)2G1(s") - 1)ds” + g1 (1) / (1 b(s1)g1 (8)2Ga (s') - 1)ds”

= 81(1)/0 1(1 = b(51))81(s")(2G1(s") = 1)ds” = 0,

where the last inequality follows as b(s’) is increasing, (2G1(s”) — 1) > 0 (< 0) whenever s > s;
(s < s1). The last equality follows from fo1 21(s")(2G1(s’) — 1)ds’ = 0.

(ii) Io(s) : This function must be strictly negative for s < sg as (2Go(s) — 1)(2Go(s’) — 1) > 0 for
s, s’ < sg. Note that Iy(sg) = 0. Moreover,

J G — S0
81§£s)|5=50 _ 20(s)(2Go(s) 1)|S:SO‘/0 b(s")g0(s")(2Go(s") — 1)ds”

ds
—b(s")g0(5")80(50)(2Go(s0) — 1)(2Go(s") — 1))

~2(g0(s0))? /0 " b(s)20(")2Go(s") = s’ > 0

So Ig(s) < 0 for s > sp. Note that — /05 b(s")go(s")(2Go(s") — 1))ds’ is decreasing for s > so. Thus if
Ip(1) < 0, we have the result. But

1
Io(D)] = go(1) /0 b(s")g0(5")(2Go(s") - 1)ds’
S0 1
> go(1) /O b(s0)g0(s")(2Ga(s") — 1)ds’ + go(1) / b(s0)g0(s")(2Go(s") — s’

1
= go(1)b(s0) /0 90(s")(2Go(s") — 1)ds’ = 0.

Thus we know there exists § < 1 such that:

§
| o060 - s’ =,
0
and we can conclude that Iy(s) > 0 for s € (sg, §) and that Iy(s) < 0 for s > §. O

Consider now the bidding function EA"¢*)(v]s, s). Note that overbidding, compared to the canonical
model, arises when

[1+A3(5)(2G1(s) = 1)*]g7(s) . 87(s)
[1+A3(5)(2G1(s) = 1)?17(s) + [1 + A(s)(2Go(s) — 121g5(s)  g7(s) + g5(s)

which holds if and only if:

[1+A3(5)2Ga(s") = 1)?]

7 A, ()2Go) 18]~ -

We then have:
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Claim 3: When b(s) = EA®)(v]s, s), a necessary condition for overbidding compared to the canon-
ical model is § > 0.5, that is:

0.5
‘/0 b(s")go(s")(2Go(s") — 1)ds” < 0

If this holds, there is overbidding in the region [so, 3], and underbidding for any other s.
Otherwise, all types underbid compared to the canonical model.

Proof. Given Claims 1 and 2, we can then deduce the different values of A}, in equilibrium and
consider when overbidding/underbidding arises compared to the canonical model when the
bidding function is as described in the Proposition.

(@) (A5(8),Aj(s)) = (Amax, Amin) for all s < so. As a result, if this is an equilibrium, we would
have underbidding as
[1 + Amin(zGl(S,) - 1)2]
’ 2 <1,
[1 + Amax(ZGO(S ) - 1) ]
which is indeed the case as Amin < 0 < Amax-

(b) (A5(s), A1(8)) = (Amin, Amin) for all s € [so, min{$, s1}]. We have underbidding iff:

[1+ Amin(2Gi(s") = 1)?]
[1+ Amin(2Go(s”) = 1)?]
If min{$,s1} > 0.5, then we would have overbidding because in the region above 0.5, as
(2G1(0.5) — 1)2 = (2Gp(0.5) — 1)*> by symmetry, but because of convexity (concavity) of Gy
(Go), the fraction would be greater than 1, as we would have (2G;(s”) — 1)? < (2Go(s") — 1)

just above 0.5.

<1

(c) (A5(s), A1(8)) = (Amax, Amax) for all s > max{sy, §}. In this case we also have underbidding
as [1+ Amax(2G1(s") = 1)*] < [1 + Amax(2Go(s”) — 1)?], because 1 < Gi(s’) < Go(s").

(d) If 0.5 < s1 < § : in the region [s1, 5] we have (Aj(s), A](s)) = (Amin, Amax)- In this case we
have overbidding as:
[1 + Amax(zcl(s,) - 1)2]
[1 + Amin(ZGO(S/) - 1)2]
For this we need s; < 3§, implying that 0.5 < 3.

(e) If 5§ < s1 : Then we have (/\6(5), A7(8)) = (Amax, Amin) in this region between the two values.
Then we have underbidding as:

[1 + /\min(ZGl(s/) - 1)2]
[1 + Amax(ZGO(S/) - 1)2]

< 1. O

Thus the structure of the equilibrium is therefore as above. So for overbidding we need:

0.5
/0 b(s")g0(s")(2Go(s") — 1)ds’

Y [1+ Amin2Gi1 () = 1212(5") o
- /0 [+ Ao (2G ()~ 1DP1g267) + [L+ Amn(2Gols)) - D12 SO 1O ) ~ D88
05 [1+ Amin(2G1(s") — 121g3(5") o
/50 [+ Amn2G1(5") ~ D212 + 1+ Aman(2G0(s") — 12120 S0 1 EC0) ~ s

< 0
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which is analogous to what is in the Proposition. Finally we need to show that the construction
above is an equilibrium:

Claim 4: The bidding function b(s) = EA®)(v[s, s) is a symmetric equilibrium when a is low
enough.

Proof. We now show it is optimal for player 1 with signal s to bid b(s), when player 2 is following
the same strategy b(s’).
Let A equal A*(s) and consider the virtual utility for player 1 with signal s from bidding b(z):

U(s, z) /OZ(E;‘(v|s, s’) = b(s"))dFA(s, s")

3] @ =bEDAG 55 = U, 5

This is not player 1’s utility as it is evaluated at A for all z. However, player 1's utility from
bidding b(s) is indeed U(s, s), and player 1’s utility from bidding b(z), z # s is at most U(s, z).
Thus if z = s maximises U(s, z), then bidding b(s) is optimal for player 1 with signal s. Note that
when s’ = s, then the integrand is zero. To see that the integrand equals 0 note that, as A = A*(s),

(1=b(s)fi(A,s,5) = b(s) fo(A, s, 5)
iff

[1+A5(s)(2Go(s) = 1)?1g5(s)[1 + A} (s)(2Gi(5) — 1)(2Ga(s) — ]Ig1(s)g1(s)
= [1+2A1(5)(2Gi(s) = 12183 (s)[1 + Ay(5)(2Go(s) — 1)(2Go(s) — 1)1go(s)go(s)

which holds.
The integrand when s’ = s is the derivative of U(s, z) with respect to z evaluated at z = s;
thus, the first order condition with respect to z is satisfied for z = s. Moreover as we now show,
the second order condition evaluated at this point is negative, thus z = s is a maximum. To see
this, suppose that we have a z for which u, (s,z) = 0. Taking a second derivative w.r.t. z we get:
~b'(2)(fi(A,s,2) + fo(A,s,z) + (1 - b(z))f{(;\, s,z)— b(z)f(;(;\, s,z). As U,(s, z) = 0, this implies
that (1 - b(z)) = %, and thus the second order derivative at that z is
b(z)fo(A, s, z)
fAAs,z

= —V'@)(fi(A,s,2) + fo(A,s,2) + b (Z)(ﬁm 5,2

Note that the first element is always negative. The second element is negative iff:
1(2)81(5)(1+A1(2G1(2)-D(2G1(s)-1)+81(2)g1(s)A1281(2)(2G1(5)-1)  ¢1(2)g1(s)(1+A1(2G1(2)-1)(2G(s)-1))
80(2)80(s)(1+40(2Go(2)-1)(2Go(s)-1))+80(2)0(5)A0280(2)(2Go(s)-1)) ~ go(2)g0(s)(1+A0(2Go(2)-1)(2Go(s)-1))

Note that when A is small enough, this is always the case as the LHS is negative. Thus a solution

—b’(Z)(fi(/A\,S,Z) + fO(;\/Sr Z)) + fl,(;\,S,Z) - b(Z)f(;(;\rS/Z)

fl()\ S,z)— fO(/\ S, z))

to the first order condition is unique.

But the above implies that player 1 can achieve this utility above and cannot improve upon it
when using other bids b(z), z # s.

So we know that the player bids up to the point where the integrand becomes negative, so,
written differently, until Ej(v|s, s) = b(s), which gives us the equilibrium bidding function. O
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We now consider the seller’s revenue and show that it is decreasing in a, under the sufficient con-
dition identified. Consider the case when § > s; (in the other cases, all types underbid compared
to the canonical model, and hence revenue is also lower). Let

w(s’) = (1= Gi(s")g1(s") + (1 = Go(s"))go(s")

The seller’s revenue can be written as:

El) 51
R(a) = / b(S/, Amax Amin)w(s/)dsl + / b(sl/ Amin, Amin)w(sl)ds/ +
0

S0

s 1
/ b5, Aminy Aman)0(s")dS” + / B(S", Amaxs Aman)e0(s)ds”

S1 S

The derivative w.r.t. a is:

aR(Cl) = v ’ ’ ’ 19 ’ ’ ’
o = ‘/0 o b(s", Amax, Amin)w(s")ds’ + L e b(s’, Amin, Amin)w(s”)ds” +

59 )
‘/s; %b(s,/ Amir\/ /\max)w(sl)ds, + ,/g‘ %b(s,/ /\maX/ Amax)w(s,)ds, +
ds . . R .
%(b(s/ Amin/ Amax) - b(s, /\maX/ /\max))w(s)

We note that

81(5")?80(s"*[=(2G1(s") = 1)* = (2Go(s") — 1)°]

9.
%b(s s /\maX/ /\min)luzl

(81(8")% + go(s")%)?
D L SIEPREPIERGHE) - D2 + (QGy(s) - 1)
aa 7 mins min/la= (gl(s,)z + gO(S/)Z)z
2 e A Ay = SR PIRGHE) ~ 1P + AGo(s) ~ 1
aa s /vmins /‘Ymax/la= (gl(S')2 + gO(S/)Z)Z
ib(s' Moo Aoy = 81(s")280(s")*[(2G1(s") = 1)* = (2Go(s") = 1)*]
&ﬂ 7 /Ymaxs /Ymax/la= (gl(S’)2 + go(s/)Z)Z
So that:
d ’ _ d ’ — J 4 .
%b(s ’ /\max, Amin)|a:l = _%b(s ’ /\min/ Amax)lu:l - _%b(l -5, /\mm/ /\max)luzl
a ’ — & 4 . . — a ’ . .
%b(s ’ /\max; Amax)|a:l = _ﬁb(s ’ /\mm/ Amln)|a:l - %b(l -5, /\mm/ /\rnm)|a:1
And therefore we can write ‘91;,(1”) la=1 as:
&R(ﬂ) — /1_§ a 7’ !’ ’ /SO 8 ’ ’ ’ ’
P la=1 = . b(s’, Amin, Amax)w(s”)ds e b(s’, Amin, Amax)[w(s”) — w(1 —s")]ds

0.5 1
a ’ ’ ’ ’ 8 ’ ’ ’
= [ S A A0 = 0(1 = S = [ 5B A, Ao (5"
S0 a S a

Thus, a sufficient condition for revenue to be decreasing in a is for w(s’) to be decreasing over
[§,1 — §]. Note that this sufficient condition is satisfied for go(s) = 2(1 — s) and gi(s) = 2s. O

Private values: Consider the following model where each buyer has private valuation v; € [0, 1],
independently distributed according to a uniform distribution. Suppose that the buyers believe



CHAPTER 2. AUCTIONS WITH AMBIGUITY OVER CORRELATION 71

that the joint distribution is given by the F-G-M copula f(v;, vj; A1) = 1+ A(2v; —1)(20; — 1), where
AeA=][A, A]. Assume that 0 € A, and define:

Ga(z|v;) = ‘/Oz(l +AQ2u; = 1)(2vj - 1))dvj = z + Az(z = 1)(20; — 1)

That is, Ga(+|v;) is the distribution of v; conditional on v;, when the belief about the joint
distribution is given by A. Let g4 (-|v;) denote the corresponding density. Define:

Li(ylo:) = exp (_/y | éi((iu?)dt)

Proposition 2.C.5. When ambiguity is not too large, a symmetric equilibrium in the first price auction is:

J ydLa(ylo:) 0 <05

b(vi) =", 05
[ ydLi(yloi) + [; 7 yd(La(y10.5) - L3(y]0.5)) v; > 0.5

Bids in the first price auction are uniformly higher than the case without ambiguity.

Proof. Assume that player j is following the equilibrium strategy. Player i’s utility from bidding
b(z) € [0, v;] is:
min Uy (z]v;) = Ga(z[vi)(vi = b(2))
Note that G (z|v;) = z + Az(z — 1)(2v; — 1). Thus, A minimises this utility for types v; < 0.5,
and A minimises this utility for types v; > 0.5. Thus, the utility from bidding b(z) is U, (z|v;) for
v; < 0.5 and Uj;(z|v;) for v; > 0.5. First order conditions imply:

gA(vilvi)(vi = b(v;)) = GA(vi|vi)b'(v;) =0 v; <0.5
g1(vilvi)(vi = b(vi)) = G3(vi|vi)b'(vi) = 0 v; > 0.5

Using boundary conditions b(0) = 0 and b(0.5) = f005 ydLa(y]0.5), the solution to these differential

equations is:

J ydLa(yloy) v; <0.5

b(vi) =", 0.5
[ ydLy(yloi) + [) 7 yd(La(y]0.5) - L3(y]0.5)) v;>0.5

Consider type v; < 0.5 deviating to a bid b(z).?* Note that for 0.5 > z > v;:

&UA(Zlv,') 3 g&(zlvi) ’
RLEL) _ 6y eton [m(vi b))~ b (z)]
< Gy(z]v;) [%(Z ~b(z)) - b’(z)} ~ 0

The inequality follows because z > v;, and when A is close to zero, gi((zllzz]zl,)) and gll(éll?) are close.?

U, (z|v;)

A similar argument shows that for z < v;, 5 > 0.
L= dUj; (z]v;) IU,(z]v;)
When z > 0.5, note that if A and A are close, then —5—— and —5— are close. Thus for some
>0,
24The argument for v > 0.5 is analogous.
25 it galzlo) . o _2A22
The derivative of ChG) with respect to v is NEDh
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AU (z]v;) - 8UA(z|v)

Jz dz
=Gz(z|0i)[éi(( || lz))( i=b(z)=b(2)| +¢
< Gjl(z|v )[?A(( zlz )( —b(z))—b’(z)] =0

gizlz) _ gilzlvi)
7 Gilzlz) T Gilzloi)

where the last inequality follows because z > v;, and since A>0 (see footnote
25).

To see that bids are uniformly higher under ambiguity, note that in the case without ambiguity,
the bid can be written as by(v;) = /0 ydLo(y|vi). When v; < 0.5, fv’ éj((illtt))dt is decreasing in A

since the integrand éi( 7y is decreasing in A.2¢ Thus, L, first order stochastically dominates Lo,

implying that for v; < 0.5, fovi ydLa(ylvi) > /Ov,- ydLo(y|v;). A similar argument implies that for
v; > 0.5, fové ydLi(ylvi) = fové ydLo(y|v;).¥ Note that fOO'5 ydL;(ylvi) = /00'5 ydL1(y|0.5) and
fOO'S ydLa(y]0.5) > /00'5 ydLo(y|0.5), implying the result. ]

galtlt) 2(2t-1)
Ga(t]t) Ga(tt)2”
Y Integrating by parts and using the fact that for v; > y > 0.5, L1 (y|v;) is decreasing in A:

v v
[ vavsion - [ vatotyion
0.5 0.5

v;
= 0.5(Lp(0.5]v;) — L;\(O.5|‘UZ‘)) + ‘/075 Lo(ylv,-) - Lj(ylvi)dy > 0.

26The derivative of

with respect to A is




Chapter 3

A Nash Threats Folk Theorem for Repeated

Games with Local Monitoring

3.1 Introduction

In this paper we will prove a Nash threats folk theorem for infinitely repeated games with local
monitoring and interaction. We assume that the monitoring and the interaction structure are both
determined by an undirected network. This means that for each player, her stage game payoffs
only depend on the actions of a subset of players, and these actions are the only actions that
she observes. We also assume that players are patient, and repeated game payoffs are given by
the Banach-Mazur limit of the sequence of average stage game payoffs. This latter assumption is
crucial for our results. Indeed, we show that under discounting, a folk theorem cannot hold in
our setting without further assumptions on the network structure or the payoffs. In particular, we
show without further assumptions on payoffs, a necessary condition for a folk theorem to hold
under discounting is that every connected component of the network is 2-connected.

Local monitoring prevents standard results from applying. For example, in a star network, the
core player may not wish to punish a single defecting peripheral player if that involves ending
cooperation in all relationships forever. Thus, grim trigger strategies may not be an equilibrium.
One way to view this problem is as follows. With local monitoring, it can be difficult for players to
distinguish between punishment and defection. Suppose that Player j defects, and Player j’s only
neighbour is Player i. Since Player i’s neighbours do not observe whether Player j has defected,
if Player i punishes Player j, then Player i’s neighbours will punish Player i. Now if Player i had
strict incentives to play on-path, she may prefer not to punish Player j to avoid getting punished
herself. A natural approach would be to construct strategies such that cooperating is only slightly
preferred to defecting. Indeed, in the equilibria we construct, players are indifferent between
cooperating and any finite sequence of defections.

The proof will be constructive: for any payoff above the Nash equilibrium point, we will
construct a strategy profile that achieves the target payoff. The strategies will be stable in the sense
that after any arbitrary history, everyone goes back to playing on-path after a finite number of
periods. Since players are arbitrarily patient, short term incentives are irrelevant, which means
that they can always achieve their equilibrium payoff by following the strategy. Thus, the challenge
is to show that no deviation can achieve a payoff greater than the equilibrium payoff (note that
the one-shot deviation principle does not apply).

Stability is not a trivial requirement under local monitoring because different players may

73
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have different beliefs about when a punishment phase is supposed to end. We circumvent this
problem by constructing strategies that exploit the common knowledge of time—that is, rather
than requiring players to punish deviations for a fixed number of periods, we require punishment
to last until certain dates. Roughly speaking, we will divide the repeated game into T period
blocks, and each T period block into 2 parts. Deviations in the first part of a block are punished
until the end of the block, and deviations in the second part of the block are punished until the
end of the next block. As long as the second part is long enough, deviations will be punished
sufficiently harshly, and as long as the first part is long enough, the strategies will be stable.

Here is the intuition behind stability. Suppose that we are trying to sustain mutual cooperation
in the prisoners’ dilemma, so that C is played on-path and D is played if a deviation is observed
(by both the deviating player and her neighbours). At the end of the block following an arbitrary
history, it may be the case that some players are supposed to play C, whereas others have to play
D for one more block. But those who are supposed to play C and observe D from a neighbour
will start playing D themselves. In this way, the punishment will spread throughout the network,
and as long as the first part of the block is long enough, everyone will have seen D by the end
of the first part, and respond by playing D until the end of the block. Thus, everyone will end
punishment at the same time.

A different type of coordination problem is that even though players are punished effectively
when all of their neighbours play the Nash equilibrium action, they may benefit from being
‘punished’ by only some of their neighbours. In order to prevent players from exploiting this, our
strategies ensure that the number of periods in each length T block in which a player is punished
by only a proper subset of her neighbours is small relative to the number of periods in which she
is punished by every neighbour. This is achieved by requiring punishment to continue for an extra
block in some cases, and to end prematurely in others.

One final difficulty that could arise under local monitoring is that after observing a deviation,
players may try to infer the spread of the deviation in the network and the beliefs of others about
future play. We circumvent this difficult by constructing strategies that are optimal for every belief
that players might have about play outside their neighbourhood.

3.2 Related Literature

This paper continues the tradition of providing limiting results for repeated games on networks.
Nava (2016) provides a survey of of this literature, which has largely found that very weak
conditions on the network structure are required for a folk theorem to hold. In this paper, we
impose no restrictions on the network structure. An earlier and related strand of literature, which
focused on a random matching environment, was pioneered by Kandori (1992) and Ellison (1994).
They establish that even when players are unable to recognise their opponents, cooperation can
be sustained as a sequential equilibrium supported by contagious punishments. In our setting,
interaction takes place on a stable network, and players know their neighbours and observe their
actions.

Ben-Porath and Kahneman (1996) showed that under the assumption that public communica-
tion is possible, a necessary and sufficient condition for a folk theorem to hold is that every player
is observed by at least two other players. Renault and Tomala (1998) and Tomala (2011) establish
Nash folk theorems under similar conditions without any explicit communication, and Laclau
(2012) and Laclau (2014) establish Nash and sequentially rational folk theorems, respectively,
under different assumptions about the communication possibilities. In this paper, we consider a
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restricted class of games, which allows us to establish a sequentially rational folk theorem for any
network structure.

Cho (2011) and Cho (2014) construct stable and sequentially rational equilibria that sustain
cooperation in the repeated prisoners’ dilemma. Cho (2011) assumes that players have access
to a public randomisation device, and Cho (2014) allows players to communicate with their
neighbours. In this paper, players do not have access to a public randomisation device or any
method of communication.

This paper builds on Nava and Piccione (2014), who show that mutual cooperation is possible
for a broad class of two-action games. They also consider discounted payoffs as well as the case of
arbitrarily patient players. However, we extend their results to a folk theorem, and we construct
different strategies to support the equilibria.

The model is described in Section 3.3. Our main result, that any feasible payoff above the
Nash equilibrium point can be (approximately) sustained in sequential equilibrium, is stated as
Proposition 3.4.1 in Section 3.4. The strategies used to prove Proposition 3.4.1 are described in

Section 3.5, and the proof of Proposition 3.4.1 appears in Section 3.6. Section 3.7 concludes.

3.3 Model

A set N contains n players who interact according to an undirected graph (N, G). We assume that
(N, G) is common knowledge. For each i € N, define N; = {j € N\ {i} : ij € G}. Note that j € N;
ifand only if i € N;. We interpret N; as the neighbourhood of Player i. Define a path as (j1, ..., jm)
such that jx;1 € N, k=1,...,m—1,and jx # j; fork # .

For M ¢ N, define Gy = {ij € G : i,j € M}. That is, (M, Gu) is the subgraph with vertices in
M. (M, Gp) is connected if for each ji, j, € M, thereisapath (ji, ..., ju) such that ji,1 € N;, N M.
(M, Gpp) is 2-connected if for each i € M, (M \ {i}, Gy }) is connected. For M € N, (M, Gy) is a
connected component of (N, G) if (M, Ga1) is connected and for all i € N \ {M}, (M U {i}, Gpugiy)
is not connected.

The action set of Player i is a finite set A;. Let Ay = XjepmA;. The stage game payoff for Player

i is given by the function v; : Ayn,uqy — R, and we denote an element of Ay, ¢y by a;, an;.

Assumption 1. For each A;, there exists an action D € A; such that v;(D,D, ..., D) > vi(a;, D,...,D)
forall a’ € A; \ {D}.

This assumption says that the strategy profile (D, ..., D) is a strict Nash equilibrium of the stage
game. Without loss of generality, let v;(D, ..., D) =0foralli € N.

The stage game is repeated infinitely many times. Each player observes the past play of her
neighbours. The set of possible histories for Player i is:

H; = {2} U{u2, X Anum ]} -

A (pure) strategy for Player i is a function o; : H; = A;. The set of all strategies available to
Player i is given by L;.

Given a strategy profile on = (01, ..., 0,), let {a}}2, be the sequence of actions generated by
on, and let {v;(al, a f\h )};2, be the sequence of stage game payoffs for Player i. Players discount the

future without common discount factor 6 < 1, and repeated game payoffs are defined as:

A ({% - Uz’(“?ﬂ%)}fﬂ) when 6 =1
1-0)X72 5t_1Ui(ﬂf,ﬂf\,i) when 6 < 1,

Vi(on) =
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where A(-) denotes the Banach-Mazur limit of a sequence. A Banach-Mazur limit is a positive
linear functional A : £os — R, where ¢, is the space of all bounded sequences, such that A(e) =1,
wheree = (1,1,...),and A(x1, x2,...) = A(x2, x3,...) for each (x1, X2, .. .) € {« (see Aliprantis and
Border (2006), pp. 550-551).

The set of histories for the entire game is:

H = {2} U{u, [x{_;AN]}-

For each observed history /;, we can define the information set of Player i as I (1;) = {h € H : h; =
hi}. Let B(h|h;) denote the belief of Player i that the history is &, conditional on observing h;.

3.4 Folk Theorem

Let v(an) = (vi(a1,an,), ..., vn(an, an,)). The set of feasible payoffs is F = co{v(an) : an € AN},
and the set of feasible payoffs such that each player receives strictly more than her stage game
Nash equilibrium payoff is FIR = FN {v : v; > 0, Vi}. Let F* be the subset of F'R where the weights
used in the convex combinations are rational numbers.

Proposition 3.4.1. If 6 =1, any v* € F* can be supported as a sequential equilibrium payoff.

In the next section, we will construct a strategy profile that supports v* as a sequential equilib-
rium payoff for any v*. For the remainder of this section, we discuss the necessity of the assumption
that 6 = 1.

Remark 3.4.1. The folk theorem does not hold in this setting when payoffs are discounted. In
order for a folk theorem to hold under discounting, additional restrictions must be made either
on payoffs or the network structure. The following example shows that when 6 < 1, there exists a
stage game satisfying Assumption 1, a network structure, and a payoff v* € F* such that v* is not
the payoff in any sequential equilibrium.

Example 3.4.1. Let four players connected on a line play the following stage game with common
action space A = {C, D}, and payoff function:

e v(D,D,D,D) =(0,0,0,0)
e v(C,C,C,C)=(1,1,1,1)
e v(C,D,C,C) =(-1,2,1,1)
e v(D,D,C,C)=(0,2,1,1)
e v(D,C,C,C)=(1,1,1,1)

Otherwise the payoffs are such that Player 3 gets at most zero, Assumption 1 is satisfied (i.e.
(D,D,D, D) is a strict Nash equilibrium of the stage game), and for each i, Player i’s payoffs
depends only on the actions of Player i and Player i’s neighbours. A complete specification of the
stage game payoffs are given in the Appendix.

The efficient payoff (1,1,1,1) (which requires Player 2, Player 3, and Player 4 to play C)
cannot be sustained in any sequential equilibrium under discounting. To see this, note that in any
equilibrium in which Player 3 and Player 4 play C forever on the equilibrium path, Player 3 can
guarantee the payoff 1 by always playing C. Moreover, 1 is the highest payoff Player 3 can get in
the stage game. In order to prevent Player 2 from deviating from C, Player 2 must be punished
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for playing D. However, the only way Player 2 can be punished for playing D is if Player 3 plays
D (since if Player 3 plays C, Player 2 gets at least 1). But in this case, Player 3 will get strictly less
than 1, so Player 3 will not find it optimal to trigger this punishment. Thus, Player 2 will have an
incentive to deviate from C, and there cannot exist an equilibrium in which Player 2, Player 3, and

Player 4 play C forever.

Note that under perfect monitoring, the payoff (1,1,1,1) can be sustained in sequential equi-
librium for high enough 6, for example by using grim trigger strategies. In this case, the problem
under network monitoring is that Player 4 does not observe Player 2, and fixing the action of Player
4 to be C, Player 3 can guarantee her maximum stage game payoff (which is 1). In other words,
the feasible and individually rational payoff set of Player 2’s neighbourhood has empty interior
when Player 4’s action is fixed at C.

This example generalises to the following Proposition, which establishes that a necessary
condition on the network structure for the folk theorem to hold under discounting is that every

connected component is 2-connected.

Proposition 3.4.2. For any (N, G) such that there exists a connected component that is not 2-connected,
there exists a stage game satisfying Assumption 1 and a payoff v* € F* such that v* is not the payoff in any
sequential equilibrium for any 6 < 1.

Proof. Without loss of generality, assume that the entire network (N, G) is connected (if not, we
can just consider each connected component separately). Now suppose that the network is not
2-connected. Let i* be a player such that (N \ {i"}, Gy\{;-}) is not connected. First, we will define
NE and NF as two nonempty, disjoint subsets of N;- with the property that for i € N and
je Nl.lf, every path (i,...,j) contains i*. Let (N, Gyi) and (NR, Gyi) be two distinct connected
components of (N \{i*}, Gn\(i}), and let Nt = NENNj- and NX = NR N N;.. We argue that N and
N lL are non empty. By the assumption that (N, G) is connected, fori € N* ¢ Nand j € NR c N,
there must be a path (i, ..., j), where each element of the path is in N. Since (N%, Gy.) and
(NR, Gnr) are two disjoint connected components of (N \ {i*}, Gn\(i+}), there is no path from i

L ;+ ;R

to j that does not contain i*. Therefore, there must exist a path (i,...,i"%,i*,i%,..., j). Now we

show that i* € NL N Nj-. The argument that i® € N® N N;- is analogous. By definition i% € N;.. If

iL

=i € NE, then we are done. Otherwise, there is a path (i, iz, ..., im-1,1 L), where each element is
in N'\ {i*}. Since (N*, Gyt ) is a connected component of (N \ {i*}, Gn\(ir}), (NE, Gyt) is connected.
Since i € Nt and there is a path (i, i2), (Nt U {iz}, GNtugi,}) is also connected. But the definition
of a connected component then implies that i ¢ N \ ({i*} U NI). Since i # i*, this implies that
ip € N*. Repeating this argument yields i* € N°.

Now we define a stage game satisfying Assumption 1 such that there exists a payoff v* € F*
that is not the payoff in any sequential equilibrium for any 6 < 1. For each player, let A; = {C, D}.

Without loss of generality, let v;(D, ..., D) =0and v;(C,D,...,D) = -1 for all i.

Foralli ¢ {i*} U NiL* U N}f:
e v;(D,an,)=0foran, =(D,...,D)
e v;(C,an;) =-1foran, =(D,...,D)
e 1;(C,an;) =1forallay, # (D,...,D)

e v;(D,an,) =1forallay, # (D,...,D).
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Forie N UNR:

o vi(D,aNi) =0 for an; = (D, .. .,D)

v{(C,an,) = -1foray, =(D,...,D)

v;(C,an;) = 1 whenever a;» = C

v;(C,an,) = =1 whenever a; = D

vi(D, an,) = 2 whenever a;+ = C
e v;(D,an;) = 1 otherwise.
For 7%, let

e vi(D,an;)=0foray, =(D,...,D)

vi(C,an,) = -1foray, = (D,...,D)

vi+(D,an,.) = 0for all ay,

v;+(C,an,.) =1 whenever ayr = (C,...,C)

v;+(C,an,.) = —1 otherwise.

Note that for each player i, 0 < 1 < maX(qg, ay,) vi(4i, an;). Suppose for a contradiction that
there exists a sequential equilibrium oy such that V;(on) = 1 for all i. This requires that for every
on-path history h;, o;(h;) = C foralli € {i*} U Nﬁ, since v;-(a;-,an,.) < 1forall (a;, an,.) such that
(aj, ang) #(C,...,C). Aslong asnoplayeri € {i*} U Nl.lf has deviated, Player i* can guarantee the
stage game payoff 1 in every period by always playing C. Now, following a history in which no
player has deviated, consider the one shot deviation for some player i € N to D. For i € N}, the
stage game payoff to D when i* is playing C is 2, and i € N can only receive a stage game payoff
less than 1 if player i* plays D.

Without loss of generality, let 1 € N lL Let h be the one period history where a; = ¢;(@) for each
i#1,and a1 = D. Let aﬁ] be the strategy profile induced by the oy after history k. Let 0 be the
strategy profile where Player 1 plays D in period 1, and follows o7 from period 2 onwards, and
let {a f\,};"’zl be the sequence of action profiles induced by (07, on\(1}). Note that in any sequential
equilibrium, B(h|h1) = 1. Then Player 1's payoff is:

Vi(o}, onyqay) = (1= 0)2 + 6Wi(ol)

For this one shot deviation not to be profitable, we need (V1(GI}<[) < 1, which involves Player i*
playing D at least once following the deviation. To see this, suppose that a}, # D for all ¢ > 2.
Then v;(a}, ﬁf\h) >1forallt >2and:

Vi(oh) = (1-06) ) 6'20q(al, a,)
t=2

> (1—6)26“2 > 1
t=2
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But consider the strategy o/, where Player i* plays C in every period. In this case, all i € N IR will
also play C and:
(Vi*(g:'flr G?\T\{i*}) =1

On the other hand, if alﬂ = D for some t > 2, then vi(dli, d;\],*) < 1 for all t with a strict inequality
for the ¢ such that a!, = D. Then:

Vi(ok) = (1-06) Y. 6" 2vy(at., ab,
t=2

< (1—5)Zéf—2 =1
t=2

Therefore, it must be the case that d,i # D for all t > 2, and so the one shot deviation must be
profitable for Player 1. This contradicts the assumption that oy is a sequential equilibrium. O

3.5 Strategies

For any payoff v* € F*, construct a finite deterministic sequence of stage game actions {af\]}sT;l
such that Tl ZsT;l v(ay,) = v". There must be a finite sequence that achieves this payoff because of
the assumption that the weights used in the convex combinations are rational numbers. Now for
T > nT., let {a3}[_, be T/T. repetitions of the length T. sequence (we will require T — nT. to be
sufficiently large). Note that this implies that T is a multiple of T, i.e. T mod T. = 0.

Define s(t) = ((f —1) mod T) +1 (i.e. s(t) =t mod T except when t mod T = 0, in which
case s(t) = T). In any period ¢, let Cis;) denote the i-th element of the vector aj; that is s-
th term of the sequence {a3,}_,. We will refer to Cjs() as the on-path action for player i in
period t. By construction Cis) = Cjis(1)+T,) (as long as s(t) + T. < T, otherwise Cj(s()+7,) is not
defined), which ensures that on-path actions are repeated at least every T. periods. For M C N,

let Cois(r) = (Cjs(r)) jem-

The strategy profile C; : H; — A;
The strategy profile C; : H; +— A; can be described with the help of:
e Asetofstates S = {A,B(1),...,B2T),A',..., A"}
e For each state, an output function f; : S XN +— A;, where:
fi(A,t) = Cisry
fiB(p),t) =D
il 1) = Cisqr
e For each history h;, a state function P; : H; — S

In the next subsection, we will define P;(h;) recursively. Then for each h; of length ¢ — 1:

Ci(hi) = fi(Pi(hi), t)
That is, if Player i is in state A or A/ at time ¢, then Player i plays C;s(s). If Player i is in state B(p),
then Player i plays D. Note that our state function depends on the history, unlike a conventional
transition function that depends on the state and the action profile. Thus, our ‘states” are not true

states. Moreover, our output function depends on time. Of course it is possible to describe the
strategy profile using a standard automaton representation, but we would need many more states.
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The function P;

After the initial history:

Pi(Q) =A

Let h! denote a length t history for Player i. Suppose that P;(h!™") = A.
o If a]t. = Cjs(p) for all j € N; U {i}, then P;(h}) = A

e Otherwise P;(h!) = B(p(t)), where:

T-s(t) fors(t)e{l,...,nT.}

p(t) =
2T —s(t) fors(t) e {nT.+1,...,T}

Suppose that Pi(hf‘l) = B(p). Pi(hf.) depends on two functions dy; : H; — {0,1} and dy; : H; —

{0, 1}, which we define in a footnote to preserve continuity.'
o If d]j(hf) =1, then Pi(hf) = Al
o If dzl'(hf) =1, then Pi(hf) = BQ2T - s(t))

Bp-1) ifp>1

e Otherwise, P;(h!) =
A ifp=1

Suppose that P;(h{™!) = A/
o If a; = Cjsry and s(t) < T, then P;(h!) = A/

o If aj. = Cjs(p) and s(t) = T, then P;(h!) = A

e Otherwise, Pi(hf’l) = B(2T - s(t))

1Define dq; : H; — {0,1} and dy; : H; — {0, 1} as follows:
dh-(hf) = 1if and only if:
a) s(t) =nT.
b) af # Cis(r) forsome 7 € {t —=s(t) +1,...,t —s(t) + (n - D)T.}
c) There is a unique player j € N; such that:
i) a}[ = Cjs(r) forall T € {t —s(t) +1,...,t —s(t) + nT.},
ii) a; #Cjspyforallte{t —s(t) -T+1,...,t —s(t) - T + nT.}

dzl'(hf) = 1if and only if:
a) s(t)=T
b) There is a player j € N; such that:
i) a; =Cjs(r) forallt € {t —s(t) +1,...,t —s(t) + nT.}
ii) a} # Cjs(r) forsome 7 € {t —s(t) +nTa+1,...,t —s(t) + T}
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Intuition

After a history hf‘l in which Player i is in state A, if Player i and her neighbours all play the
on-path action Cjs1), then Player i remains in state A after history &;. If anyone deviates, then
after history h' Player i will be in state B(T — s(t)) if ¢ is in the first nT. periods of a length T
block or B(2T — s(t)) if ¢ is in the last T — nT, periods of a length T block. An interpretation of
B(p) is that Player i should play D for p periods; however, this interpretation is not strictly correct
because after a history where d1;(h') = 1, which is possible only when s(t) = nT., Player i could
“transition’ from B(T — nT, + 1) to A/ (by ‘transition’, we mean that Pi(hffl) =8B(T-nT.+1)and
P,‘(hf) = AJ, and after a history where dp;(h') = 1, which is possible only when s(t) = T, Player i
could transition from B(1) to B(T).

| J !
| o]

s(t):
|

If there are no further deviations
Deviations from A in
A resumes in this period
these periods are punished

by T — s(t) periods of D

Figure 3.1: Transitions in A, s(t) € {1,...,nT.}

T. nT. nTs

| l | | |
|t oot

If there are no further deviations

s(t):

L — ]

Deviations from A in
A resumes in this period
these periods are punished

by 2T — s(t) periods of D

Figure 3.2: Transitions in A, s(t) € {nT. +1,...,T}

Loosely speaking, deviations from A in the first part of each length T block are punished until
the end of the block, and deviations in the second part of each length T block are punished until
the end of the next block. The idea is that any player who deviates from A is punished by D for
a sufficiently long time (at least T — nT. periods). The reason that first part of the length T block
is nT. periods is to ensure that Cy is stable, in the sense that if every player follows the strategy
after an arbitrary history &, after finitely many periods, every player will return to state A.

To see the intuition behind this result, suppose that the network is connected and for all i,
Cis¢r) # D for some s(t) (that is, every player has to play an action other than D in some period
on the equilibrium path). If Player 1 is in state $(T) at the start of a length T block, then she will
play D at least for the first nT, periods. To see this, note that for any hf such that s(t) ¢ {nT., T},
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d1i(h!) = 0 and dyi(h!) = 0, and so if P(h!™!) = B(p), then P(h!) = B(p — 1). Thus, if Player 1 is in
state B(T) at the start of a length T block, after the first period of the length T block (when s(t) = 1),
she will be in state B(T — 1), and after after nT. — 1 periods, she will be in state B(T — nT, + 1). So
she will play D in at least the first nT, periods.

Since the on-path actions are repeated every T. periods, after T. periods Player 1 must have
played D in some period t where D # Ci4), and hence her neighbours will also be in state
B(T — T.). By the same argument as before, they will also play D until at least the nT.-th period
of the length T block. Then after 2T. periods, all of their neighbours will be in state 8(T —T.), and
after (n — 1)T. periods, everyone in the network will be in state B(T — (n — 1)T.).

After the nT,-th period of the block, it is possible that some Player i may be in state A/ for
some j € N;; in the Appendix, we will deal with this case, but under our current assumption that
forall i, Cis;) # D for some s(t), it is easy to verify that part (i) of condition (c) in the definition of
d1; will not be satisfied by any j € N; since everyone in the network is playing D after (n — 1)T.
periods. Thus, everyone will continue playing D until the end of the length T block.

After the last period of the length T block, when s(t) = T, everyone will be in state A unless
d»;j is equal to 1 after that history for some i. However, since everyone was playing D after (n —1)T.
periods, part (i) of condition (b) in the definition of d»; cannot be satisfied; hence after T periods,
everyone will be in state A. In the next subsection we will discuss stability in more detail.

In this period t such that s(t) = nTs,

dqy; = 1if:
s(1): T. nT. T (1) i played a] # Cjg() for some
l l l l tef{t-s(t)+1,..., t—s(t)+(n—-1)T.}
|\H\‘HH‘\\H‘HH‘HH‘HH‘HH‘H\\‘\H\‘HHlHH‘HH‘HH‘\\H‘\H\‘HH‘\\H‘HH‘HH‘HH
L | E—
and there is exactly one neighbour j (3) and played ”; = st(r)
who (2) played a]? # Cjs(r) in all of these periods

in at least one of these periods

Figure 3.3: Transitions in B: d;

Now we discuss the purpose of di; and d»;. If we consider the strategy without the transitions
out of B(p) defined by these two functions, there are two types of deviations that are possible
for certain network structures that could be profitable. If Player j deviates towards the end of the
first part of a length T block, it is possible that in the next length T block some neighbours are
in state A and some neighbours are in state 8(p) in the second part of that block, and having
some neighbours play C and others play D may yield a high payoff to Player j. Then repeatedly
deviating in this way could improve Player j’s repeated game payoff (note that the one shot
deviation principle does not apply since 6 = 1, and any finite sequence of deviations will have no
effect on repeated game payoffs owing to stability).

For a concrete example of this type of deviation, consider 4 players connected on a line. Let
A; = {C, D}, and suppose that on the equilibrium path, C is played in every period (so we can
let T. = 1, nT. = 4). Assume that every player i # 2 will play according to the strategy profile C;.
Now suppose that there are no deviations up to period 3, so that each player is in state A after
history 13, and Player 2 deviates for the first time in period 4, so that Players 1, 2, and 3 are in state
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In this period f such that s(t) = T
dy; = 1if there exists j such that:

s(t): T. nT.
!

|
|t

— ]

L I J

]

j played a; =Cjs(r)in j played 11; # Cjs(r) inat

all of these periods least one of these periods

Figure 3.4: Transitions in B: d

B(T - 4) after history h*. Note that Player 4 then does not observe D until period 5, and so Player
4 is in state B(2T — 5) after h°. Thus, after period T, Players 1, 2, and 3 are in state A, but Player 4
is in state B(T).

In period T + 1, Player 4 will play D, so Player 3 will play D from period T + 2 onwards. Note
however, that if Player 2 does not play D, Player 1 will remain in state A. Thus, from periods T +2
to 2T, Player 1 will play C and if Player 3 remains in state 8(p) she will will play D, which may
be beneficial for Player 2. The transition out of 8(p) when dy; is equal to 1 is designed to rule out
exactly this type of deviation. In this case, if Player 2 plays C in every period from T +1to T + 4,
then dy,(h **) = 1, and Player 3 will be in state A* after h™*4, and revert to playing C (unless
Player 2 deviates to D again). Intuitively, if a player has already been punished for a deviation, and
refuses to match another player’s punishment, then the latter player should end the punishment
in case it is actually benefiting the former player.

The second type of deviation occurs if a player finds herself being punished by one group of
neighbours but not another. By deviating near the end of the length T block, she can reverse the
pattern, which may also be profitable. Using the same set up as the previous example, suppose
that after some arbitrary history, at the start of a length T block, Player 1 is in state 8(T), and
Player 3 is in state A. Now as long as Player 2 plays C in this length T block, Player 1 will play D
and Player 3 will play C, which may be beneficial for Player 2. It may also be beneficial for Player
2 if Player 1 plays C and Player 3 plays D. Suppose that Player 2 plays D in the last period of the
length T block. Then Player 3 will be in state B(T) after the last period of the length T block, and
play D in every period in the next block. Note that Player 1 is in state 8(1) in the penultimate
period of the length T block. If she is in state A after the last period of the length T block, she will
play C in the next block. The transition out of B(p) when dy; = 1 is designed to ensure that in this
situation, Player 1 will instead be in state B(T) after the last period of the length T block and play
D for an additional block. Intuitively, if a player deviates in the second part of a block, playing
on-path actions in the first part, all of her neighbours should punish her until the end of the next
block even if they were already in state 8(p). This ensures that even when some neighbours are
in state 8(p), any deviation from the on-path actions will be punished with D by every neighbour
for at least T — nT. periods.

If Player j is in state A*, for k # i, then Player j will not punish any deviation by Player i.
However, it is shown in the Appendix that if all players other than i have been playing according



CHAPTER 3. REPEATED GAMES WITH LOCAL MONITORING 84
to Cn\ iy for a sufficiently long time, then Player j cannot be in state Ak, for k # i.

Stability

If everyone plays according to the strategy Cn, Cns(r) will be played for all £ > 1. An important
feature of the strategy profile Cy is that if every player plays according to C’;\, after an arbitrary
history & of length z, after at most 2T periods, every player will play as if there are no deviations

in h. This is established in the following definition and Lemma.

Definition 3.5.1. For any arbitrary history & of length z, let !, t > z, be the length ¢ history
generated by Cy after h. The strategy profile Cy is stable if for any h there exists a T such that
Cn(h') = Cng forall t > T.

Lemma 3.5.1. The strategy profile Cy is stable. Moreover, for any h of length z, Cn(h') = Cns(r) for all
t>z+2T —s(z).

Proof of Lemma 3.5.1. Appendix. m]

The proof proceeds as follows. Let N¢ be the set of all players such that C;s;) # D for some s(t),
and let (N1, ... ,N(L:) be a partition of N¢ into connected components, i.e. each (N(l:, GNIC )is a
connected component of (N¢, Gn,.).

First it is shown that for any arbitrary history of length z, for any i € N, either Pi(fzfq—s(z)) =A
or Pi(fzf”_s(z)) = B(T). If forall i € N., Pi(ﬁf+T_s(Z)) = A, then in period z + 2T — 5(z), for each
ieNL P = A

Suppose that in period z + T — s(z) there is at least one i € N lC such that Pi(ﬁf+T_s(z)) = B(T).
Using the fact that the on-path actions are repeated every T. periods, it is then shown that by
period z+T—s(z)+nT., foralli € NL, either Pi(flf+T_s(Z)+”T*) = B(T-nT.)or Pi(ﬁf+T_s(Z)+nT*) = Al
for some j ¢ Nc. In either case, it follows that in period z + 2T — s(z), Pi(fszrzT_s(Z)) = A for all
ieNL.

Since this is true for any N lc and Nc = UlelN (l:, it follows that for any i € N¢, i will play
df = Cjs(t) forall t > z + 2T — s(z). Since any i ¢ Nc always plays C;s(;) = D regardless of history,
it follows that for all i € N, ! = Cis forall t > z + 2T — s(z).

3.6 Proof of Proposition 3.4.1

Now we will prove Proposition 3.4.1 by showing that the strategy profile Cy is a sequential
equilibrium and supports the desired payoff v".

Proof of Proposition 3.4.1. First, we show that for any i € N, Vi(Cn) = v]. Let {af\,}f’zl be the
sequence of stage game actions generated by Cy, and note that:

1< ”
{Ezvi(aflaf\]i)} )
t=1 K=1

K
= lim 1 vi(al,al))
_K—>ooK BTN
=1

Vi(Cn) = A

L aF
=70;.

The second equality follows from the fact that A(x) = lim, e x,, for each x € c, the space of all
convergent sequences (Lemma 16.45 in Aliprantis and Border (2006) p. 550). To see that the limit
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of % Zle Ui(af, af\]i) exists and is indeed equal to v}, note that for K > T the following expression

is valid:

1

X vilay, ay) -

1P

K-s

—

K) K

1
0i(Cist), Cnys(r) — 07 + T Z 0i(Cist), Cnys(r)
F=K—s(K)+1

R =
-
I
N

IA

1 K-s(K) 1 K
(K K— s(K)) 0i(Cis(t), Cnys(n) + X Z 0i(Cistt), Cnys(r)
=1 t=K-s(K)+1

KT maxg, ay, viai, an;) T maxa,,ay, viai, an;)

+
< K(K-T) K '

which can be made arbitrarily small for large K. In the third line, we have used the fact that when

on-path actions are played over complete length T blocks, the average payoff over those blocks is

v ie g S(K) ZK s&) 0i(Cist), Cnys(r)) = v, which is true by construction.
Given a strategy profile oy = (01, ..., 0y) and a history #, let Ok] = (OT, ..., 0l be the profile

induced by the history i. We show that for any history & and any strategy 6; € L;,
Vi(CR) 2 Vi, ).

Since this is true for any history #, it is optimal for player i to follow the strategy at each of her
information sets 7 (h;), whatever her beliefs about / conditional on /; may be.

Consider any history i € H of length z. Let {a{;}?>_ | be the sequence of stage game actions
generated by CN after history k. By Lemma 3.5.1 and the properties of Banach-Mazur limits,
"VI(C ) = v}. To see this, first note that for K > 2T — s(z):

z+K 1 z+2T-s(z) 1 24K
= D wtta) =g > wha) Y. wlalal).

t=z+1 t=z+1 t=z4+2T-s(z)+1

Then by the property that A(x1, x2,...) = A(x2, x3,...) for each (x1, x2,...) € {o:

h 1 z+K o
Vi(Cy) =A I § vi(di', dy.)
K=2T—s(z)

t=z+1
[ee]
z+2T—s(z) z+K
NEE Z z;(dfaf)+l Z vidit, at,)
K 1 N 1 T Ni
t=z+1 t=z+4+2T-s(z)+1 K=2T—s(z)
z+2T—-s(z) 1 z+K
= lim | — Z vidi', ay,) + = Z vi(di!, a)
K—oo | K i K i
t=z+1 t=z4+2T-s(z)+1
=0+v;,

where third equality follows since the sequence converges (which we will show), and the fourth
equality follows from Lemma 3.5.1 (which implies that for all t > z + 2T — s(z), ﬁ; = Cjs(t for all

j € N) and the fact that limg % Zf:gﬂ_s(z)“ 0i(Cis(t), Cnys(r)) = v} To see this, note that for



CHAPTER 3. REPEATED GAMES WITH LOCAL MONITORING 86

K > 3T — s(z) the following expression is valid:

z+K
1

I Z 0i(Cis(t), Cnys(t) — 0;
t=z4+2T-s(z)+1

1 z+K-s(z+K) 1 z+K
=z Z 0i(Cist), Cnys(r) — 07 + Z Z 0i(Cist), Cnys(t)
t=z+4+2T-s(z)+1 t=z+K-s(z+K)+1
1 1 z+K-s(z+K) 1 z+K
= (E K K) Z 0i(Cist), Cnys(r) + X Z vi(Cist), Cnys(t)
t=z+42T-s(z)+1 t=z+K-s(z+K)+1

3KT max, ay, vi(ai,an;) T mMaXg, ay, vi(a;, an;)
< + 7
K(K -3T) K

where k = s(z + K) + 2T —s(z). For the last inequality, we multiply the maximum number of terms
in each summation by the maximum value of the summand and replace x by its maximum value,
noting that since ¥ < K, 1/K —1/(K — «x) is less than zero and decreasing in k. This bound can

be made arbitrarily small for large K. Since z + 2T — s(z) + 1 is the beginning of a length T block,

1 ZZ+K_S(Z+K)
K-x “t=z+2T-s(z)+1
Thus, we need to show that for any player i € N and any strategy 0; € X;,

0i(Cist), Cnis()) = v;, which explains the third line.

v; > Vi(0;, C}_ll)

Let {a}};2,,, be the sequence of stage game actions generated by (6;, ct ;) after history &, and
let ht, t > z, be the length t history generated by (0;, C’ii) after h. Note the payoff for player i
satisfies:
z+K z+K z+K
Z vi(a, ay) = Z 0i(Cis(t), Cnys(r) + Z [Ui(ﬁf, i) = vi(Cis(r), CNis(t))]
t=z+1 t=z+1 t=z+1
z+K
= Z 0i(Cis(ty, Cnys(r)) + TI(K)
t=z+1
where:
z+K
MK = Y, [oi@, a) - oi(Cist, Cnist) (3.1)
t=z+1

<6T max |vi(aj an,) - vi(a}, ay, )l
“iaNi’”i”Ni

for all K > 1 (when T — nT. is chosen to be sufficiently large). We establish inequality 3.1 as a
Lemma:

Lemma 3.6.1. For an appropriately chosen value of T, I(K) < 6TM for all K > 1, where M

maxaiaNi,a;H}\,i Ivi(ai/ aNi) - Ui(ﬂ;, a;\]i)l'

Proof. Appendix. ]

Note also:

z+K

lim X Z Ui(Cis(t)/ CNiS(f)) = U;'

t=z+1
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To see this, note that for K > 2T the following expression is valid:

1 z+K
T Z 0i(Cisr), CNys(r) — 05
t=z+1
z+T—s(z) 1 z+K
<z Z vi(cis(t)rCNis(t))+E Z 0i(Cist), Cnis(t))
t=z+1 t=z+K-s(z+K)+1
z+K-s(z+K)

1 *
+g Z vi(Cis(t), Cnys(t) — 0;

t=z+T-s(z)+1

z+T-s(z) 1 z+K
=1z Z 0i(Cisty, Cnis(r) + T Z vi(Cist), Cnys(t)
t=z+1 t=z+K-s(z+K)+1

1 1 z+K-s(z+K)
+ (E e v) Z 0i(Cis(t), Cnys(r)

t=z+T-s(z)+1

2T maxg, qy Vi(ai, an;)  2KT maxg, 4y vi(ai, an;)
< 1 + 1 ,
K K(K - 27)

where v = s(z + K)+T —s(z). This last line can be made arbitrarily small for large K. The argument
here is similar to when we showed that limg_,c % Zle vi(a f ,a f\,_) = v}, the difference being that
now we have to “trim’ the beginning as well as the end of the summation.

Combining the previous results, we have that:

z+K

limsupE Z vi(d, ay) < v},

K—0o t=z+1

Since A(x) < limsupx, for any x = (x1,%2,...) € fo (Lemma 16.45 in Aliprantis and Border
(2006) p. 550, Vi(6;, ") = A ({ g DK wital )| ) <o 0

3.7 Conclusion

We have shown that it is possible to sustain as a sequential equilibrium any payoff that can be
achieved by a finite deterministic sequence of stage game actions such that each player receives
strictly more than her Nash equilibrium payoff. We provide incentives to play the equilibrium
strategies by punishing deviations for at least T — nT. periods. In order to achieve stability, the
exact number of periods for which each deviation is punished depends on when it occurs. Similar
strategies can be used to prove a folk theorem without the assumption of local interaction as long
as the entire network is a connected component. In this case, we would also need a signalling
action to ensure that deviations spread to the entire network. It may be possible to extend the
result to payoffs that require infinite sequences using a trick similar to Fudenberg and Maskin
(1991). For stability, we would need the non-punishing action to be played sufficiently often, so
that punishment can spread to the entire network quickly enough, and it seems plausible that
sequential rationality would be maintained if the continuation payoff at each date remained close

to the target payoff.
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Appendix 3.A Proof of Lemma 3.5.1

Lemma 3.A.1. For an arbitrary history h! of length t:
1. If Pi(h!) = B(p), p > 0, then p = T —s(t) or p = 2T — s(t)
2. Ifs(t) € {1,...,nT.}, then Py(h!™1) # A

Proof. We prove part 1 by induction on the history length. For the empty history, the antecedent
is false, and so the statement is true. Now suppose that for all h{~!, Pi(h!™!) = B(p) implies
p=T-s(t—-1)orp =2T —s(t —1). We show that Pi(hf) = B(p) implies p = B(T — s(t)) or
p = B@2T —s(t)). If Pi(hi™) = A or Pi(h!™") = A/, and P;i(h!) = B(p), then p = p(t) = T —s(t) or
p = p(t) = 2T—s(t) by definition. Suppose that P;(h!™!) = B(T—s(t-1)) or P;(h!™1) = BQ2T-s(t-1)).
Note that P;(h!) is either Al, B2T - s(t)), or B(p —1). For s(t —1) < T, s(t) = s(t = 1) + 1, so
p—1=T—-s(t)orp—-1=2T —s(t).Fors(t —1)=T,p—-1=T—-1=T - s(t). Thus, in each case,
Pi(h!) = B(p) implies p = B(T —s(t)) or p = BT - s(t)).

For part 2, note that Pi(hf) = Al and P,-(hf_l) # Al if and only if + = nT., and when s(t) = T,
P,‘(hf) + Al O

Lemma 3.A.2. Take any h, hh' of lengths t and t + t’ such that s(t),s(t +t') € {1,...,nT. —1}. For
T < t, let ay, be the period T action profile in h. Then:

1. Foranyi € N, Pi(h) = A or Pi(h) = B(T —s(t))
2. If Pi(h) = B(T — s(t)), then Pi(hh') = B(T — s(t + t'))
3. Ifforanyt e {t —s(t)+1,...,t}, (a},a}\,i) # (Cis(), Cnis(r)), Pi(h) = B(T — s(t))

Proof. For any history h of length f such that s(t) = T, if P;(h;) = B(p), then p is at most T by
Lemma 3.A.1. For any h of length t such that s(t) € {1,...,nT. - 1}, if Pi(hf‘l) =A, Pi(hj) = A
or Pi(h;) = B(T — s(t)), and if Pi(hf_l) = B(p), Pi(h;) = B(p — 1). Thus, if Pi(h;) = B(p),p < T. By
Lemma 3.A.1, P;(h;) = A, Pi(h;) = B(T — s(t)), or P;(h) = B2T — s(t)), but by the previous claim,
it cannot be B(2T — s(t)).

Part 2 follows immediately from the definition of P; after noting that for any hf‘l such that
s(t) e {1,...,nT. -1}, if P,-(hf_l) = B(p) then Pi(hf) = B(p — 1). For part 3, the definition of P;
implies that P;(h") # A, and the claim follows from parts 1 and 2. m]

Proof of Lemma 3.5.1. For an arbitrary history 1 of length ¢, let 77, T > t be the length 7 history
generated by (C) after h, and let {4},}*°, be the corresponding sequence of stage game action
profiles. Let N¢ denote the set of players who have to play an action other than D in some period
on the equilibrium path. Note that for each player i ¢ Nc, 4] = Cig(r) for all T > t + 1. Thus, we
need to show that for all i € N¢, Pi(h7) = A forall T > t + 2T — s(t), which implies that a7 = Cj ()
forallt >t +2T —s(t) forall i € Nc.

Let(N',...,Nl)bea partition of N¢ into L connected components. That is, each (N, é, GNzC ) is
connected component of (N¢, Gy ). Note thata player i € N, IC cannot have a neighbour j € NX, k #
I, because in that case (N lc U {j}, GNIC ug j}) would be connected, contradicting the definition of a
connected component. We will consider the connected component N I where I is arbitrary, and
show that for all i € Né, Pi(flf+2T_s(t)) = A.

First, we argue that if for all i € N, L Pi(ﬁf) = A for some period k, then for all i € N L
P,’(fl}) = A for all T > k. To see this, consider the set B = N(l: U{j:j e N;forsomeie Nlc}, and
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note that if Pi(ﬁ}‘l) =Aforallie N(":, then Pi(fz}) =Aforallie N(I:. This is because each j € B
is either in N ZC or not in N¢ (since N, é is a connected component of N¢). Each j € N; N N é will
play Cjs(r) since Pj(fl;_l) = A, each j ¢ Nc will play D = Cjg(q) regardless of Pj(fl}_l), and 7 will
play Cis(r) since P;(h7~1) = A. Thus, @7 = Cjs(y) forall j € N; U {i}, and so Pi(h7) = A.

By Lemma 3.A.1, for any i € N, we have either Pi(flﬁﬁ_s(”) = A or Pi(flf+T_5(t)) = B(T). If
P,-(ﬁf”_s(t)) =Aforalli € N¢, then foralli € N’C, Pi(ﬁf) =Aforallt > t+ T —s(t), so assume
that for some i € Nlc, Pi(fzf”_s(t)) = B(T).

Without loss of generality, let Player 1 belong to N, é and let Pl(fllHT_s(t)) = B(T). First, we argue
that for all i € NL, Pi(A{T W) = B(T — nT, +1). For any player i € N(, there exists a path
(1,72,..., jm-1,1) such that each player in the path belongs to NlC (since NlC is connected), and
m < n. Note that player 1 will play D in every period 7 € {t + T —s(f) +1,...,t + T —s(t) + T.}
according to C’ll. Since player 1 belongs to N, it must be the case that Cy5(;) # D for at least one
te{t+T—s(t)+1,...,t+T—s(t)+T.} (recall that the sequence of on-path actions repeat every
T. periods). By Lemma 3.A.2, sz(ﬁ;.;T_s(t)JrT*) = B(T - T.). Now j, will play D in every period
te{t+T—s(t)+T.+1,...,t+T—s(t)+2T.}, and since j, € N¢, the previous argument implies that
P]-3(;2§3+T‘5(”+2T*) = B(T—2T.). Thus, by period ¢ + T —s(t)+(m—1)T., we have P; (i ¢+~
B(T — (m — 1)T.). Since, m < n, Lemma 3.A.2 implies that P;(7! ™" *V*""71) = B(T — T, + 1).

Now for each i € NIC, Pi(ﬁerT_s(t)MT‘) depends on whether dli(ﬁf+T_S(t)+"T*) = 1. If there
does not exist a unique j satisfying parts (i) and (ii) of condition (c) in the definition of dy;, then
Pi({*TW Ty = B(T — nT.). Now we argue that do;(h7) = 0 for all T € {t + T — s(t) + nt. +
1,...,t+ 2T — s(t)}, and hence P,-(fl?zT_s(t)) = A. First note that condition (a) in the definition
of dy; implies that dz,-(hZ.T) = 0 for all 7 such that s(7) # T. Thus, we only need to show that
dZi(hf+2T_s(t)) = 0. To see this, note that for any j € Nj, there is a path (1, jo, ..., jm-1, j), where
m < n, which implies that Pj(fz;JrT_s(t)Jr("_l)T*) = B(T - (n - DT.), and thus, a7 = D for all
te{t+T-s(t)+(n-1)T.+1,...,t+T —s(t)+nT.}. Thus, for j to satisfy part (i) of condition (b)
in the definition of dy;, it must be the case that j ¢ Nc. But this means that j will play D = Cjs(q)
foreach 7 € {t + T —s(t) + nT. +1,...,t + 2T — s(¢)}, and so will not satisfy part (ii) of the
condition. Therefore, for each v € {t + T —s(t) + nt. +1,...,t + 2T — s(t)}, if Pi(hl.T_1) = B(p),
then Pi(h?) = B(p — 1) for p > 1, and P;(h7) = A for p = 1. Since P;(h{" V""" = (T — nT.),
P,‘(fl:+2T_s(t)) - A

If for some i, dli(hf+T_s(t)+”T*) =1, then Pi(ﬁ§+T_s(t)+"T*) = Al", where j* is the unique neighbour
satisfying condition (c) in the definition of di;. Note that j* cannot be in N¢, and therefore j* will
play ﬁjﬂ = Cj(q) foreach v € {t + T —s(t) + nT. +1,...,t + 2T — s(t)}, which implies that

Pi(}‘lﬁZT—s(t)) - A O
Appendix 3.B  Proof of Lemma 3.6.1

Let Ci(hi) = Cis(s) for any h; of length t — 1. That is, C! is the strategy where player i plays the
on-path actions after every history. For any arbitrary history / of legnth ¢, let ﬁf, T > t, be the

length 7 history generated by (C/, Cn\(iy) after h.

Lemma 3.B.1. The strategy profile (C’, Cn\(;y) is stable. Moreover for all i € Nc \ {i}, P,-(ﬁf) = A for all
T >t +2T — s(f).

Proof. Replace Nc with N¢ \ {i} in the proof of Lemma 3.5.1. ]
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(o8]
t=z+1

generated by (6;, c l.) after history /, and ht, t > z is the length ¢ history generated by (6;, C’j l.)
after h.

Recall that 7 is an arbitrary history of length z, {a}} is the sequence of stage game actions

Lemma 3.B.2. Suppose that for ﬁ;, j € Ni, t >z + 2T — s(t), conditions (a) and (b) in the definition of
dij are satisfied. Then d1]-(f1;) = 1 if and only if Player i satisfies parts (i) and (ii) of condition (c) in the
definition of dy;.

Proof. We will show thatno k € N;\ {i} can satisfy parts (i) and (ii) of condition (c) in the definition
of d1j, when conditions (a) and (b) are satisfied. Assume that s(t) = nT,, and take any k € N; \ {i},
and note that for k to satisfy (i), 4, # Cys(r) forsome 7 € {t—s(t)-T+1,...,t—s(t)-T+nT.}. But
this implies that k € N¢. Condition (b) requires that ﬁ]T # Cjs(r) forsome T € {t —s(t) +1,...,t -
s(t)+(n—1)T.}, which implies that then ] = D forall T € {t-s(t)+(n-1)T.+1,...,t=s(t)+nT.},
and in at least one of these periods Cy,(;) # D, and so k cannot satisfy condition (ii). Thus, if Player i
satisfies parts (i) and (ii) of condition (c), then Player i is the unique player satisfying this condition,
and d; j(ﬁ;) = 1. If Player i does not satisfy parts (i) and (ii) of condition (c), then no player satisfies
the condition, and d; j(h;) =0. m]

Lemma 3.B.3 says that when i’s opponents play D in every period in a length T. block, the value
of I(K) decreases by at least T.v’.

Lemma 3.B.3. Assume that for all j € N, d; =D forallt € {k+1,...,k+T.}, where k is such that k
mod T, = 0. Then:

I(k -z + T.) - TI(k - z) < ~T.0}.
Proof.

Ik —z+T.) - II(k — 2)
k+T. k
Z [vi(ﬁf,ﬁf\li) - vi(cis(t)/CN;s(t))] - Z [Uz‘(ﬁf,ﬁﬁ\h) - vi(Cis(t),CN,»s(t))]
t=z+1 t=z+1
k+T.
Z [vi(ﬁf, ay) = vi(Ciscr), CNis(t))]
t=k+1
k+T.
Z [0:(a@, D, ..., D) = vi(Cist), Cnis(t))]
t=k+1

k+T.
<- Z 0i(Cis(t), Cnys(t)

t=k+1

=-T.v}.

O

Lemma 3.B.4 says that if each player other than i has been playing according to Cn\¢;y for a
sufficiently long time, and i plays an action other than C;(;) in some period ¢ in the first part of a
length T block, then all of i’s neighbours will punish i with D until the end of the length T block.

Lemma 3.B.4. Forany ky, > z+2T —s(z) such that s(ky,) = T, z'fﬁf # Cis(r), where t* € {ky +1, kyy +
nT.}, then forall j € N, aj =D forall t € {t'+1... kuy +T}.
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Proof. In period t* — 1, for each j € Nj, either Pj(fz;*‘l) = A or P/(fz;*‘l) = B(T —s(t* = 1)) by
Lemma3.A.2.Since @} # Cjy(s+), inboth cases P]'(}_l?) = B(T-s(t")). Since ! # Cig(t+), Lemma 3.B.2
implies that dj(ﬁ;{“"n) =0, and so Pj(fz;f"’+"T*) = B(T —nT.). Thus, forallt € {t*+1...,k, + T},
Pj(fz]t.‘l) =8B(T-s(t-1))or Pj(fz§_1) = B(2T - s(t — 1)), depending on whether dz,'(fz]t.‘l) =1, but
in either case for all j € N, ﬁ; =Dforallt e {t"+1...,k,+T}. i

Lemma 3.B.5 says that if each player other than i has been playing according to Cn\¢;y for a
sufficiently long time, and i plays an action other than C;,;) in some period ¢ in the first part of a
length T block, then plays C;;(;) in every period t in the first part of the next length T block, then
for every period t starting from the beginning of the second part of that length T block, each of of
i’s neighbours, j € N;, will play Cjs(;) until i plays something other than Cij ().

Lemma 3.B.5. For any k,, > z + 2T — s(z) such that s(ky) =T, z'fdf # Cis(y) for some t € {ky — T +
1,ky—T+nT,}and ﬁf = Cisqpy forall t € {kyy +1,...,t" =1}, where t* > k;, + nT., then for all j € N;,
ﬁ; = Cjsp forall t € {ky, +nT. +1...,t}.

Proof. Take an arbitrary j € N;. Let M be the maximal connected component of N¢ \ {i} containing
j. As in the proof of Lemma 3.5.1, replacing Nc with Nc \ {i}, if for all k € M, Pk(fzf’“’) = A, then
forall k € M, Pe(h!) = A, forall t € {ky,..., '}

If for some k € M, Pk(flf'“) = B(T), then after period k,, + (n —2)T, Pj(flf’”("_zm) = B(T -
(n — 2)T.). This means that ﬁ; # Cjs) for some t € {ky, + (n =2)T. +1,...,ky + (n = 1)T.}, and
therefore j satisfies condition (b) in the definition of d;;. Note that i satisfies parts (i) and (ii) of
condition (c) in the definition of d;; after history . Since, s(ky, + nT.) = nT,, condition (a) of

the definition of d1; is also satisfied, and by Lemma 3.B.2, for all j € N, Pj(fz;f"’J“”T*) = A

fl]fm+”T*
]

O

Lemma 3.B.6 says that if each player other than i has been playing according to Ca\¢;y for a
sufficiently long time, and 7 plays Cjs(;) in every period t in the first part of a length T block, and
then plays an action other than C;,() in some period ¢ in the second part of a length T block, then
all of i’s neighbours will punish i with D until the end of the following length T block.

Lemma 3.B.6. Forany k,, > z+2T —s(z) such that s(k,,) =T, iféf = Cis(py forall t € {kjy+1,...,t"~1}
and it # Cigy, where t* € {ky +nT.+1,...,ky + T}, then for all j € Nj, ﬁ;. =D forall t €
{t'+1,..., kyn +2T}.

Proof. Take an arbitrary j € N;. If P]-(ﬁ]tf‘l) =Aor P]'(}_l;*_l) = A, then Pj(ﬁ;*) = B(2T —s(t)) (note
that by Lemma 3.B.2, P,-(l%;f-l) # A~ for k € Nj \ {i}) and a]f, =Dforallt € {t'+1,...,ky+2T},

+T+”T*) = 1. Note that i cannot satisfy (i) and (ii) of condition (c) in the definition of

unless d; ]-(i_l;f’”
d1j because @} = Cis forall t € {ky, +1,...,k, +nT.}, so by Lemma 3.B.2, dlj(ﬁ;.""”*”n) —0

If Pj(fz;*‘l) = B(p), p > 0, then we immediately have d]t. =Dforallt € {t++1,...,ky+T}.
Note, however, that i satisfies (i) and (ii) of condition (b) in the definition of d»; after history fzj,c"‘”
and s(k,, + T) = T, so P]-(ﬁ?"’J'T) = B(T). Thus d; =D forall t € {t++1,...,ky + 2T}, since

d j(fz;{’” Tty — o by the same argument as in the previous paragraph. m|
For Lemmas 3.B.7 and 3.B.8, assume that T is chosen such that Tv} > (n + 1)T.M.

Lemma 3.B.7. Take some I(k,;, — z), kyy = z + 2T — s(z), such that s(ky,) = T, and P]-(fz;."”) = A for all
j € Nc \ {i}. For either kjy41 = ky + T 07 kyys1 = ki + 27T, it is either the case that:
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1. (k1 — z) < H(ky, - 2)
2, Pj(ﬁjfm“) = Aforall j € N¢c \ {i}

or

1. M(km+1 —z) < Tl(ky — z) = (T = nT.)v; + T.M

Proof. Assume thatk,, >z +2T —s(z), s(k;,) = T, and Pj(fl;c’”) =Aforall j € Nc\ {i}. Weneed to
show that for either k;; 11 = k, + T or k.1 = k,, +2T, it is the case that either T1(ky, 11 —z) < I1(k,;, —2)
and pj(fzjfm) = Aforall j € Nc \ {i}, or (k41 — z) < TI(ky — z) — (T = nT.)v} + T.M.

Casel:a} = Cjy(y) forallt € {ky+1,...,ky+T}. Note thatin this case, (a}, df\]l_) = (Cisty, Cys(t))
forall t € {ky +1,...,ku + T}. Therefore, there will be no change in Il(K). By Lemma 3.B.1,
P]»(fz;‘m”) = Aforall j € N\ {i}. Thus, kys1 = ky + T will do.

Case2:d; = Cjs(p forallt € {kyy+1,..., ky+nT.},a; # Cig forsomet € {ky+nT.+1,ky,+T}.
Let t* be the first € {k,, + nT. + 1, k;, + T} such that df # Cis(t)- There will be no change in I(K)
over the periods in {k,, +1,...,t* —1}. By Lemma 3.B.6, all of i’s neighbours will play D in every
period t € {t* + 1,k + 2T}. In the length T. block containing t*, I[1(K) can can go up by at most
T.M. By Lemma 3.B.3, I1(K) must go down by at least Tv; over the periods in {km+T+1,ky +2T}.
So aslong as Tv} > T.M, km+1 = ki + 2T will do.

Case 3: ﬁf # Cis() forsome t € {k, +1,...,ky +nT.}. TI(K) can go up by at most T.M over the
periodsin {k,, +1,..., ky + nT.}. Lemma 3.B.4 and Lemma 3.B.3 imply that I'l(K) must go down
by (T — nT.)v; over the periods in {ki, + nT. +1,...,kyu + T}. So as long as (T — nT.)v; > T.M,
k1 = ki + T will do. O

Lemma 3.B.8. Take some I1(k,;, — z), kyy = z + 2T — s(z), such that s(k,,) = T, and Pj(l_z;.('”) = B(T) for
some j € Nc \ {i}. For either kyy41 = ki + T o kyy1 = ki + 2T, it is either the case that:

1. M(km+1 — z) < Tl(ky — 2)
or
1. Tl(ky41 —z) < Il(ky, — z) + nT.M

2, pj(fzfmﬂ) = Aforall j € N¢ \ {i}

Proof. Assume that k,, > z + 2T — s(z), s(ky,) = T, and Pj(}_zj.{m) = B(T) for some j € Nc \ {i}.
We need to show that for either k;;;1 = k, + T or kjuu1 = ki, + 2T, it is the case that either
I1(ky11 — z) < TI(ky, — 2), or T(kyy01 — 2) < TI(ky, —z) + nT.M and P]-(ﬁ;c"‘”) =Aforall j € Nc\ {i}.

Note that if a' = Ci for all t € {ky, = T +1,...,ky}, then by Lemma 3.B.1 Pj(ﬁf*") =A
for all j € N¢ \ {i}. Thus, we only have to consider what happens when ﬁf # Cis() for some
telk,—-T+1,...,ku}.

First, suppose that df = Cjs) forallt € {k,, —T+1,..., ki — T +nT.}, but {if # Cis() for some
te{ky—-T+nT.+1,...,ky}. Thus, Pi(flf’”) = B(T) for each j € N;, and all of i’s neighbours will
play D in every period t € {k,, +1,...,k;, + T}, as long as for all j € N; N N¢, dlj(fl;c’”MT*) =0.
Take any j € N; N Nc. Note that df = Cjsp) forall t € {k;, =T +1,...,ky =T +nT.}, and so i
does not satisfy (i) and (ii) of condition (c) in the definition of d1;. Then Lemma 3.B.2 implies that
dlj(}‘l;qﬁnﬂ) =0.

By Lemma 3.B.3, I1(K) must fall by at least Tv; over the periods in {k;, +1, ..., ks + T}, and so
kw1 = ki + T will do.
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Now suppose that df # Cis(y) forsome t € {k;, —T+1,...,ky, — T +nT.}. There are three cases.

Case 1: df = Cjs(y forall t € {ky, +1,...,ky + T}. By Lemma 3.B.5, each j € N; will play Cis(t)
for each t € {ky +nT. +1,...,kyu + T}. Note that if every j € N; U {i} plays Cjy) in period ¢,
the value of IT(K) does not change in that period. Thus, IT(K) cannot increase over the periods in
{km+nT.+1,...,ku+T}. The most II(K) can go up by over the periodsin {k,, +1,..., ky + nT.}
isnT.M. By Lemma 3.B.1, Pj(]jl?"’+T) =Aforall j € Nc\ {i}. Thus, ky+1 =k + T will do.

Case 2: ﬁf = Cjspy forallt € {kj+1,..., ky+nT.}, ﬁf # Cis) forsome t € {ky,+nT.+1,... ky+
T}. Let t* be the first t € {k,, + nT. +1,...,k;; + T} such that d; # Cis(t)- By Lemma 3.B.5, each
j € Niwill play Cjs(;) foreach t € {km+nT.+1,...,t"}. By Lemma 3.B.6, all of i’s neighbours will
play D in every period t € {t* +1,...,k; + 2T}. This implies that I1(K) can increase by at most
(n + 1)T.M over the periods in {k,, +1,...,k; + T}. By Lemma 3.B.3, II(K) must fall by at least
Tv* over the periods in {k,, + T + 1, ..., ky, +2T}. Thus, k41 = kyy + 2T will do

Case 3: df # Cis(p) for some t € {kj, +1, ..., ky + nT.}. The maximum I1(K) can go up by over
the periodst € {k,, +1,...,ky+nT.}is nT.M, but Lemma 3.B.4 implies that every j € N; will play
D inevery period in {k;, +nT.+1, ..., ky +T}. By Lemma 3.B.3, I1(K) must go down by (T —=nT.)v?
over the periods in {k,, + nT. +1,...,k,, + T}. For sufficiently large T, (T — I’ZT*)U; > nT.M, and
so k41 = ki + T will do. O

Proof of Lemma 3.6.1. First, note that for any K € {1,...,2T — s(z)}, II(K) can be at most 2T M.
Let kg = z + 2T — s(z). Lemmas 3.B.8 and 3.B.7 imply that we can find a sequence (k1, k2, ...),
km < kms1 < ky + 2T such that IT(k,, — z) < 4TM for all m > 0 (for sufficiently large T). Since
the maximum amount I'l(K) can change in 2T periods is 2T M, this implies that 6T M is an upper
bound for T1(K) for all K > 1. O
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Appendix 3.C Complete payoffs and proof for Example 3.4.1
o(D,D,D,D) = (0,0,0,0)
v(C,D,D,D) =(-¢,0,0,0)
v(D,C,D,D) = (0,-¢,0,0)
v(D,D,C,D)=1(0,2,-¢,0)
o(D,D,D,C) =(0,0,0,—¢)
v(C,C,D,D)=(1,0,0,0)
v(D,C,C,D)=(1,1,0,0)
v(D,D,C,C)=(0,2,1,1)
v(C,D,C,D)=(-1,2,-¢,0)
v(D,C,D,C)=(0,-¢,0,—¢)
v(C,D,D,C)=(-¢,0,0,—-¢)
v(C,C,C,D) = (1,1,0,0)
v(C,C,C,C)=(1,1,1,1)
v(D,C,C,C)=(1,1,1,1)
v(C,C,D,C)=(1,0,0,—¢)
v(C,D,C,C) = (~1,2,1,1)

Proposition 3.C.1. If 0 < 1, there exists a stage game satisfying Assumption 1, a network structure, and
a payoff v* € F* such that v* is not the payoff in any sequential equilibrium.

Proof. Suppose for a contradiction that there exists a sequential equilibrium oy such that V;(on) =
1 for all i. This requires that for every on-path history h;, ;(h;) = C. As long as Player 3 and Player
4 have not deviated, Player 3 can guarantee the payoff 1 by always playing C. Now consider the
one shot deviation where Player 2 plays D. For this not to be profitable, Player 3 must play D at
least once following the deviation. But if Player 3 plays D, her payoff is strictly less than 1, which
cannot be optimal. Thus, the one shot deviation must be profitable, contradicting the assumption
that oy is a sequential equilibrium. O
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