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1. INTRODUCTION

Many aspects of Bayesian games (or games with differential information)
have been studied in the literature. The question regarding the existence of
equilibria in these games is one of them. Milgrom and Weber [16] noted
that the usual fixed point argument of Nash [ 17] with the standard assump-
tions is not applicable in proving the existence of Bayesian equilibrium and
hence introduced sufficient conditions for the existence. Balder [1, 2]
generalized their result and Radner and Rosenthal [21] presented sufficient
conditions for the existence of pure strategy Bayesian equilibrium. However,
all these existence results are limited to a finite number of agents (or
players). Hence, it is of interest to know not only the conditions which
guarantee existence of a Bayesian Nash equilibrium (BNE) with infinitely
many players, but also how one defines the notion of a BNE in the presence
of a continuum of players. To the best of our knowledge this has not been
done. The main purpose of this paper is to provide equilibrium existence
results for Bayesian games with infinitely many agents.

While equilibrium existence results in Bayesian games have been confined
to the finite number of agents, the literature of games or economies without
differential information has studied models with infinitely many agents. In
this literature, two main different approaches have been employed to model
infinitely many agents. One is to extend the finite agent’s model directly to
the infinite case so that the joint strategy profile of all agents is just the
product of each agent’s strategy (e.g., Yannelis and Prabhakar [26] among
others). We call this the Cartesian Product Approach. In this approach,
even if there are infinitely many agents, a priori each agent’s action can
unilaterally affect the outcome of the game. The other approach is to
impose a measure space structure on the set of agents so that each agent’s
action is negligible but the joint action by the agents with positive measure
can affect the outcome of the game (e.g., Khan [15] an Schmeidler [23]
among others). We call this the Measure Theoretic Approach. In this paper
we will examine both settings in the context of Bayesian games and provide
Bayesian equilibrium existence theorems for each one separately.

In modeling differential information in Bayesian games, we use the
information partition approach following the models of Postlewaite and
Schmeidler [20], Palfrey and Srivastava [ 18]. In this approach all uncer-
tainty arises from an exogenously given probability measure space denoting
the states of the nature of the world and each agent’s private information
is a partition of the state space. Therefore, under this approach each agent’s
strategy is a function from the state space to his/her set of available actions,
which is measurable with respect to his/her information partition. Thus,
one could interpret a strategy as a behavioral strategy. This is in contrast
with the Bayesian equilibrium existence results of Milgrom and Weber
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[16] and Balder [1, 2] which are based on the Harsanyi type model
and proved the existence of an equilibrium in distributional strategies for
Bayesian games with a finite number of agents.

There are two other works in the literature which prove Bayesian equi-
librium existence with infinitely many agents. First, Balder and Rustichini
[3] proved the existence of a Bayesian equilibrium in distributional strategies
with infinitely many players. They used the Cartesian product approach
and imposed a continuity assumption which amounts to the fact that only
a countable number of agents can affect the payoff of each agent even
though there are uncountably many. They also assumed the independent
types condition which means that each agent’s type is drawn independently
from the others. Balder and Yannelis [ 4] showed the existence of a Bayesian
equilibrium with a measure space of agents but they considered only the
case of symmetric information.

The purpose of this paper is to make three main new advances in the
existing literature. First, we provide existence results for Bayesian games
with infinitely many agents covering the Cartesian product approach as
well as the Measure theoretic approach. Second, we used the information
partition approach to model the differential information rather than the
type set approach and therefore, our equilibrium is in behavioral strategies
rather than in distributional strategies. It should be noted that by using this
approach, we are able to eliminate the independent type assumption used
in Balder and Rustichini [3]. Third, our results allow the individual’s
action set to depend on the state of nature and to be an arbitrary subset
of a separable Banach space. In order to obtain existence results which
allow us to incorporate all the above generalization, a new proof of a novel
type is required.

The rest of the paper proceeds as follows: Section 2 contains the notation
and the basic definitions. In Section 3, we introduce the game with differential
information as well as the notion of a Bayesian Nash equilibrium. Sections 4
and 5 contain our main existence theorems, and Section 6 contains some
concluding remarks and open questions. Finally, we have collected the
main technical lemmas for our existence theorems in the Appendices.

2. NOTATION AND DEFINITIONS

We begin with some notation and definitions.

Let 2% denote the set of all nonempty subsets of the set X. If X and Y
are sets, the graph of the set-valued function (or correspondence) ¢: X — 27Y
is Gy={(x,y)eXxY:yep(x)}.
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Let (2, #, u) be a complete, finite measure space and Y be a separable
Banach space. The correspondence ¢: Q2 — 27 is said to have a measurable
graph if

G,e7 ®B(Y),

where B(Y) denotes the Borel g-algebra on Y and ® denotes the product
o-algebra. The measurable function f: 2 — Y is called a measurable selection
of ¢: Q27 if

flw)ed(w) for p-ae.

Let (2, #,u) be a finite measure space and Y be a Banach space.
Following Diestel-Uhl [9], the function f: Q — Y is called simple if there
exist ¥y, Y5, ..., ¥, in Yand E,, E,, .., E, in & such that

f: Z yi%E,va
i=1

where yp(w)=1if weE; and y.(w)=0if w¢ E;. A function /1 Q— Y is
called # -measurable if there exists a sequence of simple functions f,,: 2 > Y
such that

lim || f,(w)— f(w)] =0 for u-ae.

n— oo

An Z -measurable function f:Q — Y is said to be Bochner integrable if
there exists a sequence of simple functions { f,: n=1, 2, ..} such that

lim [ | f (@)= f(@)] du(@)=0.

n— o YpeR
In this case, for each E€.# we define the integral of f, denoted by
[ /(@) du(w), as

lim fEfn(w) du(o).

n— oo

It can be shown (see Diestel-Uhl [9, Theorem 2, p. 45]) that if /: 2 — Y'is
an # -measurable function, then f is Bochner integrable if and only if

J, 1)) du(eo) < 0.
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It turns out to be important in our paper that the Dominated Convergence
Theorem holds for Bochner integrable functions. In particular, if f,: Q —
Y(n=1, 2,...) is a sequence of bochner integrable functions such that for
u-ae.

lim f(w)=f(w) and |f (o) <g(w),

n-— oo

where g: Q — R is an integrable function, then f is Bochner integrable and

lim [ 1 /,(0)— f(©)] du(@)=0.

n— o0 YmpeR

The space of equivalence classes of Y-valued Bochner integrable functions
y: 2 — Y, normed by

Iyl=] Iy due).

is denoted by L,(u Y). It is a standard result that normed by the
functional |-|| above, L,(#, Y) becomes a Banach space (see Diestel-Uhl
[9, p. 507).

A Banach space Y has the Radon-Nikodym Property (RNP) with respect
to the measure space (7,7, v) if for each v-continuous vector measure
G: 17— Y of bounded variation, there exists some g € L,(v, Y) such that for
all Eer,

G(E) :j (1) dv(1).

E

It is a standard result (Diestel and Uhl [9]) that if Y* (the norm dual for
of Y) has the RNP with respect to (7, 7, v), then

(Ll(v’ Y))* :Loo(v’ Y*)

A correspondence ¢: Q2 — 27 is said to be integrably bounded if there
exists a function e L,(u, R) such that

sup {[|y[l: y e (@)} < h(w) p-ace.
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If {F,:n=1,2,..} is a sequence of nonempty subsets of a Banach space
Y, we denote by Ls F, and Li F, the set of its limit superior and limit
inferior points respectively, i.e.,

Ls F,={xeY:x= lim x,,x, €F, , k=1,2,..}

n
k— o k>

LiF,={xeY:x=lim x,,x,€F,,n=12,..}.

ns
n— oo

A w in front of Ls F,, (Li F,) will mean limit superior (inferior) with respect
to the weak topology a( Y, Y*). If Z is a metric space, Y is a Banach space
and ¢: Z — 27 is a correspondence, we say that ¢ is upper semicontinuous
(us.c.) if Ls¢(z,) =¢(z) whenever the sequence z, € Z converges to z
(written as z,, — z).

3. THE GAME WITH DIFFERENTIAL INFORMATION

Let (2, #,u) be a complete, finite, separable measure space, where Q
denotes the set of states of the world and the g-algebra %, denotes the set
of events. Let Y be a separable Banach space and 7T be a set of agents
(either finite or infinite).

A Bayesian game (or a game with differential information) is G = {(X,
u,, #,q,): te T}, where

(1) X,:Q2-2Y is the action set-valued function of agent t, where
X (w) is the set of actions available to ¢ when the state is w,

(2) foreach weQ, u (w,-): [1,cr X(w)— R is the utility function of
agent ¢, which can depend on the states,

(3) Z is a sub g-algebra of # which denotes the private information
of agent ¢,

(4) ¢q,:Q2—-> R, is the prior of agent ¢, (where ¢, is a Radon-
Nikodym derivative such that | ¢,(w) du(w)=1).

Let Ly denote the set of all Bochner integrable and Z-measurable
selections from the action set-valued function X,: 2 — 27" of agent ¢, ie.,

Ly= {X,eL(n, Y): X, is Z-measurable and ¥ (w) € X (w) u-a.e.}.

The typical element of Ly is denoted as X, while that of X (w), as x,(w)
(or x,). Let Ly= ]_[seTLX and Ly ]_[Hé,LX Given a Bayesian game
G, a strategy for agent ¢ is an element X, in L,

Throughout the paper, we assume that for each te T, there exists a finite
or countable partition 77, of Q. Moreover, the g-algebra %, is generated
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by 71,. For each we Q, let E(w) (&ll,) denote the smallest set in %, con-
taining w and we assume that for all ¢,

| q0") du(w') > 0.
o' e E,(w)

For each we Q, the conditional (interim) expected utility function of agent
Lv(w, -,-): Ly xX(w)— R is defined as:

ol Spx)= e, 3 (), x) 4! | Ef) du@)
where
0 if o'é¢E,(w)
Clr(w’ | E(w))= (w’)

j(beEl( t( )dﬂ(d)) lf w’EEI(a)).

The function v,(w, X _,, x,) is interpreted as the conditional expected utility
of agent ¢ using the action x, when the state is w and the other agents
employ the strategy profile X _,, where X _, is an element of Ly .

A Bayesian Nash equilibrium for G is a strategy profile ¥* € L ‘such that
forall teT

Ut(a)’ iﬁ:[’ XN;k(a))) = max Ut(w9 )?it’ yt) /,l'a.e.
yeX (@)

We can now state the assumptions needed for our first main theorem.

(A1) X,:Q-2Y is a nonempty, convex, weakly compact valued and
integrably bounded correspondence having a F,-measurable graph, ie., Gy,

7, @B(Y).

(A2) (i) For each we,ulw, -,-): Tl,.. XJ{(0)xX(w)>R is

continuous where X (w) (s #1t) is endowed with the weak topology and X (w),
with the norm topology.

(i) Foreachxellser Y, withY, =Y, u/-, x): Q > Ris F-measurable.
(iii) For each weQ and x_,e[],., XJ(w), u(w,x_,,-): X () —> R
is concave.
(iv) u, is integrably bounded.
Remark. Since the norm topology is finer than the weak topology,

(A.2) (1) is weaker than the weak continuity of u,(w, -, -) in actions of all
agents.
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4. COUNTABLY MANY AGENTS
We can now state our first main result.

THEOREM 4.1. Let T be a countable set. Let G={(X,, u,, #,,q,): te T}
be a Bayesian game satisfying (A.1)-(A.2). Then there exists a Bayesian
Nash equilibrium for G.

Proof. Tt follows from Lemma A.l in Appendix I that for each we Q,
vlw, -,): Ly xX(w)—R is continuous where Ly (s+#1?) is endowed
with the weak topology and X, (w), with the norm topology It is easy to
see that for each (¥ _,, x,)e Ly x X, v(-,%_,, x,): Q2> Ris #-measurable.
Since u,(w, x_,, x,) is concave in x,, so is v,(w, X _,, x,). For each reT,
define ¢,: 2x Ly —2" by

¢t(wag71):{xleXt(w):Ut(wa )?,,,X,)Z max U,((U, )E,,, yl)}
v, € X, (w)

A direct application of Weierstrass theorem implies that for each (w, X _,)

€QxLy , ¢ (w, X_,) is nonempty. By the Berge maximum theorem for

eachweQ, ¢ (w,): Ly — 2% isus.c. where X (w) is endowed with the

norm topology and L, , with the weak topology. Moreover, it follows

from the concavity of v, in x, that for each w € Q, ¢ ,(w, -) is convex-valued.
For each €T, define ®,: Ly — 25x% by

D(X_,)=1{X,eLy:X(w)ed(w, X_,) p-ae.}.

By Lemma A2 in Appendix I, for each ¥ _,eLy ,¢/(-,%_,) has a 7-
measurable graph. Therefore, by the Aumann measurable selection theorem
for each fixed X _, € Ly , there exists an #,-measurable function f,: @ - Y
satisfying  f(w)e @ (w, X_,)u-ae. Since for each (w,X_,)eQxLy ,
plw, % )= X,(w)and X,(-) is integrably bounded, it follows that f, € L,
Therefore, f, e ®,(X_,), ie, @, is nonempty valued. By Lemma A.4 in
Appendix I, Ly is a weakly compact subset of L,(x, Y). Since the weak
topology of a weakly compact subset of a separable Banach space is
metrizable (Dunford and Schwartz [10, p. 434]), L is metrizable. Since
the set of agents T is countable, Ly is also metrizable. Therefore, by
Lemma A.5 in Appendix I, @, is weakly us.c. Define @: Ly — 2%x by

H=[] o).

seT

Since Ly is weakly compact for all s, so is Ly. Since X: Q-2 has a
measurable graph and it is integrably bounded, Ly is nonempty by the
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Aumann measurable selection theorem. It follows from the convex valued-
ness of X, that Ly is convex. Since @, is weakly u.s.c., so is @. It is easy
to see that @ is convex, nonempty valued. Therefore, by the Fan—Glicksberg
fixed point theorem there exists ¥* € Ly such that ¥* € @(x*). The reader
can easily verify that ¥* is a Bayesian Nash equilibrium for G by construction.
This completes the proof of the theorem. |

5. EXISTENCE RESULT: UNCOUNTABLY MANY AGENTS

In this section, we present Bayesian Nash equilibrium existence theorems
with uncountably many agents. There are two different ways of modeling
games with uncountably many agents. One is to model games without any
measure structure on the set of agents 7. In this case, the joint strategy of
all agents is simply an element in the Cartesian product of each agent’s
strategy set Ly . The other is to model games with a measure structure on
the set of agents 7. In this approach, naturally each individual agent’s
action can be negligible but the aggregate action can matter. Each model
has its own merits depending on the situation. In this section, we provide
Bayesian equilibrium existence theorems for both settings. We first begin
with Bayesian games without a measure structure on 7, which we call the
Cartesian Product Approach.

5.1. The Cartesian Product Approach

In this model, all the aspects of the Bayesian game G is the same as the
model with the countably many agents except that 7 is now uncountable.
Unfortunately, the proof given in the previous section does not hold since
if 7' is uncountable, Ly  is not metrizable, which means that we can no
longer use Lemma A.5 in Appendix I. However, in our proposition below
the continuity assumption on the utility function implies that for each
agent ¢, there exists a countable set J,( = T') such that the actions of agents
in T—J, do not affect the utility of agent ¢ In a different setting, a similar
property of the continuous utility function was called Countable Myopia by
Balder and Rustichini [3].

ProrosiTiON 5.1 (Countable Myopia). If fe C(Ly) (where C(Ly) is the
class of continuous functions on Ly), then there exists a countable subset J
of T such that for every X, y€ Ly, if X,= 7, for teJ, then f(X)= f(J).

Proof. Note that Ly(=[],.rLy,) is endowed with the product topol-
ogy of the weak topology in each Ly. Then Ly is weakly compact by
Lemma A4 in Appendix L. Since Ly is a separable Banach space, the
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weak topology in Ly is metrizable and hence Hausdorff. Therefore, L is
compact, Hausdorff. Define the subset A of C(Ly) by

A= {g eC(Ly) =[] g.(X,) for some finite index set J and

seJ

& EC(LXS)}‘

Then A is an algebra which contains the constant function 1 and separates
points of Ly (ie., for X, je L, with ¥+ J, there exists ge A such that
g(X) # g(7)). Therefore, by the Stone-Weierstrass theorem, A is dense in
C(Ly) by the sup. norm.

Now let fe C(Ly). Since A is dense in C(L,), for every n, there exists
f"e€ A such that

1
sup |f(%) —f(2) <.

Since f" € A, f"(X)=11,c,, f{(X,) for some finite index set J,. Moreover,
we can have J, < J, . Let J= U J,. Then, if X,= 7, for teJ,

n=1

V) =11 /zx)=11/(F)=7()- 1

teJ teJ

Now, we are ready to state our second main existence theorem.

THEOREM 5.2. Let T be an uncountable set. Let G={(X,,u,, 7, q,):
teT} be a Bayesian game satisfying (A.1)~(A.2). Then, there exists a
Bayesian Nash equilibrium for G.

Proof. By Lemma A.1 in Appendix I, for each weQ,v,(w, -,-):
Ly xX/(w)— R is continuous. By the above Proposition, there exists a
countable set J”( < T') such that

v(w,X_,,x)=vlw, §_,, x,) if %,=7, for jeJy. (1)

Notice that if @ and @' are in the same partition,

So, we can assume that J¥=J%" if @ and o’ are in the same partition. Let

J,=U,.oJ?. Since 11, is a countable partition, J, is still a countable set
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as it is a countable union of countable sets. Now by (1) we can define
5t(w:'a')'1_[seJL XX( )_)Rby

51(60’ jz.l,a xt) = U,(CO, )Z-ft’ X,),

where %, = (X,),c,,. Define ¢,: QxT1,., Ly —2" by

¢(CU xl) {x XX( ) ((D’ )%J[axt): m/g?)gt(ak '%J,a yr)}
Y& Lo

As it was shown in Theorem 4.1, it is easy to show that ¢, is nonempty,
convex valued and ¢, is weakly usc. in %,. Moreover, ¢ (-, X,) has
7,-measurable graph. For each re 7, define @,: TT,., Ly — 2" by

Q(%,)={% ely: % (0)ed 0 %;)p-ae.}.

Since [],c, Ly, i1s metrizable, &, is weakly us.c. (recall Lemma A.5 in
Appendix I) and nonempty, convex valued. Define @: L, — 2% by

%=1 24%,)

teT

Then again @ is weakly u.s.c. and nonempty, convex valued. Since L, is
weakly compact, convex set, by the Fan—Glicksberg fixed point theorem
there exists ¥* € L, such that ¥* e @(X*). It can be ecasily checked that X*
is a Bayesian equilibrium for G. |

5.2. Measure Space of Agents

In this section, we study the Bayesian game G with a measure space of
agents. A Bayesian game with a measure space of agents (7, T, v) is G=
{(X,u, #,q,):teT)}, where

(1) X:TxQ—2Yis the action set-valued function, where X(t, w) is
interpreted as the set of actions available to agent r when the state is w,

(2) for each (t,w)eTxQ u(t,w, -,-):Li(v, y)xX(t,w)>R 1is
the utility function, where u(t, w, x, x,) is interpreted as the utility of
agent ¢ using action x, when the state is w and other players use the joint
action x,

(3) Z, is the sub g-algebra of # which denotes the private information
of agent ¢,

(4) q,:Q2— R, . is the prior of agent t.
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As before, let Ly denote the set of all Bochner integrable, 7 -measurable
selections from the action set-valued function X{ (¢) of agent 1, ie.,

Ly =1{X(t)eL(u, Y): X(t,-): Q - Y is F-measurable and
X(t, w) e X(t, w) u-a.e.}.
Let
Ly={%eL(v, Li(u, Y)): %(t) € Ly, for v-ae.}.

In a Bayesian game with a measure space of agents, a strategy for agent ¢
is an element in Ly and a joint strategy profile is an element in Ly.
For each (¢, w) e T x Q, the conditional expected utility function of agent
Lv(t,w, -,-): Ly xX(t, w) > R is defined as

oo Sx) = (@ 5, %) gl | o) due),
where
0 if o'¢E/(w)
q(o" | E(w)) = g w') if o'ekE/ ().

j‘(be E(w) qt(d)) dlu(d))

A Bayesian Nash equilibrium for G is a strategy profile ¥* € L such that for
v-a.e. and for p-a.e.,
w(t, o, X*, ¥*(t, v))= max (1, w, X*, p).
yeX(t,w)

We can now state the assumptions needed for the proof of the next
theorem.

(B.1) (i) X:TxQ-2Yis a nonempty, convex, weakly compact valued
and integrably bounded correspondence having a T &® F -measurable graph,
ie, G, eT®F QB(Y).

(ii) For each teT, X(t,-): Q2" has a F,-measurable graph, i
GX(/) €eZ, Q@B(Y).

(B.2) (1) Foreach (t,w)eTxQ,u(t,w, -,-): Li(v, Y)x X(t, w) > R is
continuous where L(v, Y) is endowed with the weak topology and X(t, w)
with the norm topology.

(1) For each (x,y)eL (v, )xY,u(-, -, x,y): TxQ->R is TR Z-
measurable.
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(i1)  For each (t,w,x)e TxQxL(v, Y), u(t,w, x,-): X(t, o) > R is
concave.

(iv) u, is integrably bounded.

(B.3) (1) Q is a countable set.

(1) The dual Y* of Y has the RNP (Radon-Nikodym property) with
respect to (T, T, v). (The definition of RNP is in Section 2.)

(B.4) The correspondence t+ Ly has a T-measurable graph.

THEOREM 5.3. Let (T,T,v) be a finite, complete, separable measure
space. Let G={(X,u, 7,,q,):te T} be a Bayesian game satisfying (B.1)—
(B.4). Then there exists a Bayesian Nash equilibrium for G.

Proof. 1t follows from (B.3) and Lemma A.6 in Appendix II that
for each (f,w)eTxQ,v(t,w, -,-): Ly x X(t, w) > R is continuous where
Ly(<L(v, L1, Y))) and L,(u, Y) are endowed with the weak topology
and X(z, w)( = Y), with the norm topology. It is easy to see that for each
(X, y)eLyxY,v(-, -, X, y)' T><.Q—> R is T ® # -measurable and for each
(6, X, y)eTxLyxY,v(t, -, X, y)is Z-measurable. Now define ¢: T'x Q x
L,—2Y by

dt, 0, %)={yeX(t,0):v(t,w, X, y)= max (1, o,%,z)}.

ze X(t, w)

By the same argument as the proof of Theorem 4.1, ¢ is nonempty, convex
valued and weakly us.c. in . Moreover, by Lemma A.2 in Appendix I,
(1, -,%): Q- 27 has a Z,-measurable graph and ¢(-, -, X): TxQ—2Y
has a T® . -measurable graph. Now, define @: Tx L, — 2% by

O(t, X)={J()e Li(u, Y): j(t, w) e §(t, 0, X) p-ae.y N L.

It follows from Balder—Yannelis ([4, Proposition 5.3, p. 342]) that the
correspondence ¢+ { j(t)e L (u, Y): j(t, w) € §(t, w, X) p-a.e.} has a T-
measurable graph. Moreover, by (B.4) the correspondence 7+— L, has a
T-measurable graph. Therefore, for each fixed ¥e Ly, @(-, X) has a T-
measurable graph, too. It follows from the Aumann measurable selection
theorem that @ is nonempty valued. Also, by Lemma A.4 in Appendix I we
have that Ly is a weakly compact subset of L,(u, Y). Therefore, Ly is also
a weakly compact subset of L,(v, L,(&, Y)) and we can conclude that
Ly is metrizable (Dunford—Schwartz [10, p. 434]). By Lemma A.5 in
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Appendix I, the correspondence @D(t,-): Ly — 251 Y) it weakly u.s.c.
Define the correspondence ¥: L, — 2% by

P(X)={yeLy: j(t)ed(t, %) v-ae.}.

Since for each Xe L, &(-, X) has a T-measurable graph, ¥(X) is a non-
empty set (recall the Aumann measurable selection theorem). Another
application of Lemma A.5 in Appendix I enables us to conclude that  is
weakly u.s.c. It is easy to see that iy is convex valued and that the set L,
is nonempty, convex and weakly compact. Therefore, by the Fan—Glicksberg
fixed point theorem there exists ¥* € L, such that X* € ¥(x*). Then by the
construction of ¥, X* is a Bayesian Nash equilibrium for G. This completes
the proof. |1

6. CONCLUDING REMARKS AND OPEN QUESTIONS

Remark 6.1. In the Cartesian product approach, the continuity assumption
dictates that for each agent ¢, there is only a countable number of agents
whose action can affect the agent #’s utility. Hence the remaining uncoun-
tably many agents’ actions are meaningless in this infinite game. It is
always a countable few who affect the agent ¢’s utility even though this
countable set can change depending on the functional form of the utility.
Even a single agent’s action can affect the agent #’s utility if that agent is
in the important countable set. We don’t know if one can dispense with this
assumption, this is an open question.

Remark 6.2. In the measure theoretic approach, actions of a countable
number of agents are meaningless unless they are atoms in the measure
space. An individual agent’s action is negligible but the joint actions of set
of agents with positive measure matter. Hence, the measure theoretic
approach is more appropriate if one wants to analyze the models of perfect
competition.

Remark 6.3. Note that assumptions (B.1), (B.2) in Section 5.2 are the
same as (A.1), (A.2) and that (B.4) is the measurability assumption
(needed since we introduce a measure structure on the set of agents, 7).
The only new assumption is (B.3), which we need to prove the weak
continuity of the expected utility function in Lemma 4.6 in Appendix II.
If © is uncountable and each agent’s information partition is uncountable,
then to prove the weak continuity of expected utility we need another
assumption:
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(B.3) For each (t,w,x,)eTxQ2xY,u(t,w, -,x,):L(v,Y)>R is
linear.

Assumption (B.3)" is rather strong but it is necessary to prove the weak
continuity if © is uncountable (see, for example, Balder—Yannelis [4]).

Remark 6.4. Assumption (B.3) can also be replaced by the fact that
each partition is countable and the proof of Theorem 5.3 will still go
through.

Remark 6.5. One may wonder as to whether or not the “information
partition” approach adopted in this paper is superior to the “Harsanyi
type” approach. It is difficult to answer this question because we are not
aware of any existence results for the latter approach with the continuum
of players. However, for the finite or countable set of players model, all we
can say is that our assumptions seem to be less restrictive. However, this
doesn’t mean that one cannot eventually obtain more general existence
results for the “Harsanyi-type” model. It is important to note that one may
be able to show that we can go back and forth from the one approach to
the other. However, at the moment in a general setting this seems to be an
open question. As far as the applicability of our model is concerned we feel
that the “information partition” approach is closer to the one adopted
in the implementation literature as well as in the growing literature on
economies with differential information.

Remark 6.6. Throughout the paper we employ the concept of Bochner
integration. This notion may be a restriction in some cases because it
becomes difficult to work with spaces which are not separable. Indeed, one
may adopt the notion of Gelfand integral (or Pettis) in order to remedy
this difficulty. However, at the moment the corresponding results on
Bochner integration, e.g., Fatou’s Lemma, integration preserves u.s.c., etc.
(see, for example, Yannelis [25]) are not available for the Gelfand or
Pettis integrals. Once such results are available, one may be able to obtain
equilibrium existence theorems for non-separable spaces. At the moment
this is an open question.

Remark 6.7. For the deterministic model with a continuum of players,
equilibrium existence results in pure strategies are available and by now
we know that the non-atomicity of the measure space of players makes
the Lyapunov theorem applicable. However, in the present framework
Lyapunov’s theorem fails (due to the infinite dimensionality of the strategy
space) and approximate or even exact versions under certain conditions
may be needed in order to obtain purification results. The work of
Podczeck [19] and Rustichini—Yannelis [22] may be useful in order to
obtain pure strategy equilibrium results.
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APPENDIX I

We begin the Appendix by proving the weak continuity of the condi-
tional expected utility function of each agent.

LemMa A.l. Let u,:T1,., X, xX, = R be continuous when X (s#t) is
endowed with the weak topology and X,, with the norm topology. Then for
EeZ,v;:[li., Ly x X, > R defined by

WE LX) =] ufE (o), x,) dule)

wekE

is continuous where Ly (s #1t) is endowed with the weak topology and X,,
with the norm topology.

Proof. Let X", X_,€ll,., Ly and x7,x, €X, satisfying ", >%_,
and x”7 — x,. By the property of the product topology, for each s( #t),
X" — X, weakly (written as X7 — X,). We need to show that

J

wekE

u(F (), X)) dul) = [ ufE (o), x,) du(o).

weE

We prove this via two steps. First, we show:

Cram 1. For each s( #1), for each we Q, the sequence {X"(w)} in X,
converges weakly to X (w).

Proof of Claim 1. Fix w e Q. To prove the claim, we need to show that
for all y* e Y*, y*(%"(w)) converges to y*(X(w)). Since [[,={E!, EZ, ..}
is a countable partition of @ of agent s, X7 and X, can be written as

0 el

Sn o n, k . S~ k

xs_ Z ns XE{‘ and Xy = Z xsXEfa
=1 k=1

where x™* x¥eX,. Note that for each se7, there exists a unique

s

k() i k(e)
ET) e, with we ET'). Then

PRE) = [ R0) = e () do

w' e ,u(E,];(w))
- ¥
= | RN s (@) do 2)
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since (') =X"(w) if o' € EX¥*). Note that

ﬂ(;;,))eLx(u, Y*) and X7 eL,(u, Y).
Since X converges to X, weakly in L,(u, Y), (2) converges to
*
L,GQ fs(w’)mm'm(@/) du(@') = y*(Z(@)).

Since the choice of y* € Y* is arbitrary, X%(w) converges weakly to X, (w).
This proves Claim 1.

CLAM2. [, o, u (%" (@), X7) du(e) converges 10 [, u (% _ (), x,) du(e)

Proof of Claim 2. By Claim 1, for each s( #¢), for each weQ, ¥(w)
converges weakly to ¥ (w). By the continuity of u, with the given topo-
logies, for each we Q, u (X" (w), x7) converges to u,(X_,(w), x,). Therefore,
by the Lebesgue dominated convergence theorem

[ w3 (o) x) du(w)  convergesto | (% (o), x,) du(o),

wekE weE

which completes the proof.

LeMMA A.2. Letv: Qx X, — R is a measurable function. Then ¢: Q — 2%
defined by

¢(CO) = {xt EXt: U(w’ xt) = sup U,(CO, yz)}a

y,eX,
has a measurable graph.
Proof. See Castaing—Valadier [7, p. 86] or Debreu [8].
LEMMA A.3. Let (2, %,u) be a finite measure space and Y be a
separable Banach space. Let {%,:n=1,2, ..} be a sequence of functions in
L,(u, Y) such that X, converges weakly to X e L,(u, Y). Suppose that for all

n, x,(w)e F(w) p-ae. w, where F: Q2 — 2 is a weakly compact, integrably
bounded, nonempty valued correspondence. Then

X(w)econw— Ls{X,(w)} u-ae.,

where con A is the closure of the convex hull of A.

Proof. See Yannelis [ 25, p. 11].
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The lemma below is known as Diestel’s theorem and several alternative
proofs can be found in the literature. For completeness, we provide a proof
(see also Yannelis [ 25, p. 7] and the references therein).

LeMMA A.4. Let Y be a separable Banach space and X,: Q2 —2Y be
integrably bounded, weakly compact, convex valued correspondence. Then the
set

Ly={XeL(u, Y): % is #,—measurable and ¥(w) € X,(w) u-a.e. w}

is weakly compact in L,(u, Y).

Proof. The proof is based on the celebrated theorem of James [14].
Note that the dual of L,(u, Y) is L_(u, Y.) where w* denotes the
w*-topology), ie., L(u, Y)*=L_(u, Y. (see, for instance, Tulcea—Tulcea
[24]). Let x be an arbitrary element of L_(u, Y.). If we show that x
attains its supremum on L, the result will follow from James’ theorem
(James [ 14]). Note that

sup ¥-x= sup J (P(w) x(w)) du(w)

YelLy Yely, weQ

= sup (4-x(@) du(o),

weR pe X, w)

where the second equality follows from Theorem 2.2 of Hiai-Umegaki
[13]. Define g,: 2 > 2Y as

glw)={yeX (w):y-x(w)= sup ¢ x(w)}.

¢ e X (w)

It follows from the weak compactness of X,(w) that for all w e Q, g,(w) is
nonempty. Define f,: @ x Y — R by

flw, y)= sup ¢ x(w)—y- x(w).
$e X (o)
It is easy to see that for each w, f(w,-) is continuous and for each
v, f,(-,y) is Z,-measurable and hence f,(-, - ) is jointly measurable. Then
observe that G, = f,'(0) " G and that since f,"'(0) and G belong to
7, @ B(Y), so does G, . It follows from the Aumann measurable selection
theorem that there exists an % -measurable function z,: Q — Y such that
z(w)eg(w) u-ae. o Thus, z, € Ly and we have

sup ¢-x= | ) X)) du(w) =z, - x.

peLy, weQ
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*.) was chosen arbitrarily, we conclude that every
element of (L,(u, Y))* attains its supremum on L and this completes the
proof of the fact that L, is weakly compact. The result below is taken from
Yannelis [25, p. 19] and it is reported for the share of completeness.

Since xeL_(u, Y

LEMMA A.5. Let (2, F,u) be a complete, finite, separable measure
space, Z be a metric space and Y be a separable Banach space. Let
$: QxZ— 2" be a nonempty, convex valued correspondence satisfying

(i) for each we R, §(w,-): Z— 2" is weakly u.s.c., i.e., is continuous
when Z is endowed with the metric topology and Y, with the weak topology.

(i1) for all (w,z)eRxZ, p(w, z) = X(w), where X:Q—2" is an
integrably bounded, convex, weakly compact and nonempty valued corre-
spondence.

Then @: Z — 241 Y) defined by
D(z)={xeL(n, Y): X(w)ed(w, z) p-ae.}

is weakly u.s.c.

Proof. First, note that L,(u, X) defined by
Li(u, X)={XeL(u, Y): M) x X(w) u-a.e.}

is weakly compact in L,(u, Y) (recall Lemma A.4). By Lemma A.4, for
each ze Z, the set

D(z)={xeL(p, Y): X(w)ed(w, z) p-ae.}

is weakly compact. Since the measure space (2, %, u) is separable and Y
is a separable Banach space, L,(u, Y) is a separable Banach space. Hence,
L,(u, X) is metrizable as it is a weakly compact subset of L,(u, Y)
(Dunford and Schwartz [10, Theorem V.6.3, p. 434]). Consequently, in
order to show that @ is weakly u.s.c., it suffices to show that @ has a
weakly closed graph. To this end, let {z,} and {%,} be a sequence converg-
ing weakly to z and X satisfying X, € &(z,) for all n. We must show that
X e d(z). Since X, € D(z,,), X,(w) € §(w, z,,) u-a.e. It follows from Lemma A.3
that

X(w)econw—L{x,(w)} cconw—LJ{d(w,z,)} p-ae. (3)

Since for each we Q, ¢(w, -) has a weakly closed graph, we have that

w—L{d(w,z,)} =dlw, 2). (4)
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Since ¢(w, z) is convex and weakly compact, we can conclude from (3) and
(4) that X(w) € ¢(w, z) u-a.e. Since ¢ is integrably bounded, it follows that
X € ®@(z). This completes the proof of the Lemma. |

APPENDIX II

In this Appendix we prove the continuity of the expected utility for the
case of a measure space of players.

Lemma A.6. Let (T, T,v) and (2, F, u) be finite measure spaces, where
Q is a countable set. Let X be a weakly compact subset of the separable
Banach space Y whose dual Y* has the RNP (Radon—Nikodym property)
with respect to (T, T, v). For each te T, let u(t,w, -,-): L,(v, X)x X —> R be
continuous where L,(v, X) are endowed with the weak topology and X, with
the norm topology. Then for each teT, for E€ F, v,: Li(v, L,(u, X)) X
X - R defined by

n(Ex) =]l Sw). x) du(e)
is continuous where L,(v, L (u, X)) is endowed with the weak topology and
X, with the norm topology.

on

Proof. Let X", %€ L,(v, L,(u, X)) and x”, x, € Y such that X" converges
weakly to X and X7 converges (in norm) to x,. We need to show that

J

wekFE

u(t, (), ;) dule) = | ult, (@), x,) due).

wekE

We prove this via two steps. First, we show

CLamM 1. For each w e Q, the sequence {X"(w)} in L,(v, X) converges
weakly to X(w).

Proof of Claim 1. Fix we Q. To prove the claim, we need to show that

for all y*e[L,(v, Y)]*=L_(v, Y*) [by the RNP of Y* with respect to
(T, T,v)],

j Xw) y*(t) dv(1) converges to I X (w) y*(t) dv(t).
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Since I1,={E}, E7, ..} is a countable partition of Q of agent 7, £ and £,
can be written as

0 o
~no_ n, k . . S k .
Xy = Z Xi XE],‘ and X, = Z xtXEfa
k=1 k=1

where x"-*, x¥ € X. Note that for each 7 € T, there exists a unique EX“) e I,
with w e EX*). Moreover, for each r€ T,

WES) > pu({w}) > 0.
First, choose y*e L_ (v, Y*) such that
y*=a*yr, where a*e Y*and T, eT.

Then

[ xo) o an =] ww) e o)

teT reT,
a*
= XMw) ————— J(w) Q)’ d COI dV ‘
’ETO{ rea M) R Fe ) )} (1)
a* p ;
= _)?” a)/ - (o) w/ CL)’ Wt
IET0|:J¢U’6.Q t( )ﬂ(EI;(CU))XE, ( ) ,u( ):| ( )
(5)
since ¥7(') = (o) if @' € EN). Note that for each re T,
a* )
#(Tt((w))ELao(:ua Y*) and xt ELl(//l, Y)

Since u(EX'“) is uniformly bounded from below by u({w}), the mapping

a*
- e XEX®

H(E)

isin L (v, L_(u, Y*)). Since X" converges weakly to X in L,(v, L(u, Y)),
(5) converges to

[ 1wt i o) dute) | vt

I
=
S
N}
*
=
=
S—
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where the first equality holds since ¥(w') = () if @’ € Ef(w). So, for any
simple function y*e L _ (v, Y*),

j F(w) y*(1) dv(t)  converges to f %) y*(1) dv(1).

eT

Next, let y*e L (v, Y). Since (7, &, v) is a finite measure space, there
exists a sequence of simple functions converging to y* uniformly (recall the
Egoroff theorem). Let £>0 be given and let he L,(v, Y) be a simple
function such that

€
Iy*—=hl <—
p

where p> sup {j )] dv(o), j @) dv(n)in=1.2 }

Then

J, o)y v~ |

teT

%) (1) dv(r)‘

<

[ st o= ho o] +

[, (o) 2wnit i)

+

[, 3o =y i)

<2e+

) T(»%?(w)—fl(w))h(z)dv(z)‘.

Since 4 is simple, we obtain

J () =) b dv(r)] =o0.

Thus, the above estimates imply that

lim

n— oo

J ) y*(t) dv(t) converges to f X, (w) y*(t) dv(t)

eT

for all y*e L (v, Y*). This proves Claim 1.

CLamM 2. yweE u(t, X"(), x7) du(w) converges to sweE u(t, X(w), x,) du(w).

Proof of Claim 2. By Claim 1, for each we Q, ¥"(w) converges weakly
to ¥(w). By the continuity property with the given topologies, for each
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@

€ Q, u(t, X"(w), x”) converges to u(t, X(w), x,). Therefore, by the Lebesgue

dominated convergence theorem,

f u(t, ¥(w), x") du(w)  converges toj u(t, o), x,) du(w),

wekE wekE

which completes the proof.

1
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