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Correlated Equilibria for Infinite Horizon
Nonzero-Sum Stochastic Differential Games

Beatris A. Escobedo-Trujillo and Héctor Jasso-Fuentes

Abstract This chapter is about two-person nonzero-sum stochastic differential
games with discounted and long-run average (a.k.a. ergodic) payoffs. Our aim is
to give conditions for the existence of feedback correlated randomized equilibria for
each aforementioned payoff that are natural generalizations of the well-known Nash
equilibria. To do so, we rewrite our original problem in terms of an auxiliary zero-
sum game, so that the way to find correlated equilibria is based on some properties
of this later game. Key ingredients to achieve the desired results are the continuity
properties of the payoffs.

1 Introduction

Nash equilibrium is a very useful concept in game theory, however it is well known
that under standard conditions the existence of Nash equilibria in nonzero-sum
games with uncountable state-action spaces is not necessarily guarantied within the
set of randomized strategies.

During the past decades, there has been works that have dealt to game models
with particular features in order to ensure the existence of Nash equilibria; for in-
stance, games with an additive structure (see, e.g. [8, 16, 17]). Other works have
explored an alternative method, which consists of “relaxing” the idea of Nash equi-
librium. The idea is to extend the set of strategies into a bigger one, giving rise to
the concept of correlated strategies as well as to the concept of correlated equilib-
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ria (see e.g. [4, 5, 20, 21]). This approach is the one we have focused on in this
manuscript, whose details will be explained in later sections.

Recall that the Nash equilibrium concept means that if one player tries to alter
his strategy unilaterally, he cannot improve his performance by such a change. If
players choose their strategies according to the Nash equilibrium concept, they are
said to play non-cooperatively, i.e., each player is only interested in maximizing his
own utility. The correlated equilibrium concept means that all players, before taking
a decision over the strategies, receive a global (or joint) recommendation, that is
drawn randomly according to a joint distribution u, then no player has an incentive
to divert from the recommendation, provided that all other players follow theirs.

The main distinguishing feature of the concept of correlated equilibrium, unlike
the definition of Nash equilibrium is that those recommendations do not need to
be independent; i.e., the joint distributions do not need to be a product of marginal
distributions. It turns out that a correlated equilibrium p is a Nash equilibrium if and
only if i is a product measure.

It is well recognized that correlated equilibria were introduced by Aumman in
1974 for nonzero-sum games in normal form, extending the Nash equilibrium con-
cept, [4, 5]. There exists a vast number of manuscripts that are focused on corre-
lated strategies concept providing conditions for the existence of correlated equilib-
ria [4, 5, 10, 20, 21, 22, 23, 24], this is, in some part, because it is easier to prove the
existence and characterize correlated equilibria compared with Nash equilibria.

The work is inspired by the paper [20] which deals with correlated relaxed equi-
libria in nonzero-sum linear differential games with finite-horizon payoffs. Our aim
here is to prove the existence of feedback correlated equilibria for a more general dy-
namic when the payoffs are of the (infinite horizon) discounted and average type. A
key point to obtain our desired equilibria is to guarantee the continuity to both payoff
functions (discounted and average payoffs) within the set of correlated strategies.

Although we restrict ourselves to the case of two players, its relatively easy to
extend our results to the more general context of N players.

The main novelty of the manuscript lies in the fact that we are working with
infinite-horizon (discounted and ergodic) payoff criteria under a considerable gen-
eral diffusion process. Furthermore, the set of correlated equilibria are shown to be
feedback, meaning that they are dependent on the current state of the game. To the
best of our knowledge, this treatment has not been already studied in the current
literature.

This chapter is organized as follows: In section 2, we introduce both the game
and the payoffs we are trying to optimize. We also define the Nash equilibrium
concept. Section 3 is devoted to the introduction of correlated strategies. We extend
the domain of our payoffs over these strategies and will prove the continuity of those
criteria. By last, in section 4 we introduce the concept of correlated equilibria and
prove the existence of them. To do so, we rewrite the original game as a zero-sum
game and we explore some of its properties. Correlated equilibria will be obtained
through the use of some min-max theorems as well as for the continuity of our
payofts.
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Notation and terminology.

e For some m, n € N, let & C R™ and V C R” be given open and Borel sets, re-
spectively. We define:

— WP (0) the Sobolev space consisting of all real-valued measurable functions
h on € such that D*h exists for all |A| < I in the weak sense and it belongs to
L?(0), where

D'hi=—— " withA= (A, ,Ay), and [A]:=Y A.
8x’}‘,...,8x},{" Ei

— C*(0) the space of all real-valued continuous functions on ¢ with continuous
[-th partial derivative in x; € R, for i = 1,...,m, = 0,1,...,k. In particular,
when k = 0, C°(&) stands for the space of real-valued continuous functions
on 0.

— CkP(0) the subspace of C¥(&) consisting of all those functions / such that
D’ h satisfies a Holder condition with exponent B € (0, 1], for all |A| < k.

— C(0 x V) the space consisting of all continuous bounded functions on &' x V.

e For vectors x and matrices A we use the usual Euclidean norms

x|? = lez and |A]>:=Tr(AA) = ZAizj,
i i.j

where A" and Tr(-) denote the transpose and the trace of a square matrix, respec-
tively.

e For any two strategies, say 7' and 72, the notation 7' x 7> means the product
measure associated to this pair.

2 The game model

Consider an m—dimensional diffusion process x(-) controlled by two players and
evolving according to the stochastic differential equation

dx(t) = b(x(t),u; (t),ux(t))dt + o (x(2))dW (¢), x(0) = xo, (1)

where b : R™ x U; x Uy — R™, ¢ : R™ — R™*? are given functions, and W(-) is
a d-dimensional standard Brownian motion. The sets U; C R™ and U, C R™ are
Borel sets called the action set for player 1 and player 2, respectively. Moreover, for
k=1,2, ux(-) is a non-anticipative Uy —valued stochastic process representing the
control actions of player k at each time ¢ > 0.

For (u1,u2) € Uy x Uy, and h in WP (R™), let
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oh & . . 9%h
bi(x’u]’u2>$(x)+Ezau(x)8x-8x-(x)’ @)
i (s

iy

™=

LA (x) =

i=1

where b; is the i~th component of b, and a' is the (i, j)-component of the matrix
a():=0()o'().
Let us now proceed to define the sets of strategies allowed for each player.
Randomized Markov strategies. Let % (U;) be the Borel c—algebra of U, ,
and let &2(U) be the space of probability measures on U;. In the same way, we
define #(U,) and &2 (U,) associated to player 2.

Definition 1. A randomized Markov strategy for player k (k = 1,2) is defined as a
family 7¢ := {z* : t > 0} of stochastic kernels on Z(Uy) x R™; that is:

(a) foreacht>0andx € R", (-|x) is in 2(Uy), satisfying 7 (Up|x) = 1;

(b) foreach D € B(Uy) and t > 0, z¥(D|-) is a Borel function on R™; and

(c) foreach B € Z(Uy) and x € R™, the function ¢ — 7¥(B|x) is a Borel measur-
able function.

Definition 2. A randomized strategy ¢ = {n* : 1 > 0} (k = 1,2) is said to be sta-
tionary if there is a stochastic kernel 7% on %(Uy;) x R™ such that 7t (-|x) = *(-|x)
forall x e R™, ¢t > 0.

The set of randomized stationary strategies for player k is denoted by I, k = 1,2.
Next we define the payoff functions that each player wants to “optimize.”’
Payoff rates. For each player k = 1,2, let r;, : R x U} x U, — R be a measurable

function, which we will call the payoff rate of player k; in this sense, at each ¢ > 0,

ri(x(t),u1,uz) is the payoff of player k at time ¢, when the actions u; € U; and

uy € U are decided by players 1 and 2, respectively.
Throughout this manuscript we will use the notation 7

product measure of ! and 72.

Let the function y be either b or ry, kK = 1,2. When players use a stationary
randomized strategy (7 I 7172) e I, x I, we write:

' x 72, representing the

w7 x 72) ::/U [ W) ()7 (diolx), xR
1 2

With the above notation, the infinitesimal generator (2) is written as

oh 1y .. 9%
. 1 AN - ij m
bi(x,m' X1 )aXi()c)—i-2 ‘E‘a (x)aXiaxj(x), xeR™.

LJ

1

L* 7% h(x) =

on

Il
R

i k]

Assume for the moment the existence of the probability measure P} 7 for each
x € R™ and n! x 72 € IT; x I, associated to the process x(-). We will also denote
by E)’f] x? (+) its respective expectation. Next define the payoff criteria each player
would be interested to optimize.
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Definition 3 (Discounted payoff criterion). Let & > 0, and consider the payoff
rates r; and rp. For each player k = 1,2, the expected at—discounted payoff for
player k when players use the strategy (7! x 72) € ITj x IT, given the initial state
x e R™ is

Vi(x,m! x 7?) = Eflmz [/ e ¥ r(x(t),mt x 7¥)dr|. 3)
0

Definition 4 (Average payoff criterion). For each player k = 1,2, the expected av-
erage payoff for player k when players use the strategy (7! x %) € IT) x IT, given
the initial state x € R™, is

T
S, mt x m?) = 1iminfl]Ej§' xa? [/ re(x(r), ' x nz)dtl : )
T—oo T Jo

In a noncooperative N-person nonzero-sum stochastic differential game, each
player tries to maximize (or minimize) his/her individual performance criterion (in
particular, criteria of type (3) and (4)). A Nash equilibrium, in this case, is a strategy
such that once it is chosen by the players, no player will profit unilaterally by simply
changing his/her own strategy. More specifically, in the maximization context, we
have the next definition:

Definition S (Nash equilibrium). Let Fy, k = 1,2, be either the discounted payoff in
(3) or the average payoff (4). A randomized pair of strategies (7! x n2) € IT; x IT
is a Nash equilibrium if and only if

Fl(x,n,: X nf) 2F1(x,7r' X nf), vrleln,

B(x,x! x 12) > B(x,n! x7?), Vr?elb.

It is also well recognized that the existence of Nash equilibria in nonzero-sum
games with uncountable state-action spaces is not necessarily guarantied in the set of
randomized policies ITj x I, under standard conditions (for example, the conditions
established in this chapter); however, such existence is achieved under special cases.
For instance, we can assume the drift b in the dynamic (1) and the payoff rates
rr both satisfy an additive structure property (see, for instance, [8, 16, 17]). One
alternative to avoid restrictive assumptions to the model, is to extend the concept of
Nash equilibrium into a bigger set of II; x II,, which entails, in particular, to the
concept of correlated strategies and its corresponding correlated equilibrium.

In the next section we will provide, among other things, conditions so that the
dynamic (1) can attain a unique solution in some sense and that the payoffs in (3)
and (4) are finite valued on the set of correlated strategies.
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3 Correlated strategies.

In this work we extend the set of strategies available to the players. These strategies
allow players to correlate their decisions during a pre-play communication process
(see Section 4).

Definition 6 (Correlated strategy). A correlated (stationary) randomized strategy
U is a stochastic kernel on B(U; x U) x R™ such that:

(a) for each x € R™, u(-|x) is a joined probability measure on U; x U, and such
that u(U; x Uz |x) = 1.
(b) Foreach D € B(U; x U,), u(D|-) is Borel measurable on R™.

We will denote by I" the set of all correlated randomized strategies. On the other
hand, the marginal distributions of u are defined as:

pi(Bilx) :=pu(By xUzlx)  and  r(Balx) := u(Uy x Balx),

for each Borel set By € #(Uy), k= 1,2, and x € R™.
Let y be either b, r; or ro. When players use a correlated strategy u € I', we
write

yie) = [ Wl o)),

Furthermore, the generator (2) turns out to be

oh 1& o 9%h m
Luh(x) = Zbi(nu)aixi(x)—i_iza](x) axiaxj (x)a x € R™ 5

= i

We denote by I}, the set of k-marginal measures associated to I', for k = 1,2.

Remark 1. Throughout this work we will assume that the players choose only ran-
domized stationary strategies. The reason is that, even when it is possible to work in
a more general class of strategies (for instance that of the so-named non-anticipative
policies), our present hypotheses (stated later on) ensure the existence of optimal
policies in the class of stationary strategies for all players. Further, it is worth to
mention that recurrence and ergodicity properties of the state system (1) can be eas-
ily verified through the use of stationary strategies, but for general non-anticipative
strategies, the corresponding state system might be time-inhomogeneous; a fact that
can be hard to handle.

Assumption 1 Recall the elements of the dynamic (1). We assume:

(a) The action sets Uy and U, are compact.
(b) The function b : R™ x Uy x Uy — R™ satisfies the following conditions:

(i) it is continuous on R™ x U} x U,.
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(ii) it satisfies a Lipschitz condition uniformly in (u1,uy) € Uy X Up; that is, there
exists a positive constant K| such that, for all x,y € R™,

sup |b(x,u1,u2)—b(y,u1,u2)|SK]\X—y|.
(u1,u2) €U xUy

(c) There exists a positive constant K such that for all x,y € R™,
lo(x) —o(y)] < Kalx—y.

(d)  (Uniform ellipticity). The matrix a(x) = o(x)0’(x) satisfies that, for some
constant cy >0
xa(y)x' > colx|? forall x,y € R™.

Remark 2. (a) Assumption 1 ensures that there exists an almost surely unique
strong solution of (1), for each strategy u € I', which is a Markov—Feller process
and whose infinitesimal generator coincides with L* in (5). (For more details, see
the arguments of [2, Theorem 2.2.7]).

(b) The aforementioned existence and uniqueness remain valid for special types
of joint kernels of either form y = m; X M, or L = 7y X Up or U = Uy X My, for
every m € I}, m € I, uy € I3, Uy € I5. This implies that the dynamic (1) is
well defined even when a usual pair of strategies (m; X m) € ITj x II, as that
introduced in Definition 2 is applied.

The following assumption is a Lyapunov-like condition that guaranties, in par-
ticular, that the discounted payoff criterion (3) is finite, among other facts such as
the positive recurrence property of the diffusion (1) and the existence of an invariant
measure, each of them for a suitable type of controls (or strategies) u; () and uy(+).

Assumption 2 There exists a function w € C2(R™), with w > 1, and constants d >
¢ > 0 such that

(i) limpy e w(x) = +oo, and

(ii) L"v*2w(x) < —cw(x) +d for each (uy,up) € Uy X Uy and x € R™.

Remark 3. An easy application of Ito’s formula to e”w(x(t)) along with Assumption
2(if), give us that

sup BX (w(x(1)) < e~ “w(x) + 2(1— ™).
uel c

Definition 7. Let w > 1 be the function in Assumption 2 and & C R™ be an open set.
We define the Banach space B,, (&) consisting of real-valued measurable functions
h on & with finite w—norm defined as follows:

A (x)]

w(x)

We also include another set of hypotheses related to the payoffs r; that uses the
above definition.

1Al = sup
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Assumption 3 (a) The function ry(x,u;,uy) is continuous on R™ x Uy x U, and
locally Lipschitz in x uniformly with respect to (uy,uy) € Uy x Up; that is, for
each R > 0, there exists a constant K(R) > 0 such that

sup |7 (o ur,u2) — re (v, ur,u0)| < K(R)|x—y| forall |x|,|y] <R.
(u1,u2) €U xUs

(b) (- ur,u) is in By, (R™) uniformly in (uy,uz); that is, there exists M > 0 such
that for all x € R™

sup  |re(x,ur,u2)| < Mw(x).
(ulﬂuz)EUl xUp

We will extend the discounted payoff criteria (3) and (4) on the set I".

Extended discounted criterion: Given r; as in Assumption 3, k = 1,2, and for
any initial state x € R™, the extended ot—discounted payoff for player k when the
strategy i € I is applied is defined as

Vi) = B4 ] T ey (x(e), )] ©)

The following proposition is a direct consequence of Assumptions 2, 3(b), and
Remark 3, so we shall omit the proof; similar arguments can be founded in [9,
Proposition 9.1].

Proposition 1. Under the Assumptions 1, 2, 3, the payoff (6) belongs to the space
B,,(R™) for each correlated strategy W in fact, for each x in R™ we have

Vi (o, )| < M(a)w(x) M

with M(at) := M(a(;;@. Here, ¢ and d are the constants in Assumption 2(b), and M

is the constant in Assumption 3(b).

Extended average criterion: Let r; be as in Assumption 3, k= 1,2, and x € R™.
We define the extended average payoff for player £ when the strategy p € I" is used
and initial state x, as follows

|
Je(x, 1) == llﬁgf?]ﬂf

T
/0 Tk (X(t)vu)dt] - ®

Note that the above limit always exists. Actually, we will impose an ergodicity
condition so that this limit becomes a constant in some sense.

From the arguments in [2, 12], for each u € I", the Markov process x(-) is positive
recurrent and admits a unique invariant probability measure 1), for which

Mulw) = [ wloma(dx) <o ©
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where w is the function defined in Assumption 2. The next assumption corresponds
to the well-known assymptotic behaviour of x(¢) when ¢ goes to the infinite. Suffi-
cient conditions for this assumption can be seen in Theorem 2.7 in [14].

Assumption 4 For every 1 € I, the process x(+) is uniformly w-exponentially er-
godic; that is, there exist positive constants k| and kp such that

sap |EX [v(x(1))] = mu (V)] < ki ||V ]Iwe ™ w(x), (10)
ue

forallxe R™, t >0, and v € B,,(R™).
In (10), the notation 1, (v) has the same meaning as (9) with v instead of w.

Remark 4. Under Assumptions 1, 2, 3, and 4, the extended average payoff criterion
(8) satisfies the following: For each k = 1,2:

@  Ji(x, i) = fgm re(y, 0)Np(dy), for all x € R™, u € I'; actually the limit in (8)
does exist in a strong sense (i.e., liminf = limsup) and does not depend on the
initial condition x.

(b)  supyer [e(x, )] <M -dJe, , for all x € R™, with M and d, ¢ the constants
appearing in our previous Assumptions 3 and 2, respectively.

For a proof of these two assertions, we can quote Section 3 in [9] or Section 2 in
[14].

3.1 Continuity properties

In this part we will ensure that the functions y — Vi(x,it) and g — Ji(x, ) are
continuous. To this end, we endow the set I with the topology of joint strategies
(see e.g. [3, Lemma 3.4] or [6]).

Definition 8 (Topology of join strategies). We say that a sequence {l, : n =

1,2,...} C I converges to u € I' (and we will denote such convergence as L, LA w
if and only if for all 1 € C,(R™ x U; x U,) and g € L' (R™)

/mg(x) '/UlXUZh(x,ul,ug)un(d(ul,u2)|x)dx —

n—soo
/ g(x)/ h(x,uy,up)p(d(uy,uz)|x)dx.
Rm Uy xUs

Remark 5. The space I is a convex compact metric space endowed with the pre-
vious topology; see [25, Theorem IV.3.11] or [6, Section 3]. Furthermore, as was
mentioned in [16, Remark 2.11(b)], the set I} x I, is compact too. The convexity
of this last product set easily follows from the convexity of I, k = 1,2.

The following proposition gives a characterization for the a-discounted reward
(6). For a proof we quote [15, Proposition 3.1.5].
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Proposition 2. Assume that the Assumptions 1, 2, 3 hold true. Then, for every
u €I, the associated total expected a-discounted function Vi(-, 1) (k = 1,2) is
in W2P(R™)NB,,(R™) and it satisfies the equation

avk(xnu):rk(x7“)+L”Vk(x7“)' (11)
Conversely, if some function @ € WP (R")NB,,(R™) verifies (11), then
Ox(x) =Vi(x, ) forall x e R™.

Moreover; if the equality in (11) is replaced by “<” or “>", then (11) holds with
the respective inequality.

The following result addresses a continuity property of the total expected o-
discounted payoffs.

Proposition 3 (Continuity of V}). For k = 1,2, the mapping pt — Vi (x,lt) is con-
tinuous on I', for each x € R™.

Proof. Let{u,} € I' such that u, A U. Observe that Proposition 2 ensures that, for
each n > 1, Vi (x, 1) satisfies the equation

Vi (x, tp) = re(x, tp) + L Vie(x, 1,)  x €R™. (12)
This last equation in terms of the operator .Z4" given in (30) becomes
0=ZVi(x,u,) xeR™ (13)

Next we will check that the hypotheses (a)-(e) of Theorem 2 provided in the
appendix of this chapter are satisfied.

(a) This hypothesis trivially follows from (13) (or by (12)).

(b)  To prove this hypotheses, let R > 0, and take the ball Bg := {x ¢ R" | |x| < R}.
By [13, Theorem 9.11], there exists a constant Cyy independent of R such that, for
a fixed p > m (m being the dimension of (1)), we have

Vi (s ) w2 ) < Co (Vs ) e (Bog) + 7k G5 ) 12 (B )
< Co (M(a)|[WllLr(s,e) +MIWlLe(8y0))
< Co(M(at)+M) |BZR|1/” max w(x) < oo,
XEBR

where |Bog| represents the volume of the closed ball with radious 2R, and M and
M (o) are the constants in Assumption 3(b) and in (7), respectively.

(¢c)-(e) The parts (c) and (d) of Theorem 2 trivially hold by taking &, = 0 and
o, = o, whereas that part (e) is part of our hypotheses.

Then, for k = 1,2, we get the existence of a function h];l e W2»p (Bg) together with

a subsequence {n;} such that Vi (-, ;) — hﬁ() uniformly in Bg and pointwise on

. L4 .
R™ as j — o and W,; — p. Furthermore, hﬁ satisfies
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k k
oy (x) = rg(x, ) + LRy (), x € Bg.

Since the radious R > 0 was arbitrary, we can extend our analysis to all of x € R™.
Thus, Pr.op(.)sition 2 asserts that hl/ft (x) actually coincides with Vi (x, it). This proves
the continuity of Vj. a

We are going to focus on the continuity of the extended average payoff (8). To
begin with, we shall use a characterization of this criterion, whose proof is identical
to that in [14, Lemma 4.1] (see also [9, Proposition 5.1]).

Proposition 4 (Poisson equation). For each k = 1,2, and each fixed strategy L €I,
we denote by X (1) == [gm re(y, )M (dy). Then, under the Assumptions 1, 2, 3, and
4, there exists a function (pfl € W>P(R") N B,,(R™), such that the pair (g(u), (pﬁ)
satisfies the so-named Poisson equation

g (1) = re(x,p) + LA @ (x), k=12, xeR", (14)

as long with the transversality condition
[, 9htomu(an) =o. (15)

Moreover, g5(1) is equal to the extended average payoff Jy(x, i), for all x € R™.
Now let us show the continuity of g¥(u):

Proposition 5 (Continuity of g¥). For k = 1,2, the mapping u — g*(u) is contin-
uous onI'.
Proof. The proof is similar to that given in Proposition 3. Indeed, take again a ball

Bp for some R > 0 and use u,, € I' such that u, A . By Proposition 4, for each
n the pair (g (u,), (pﬁn) satisfies the equation (14) with (pﬁn € W2P(R™) NB,, (R™).
This equation in terms of operator .Z%" in (30) becomes

g () = L oy, (%) (16)

We will check that hypotheses (a)-(e) of Theorem 2 are satisfied. For this end, note
by Assumption 3(b) and Proposition 4, that the functions r¢ (-, it,) and ‘Pﬁn are both
in B,,(R™). Thus, using again the result in [13, Theorem 9.11], we can ensure the
existence of some Cy (independent of R) such that

||(Pﬁ,l||W2~P(BR) < CO(H(PﬁnHLP(BZR) + ||rk('7.un)||LP(BZR)
< CO(MIHW”]LP(BZR) +MHW||]LP(BZR))
< Co(My +M)|Bag|"/? max w(x) < e, (17)
XEBR

where |Byg| is defined as in the proof of Proposition 3 and M; is some given con-
stant. The hypotheses (a) and (b) follows from (16) and (17), respectively. As for
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part (c), we take &, = g"(u,) and noting that |g"(u,)| < Md/c (see Remark 4(b)),
we get the existence of a constant g* such that g*(u,) — g* (under a suitable sub-
sequence), hence part (c) of Theorem 2 trivially holds. Also, part (d) is satisfied by
taking o, = 0. Part (e) is part of our hypotheses. In this way, Theorem 2 ensures
the existence of a function (p,f‘l € W2P(Bg) together with a subsequence {n;} such

that (pﬁnj () — (pﬁ() uniformly in Bg and pointwise on R™ as j — oo and Uy, LA u.

Moreover, (pﬁ satisfies

g =r(x, 1)+ L@} (x) =0, x€Bg. (18)

Since the radious R > 0 was arbitrary, we can extend our analysis to all of x € R™.
Finally, let @ﬁ (+) be the bias function of u, see [9, Definition 5.1]. By [9, Propo-
sition 5.1], the pair (gk(,u)7¢’;(-)) is the unique solution of the Poisson equation
(ﬁ4), ie., (pl’j() = 6’;() + ¢ for some constant ¢ € R, and g€ = g¥(u). This implies
that
g4 (1) = (1) + L4 () =0 xeR".

Furthermore, [9, Proposition 5.1] also ensures that the bias Eﬁ() satisfies the
transversality condition (15). Hence, a simple use of Proposition 4 provides us the
continuity of the mapping u — g*(u) on T O

4 Correlated equilibria

As mentioned in [20], a correlated strategy limits the freedom of the players in
selecting their strategies, because a process of pre-play communication is needed to
carry out a correlated strategy. However, any player is free to choose any strategy,
regardless of the results of the communication process.

Suppose that a correlated strategy i € I' is fixed by the players during a pre-play
communication process. Then players make their final decisions independently of
each other. As a consequence, we obtain the following cases.

1. Both players accept it € I', then the system (1) evolves by applying the control
Sstrategy L.

2. Both players do not accept 1 € I', then the system (1) evolves according to some
(e, m*) el xIL CT.

3. Player 1 does not accept 1 € I' and decides to use a stationary randomized
strategy 7' € IT' instead, while player 2 approves the use of u. Then, ©t! and
U are taken into account and the system (1) evolves with the control strategy
(7171 ,Wp) € IT} xI; C I', with y, as the marginal distribution of 1 on U,.

4. Player 2 does not accept i € I" and decides to use a stationary randomized
strategy %> € IT* instead, while player 1 approves the use of w. Then, 7°
and pu are taken into account and the system (1) evolves according to the pair
(w1, 7%) € I x I, with y; as the marginal distribution of & on U.
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The next definition extends the concept of a Nash equilibrium for the larger set
of join strategies I .

Definition 9 (Correlated equilibria). Let F; be either payoffs V; or Ji, defined in
(6) and (8), respectively. A correlated randomized strategy u € I' is a correlated
equilibrium for the extended payoff F; if and only if

Fi(x,u) > F(x, ' x ) Vz' €I,

Fy(x, 1) > F(x, g x ©2) V12 € Ib.

Existence of correlated equilibria always exists under our present hypotheses as
it is established next:

Theorem 1. (a) Under Assumptions 1, 2, and 3, there exists a correlated equilib-
rium associated to the payoff V. in (6).

(b) If Assumption 4 is also considered, then the existence of a correlated equilib-
rium for the payoff Ji in (8) is also achieved.

To prove this theorem, we are going to describe some auxiliary results.
The auxiliary zero-sum game: Consider the set

0= {(7t1 X2 ALA) f AL >0, A+ =1, xl x? eI xIh}.

We assume that we have two virtual players, say players A and B, so that the set of
correlated randomized strategies I is the set of strategies for player A, whereas that
O is the set of strategies for player B. The common payoff for both players is given
by

GF(X7”3E1 X 7'[2,11712) =
M [/ F1(x,u1,u2)ﬂ(d(ul,uz)|x)—/
B U1><U2

JU xUy

il [ Bwmudoe) - |

Uy xUy

Fi(x, ul,uz)nl (duy |x),u2(du2|x)]

F(x,up,up)py (duy |x)7r2(du2|x)} ,
(19)
where Fj, denotes either Vj or Ji, for k = 1,2 and the subscript F of G simply refers
the dependence of G with the F/s.
In virtue of the notation in (6) or (8), the payoff given in (19) can be rewritten as
Gr(x, 1, ' x 1%, A1,42) = A1 [Fi(x, 1) — Fi (x, 70" x p12)]
+ Ao [F(x, 1) = B (x, i x 7). (20)

Value of the game: In zero-sum games, the functions

U(x) := inf sup G (x, i, ' x m*,A1,A) and
(HIXEZ,AI,AQ)GQ”GF

L(x) := sup inf Gr(x,u,m' x nz,ll,lg),
“er(ﬂlxﬂz,/’\,l,lz)E@
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play an important role. The function L is called the game’s lower value, and U is the
game’s upper value. Clearly, we have L < U. If the upper and lower values coincide,
then the game is said to have a value, and the value of the game, denoted as V, is the
common value of L and U, i.e.,

V:=L=T.

Definition 10. Let X be a nonempty Hausdorff space and let g : X — R be a real-
valued function. We say that g is affine-like function if and only if, for every x;,x; €
X and B € [0, 1], there exists xg € X such that g(xg) = Bg(x1) + (1 —B)g(x2).

The following proposition shows some properties of the payoff functions Gy and
Gjy.

Proposition 6. (a)  Suppose that Assumptions 1, 2 and 3 hold true. Then, the map-
ping W — Gy (-, l,-,-,-) is continuous and affine-like on I'. Furthermore, the
mapping (7' x 12, A1,2) = Gy (-,-, &' x 12, A1, A2) is affine-like on @.

(b) If in addition Assumption 4 is satisfied, then the same assertion in (a) is true
for the payoff Gj.

Proof. (a) First, let us prove the continuity: Consider the sequence {1, } C I" such
w
that i, — u. Observe that

0 < |Gy (x, t, &' X T, A1, A) — Gy (x, 10, 7' x 2, A1, 1)
< MV (o, ) — Vi (e, 1) | 4 A2 [V (3, ) — Va (e, i) | 4+ A Vi (3, 7T X o)
—Vi(x, X )|+ Az |Va (x, tip X T2) — Vo (x, iy x 2)]. (21)

Then, in virtue of Proposition 3, the terms in the right-hand side of (21) converge to

zero as U, LA . So, Gy is continuous in I".

On the other hand, it is well-known that the discount payoff V} can be seen as
a linear mapping between r; and the so-named occupation measure Vv[x;u]; i.e.,
Vi(x, i) = [ rp dvix; p], for every x € R™ and pu € I', where v|x; ] is defined as

/rk Vv i) = oEH ['/Owe—at /UIXUZ rk(x(t),u1,ug)u(d(uz,u2)|x(t))dt}. (22)

The details of this last fact can be extracted from page 1191 in [11] or from page
102 in [7]. Then by rewritting the payoff function Vj in the way of (22), it can be
proved (see, for instance [11], page 1195) that, for any two strategies 4, € I" and
B € [0, 1], there exists another u# € I' so that

v uP) = Byl ]+ (1-B)vixm]. (23)

This last property together with (22) yield that Vj (x, uP) = BVi(x, 1) 4 (1 — B)Vi (x, i)
and the choice of uP is independent of k = 1,2. With the previous ingredients, let
us use the strategy uf € I obtained by the affine-like property for both criteria V;
and V5, for some arbitrary choose of two strategies p, it € I' and 8 € [0,1]. Then,
the following is satisfied
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Gy (x, 1P 7" % 2, 20, 20) = 2 [Vi(, 1P) = Vi (e, x uf)] +
A [Vz(X,IJB) -V (x#fs x 7%)]
= M [{BV (e, ) + (1= BWVi (e, T0)} — Vi (w7  uf)] +
A2 [{BVa(x, 1) + (1 — B)Va(x, )} — Va(x,uf x 72)].
(24

In addition, by following the same arguments of page 1195 in [11], it can be also
verified that

Vi (x, 7' x uzﬁ) =BVi(x, 7' x o) + (1 - B)Vi (x,7' xI,) and
Vz(x,uf3 x w2) = BV (x, 1 x w2) + (1 = B)Va (x, ) x @2). (25)
Combining (25) with (24) we deduce
Gy (x,uP 7' x 12, A1, ) = BGy (x, 1, " x 72, A1, A2)
+(1=B)Gy (x, I, ' x 7%, A1, A2),

for all (7! x 72, 41,A,) € ©. This proves the affine-like property of Gy on I".
On the other hand, for any 8 € [0, 1] and any (x! x 7%, A1, 42), (&' x T2, A1,A2)
€ O consider the following strategies n’[; € I, and constants lf eRk=1,2):

k _ N = —
- P+ (=Pl g AP = A+ (1-B) 2

B+ (1= B)Ax

Plugging these elements into Gy, it is easy to check that for each 4 € I and x € R™,

Gy (x, 1, 7y x w3, AL ALY = BG (x, 7' x 7%, A, Aa) +
(1 _ﬁ)GV(.x,'U,fl X ﬁzathZ)'

This proves that Gy is affine-like on ©.

(b) As for the continuity of Gy on I', the proof is the same as in part (a), the only
difference lies in replacing Vj by J; and just use Proposition 5 in lieu of Proposition
3. Furthermore, there are works asserting that the average payoff J; (k = 1,2) can
be rewritten in terms of an occupation measure p[u]; i.e., for all x € R™ and each
w eI, Ji(x, ) = [ redp[u], where p[u](dy,du) := ny(dy)u(duly), with 1y being
the invariant measure defined in (9) (for further details see for instance, [2], page
87 or [7], page 91). Using the argumets as in page 92 of [7], we can obtain exactly
the same property as (23) for p rather that v. Then, it is straightforward that the
mapping i — Ji(-, 1) is affine-like on I'. To prove the affine-like property of Gy,
we proceed in the same way as (24). We can use also the same procedures of page
92 of [7] to get a similar relation of (25) associated to J;. These previous properties
would prove that Gy is affine-like on I" after doing basic estimates. The proof that
Gy is affine-like on @ is similar to the one presented for Gy so we shall omitit. O
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Proposition 7. The upper value U is nonnegative.
Proof. Clearly we know that

sup G (-, 1, ' x 2, A1, 42) > Gp (- 1,7t x 7%, A1, A2)
nel

Vuerl, (z' x % A, 4) € 0.

1

Then taking in particular { := 1! x 72, we obtain that G¢ (-, i, ' x 12, A1,A;) = 0.

Therefore,

sup GF(',[J,,TEI X 77:2;/11,)['2) Z GF('vﬂanl X 71'2,;{,1,)[,2) = 07
pel

Y (r! x 7 A, M) € 0.
This implies that

U(-) = inf sup Gr (-, i, ! x m, A1, A2) > 0. (26)
(71'1 ><7T2,/11 ,},2)6@ ue]"

O

Proof of Theorem 1. (a) First note that Proposition 6 gives the hypotheses to get
the Isaac’s condition (see, for instance pages 108-109 in [20])

inf sup Gy (x, i, w! x nz,/ll,kg) =
(m! x72,21,2)€0 per

= sup inf Gy (x,u, ! x nz,/ll,/”tz), xeR™ 27
perl (mlxa2 A1,1)€®

Relations (27) and (26) gives us that

sup inf Gy (x,u, ! xnz,ll,lg) >0 VxeR™
pel (mlxa2 A1,1)€®

As u+— Gy(-,U,-,-,-) is continuous, then it easy to verify that

u— inf Gv(',u,ﬂl Xﬂz,ll,lz)
(x! x 72 A1, A2)€O

is upper semi-continuous. This last property together with the compactness of I"
imply the existence of u* € I" (that depends only of x € R™) such that

Gy(x,u*, !l x 12, A1,22) >0, VYV (x' x7? A1,) €O, xeR™.  (28)
In virtue of (28), if we let A; — 0 in (19) or (20) (yielding that A; — 1), we get
Vi(x,u*) = Vi(x, ' x p3) >0, forall ' e IT'.

Similarly, by letting A; — 0 (yielding that A, — 1), we can also deduce
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Va(x, %) = Va(x, uf x ©2) >0 for all € IT°.

Thus, from the Definition 9, u* € I' becomes a correlated equilibrium.
The proof of part (b) is identical than (a), the only difference lies in the fact that
we need Assumption 4 as an extra hypothesis to guarantee the continuity for G;. O

Appendix

The main objective of this appendix is to prove that the convergence L, LA u, o, —
a, and h, — h (this later convergence in a suitable sense), yield that, for each k =
1,2,

1im {1, ) + Ly = Gha } = i ) + LB — ah. (29)

Let & be an open, bounded and connected subset of R”. We denote the closure
of this set by &
Forevery x € R™, u € I', a > 0, h in W>P (&), we define

d dh

‘f’(x,.u,oc;h) =T (x,/,l)—FZb,(x,/J)g(x) _ah(x)7
i=1 !
LEh(x) == P(x oz-h)+1 i a"/’(x)ﬂ(x) (30)
o T a:uv s 2,-,]-:1 axiaxj )

where b; is the i-th component of the function b defined in (1) and a as in Assump-
tion 1(d).
The following theorem establishes the limit result referred in (29).

Theorem 2. Let € be a bounded €° domain. Suppose that there exist sequences
{h,} e W2P(0), {E,} € LP(O), with p > m (m is the dimension of (1)), {u,} € T,
and {0, } > 0, satisfying the following:
(a) Ly hy =&, in O forn=1,2,...
(b) There exists a constant My such that ||h,,||Wz,p(0> <M forn=1,2,...
(c) & converges in ILP(0) to some function &.
(d) oy, converges to some constant ot > 0.
w
(e) b > ET.
Then, there exist a function h € W%’p (0) and a subsequence {n,} C {1,2,...} such
that hy, — h in the norm of C'"(0) forn < 1 — %5 as r — eo. Moreover,

LEh=E ino. (31)

Proof. We first show that there exist a function 4 in W2”(&) and a subsequence
{n,} € {1,2,...} such that, as r — oo, h,, — h weakly in W>” (&) and strongly in
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C'"1(&). Namely, since W>P(0) is reflexive (see [1, Theorem 3.5]), then, using
Theorem 1.17 in the same reference [1], the ball

_ {heWZaP(ﬁ) T gM} (32)

is weakly sequentially compact. On the other hand, since p > m, by [1, Theorem 6.2,
Part I11], the imbedding W7 (&) < C'1(60), for0<n < 1— % is compact; hence,

itis also continuous, and thus the set H in (32) is relatively compactin C'"(&). This
fact ensures the existence of a function h € W*P(&) and a subsequence {h,, } =
{h,} C H such that
h, — h weakly in WP (&) and strongly in C'"1(6&). (33)
The second step is to show that, as n — oo,

/g B (x, o, Gy dx—>/ (e, azh)dx forall g€ L(0). (34)
To this end, given x € &, k = 1,2, functions h € WZ*P(ﬁ’) and h, € H, u,u, €T,
and constants @, & > 0, the following holds for all g € L' (©).

‘/ Y (x, Wy, Oy By )dxf/ g(xX)¥ (x, 1, ot ) dx
o
() [ ) — e, )]

&) oo m‘fj’"( )= i) G )

i

+Z

) [Ohn (x) — cth(x)] dx

< /ﬁg(x)rk(xa,un)dx—/ﬁg(x)rk(x,u)dx

dhy
+i§{ /ﬁg(x) o, ) 1Bil06 ) = bifer, p)] dx
y I oh
+i; /ﬁg( )bi(x, ln) {axl_(x)—axi(x)] dx| + |0t — o /ﬁg(X)hnxdx

/ (%) [n(x) = h(x)] dx]| .
4

Since the embedding W7 (&) — C!1(&) is continuous, hypothesis (b) together
with the definition of the norm || -{|c1.(g), imply that there is a constant M > 0 such
that

oh _ _
| < hnlcan oy < 5 Wl < 00
1

max{|hn|7 max
1<i<m
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On the other hand, it is easy to verify that Assumptions 1 and 3, yield that
B(-o )] + (- )| < K(6). Hence,

‘/ g X “nvam dx /g x S U, O h)dx

‘ [ st [ g
1% 1%

+MM;m max ‘/ﬁg(x) [bi(x, ) — bi(x, 1)] dx

1<i<m

+ gl (o) n = hllcinz) (mK(O) + &) + [0 — a| MMy 8]l () - (35)

Observe that r(-,u) k = 1,2, and b;(-,u) i = 1,--- ,m are bounded on &. Then,
hypotheses (d) to (e), together with (33), lead to the right hand side of (35) goes to
7ero as n — oo, thus proving (34).

The existence of the constant K (&) used for the analysis in (35) can be also used
to get also that |6 (x)| < K(&), then we can affirm that for each g in LT (0),

8 906) [0 @ 00) o () — K 0 (0) 525 ()] ]

<= [K(O) - 1“{/8 [ai.f;’;j (x) = 52 (x)} dx’. (36)

Thus the weak convergence of {/,} to & in W>? () yields that the right-hand side
of (36) converges to zero as n — oo. Notice also that the convergence of (34) is

also valid for all g € L7 T (0). The reason is because L7 T (0) C LY(0) (recall the
Lebesgue measure on & is bounded). This last fact together with (36) and hypothesis

(¢), yield that for every g in LT (0),

| 800 [ 2100~ E )] dx = lim [ o) [ 2l ()~ &u()] dx =0

n—o |
The above limit, along with Theorem 2.10 in [18], implies (31), i.e.
LEh=E& in 0.

This completes the proof. g
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