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We consider the problem of approximating Nash equilibria of N functions fi,..., fxy of
N variables. In particular, we show systems of the form

wj(t) = =V, fj(u(t))

(j = 1,...,N) are well-posed and the large time limits of their solutions wu(t) =
(u1(t),...,un(t)) are Nash equilibria for f1,..., fx provided that these functions sat-
isfy an appropriate monotonicity condition. To this end, we will invoke the theory of
maximal monotone operators on a Hilbert space. We will also identify an application
of these ideas in game theory and show how to approximate equilibria in some game
theoretic problems in function spaces.
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1. Introduction

Let us first recall the notion of a Nash equilibrium. Consider a collection of N sets
X1,...,Xn and define

X=Xy x---xXn.
For a given « = (z1,...,a2n) € X, j € {1,...,N}, and y; € X, we will use the

notation (y;,z_;) for the point in X in which y; replaces x; in the coordinates of z.

*There is no affiliation.
§Corresponding author.
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That is,

(yj,l’_j) = (1;17-~-7mj—17yj7xj+17-~-737N)-

A collection of functions fi,...,fy : X — R has a Nash equilibrium at x € X
provided

fi(@) < fi(yj. 2—5)

forally; € X;and j=1,...,N.
Nash recognized that an equilibrium is a fixed point of the set valued mapping

N
X 3z — argmin ij(ij_j)

yeXx J=1
In particular, he applied Kakutani’s fixed point theorem [I7] to show that if
X1,..., XN are nonempty, convex, compact subsets of Euclidean space and each
f1,..., fn is multilinear, then fi,..., fy has a Nash equilibrium at some x € X
[24, 25]. Nash was interested in multilinear f,..., fx as they correspond to the
expected cost of players assuming mixed strategies in noncooperative games. More
generally, his existence theorem holds if each f; : X — R is continuous and

N
Xoym— ij(ij_j) is convex for each x € X. (1.1)
j=1

As the existence of a Nash equilibrium is due to a nonconstructive fixed point
theorem, it seems unlikely that there are good ways to approximate these points.
Nevertheless, we contend that there is a nontrivial class of functions f1,..., fy for
which the approximation of Nash equilibria is at least theoretically feasible. We will
explain below that a sufficient condition for the approximation of Nash equilibria
is that f1,..., fy satisfy

N

> (Va, fi(x) = Vi, f5() - (2 — ;) = 0 (1.2)

j=1

for each z,y € X. Here, we are considering each X; as a subset of a Euclidean

space and use “” to denote the dot products on any of these spaces. We are also
temporarily assuming that f1,..., fy are each differentiable on some neighborhood
of X.

Our approach starts with the observation that if (II]) holds and X;,..., Xy
are convex, then z is a Nash equilibrium if and only if

N
SV fie) - gy — ) > 0 (1.3)
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for each y € X. As a result, it is natural to consider the differential inequalities

N

D (@5 (t) + Vi, £5(u(t)) - (g5 — u;() > 0 (1.4)

j=1
for t > 0 and y € X. Here,
U[0,00)HX, tH(ul(t)a'-'auN(t))

is the unknown. We will below argue that for an appropriately chosen initial con-
dition 4(0) € X, the Cesdaro mean of u

1 t
t— —/ u(s)ds
tJo

will converge to a Nash equilibrium of fi,..., fy as t — oo provided that (L2
holds.

1.1. Two examples
An elementary example which illustrates this approach may be observed when
X=Xy = [7171}7 X = [71v 1]2a

fi(z1,22) = 1172, and  fo(w1,22) = —7172.

It is not hard to check that the origin (0, 0) is a Nash equilibrium of f1, f2 and that
f1, fo satisfy (L2) (with equality holding) for each x,y € [—1,1]%. We now seek an
absolutely continuous path

u:[0,00) — [~1,1]?
such that
(1 () 4+ uz(t))(yr — ua(t)) + (d2(t) — ur(t))(y2 — u2(t)) = 0 (1.5)

holds for almost every ¢ > 0 and each (y1,y2) € [—1, 1].
It turns out that if

u1(0)% 4+ u(0)? < 1,
then the unique solution of these differential inequalities is
u1(t) = u1(0) cos(t) — uz(0) sin(t),
{uz(t) = uz(0) cos(t) + u1(0) sin(t).

This solution simply parametrizes the circle of radius (u;(0)? + u2(0)?)/2. In par-
ticular,
t

lim ! u(s)ds = (0,0).

t—o0o 0
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Fig. 1. (Color online) Plot of a solution u of (I3) where the initial position of u is indicated in
red. This solution starts out on a circle centered at the origin traversing it counterclockwise until
it hits the boundary line segment (z1 = 1,—1 < x2 < 0). Then it proceeds upwards along this
boundary line segment until it arrives at some time s at the orange marker which is located at
(1,0). For times t > s, the position u(t) as shown in purple remains on the unit circle traversing
it counterclockwise.

For general initial conditions (u1(0),u2(0)) € [—1,1]%, it can be shown that
there is a solution u of (LH) with u;(s)? + ua(s)? < 1 at some time s > 0. Refer
to Fig. [ for a schematic. It then follows that the same limit above holds for this

solution.
The method we present can be extended in certain cases when Xi,..., X are
not compact. For example, suppose X1 = Xy =R,
L5 Lo
fi(xr,z2) = §x1 —xixo —x1, and fo(xy,x0) = §m2 + 2129 — 225.

Tt is easy to check that f1, fo satisfy ([L2)). Furthermore,
Opy f1(w1,02) =21 —9 — 1 =0,
Oy fo(z1,22) =22+ 21 —2=0

provided

1
x1:§ and 1:2:5.

As a result, this is the unique Nash equilibrium of f1, fs.
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We note that the solution of

is given by
wn(t) = g ( g) * cos(t <u2(0) - %) " sin(t),
us(t) = % ( %)  cos(t (g - u1(0)> e~ sin(t).

It is now clear that lim;_, o uq () = 3/2 and lim;_, o u2(t) = 1/2. Therefore,

)
ot
lim 1/ u(s)ds = é,l .
t—oo t 0 272

It just so happens that our method does not rely on the spaces Xi,..., Xy being
finite dimensional. Consequently, we will consider the following version of our

1.2. A general setting

approximation problem. Let V be a real Hilbert space with continuous dual space
V*. Further assume

Xq,..., Xy CV are closed and convex with nonempty interiors
and suppose
fiyeo N X —R
satisfy
fi,..., fn are weakly lowersemicontinuous,

N
Xoy— ij(yj,a?_j) is convex for each z € X,

j=1

N (1.6)
X3z— Z fi(yj,x—;) is weakly continuous for each y € X, and

j=1
N

(Op, fi(x) = Op, fi(y), 2j —y;) >0 for each z,y € X.

j=1

For the last condition listed in (L0, we mean
N

> (5 —gjx5 —y;) =0,
j=1

whenever
bj € al’]fj(x) = {C € Ve fj(Z,LE,j) > f](l’) + (C,Z - xj)7 PSS X]}
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and q; € 0, fj(y) for j =1,...,N. Here, (-,-) denotes the natural pairing between
V* and V. Note in particular that d,, f;j(z) is not a subdifferential in the usual
sense as f;(z,x_;) > fj(x) + (¢, z — x;) is only required to hold for z € X;. Also,
note that € X is a Nash equilibrium for fq,..., fy provided

0 € 0y, fi(x)

forj=1,...,N.

When V is finite dimensional, we naturally identify V' and V* with Euclidean
space of the same dimension. Alternatively, when V is infinite dimensional, we will
suppose there is another real Hilbert space H for which

VcHCV*

and V C H is continuously embedded. It is with respect to this space H that we
consider the following initial value problem: for a given u’ € X, find an absolutely
continuous u : [0,00) — H¥ such that

uw(0) =u® and
(1.7)
;(t) + Oy, fj(u(t)) 20 for a.e. t >0 and each j=1,...,N.

Note that the evolution equation above can be written explicitly as

(05 (8), y; — ;i (£) + f5(yz, u—j (1)) = f3(u(t)) = 0
for a.e. t > 0, each y; € X, and each j =1,..., N. It is routine to verify that this
evolution is equivalent to (L) when H = V = R? with the standard dot product
and each f1,..., fn is differentiable on a neighborhood of X.
Our central result involving this initial value problem is as follows. In this state-
ment, we will make use of the set

D={zecX:0;fj(x)NH#Pfor j=1,...,N}. (1.8)

Theorem 1.1. Assume f1,..., fn satisfy (LG).

(i) For any u® € D there is a unique Lipschitz continuous u : [0,00) — HY

satisfying u(t) € D for each t > 0 and the initial value problem (L1).
(ii) If f1,..., fn has a Nash equilibrium, then

%/Otu(s)ds

converges weakly in H™ to a Nash equilibrium of fi,..., fn ast — oc.

Remark 1.2. We will also explain that if (9y, f1,...,0zyfn) is single-valued,
everywhere-defined, monotone, and hemicontinuous we can obtain the same result
as above without assuming ([LG). This follows directly from a theorem of Browder
and Minty.

We will phrase our initial value problem (7)) as the evolution generated by
a monotone operator on H"V with domain D. According to pioneering work of
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Kato [I§] and Komura [20], the crucial task will be to verify the maximality of
this operator. Regarding the large time behavior of solutions, the convergence to
equilibria of maximal monotone operators by the Cesaro means of semigroups they
generate originates in the work of Baillon and Brézis [3]. We also refer the reader
to [2, Chap. 3] which gives a detailed discussion of this phenomenon. Moreover,
the finite dimensional setting with smooth f1,..., fn is an example of a differential
variational inequality which is discussed in [2]. In addition, we note that Rockafellar
verified Theorem [[Tlin the two-player, zero sum case (N = 2 and f; + fo = 0) [28].

We also remark that in finite dimensions, similar results were known to Flam
[13]. In particular, Flam seems to be the first author to identify the important
role of the monotonicity condition ([2)) in approximating Nash equilibria. How-
ever, Rosen appears to be the first to consider using equations such as ([L4]) to
approximate equilibrium points [29]. Additionally, we would like to point out that
the finite dimensional variational inequality (I3]) and its relation to Nash equilib-
rium is studied in depth in the monograph by Facchinei and Pang [I1]. In infinite
dimensions, there have also been several recent works which discuss discrete time
approximations for related variational inequalities [7, [6, [TI, @] [16].

Ratliff et al. have analyzed games in which the strategy spaces for players are
general topological spaces [20], 27]. When the spaces are smooth manifolds or Banach
spaces, these authors focused on differential Nash equilibria which are points x € X
such that V, fj(z) = 0 for j = 1,..., N and that the Hessian of y; — f;(y;,z_;)
at x; is positive definite. In particular, they used dynamical systems methods to
study the limiting behavior of gradient-based algorithms to approximate differential
Nash equilibria. We also recommend the work by Mazumdar et al. [21] for a recent
discussion of how gradient-based algorithms perform in approximating equilibria
and issues that may arise when employing them. The distinction with our work
is that we focus almost entirely on exploiting monotonicity, we do not make the
assumption that fi,..., fx are smooth, and we restrict our attention to (global)
Nash equilibrium in a Hilbert space setting.

As mentioned, the asymptotic statements we made above are predicated on the
existence of a Nash equilibrium. This is guaranteed to be the case if X is weakly
compact or if there is some 6 > 0 such that

N

S (8, fi(@) = 0, f5(y)s 2y — ) = Ollz — g

Jj=1

for each x,y € X. Here, we are using | - || for the product norm on V. When
such coercivity holds, fi,..., fy has a unique Nash equilibrium and solutions of
the initial value problem (7)) converge exponentially fast in H” to this equilibrium
point.

We will prove Theorem [ Tlin the following section. Then we will apply this result
to flows in Euclidean spaces of the form (L4) in Sec. Bl Finally, we will consider
examples in Lebesgue and Sobolev spaces in Sec. [dl A prototypical collection of
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functionals we will study is

"1
£ = [ 5190+ @i

for j = 1,..., N, where v = (v1,...,vx) and  C R? is a bounded domain. Here
each X; =V = H}(Q) and H = L?(Q2). For this particular example, we will argue
that if Fi,..., Fy : RN — R satisfy suitable growth and monotonicity conditions,
then f1,...,fn has a unique Nash equilibrium which can be approximated by
solutions uy,...,uy :  x [0,00) — R of the parabolic initial value problem

Oruj = Auj — 0z, Fj(u) in Q x (0,00),

u; =0 on 09 x [0, 0),
uj = u on Q x {0}
for appropriately chosen initial conditions u?,...,u% : Q — R.

2. Approximation Theorem

In this section, we will briefly recall the notion of a maximal monotone operator on
a Hilbert space and state a few key results for these operators. Then we will apply
these results to prove Theorem [Tl and a few related corollaries.

2.1. Maximal monotone operators on a Hilbert space

Let H be a Hilbert space with inner product (-,-) and norm | - |. We will denote
21 as the power set or collection of all subsets of H. We recall that B : H — 2 is
monotone if

p—qz-y) =0

for all z,y € H, p € Bx, and q € By. Moreover, B is maximally monotone if the
only monotone C : H — 2 such that Bx C Cx for all z € H is C = B. Minty’s
well-known maximality criterion is as follows [22].

Theorem (Minty’s Lemma). A monotone operator B : H — 21 is mazimal if
and only if for each y € H, there is a unique x € H such that
r+ Bx > y.
Let us now recall a fundamental theorem for the initial value problem
U(t) + Bu(t) 20, ae t>0,
(2.1)
u(0) = u®.

As discussed in [5, Chap. II] and [2, Chap. 3], the initial value problem is well-posed
provided that B is maximally monotone and u" is an element of the domain of B

D(B) ={xz € H : Bx # 0}.
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We also have the following theorem, which is originally due to Kato [18] and Komura

[20].

Theorem 2.1. Suppose B : H — 2 is maximally monotone and u° € D(B).
Then there is a unique Lipschitz continuous solution

w:[0,00) = H
of &I) such that u(t) € D(B) for all t > 0. Moreover,
ja(t)| < inf{|p| : p € Bu®} (2.2)
for almost every t > 0.
Remark 2.2. A more general version of 1] is described in [5, Theorem 3.1].

Remark 2.3. The infimum on the right-hand side of ([2.2)) is attained as the images
of a maximal monotone operator are closed and convex subsets of H.

We also note that the operator B generates a contraction. Let u be a path
as described in Theorem 21l and suppose v : [0,00) — H is any other Lipschitz
continuous path with v(t) € D(B) for ¢t > 0 and

0(t) + Bu(t) 20, ae. t>0.
Then
[u(t) = v(®)] < [u(0) — v(0)], ¢ 0. (2.3)
If, in addition, there is some A > 0 such that
(p—aq,2—y) = N —y|* (24)
for all z,y € H, p € Bz, and g € By, then (Z3) can be improved to
[u(t) = v(t)] < e *u(0) — v(0)], ¢>0. (2.5)

Remarkably, it is also possible to use solutions of the initial value problem (as
described in Theorem 2.]]) to approximate equilibria of B. These are points y € H
such that

By > 0.
The following theorem was proved in [3].

Theorem (The Baillon—Brézis Theorem). Suppose B has an equilibrium point
and u is a solution of the initial value problem 2II). Then

%/Ot u(s)ds

converges weakly in H to some equilibrium point of B.

2350021-9
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Remark 2.4. If B satisfies ([2.4)), it is plain to see that By 0 can have at most
one solution. In this case,
u(t) =yl < e Mu(0) —yl, t>0

for any solution of the initial value problem (Z1). This follows from (ZI]) as v(t) = y
is a solution of the initial value problem with v(0) = y.

2.2. Proof of Theorem [I.1]

Let us now suppose the spaces V', Xi,..., Xy, and H are as described in Sec.
of the introduction. We will further assume fq,..., fy : X — R are given functions
which satisfy (LG). An elementary but important observation is that a given y € H
induces a linear form in V* by the formula

(y,x) = (y,x), (xe€V).
That this linear form is continuous is due to the continuity of the embedding V' C H.
For convenience, we will use || - || to denote both the product norm on V' and the
associated norm on V. Namely, we’ll write

1/2
N
=l = { Dl
j=1
for x = (21,...,2x) € VV. We will also use this convention for the inner product
(-,-) and norm |- | on H and on H" and the induced norm | - ||« on V* and on

(V)N
Let us specify A : HY — 21" yia
Op J1(@) N H X -+ X Oy r)NH, xe€D,
(o) o In(@) o
0, x gD
for x € HY. Here, D is defined in (CH)).
Lemma 2.5. The domain of A is D, and A is monotone. Moreover, an absolutely
continuous u : [0,00) — HY solves
u(t) + Au(t) 30, ae. t>0,
(2.7)
u(0) = u®

if and only it solves (L1).

Proof. By definition, the domain of A is D. Suppose z,y € D,
Cjeaxjfj(x)ﬂH, and fjeaxjfj(y)ﬁH

for j=1,...,N. In view of the last condition listed in (6,
N N

UG =i~y =D (G = &oaj—y;) = 0.

Jj=1 Jj=1

Thus, A is monotone.

2350021-10
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Note that if u solves (2.7, then
—j(t) € O, f(u(t)) N H C Ou, f(u(t))

for almost every ¢ > 0 and each j = 1,...,N. Thus, u is a solution of ([LT]).
Conversely, if u solves (7)) then

—1;(t) € Oq, f;(u(t))

for almost every ¢ > 0 and each j = 1,...,N. As u is absolutely continuous,
—u(t) € H for almost every ¢ > 0, and therefore, —u(t) € Au(t) for almost every
t>0. O

In view of Theorem 2.1l and the Baillon—Brézis theorem, we can conclude Theo-
rem [[.Ilonce we verify that A is maximal. To this end, we will verify the hypotheses
of Minty’s lemma.

Proof of Theorem [I.1l For a given z € H, it suffices to show there is € X
such that

zj € T + Ox, f5(7) (2.8)

for each j = 1,..., N. In this case, z; —x; € 0, fj(x) for j = 1,...,N. Thus, z € D
and z € Az + x.
In order to solve (Z8), we will employ the auxiliary functions defined by

i(2) = llasl? — (z,5) + f(a)

forz e X and j=1,...,N. In view of (L0,

g1, --.,gn are weakly lowersemicontinuous,

N
X3y— Zgj(yj,x_j) is convex for each x € X

j=1

N (2.9)
X3z~ Zgj (y;,2—;) is weakly continuous for each y € X, and

j=1
N
> (0, 9j(x) = 00, 95(v), x5 — y;) > |lw —y||* for cach 2,y € X.
j=1

Direct computation also gives that
Ou;95(x) = w5 — 2+ On; f5(2)

for each x € X. Therefore, z € X is a Nash equilibrium of g1, ..., gy if and only
if z solves (2.8]). Consequently, we now aim to show that ¢1,...,gn has a Nash
equilibrium.

2350021-11
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For each r > 0, set
X' i={zeX: |z <r}

It is clear that X C V is convex and weakly compact. And as each X;,..., Xy is
nonempty, X" is nonempty for all r greater or equal to some fixed s > 0. Let us
consider the map ®" : X" — 2X" specified as

N
®"(z) := argmin Zgj Yi, T—j)
yeXxr j=1

for r > s.

The first and second properties of ¢, . .., gy listed in (29) imply that ®"(x) # ()
and convex for any x € X" and r > s; and the first and third properties imply that
the graph of ®" is weakly closed. Indeed let us suppose (z¥)ren, (¥*)ren C X7,
zF =z, y* =y, and

N
Zg] y]7 Z Zj7

for each z € X" and all £ € N. We can then send k& — oo to get

N N
D 9w ay) <Y g5z ).
j=1 j=1

The Kakutani—Glicksberg—Fan theorem [I7, [14] [12] then implies there is 2" €
®"(z"). In particular,

> gi(a”) Z (yj, @ (2.10)

for each y € X". Define ¥ : V¥ — (—o0, 00 by

~+o00, yéZX.

Then W restricted to X" has a minimum at z”. We also note that ¥ is bounded
from below on X since X 3 y — Zj\;l fi(yj,x” ;) is convex.

As each X; has nonempty interior, X has nonempty interior. Therefore, X" has
nonempty interior for all r large enough. It follows from the Pshenichnii-Rockafellar
conditions for the minimum of a proper, lowersemicontinuous, convex function on

2350021-12
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a closed subset of a Banach space [4, Theorem 4.3.6] that
0€0¥(z") +nxr(x")

for all r sufficiently large. Here,

N
nxr(a") = N Zgj,y]f:z: )<Oforally e X"
j=1

is the normal cone of X" at the point 2. As a result, there is p” € (V*)¥ for which

Zgj Yj, T >Zgj p],yj—x;)

for all y € X and
N

> @)y — ) >0 (2.11)

j=1
for all y € X7.
By assumption, u® € D. It follows that there are

wj € Oz, g;(u")
for j = 1,...,N. Note that the fourth listed property of ¢1,...,gn in (23] along

with (ZII) gives

N
la" = u®) < Z —wj, @ — uj)

IN

Z —Ww;,T ]_ )

0
< fwll«ll=" = w]]
for all r sufficiently large. As a result, there is a sequence (7 )reny which increases
to infinity such that (2" )reny C X converges weakly to some z € X. Upon sending

r =1, — oo in (ZI0), we find that z is the desired Nash equilibrium of g1, ..., gn.
O

Remark 2.6. The conclusion that gi,...,gn has a Nash equilibrium could also
have been deduced from the work of Williams [30].

Corollary 2.7. If X is weakly compact, then f1,..., fn has a Nash equilibrium.

Proof. If X is weakly compact, we can repeat the argument given in the proof
above used to show ¢1,...,gn : X" — R has a Nash equilibrium. All we would
need to do is to replace X" with X and ¢1,...,g9n with fi,..., fn. O
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Corollary 2.8. Suppose there is 8 > 0 such that

N
Z(amjfj(l’) — 0, f5(y), 5 — y) = Ollz —y?
j=1
for each x,y € X. Then f1,..., fn has a unique Nash equilibrium z € X . Moreover,

if u : [0,00) — HY is a solution of the initial value problem as described in Theo-
rem L1l there is A > 0 such that

lu(t) — z| < e Mu(0) — 2| (2.12)

for each t > 0.

Proof. We can repeat the argument given in the proof of Theorem [I.T] that shows
g1, --.,9gn has a Nash equilibrium to conclude that f1,..., fy has a Nash equilib-
rium. Also, recall that if x and y are a Nash equilibria of f1,..., fy, then

0€ 0y, fij(x) and 0€dy, fi(y)

for j =1,..., N. By hypothesis, this implies
N
Ollz —ylI> <D (00,25 —y;) = 0.
j=1

Therefore, x = y.
As VN c HV is continuously embedded, there is a constant C' > 0 such that

lz| < Clz||, zeV¥.

Setting

gives
(Az — Ay, —y) > 0]z — y|* > Mz — y|?

for x,y € D(A). Here, A : HY — 27" is the maximal monotone operator defined
in (Z6). The inequality ([2I2) now follows from Remark 2.4 O

2.3. A special case

We now consider the special case mentioned in the introduction. In the statement
below, we will suppose that V' and H are as above. However, we will not assume
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fi,--., fn satisfy (6). We also note that the proof essentially follows from an
observation made by Brézis in [0, Remark 2.3.7].

Theorem 2.9. Suppose fi,...,fn: VY — R satisfy
0, fi(x) ={Va,fi(x)} for eachx €V,
Vo, filx +ty) = Va, fi(x) ast— 0% for each z,y € VN, and

N
Z(vx‘]fj(x) - v$jfj(y)7xj - yj) >0 fO’f’ each T,y € VN7

j=1

and define

D={zecVN:V, filz),...,Vaey[n(z) € H}.

Then for each u® € D, there is a unique Lipschitz continuous u : [0,00) — HY
such that u(t) € D for each t > 0 and

w(0) =u’, and
w;(t) + Vg, fi(u(t)) =0 for a.e.t>0 and each j =1,...,N.

Proof. It suffices to show that A : HY — 2H" defined via
Ag = {(vzlfl(x)7"'7VCENfN(x))}7 IED,

(z € HY) is maximal. To this end, we first consider the operator B : VY — (V*)V
defined via

Bx = (21 + Vo, f1(x),...,2n + Va fn(2))
for x € V. Note that
B(x +ty) — Bz
and
(B — By,x —y) > |z —y|?

for all z,y € VIV,
By a theorem due independently to Browder [8] and Minty [23], B is surjective;
see also [19, Corollary 1.8]. In particular, if y € HY, there is z € V¥ such that

Bx =y.
That is,

for j =1,...,N. Then V,, f;(x) = y; —x; € H for j = 1,..., N, which implies
x € D and

x+ Ax > y. |
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Remark 2.10. If f1,..., fy additionally satisfy

N

Z(ijfj(l’) — Vo, [i(W) 2 —y;) > Ollz — yl?

j=1

(v,y € VN), then f1,..., fy has a unique Nash equilibrium and (ZI2) holds for
any u(0) € D.

3. Finite Dimensional Flows

In this section, we will present an implication of Theorem [[.Tin the particular case
V=H=R

equipped with the standard Euclidean dot product and norm. Let X = X7 x -+ X
Xy, where X1,..., Xy C R? are closed and convex subsets each with nonempty
interior. Further assume

fi,...,fn : X — R are continuous,

N

X>ym— ij(yj,x,j) is convex for each z € X, and
j=1

N

Z(awjfj(a:) — 0, fi(y)) - (x5 —y;) >0 foreach z,y € X,

Jj=1

where
O, fi(x) = {z €R?: fi(yjow—5) = fi(w) + 25 - (y; — ;) for all y; € X}
for j =1,...,N. As before, we set
D={zxe€X:0,fi(x)#0, j=1,...,N},
Theorem [I.1] implies the following.

Proposition 3.1. For each u® € D, there is a unique Lipschitz continuous u :

[0,00) — RN with u(t) € D for t > 0 and which satisfies

uw(0) =u’, and
w;(t) + Op, fi(u(t)) 20 for a.e.t>0and j=1,...,N.

Furthermore, if f1,..., fnv has a Nash equilibrium, the limit
t
lim — [ w(s)ds
t—o00 0
exists and equals a Nash equilibrium of f1,..., fn.
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Example 3.2 (Quadratic Cost Functions). A basic example we had in mind
when considering Proposition B occurs when X; = --- = Xy = R? and

N 1 .
=2 514?@,@“'”

k=1

for = (z1,...,zy) € RV and j = 1,..., N. Here, Aiz are d X d symmetric
matrices which additionally satisfy Ai = A% i for .k, 0 =1,...,N. The required
monotonicity condition on f1,..., fy is satisfied provided

N .
D Agyi k>0

jik=1
for each y € RV4,

Example 3.3 (Application to Noncooperative Games). In noncooperative
games, X1, ..., Xy C R? are typically assumed to be convex, compact subsets with
nonempty interior and fi,..., fy : X — R are each multilinear. That is,

Xj > y; = fi(y;,v—;) is linear

for each 4,7 = 1,..., N. This is the scenario considered by Nash in some of his
foundational works in game theory [24] 25].

It is routine to verify that the above monotonicity assumption we made on
fi,-.., [n is equivalent to

N

N
Z(fj( )+ fiy Z (fiCyj, z—5) + fi(z5,9-5)) (3.1)

Jj=1

for z,y € X. And since each f; is smooth on RN it must be that D = X. Thus,
Proposition B.] holds for each u® € X provided that fi,..., fy are multilinear
functions which satisfy (B.1).

4. Examples in Function Spaces

In this final section, we will apply the ideas we have developed to consider func-
tionals defined on Lebesgue and Sobolev spaces. As we have done above, we will
consider both the existence of Nash equilibria and their approximation by contin-
uous time flows. Throughout, we will assume Q C R is a bounded domain with
smooth boundary. We will also change notation by using v for the variables in which
our functionals are defined. This allows us to reserve x for points in 2. Finally, we
will use | - | for any norm on a finite dimensional space.
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4.1. A few remarks on Sobolev spaces

Before discussing examples, let us recall a few facts about Sobolev spaces and
establish some notation. A good reference for this material is [I0, Chaps. 5 and 6.
First, we note

H3(Q) C L3(Q) c HH(Q),

where each inclusion is compact. Here, L2(§2) is the space of Lebesgue measurable
functions on €2 which are square integrable equipped with the standard inner prod-
uct. The space H}(Q) is the closure of all smooth functions having compact support

in  in the norm
1/2
U (/ Vqua?) .
Q

The topological dual of Hi () is H~1(Q).
Recall that the Dirichlet Laplacian —A : H3(2) — H~1(Q) is defined via

(—Au,v) = / Vu - Vodz
Q

for u,v € H}(2). Here, we are using (-,-) as the natural pairing between H~*(Q)
and H} (). Moreover, —A is an isometry; in particular, this map is invertible. This
allows us to define the following inner product on H~1(£2)

(f:9) = (f,(=2)""g).
We also note that if f € L?(Q2), the inner product between f and g simplifies to
(1(=8)7'9) = [ 1(=8)"gde.

In addition, we will consider the space H2(Q2) N HJ(2) consisting of HJ ()
functions for which —Aw € L?(Q). This is a Hilbert space endowed with the inner
product

(u,v) — [ AuAvdz.
Q

4.2. H=L?*(Q)
For v € H}(Q)V, define

fi(0) = / Hy(V0;) + F(0) — hyo; da

for j =1,...,N. Here each h; € L*(2), and H; : R? — R is assumed to be smooth
and satisfy

Olp— > < (VH; () ~ VH,(0) - (0~ 0) < lp—al’ (41)
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for all p,q € R? and some 6 € (0, 1]. We'll also suppose Fi, ..., Fx : RN — R are
smooth,

N
> (02, Fj(2) = 02, Fy(w)) (25 — wy) > 0

j=1
for z,w € RV, and there is C such that
[Fj(2)| < C(1+[2]*) and 0., Fj(2)| < C(1+|z)) (4.2)

for z€ RN and j =1,...,N.

Using these assumptions, it is straightforward to verify that fi,..., fy fulfills
@8) with X; = --- = Xy =V = H}(Q). The following lemma also follows by
routine computations.

Lemma 4.1. For each v,w € H}(Q)Y and j =1,...,N,

B, f5(v) = {Vu, f5(v)}

with
(V0,00 ws) = [ H(V03) - Vs 402, B (0)uy — hywyda
Q
and
N .
(Vo, fi(0) = Vo, fi(w),v; —w;) > 0/ Vv — Vw|*dz.
j=1 @
Moreover, v is a Nash equilibrium of fi1,..., fx if and only if it is a weak solution
of
—diV(VHj(VUj)) + 8zj Fj (’U) = hj m Q, (4 3)
v; =0 on 0N .
(] =1,..., N)

Remark 4.2. In this statement, (-, -) denotes the natural pairing between H ~1(£2)
and Hj(Q). And a weak solution v of E3) satisfies (V,, f;(v),w;) = 0 for each
wj € HJ(Q) and j =1,...,N.

We now can state a result involving the approximation of Nash equilibrium for

fla"'7fN~

Proposition 4.3. Let u® € (H*(Q) N H}(Q))N. There is a unique Lipschitz con-
tinuous

u:[0,00) — L2 Q)N t — u(-,t)
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such that u(-,t) € (H2(Q) N HE(Q))N for each t > 0 and

Opuj = div(VH;(Vuy)) — 0., Fj(u) + h; in Q x (0, 00),

u; =0 on 99 x (0, 00), (4.4)
uj = ud on Q x {0}
(j=1,.. . Furthermore, there is A\ > 0 such that

/|uxt x)|?dr < e ? /|u z)]*dx

fort > 0. Here, v is the unique Nash equilibrium of f1,..., fn.

Remark 4.4. For almost every ¢ > 0, the PDE in ([@4) holds almost everywhere
in Q; the boundary condition holds in the trace sense; and u(-,0) = u® as L*(Q)V
functions.

Proof. Suppose that ¢ € L2(Q)Y and v € H}(Q)¥ is a weak solution of

—div(VH;(Vv,)) + aszj(v) =h;+( inQ,
v; =0 on 0.

As 99 is assumed to be smooth and in view of the hypothesis ({]), elliptic regularity
([0, Theorem 1, §8.3]) implies v € (H2(2) N H}(2))YN. Therefore,

{v e Hy()" : Vo, fi(v),..., Voy fn(v) € L2(Q)} = (H*(Q) N H ()Y

Theorem [I.1] and Corollary 2.8 now allow us to conclude. O

4.3. Another example with H = L?(2)
Define

fj(’()) = / Lj(Vvl, . .,V’UN) — hj’()jdl‘
Q

for v € Hi(Q)N. Here, hi,...,hy € L*(Q2) and each L, : RN? — R is smooth with
2 . L 2
Olp — gl Z (Vo Li(p) = Vi, L(@)) - (05 — 4) < 5lp — (4.5)

for all p,q € RV and some 6 € (0,1]. We'll also assume there is C' > 0 such that
[V, Li(p)| < C(1 + [p])

for each pe RV and j =1,...,N.
Direct computation gives the following lemma.
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Lemma 4.5. For each v,w € H}(Q)N and j =1,...,N,

B, f5(v) = {Vu, f5(v)}

with
(V,,j fj(’())7’LUj) = / ij Lj(Vvl, ey V’UN) . ij — hjwjdl‘
Q
and
N
Z(ijfj(v) =V, fi(w),v; —w;) > 9/9 Vo — Vw|*da.
j=1
Moreover,
Vo, (v + tw) = Vo, f;(v)
ast — 0%, and v is a Nash equilibrium of f1,..., fn if and only if it is a weak
solution of
7div(vp]. Lj(Vvl, ey VUN)) == hj m Q, (4 6)
v; =0 on 0f2 '
(] =1,..., N)

Remark 4.6. A weak solution v of (0] satisfies (V,, fj(v),w;) = 0 for each
w; € HY(Q) and j =1,...,N.

With this lemma, we can now establish the subsequent assertion about the Nash
equilibrium of fy,..., fn.

Proposition 4.7. Let u® € (H*(Q) N HY(Q))N. There is a unique Lipschitz con-
tinuous

w:[0,00) — L2(Q)N;  t— u(-1)
such that u(-,t) € (H*(Q) N HY(Q))N for each t > 0 and

Opuj = div(Vy, Lj(Vuy,...,Vuy)) +h; in Q x (0,00),
u; =0 on I x (0, 00),

uj = u on Q x {0}
(j =1,...,N). Furthermore, there is A > 0 such that
s; lu(z,t) — v(z)Pde < e M /ﬂ [u’(z) — v(x)|*dx
fort > 0. Here, v is the unique Nash equilibrium of f1,..., fn.
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Proof. Suppose that £ € L?(Q)Y and v € H(Q)" is a weak solution of

—div(ij Lj(Vvl, e VUN)) =h; +¢& in Q,
v; =0 on 0f.

By ([@3), elliptic regularity implies v € (H2(2) N HZ(2))V (see the remark at the
end of [10, §9.1]). As a result

{v € HYQN : Vo fi(v),. .., Vo fv(v) € LAQ)} = (H2(Q) N HY(Q)".

We then conclude by Theorem 2.9 and Remark 210 O

4.4. H=H'(Q)

For a given v € L*(Q)V, set

f3(v) = / Fy(v)dz — {hy, ;)

for j = 1,...,N. Here hy,...,hy € H1(Q), and (-,-) denotes the inner prod-
uct in H~1(Q). We will assume F,..., Fx : R¥Y — R are smooth and that they
satisfy (€2]) and

N
bz = wf® < Y (0. Fi(2) = 0., Fi(w) (2 - w) (4.7)

for z,w € RV and some # > 0. For convenience, we will also assume
0., F;(0) =0 (4.8)

forj=1,...,N.
The following observations can be verified by routine computations.

Lemma 4.8. For each v,w € L>(Q)N and j=1,...,N,
O, [ (v) = {Vu, f;(v)}
with
Vo, fi(v) = 0z, Fj(v) = (=A)""h;.
Moreover, v € HY(Q)N is a Nash equilibrium of fi,..., fx if and only

v; =0 on 0f2 '
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By Proposition[ATlin Appendix A, there are smooth functions Gy, ..., Gy such
that

0., Fj(z) = y; if and only if 9, Gx(y) = 2,
Gr(y)l < B(L+yl*) and [0y, Gi(y)l < B(1+ [yl),

N
0< D (0uGily) = 0, Gil2)) (i — 24), (4.10)

for all y,z € RN, j,k=1,..., N and some constant B. Note that in view of (X))
0y, Gr(0) =0
for k =1,...,N. Thus, it is possible to solve ([£9) by choosing
wj = (=A)""h; € Hy(Q)
for j=1,..., N and then setting
v = Oy, Gi(w)

for K = 1,...,N. In particular, we have just shown that fi,..., fy has a Nash
equilibrium, and it is not hard to employ ([£1) in order to conclude that it is
unique.

Let us now see how to approximate this Nash equilibrium.

Proposition 4.9. Let u® € HY(Q)N. There is a unique Lipschitz continuous
w:[0,00) — H Y QN t v u(-,t)
such that u(-,t) € HY(Q)N for each t > 0 and

Oruj = A0, Fj(u)) — hy in Q2 x (0,00),
u; =0 on 99 x (0, 00),

uj = ud on Q x {0}
(j =1,...,N). Furthermore, there is A > 0 such that
lu(, 1) = vl < e |lu’ — o]

fort > 0. Here, || - || denotes the norm on H=Y(Q)N and v is the Nash equilibrium

0ff17"'7fN~
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Proof. Define A : H-1(Q)N — 20 (DY 44
A {(=A0:, F1(v)) = ha, ..., =A(8z5 Fn(v)) — h)}, v € Hy (),
v =
0 otherwise

for v € H-YQ)N. We note that D(A) = H}(Q)Y, and 0 € Av if and only if
v € H}(Q)Y is a Nash equilibrium for fi, ..., fx. By @71),

N
(Av — Aw,v —w) = /Q ;(@J,Fj(v) — 0., Fj(w))(vj —wj)dx

> 0/ lv — w|*dz
Q

> Ao —w]]?

for v,w € H}(Q)N and some X > 0.
As a result, it suffices to check that A is maximal. This amounts to finding a
weak solution v € HH(Q)N of

{Uj — A(@Z]F](v)) = hj + Cj in Q,

(4.11)
v; =0 on 0N

for a given ¢ € H~1(Q)"N. To this end, we consider the auxiliary problem of finding
w € HYH Q)N such that

0y, Gr(w) — Awy, = hy, + G in Q, (4.12)
wy =0 on 0f2
for k=1,...,N.If we can find w, then v € H}(Q)" defined by
Uk = 8yka(w)
(j=1,...,N) is a solution of ({III).
Note that [AI2) has a solution if and only if
1
gk(w) = / Gk(w) + §|Vwk\2dm — (hk + Ck,wk) (413)
Q

(w e HYQ)N, k = 1,...,N) has a Nash equilibrium. Here, (-,-) is the natural
pairing between H ~1(Q) and Hg (€2). Using @I0), it is straightforward to check that
g1, - -, gn satisfies the properties listed in (LH) with X; = -+ = Xy =V = H}(Q)
along with

N
> (Ou,91w) ~ Ougulv),wr ~ ) = [ [Vu = Vs
k=1 Q

for w,v € H}(Q)N. As a result, Corollary L8 implies that gi,...,gx has a Nash
equilibrium. O
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4.5. H = H} ()
Set
fj(’U) = / F](AU) - Vh] . ijdx
Q
forve (H2(Q)NHYQ)Y and j =1,...,N. Here hy,...,hy € HE(Q) and
Av = (Avy, ..., Avy).

We will suppose F,..., Fx : RV — R are smooth and satisfy ([@2)), {@1), and
[{3). A few key observations regarding f1,... fx are as follows.

Lemma 4.10. For each v,w € (H*(Q) N H}(Q)N and j=1,...,N,
B, f3(v) = {V, f3(v)}

with
(Vo, fi(v),w;) = /Qaszj(AU)Aw]' — Vh; - Vw;dz.
Moreover, v is a Nash equilibrium of f1,..., fn if and only if it is a solution of
{azj Fj(Av)=h; inQ, (414)
v; =0 on 09
(j=1,...,N).

Remark 4.11. Above, (-, -) denotes the natural pairing between (H?(Q)NHJ (2))*
and H?(Q) N Hg (). The PDE in (@I4) holds almost everywhere in (2.

Using the functions G1,...,Gy from the previous section, we can solve
—A’Uk = —8yka(—h) in Q,
v =0 on 0f2

for k = 1,..., N to obtain a solution of ([@I4). It follows that fi,...,fy has a
unique Nash equilibrium v, which belongs to the space

Dy ={ve (H* Q)N HN Q)Y : Ave HY Q)N

As with our previous examples, we can approximate this Nash equilibrium with a
continuous time flow.

Proposition 4.12. Let u® € Dy. There is a unique Lipschitz continuous
u: [0,00) — Ho()™;t = ul-t)
such that u(-,t) € Dy for each t > 0 and
Owuj = 0., Fj(Au) + h; in Q x (0,00),
u; =0 on 99 x (0, 00),

uj = uy on 2 x {0}
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(j =1,...,N). Furthermore, there is X > 0 such that
/ |Vu(z,t) — Vo(z)|2de < e= 2 / |Vul(z) — Vo(z)|*dx
Q Q
fort > 0. Here, v is the unique Nash equilibrium of fi,..., fn.

Proof. Define A : H(Q)N — 255" py

N {{(621F1(Av) —hyy.. =0, Fn(AV) — hy)}, v e Dy,
vV =

] otherwise

for v € H}(Q)V. Note that D(A) = Dy, and 0 € Av if and only if v € Dy is a Nash
equilibrium for fi,..., fy. In view of (&1,

N
(Av — Aw,v —w) = /Q Z(azj Fj(Av) — 0., Fj(Aw))(Av; — Aw;)dx

20/ |Av — Awl|?dx
Q

> )\/ |Vv — Vw|*dz
Q

for v,w € Dy and some A > 0.
Therefore, it suffices to show
Uj — aZij (A’U) = hj + Cj il’l Q,
v; =0 on 0N
has a solution v € (H%(Q) N H}(Q))N for a given ¢ € H}(Q)N. We note that any

such solution v will automatically belong to D;. Moreover, this is equivalent to
finding a weak solution v € Hg(Q)V of

0y Gr(v—h—C)— Avy =0 in 9,
{y’“ kv ¢ = Av o (4.15)

v =0 on ).

We emphasize that elliptic regularity implies that any such weak solution actually
belongs to (H2(Q) N H(Q))N.

Any v € H}(Q)" which solves [@I5) is a Nash equilibrium of g1, . . ., gy defined
by

1
gk(v):/Gk(vfh—C)+§|Vvk\2dx.
Q

As we did when considering the functions defined in (ZI3), we can apply Corollary
and conclude that ¢1,...,gn has a unique Nash equilibrium. O
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Appendix A. Dual Functions

In this appendix, we will verify a technical assertion that was used to establish the
existence of a Nash equilibrium in a few of the examples we considered above.

Proposition A.1. Suppose Fi,...,Fy :RY — R are smooth and satisfy

[Ej(2)] < C(1+2%) (A1)
forze RN and j=1,...,N and
N
0z —wl* <> (02, Fj(2) — 02, Fj(w)) (25 — wy) (A2)
j=1
for z,w € RY and some 0 > 0. There are smooth functions G1,...,Gn : RY — R

with the following properties.

(i) For z,y € RV, 0., Fj(2) = yj for j =1,...,N if and only if 0y, Gr(y) = 2
fork=1,...,N.
(ii) For all j,k=1,...,N andy € RV,

‘8%' ayk G (y)| <

YR

(iii) For each y,w € RY,

N
Z (0, Gi(y) — Oy, G (w)) (Y — wi).

(iv) There is a constant B such that
Gr)| < B+ yl*)  and 0, Gi(y)l < B+ y))
foryeRY andk=1,...,N.

Proof. First, we note that the mapping of RV
2 (0, F1(2),..., 0.0 FN(2)) (A.3)

is invertible. This follows from the theorems of Browder [8] and Minty [23] as (A-2)
implies that this map is both monotone and coercive. Invertibility is a consequence
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of Hadamard’s global invertibility theorem [I5] Theorem A], as well. The condition

[A2) also gives

N
Olv|*> < Z 02,0, Fj(2)vv; (A.4)
jk=1

for each z,v € RV,
Now fix y € RY and let z € R be the unique Nash equilibrium of

RY > 2 — Fj(z) - y;z;

(j = 1,...,N). Such a Nash equilibrium exists for these N functions by Corol-
lary 2.8l As a result

8ZJF](Z):y], ]:17,N (A5)

Since the mapping (A3)) is invertible and smooth, (A5 determines z as a smooth
function of y. Let us now define

Gr(y) = ziyk — Fi(2) (A.6)
for k =1,..., N. Differentiating with respect to yx and using (AJ), we find
0y, Gr(y) = 2g.
This proves (i) and that
Y= (05, G1(y), -, 0y G (y))

is the inverse mapping of (A3).
It follows from part (i) and the inverse function theorem that whenever
0y, Gr(y) = 2z, for k=1,...,N and 0., Fj(z) = y; for j = 1,..., N, the matrices

(02,0, Fj(2)jh=1 and (9, 0y, Gr(y)) k=1

are inverses. Consequently, for a given w € RV, we can choose v € RV defined as

N

vj =Y 0,0 Gr(y)wy
k=1
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Continuous time approximation of Nash equilibria

in (A4) to get
N 2
0<¥¢ Z (Zayjayka( Jw )

j=1 \k=1

N
< Y 0y,0,,Gr(y)ww,
k=

N /N
Z (Z By, 0y, Gr(y > Wi

k=1

As a result

Upon selecting w = ey, the kth standard unit vector in RY, we find

2
1
(9y,; 0y, Gr(y)) (Z By; 0y, Gely Z) < ; (; By, 0y, Gely ) = 02

£=1

for j,k=1,...,N. We conclude assertion (ii).
Part (iii) follows directly from (A7). Indeed, for any y, w € RY, we can use the
fundamental theorem of calculus to derive

N

> (04, Gr(y) — 0y, Gr(w)) (g — wi)

k=1
1 N
= [ 32 200nGutw+ ity — w) o — )y — ) | e > 0.
0 \j k=1
We are left to verify assertion (iv). First note that by part (ii),
10y, G (y)] < 10y, Gr(y) — Oy, Gr(0)] + 9y, G1(0)]

‘/ Zayﬁyka(ty)ygdt + 10y, G (0)]

N 1
<y ( / ayjaykayndt) 03] + 19y, G (0)

j=1
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for

N
1
< EZW + 10y, G1(0)]
j=1
< D(1+ yl)

some D > 0 independent of k =1,..., N and y.
For a given y € RY there is a unique z such that 9., F;(z) = y; and 9,, Gi(y) =

z; for j,k=1,...,N. We just showed above that

|2k] = 10y, Gr(y)| < D(1 + [y)-

In view of hypothesis (AJ]) and ([AG]), we additionally have

1Gre(W)| = |2kyr — Fi(2)]
< lzllywl + [Fi(2)]
< DA+ [yDlyl +C1+[2]?)
< D1+ [y)lyl+CA+ND*(1+ Jy[)?)

< B(1+ [y)
for an appropriately chosen constant B. O
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