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ON SOLUTIONS TO
COURNOT-NASH EQUILIBRIA EQUATIONS ON THE SPHERE

MICAH WARREN

We discuss equations associated to Cournot-Nash Equilibria as put forward
recently by Blanchet and Carlier. These equations are related to an optimal
transport problem in which the source measure is known, but the target
measure is part of the problem. The resulting equation is of Monge-Ampere
type with possible nonlocal terms. If the cost function is of a particular
form, the equation is vulnerable to standard optimal transportation PDE
techniques, with some modifications to deal with the new terms. We give
some sufficient conditions for the problem on the sphere from which we can
conclude that solutions are smooth.

1. Introduction

In this note, we discuss equations associated to Cournot—Nash equilibria as put
forward in [Blanchet and Carlier 2012], a reference we henceforth abbreviate as
[BC]. These equations are related to an optimal transport problem in which the
source measure is known but the target measure is to be determined. A Cournot—
Nash equilibrium (CNE) is a special type of optimal transport: Each individual x
is transported to a point 7'(x) in a way that not only minimizes the total cost of
transportation, but minimizes a cost to the individual x (transportation plus other).
This latter cost may depend on the target distribution, and may involve congestion,
isolation and geographical terms.

Blanchet and Carlier demonstrated how CNE are related to nonlinear elliptic
PDEs, explicitly deriving a Euclidean version of the equation [BC, (4.6)] and
showing that this problem has some very nice properties [BC, Theorem 3.8]. The
fully nonlinear Monge—Ampere equation differs from “standard” optimal transport
equations in that the potential itself occurs on the right-hand side, along with possibly
some nonlocal terms. Here we study the problem on the sphere. Immediately one
can conclude from [BC, Theorem 3.8] and [Loeper 2009] that optimal maps are
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continuous with control on the Holder norm. We move this a step further and show
that all derivative norms can be controlled in terms of the data, when the solution is
smooth. When the solution is known to be differentiable enough, one can easily
adapt the estimates of Ma, Trudinger and Wang [Ma et al. 2005]. To make the
conclusion a priori, we must use the continuity method. Closedness follows from
the same estimates, but openness is not immediate and requires some conditions. In
Theorem 6 we give some conditions on the data so that the problem can be solved
smoothly.

2. Background and setup

In this section we briefly recap the setup in [BC]. Given a space of player types X
endowed with a probability measure p, an action space Y, and a cost function

P: X xY xPY)—R,

assume x-type agents pay cost ®(x, y, v) to take action y. Here v € P(Y) is the
probability measure in the action space which is the push forward of u by the map
of actions from X to Y. Supposing that x-type agents know the distribution v, they
can choose the best action y. A Cournot—Nash equilibrium is a joint probability
distribution measure y € P(X x Y) with first marginal @ such that

2-1) y{ ) eXxY: o, y,v)=mindx, z,v)}=1,
€

where v is the second marginal.
We will be interested in a particular type of cost,

Q(x, y,v) =clx, y) +VIvI(y),

where c is the transportation cost. Lemma 2.2 of [BC] shows that a CNE will neces-
sarily be an optimal transport pairing for the cost ¢ between the measures p and v.
They further show that, if V[v] is the differential of a functional £[v], then, at a
minimizer for E[v]+W,(u, v), the optimal transport will necessarily be a CNE (here
W, (e, v) is the Wasserstein distance). In particular, if the cost V,,[v] is of the form

dv
(2-2) Vi [V1(y) = f(ﬁ(ﬁ) +f¢(y, 2)dv(z) +V(y),

where m is a “background” measure and the function ¢ (y, z) is symmetric on
Y x Y, then V,, is a differential, and a solution to the optimal transport is a CNE.
(We will be licentious with notation, letting v denote not only the measure, but
also the density with respect to the background m.) From here on we suppose we
are working with a solution to an optimal transport with cost ¢ between measures
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1 and v which is also a CNE for a total cost ®. We also assume that the manifolds
X and Y are compact without boundary.
One can consider the pair (u, u*) which maximizes the Kantorovich functional

J(u, v) =f—ud,u+fvdv
over all —u(x) +v(y) < ®(x, y). The pair (u, u*) will satisfy
(2-3) —u(x) +u*(y) = @(x, y)

y-almost everywhere, where y is the optimal measure for the Kantorovich problem.
If the cost satisfies the standard Spence—Mirrlees condition (in the mathematics
literature, the “twist”, or [Ma et al. 2005, Section 2, condition (A1l)]) we have,
p-almost everywhere,

(2-4) —u(x) +u*(T(x)) = &(x,T(x)).
The twist condition says that T (x) is uniquely determined by
(2-5) T(x) ={y: Du(x)+ Dc(x, y) =0},
which gives the identity
(2-6) Du(x)+ Dc(x,T(x)) =0.
Note that, fixing an x, the quantity

P (x, y) —u*(y)
must have a minimum at 7' (x); we conclude that

Dy®(x,T (x)) = Du*(T (x)).

Then by condition (2-1), for fixed x,

Q(x, T(x)) = @(x, ),
which implies that
D,®(x,T(x))=0,
from which we conclude that
Du*(y) =0.

Now the pair (u, u*) is determined up to a constant. One can choose the constant
in u or u™ but not both. At this point we simply choose u™ = 0. Having fixed this
choice, we obtain information about u# and the measure v, using (2-2) and (2-4):

—u(x) = c(x,T@) + f(W(T @) + [¢(T(x),2)dv(z) + V(T (x)).
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In particular, the density v(y) must be determined by
2-7) v(T(x))
= 7 (-4 @) = e, T@) = [$T @, T @) dp(@) = V(T (),

having used the change of integration variables 7" between p and v. The optimal
transportation equation (see [Ma et al. 2005]) becomes

det(u,-j(x)—i-cij(x,T(X))) u(x)
(2_8) = = .
det(—cjs(x, T (x))) J7Qx, u))

Here and in the sequel, we use i, j, k to denote derivatives in the source X, and

p, s, t to denote derivatives in the target Y. It will be convenient to assume
that ¢;; is negative definite, which follows if we are assuming condition (A2) of
[Ma et al. 2005] and have chosen an appropriate coordinate system. We will use
bis(x) = —cis(x, T (x)). Also (to keep equations within one line) we abbreviate

Q(x,u) =—u(x) —c(x,T(x)) —f<b(T(X), T(2))du(z) = V(T (x)),

with 7' (x) being determined by (2-5).
Before we say how this fully nonlinear equation is vulnerable, we mention the
“Inada-like” conditions [BC, Section 3.3]

lim+ f(w)=—00 and lim f(v) =400,
(2_9) v—0 V——+00
f'>0 and feC*@R").

If f satisfies these conditions, then several observations are in order. First, as noted
in [BC, Theorem 3.8], on a compact manifold we get bounds away from zero and
infinity for the density v. In the spherical distance-squared transportation cost case,
this immediately gives C*-continuity of the map, by results of Loeper. Secondly,
the right-hand side of (2-8) is strictly monotone in the zeroth-order term — this is
crucial in obtaining existence and uniqueness results, as it will allow us to invert
the linearized operator. Finally, as we will show below, the first derivatives of
this density will be bounded in terms of an a priori constant (depending on the
smoothness of f) and the second derivatives will be bounded by a constant times
second derivatives of u. These estimates will allow us to take advantage of the
Ma-Trudinger—Wang estimates.

We will show an estimate on smooth solutions: If a solution to (2-8) is C*, then
it enjoys estimates of all orders subject to universal bounds. In order to show that
arbitrary solutions are C* and hence smooth, we must use a continuity method.
This method relies on a linearization which requires some discussion, given the
integral terms in the equation.
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The problem here, on a compact manifold with cost function satisfying the
Ma-Trudinger—Wang condition, is quite simpler than the delicate boundary value
problem in [BC]. With or without the nonlocal terms, such a problem may be
approached as in [Liu and Trudinger 2010]. We leave this problem aside for now.

3. Linearization
We take the natural log of (2-8) and then consider the functional
(3-1)  F(x,u, Du, D*u) = Indet(u;; (x) + c;; (x, T (x))) — Indet(b;; (x, T (x)))
—Inpu(x) +1In f7HQ 0, w);

the equation we want to solve is
(3-2) F(x,u, Du, D*u) =0.
Preparing for linearization, consider (2-6) applied to u + tv:

Du(x)+tDn(x)+ Dc(x,T;(x)) = 0.

Differentiate with respect to ¢ to get
N

dT
Dn(x) = bis(x, T(x))——
Linearizing, we obtain

Ln= %F(Hm) =L+ L'y,

where
(3-3) L% =w"nj +wcijsb™ n + b cigpb i

—1 /
(3-4) L'n= M(—cs (x, T )b e —n — Vib™

(%) .
— 6% (x) [ ¢s(T (), T (2) da(2)
— [¢5(T (), T @)D () me(2) din(2)).
Here we are using
wij () =u;j(x) +cij(x, T(x)).

We note also that differentiating (2-6) shows

N

s oT sk
(3-5) I, T(x) = ——= =07 (0, T () wi (%, T (x)).

We take g;;(x) = w;;(x) to define a metric (one can check that it transforms as
such), then write

(3-6) du(x) = e dV,(x),
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where

—a(x) =Inp(x) — 1 Indet w;; (x).
From the definition of F in (3-1) we have
—a(x) = %lndetwij —Indetb+1nv — F,
having introduced
v(x) =In f7H(Q(x, ).
First, we compute the weighted Laplace
Agn=Agn—Va-Vn.

We begin with Agn, differentiating in some coordinate system (see (4-1) for very
similar computations):

(\/detww’.lnj),- — win; + L w P waw 0 — ww 8 weyn
m ij 3 iWa Jj i Wapl]
= w'n;; + wPw (8;wap — Bwia)n; — %wabaiwabwunj
= w'n;; + (W capsb” — w cikb™)n; — Sw" (In det w);n;
=L%— b"scispb”knk — w"jckl‘sbSknj — %wij (Indetw);n;.
Thus

Agn = L% — b ciypbP e — w' b 0 — Sw' (Indet w); n;
+ 1w (Indetw);n; — w" (Indetb);n; + (nv);w"n; — Fw'n;
=1L% + (111\))iwij77j — Fiwijﬁj,
and hence
Ln=Agn+ L' — (Inv);w'n; + Fuw'y;.
Next, we compute

—1 1
(Inv); = (];_1% (—ui(X) — i (0, T(x)) — ¢ (x, T (x)b* wy,
—b%wi @ (T @), T (@) dpn(z) = Vib™ i ).
Noting that —u; (x) — ¢;(x, T (x)) vanishes, and (3-4), we have

)y

L =gy

(== [ 6T, TP @@ dn),
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Next, we compute the integral term in the previous expression. Notice

f(Vqﬁ(y, T(2)), Vi)e @ dV,(z) = fq)s(y, T (2))b*wiin wie ™ v,
= [6:(T(x). T()b*ne(2) dp(z).

Now, integrating by parts, we have

—[¢s(T (), T @)™ mi(2) dpu(2) = [¢(T(x), T (2)) B n(2)e @ d Ve (2).

Combining, we have

(3-7) Ln=Aan—h(x)n(x) —h(X)f¢>(T(X), T'(2)) Aan(2)dp(z) +(VF, Vi),

using the shorthand

()

@

which represents a positive differentiable quantity if f satisfies (2-9). In particular,
if f(z) =Int then i will be identically 1. When F = 0 we have the following.

h(x)

Proposition 1. At a solution of (3-2), the linearized operator takes the form

(3-8) Ln=Aan—h(x)n(x) — h(x)f¢(T(x), T(2)) Aan(z) diu(2).
Lemma 2. Suppose that

(3-9) max h(x)|¢(x, y)| < 1.
(x,y)eXxY

Then the operator (3-8) has trivial kernel.
Proof. To make use of some functional analytic formality, we define operators A,
J, h, and I on the space B = L*(X,du) by

[An](x) = Aan(x),

[Jnl(x) = fd)(T(x),T(z))n(z) dpu(z),

[An](x) = h(x)n(x),

[In](x) = n(x).

Then L=A—h—hJA=(I—-hl)A—h=I—-hJ)(A—I —hJ)"'h).
First, we have the pointwise estimate

[hIn)(x) = [h)(T (), T()n(y) din(y)
< | [T ). T () du)] S linll,5

1/2 1/2
<( max _h@Ilp0 ) < nlly
(x,y)eXxY
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using (3-9). Integrating this quantity over u yields
A <1
as an operator on 3, so (I — hJ) is invertible. Thus we have
Ker L = Ker(A — (I —hJ)™'h).

Now suppose, for purposes of contradiction, that we have nontrivial n € Ker L.
Then

An=(I—hJ)""hn,
thus
(I =hd)~ k. ) = (An. ) = ~[ 1V dp <.

But, as (I — hJ) is invertible, we can let

(I —hJ)w=hn.
Then
(0, "I —hJD)w) = (I —hJ) 'hny,n) <0,
that is,
0> (0, 20— (@, Jo) = —_jjol = |71 o> = (=L = 1]} lo]?.
h max h max h
which is clearly a contradiction if 1 > max Al J]||. O

4. Estimates on the sphere

From here on we specialize to the round unit sphere, with cost function half of
distance squared. Note that this sphere has Riemannian volume nw,.

Oscillation estimates. The following estimates are a version of [BC, Lemma 3.7].
On a compact manifold, the cost function will be bounded. Since the solution u
is c-convex, at its maximum point xp,x, # is supported below by the cost sup-
port function c(x, T (x9)) + A. Hence, at the minimum point xp;,, we have that
U(Xmin) >¢(Xmin, T (Xmax)) + A, which in turn tells us that

oscu <oscc = %nz.
Next we observe that, because the integration of the density v against m gives a
probability measure, the density v must be larger than 1/(nw,) at some point yjy.
Using (2-7), it follows that, at the point xo = 7! (y0),

—c(x0, y0) — (o) — [$ 00, T@) di(@) = Vo) = f(=-),

nwy,
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and similarly, at the point x; where the density v is smallest,

—cxr, y) —uleD) = [, T@) du(z) — Vy) = f(0(x),

Hence,

—c(x0, yo) + c(x1, y1) —u(xo) +u(xy) —f(¢(yo, T@)+¢(1.T(2)du(z)

VOO +VOD 2 £ ) = Foe),

nwy

that is,

foe = f(-)

>—20scc—20sc¢—och > —00.
nwy,

By Inada’s conditions,

vszl(f( !

nwy,

) —? —20sSc¢ —osc V) > 0.
Similarly, an upper bound can be derived:

vSf_1<f($>+n2+2osc¢+oscv> < 00.
n

4.1. Stayaway. Now that v is under control, it follows from the stayaway estimates
of [Delanog and Loeper 2006] that the map 7 (x) must satisfy

distse (x,T(x)) <m —€(f, 1, V, ¢).

In particular, the map stays clear of the cut locus. All derivatives of the cost function
are now controlled.

MTW estimates.

Lemma 3. If the map T is differentiable and locally invertible, then the target
measure density

V(T @) = 7 (=e@, () = u() = [T (), T (@) du(@) = V(T (1))
has first derivatives bounded by a universal constant and has second derivatives
v = C1 + Cu(T™H},
where the bounding constants are within a controlled range.

Proof. Differentiate in the x; direction:
W) = (7 (~er @ T0) = 6 TENT} = g
~ T 6T 0. T @) dp(@) = Vi Ty

= T (= T@) = [T, T (@) di() = Vi(T ().
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As this is true for all k, and DT is invertible, we can conclude that
V(T @) = (7 (=, T0) = [ @ (T (@), T () d(2) = V(T () )
is a bounded quantity. For second derivatives, differentiate this equation in x again:
v T = (S T7 0 (e (6, 7)) = [$(T (0, T () dia2) = Vs(T(x)))
x (=ep(. T = [@p (T (0. T @) di(@) = Vp(T(x)))
+ (7 (e, T (0) = e (x, TN T ()
~ TP @ (700, T (@) da) = T () Vip (T (D)),
that is,
vor = (F 7 (=0 T @) = [T, T @) dp(2) = V(T ()
x (=ep( T0) = [ @p(T (0. T () d() = Vp(T(x)))
+ (7Y (et TENT ™D = e (x, T ()
[T @) T @) dpr(2) = Vep (T (x))).

Now all the terms, with the exception of the (T ~!)* term, are given by controlled
constants, independent of u. We are done. (I

Before we state the main a priori estimate, we recall the Ma—Trudinger—Wang
(MTW) tensor [Ma et al. 2005, p. 154]. For each y in the target, one can define the
MTW tensor as a (2, 2)-tensor on 7, M via

MTWi] (x, ¥) = {(—=Cijpr + Cijs¢™ cmrp)c " Hx, ).
It is by now a well-known fact that, on the sphere,
MTWH & T T) > 8, (1811|712
for a positive §, and all vector—covector pairs such that
§(r)=0.

(For more discussion of the geometry of this tensor, see [Kim and McCann 2010].)

Given a solution, we define an operator on (2, 0)-tensors as follows. Let 4 be a
(2, 0)-tensor. Given vector fields X, X;, we define

(Luh) (X1, Xo) = V;(vVdetww” V;h) —w"’V;aV;h (X1, X»),

1
/detw

—a(x) = % Indetw(x) —Indetb(x) +Inv(x,T (x))

where
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and covariant differentiation is taken with respect to the round metric.

Proposition 4. Let u be a solution of (2-8). If e is a unit direction in a local chart
on S", then

L,w(e,e)

> w' (—Cijpr +CijsChrpc™ )" M wpmewre = C (14w Y wji+ Y w+ 3 w})

Proof. This was proven in the case where densities are known ahead of time by Ma
et al. [2005]. Adapting their proof requires only a small modification somewhere
in the middle, but for completeness (and mostly for fun), we will present the
calculation.

First, we note that

8j( detwwij) iy
—\/(Twu —w-aj;

=0;w" +3w" (Indetw);+w" 3 (Indet w) ; —w" (Indet b) j+w" (In v), T}
= —w"“w”0;wep + w" (Indetw) j — w (b* bytj + b* by, T}) + b* (Inv);

(4-1)

= —wi“wbj(ajwab — uwpj) — wiawbjaawbj + w'/ (In det w);
—wb*bg; — b b* by + b7 (Inv),
= —w"“w (caps T} — cpjs Ty) — w b by — b b* by, + b* (Inv);

= b wh ¢piy — bbby + b (Inv),
using (among others) the relations

(4-2) 0jWap — dqwpj = cans T} — cpjs Ty, W T} =b".

Now

Lyw(ey, er)

1 N N
= V(W detww" Viw)(er, e;) —w" V;aViw(ey, er)

+detw
= wiV;Viw(er, e1) + B w cyis — bbby, + b (Inv)) Viw(ey, e1)
=w' (8,-8jw(el, e1) — V;oiw(er, e1) + 2w(Vy;ye1, e1) —20,w(Vjey, e1)

—28jw(Vl~e1, e+ 2w(VjV,-e1, e1) +2w(Veq, Vjel))
+ (" w cpjs — B b by + b (Inv),) (d;w(er, e1) — 2w (Viey, e1)).

At this point, we choose a normal coordinate system (in the round metric), then
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Lyw(er, er) = (b w ey — b0 by + b (Inv),)d;w(er, er)
+w" (3;9,w(er, er) +2w(V;Viey, e1))
= (b w cpjs — bbby 4+ b (In))dwi
+w (3;0;wiy — 9 wij) +w (8191w;; +2w(V;Vier, e1)).
Again harking back to [Ma et al. 2005], we let
K=CYw'Yw;+CYw +CYwi+C
and note that terms of the following form are K:
K=w'T}, K=@wy—dw;j), K=w'2w(V,;Vie;, e)), K=uw"wy;
so that
Lyw(er, er) = —K + b w? cpjs — b b* by 4+ b (Inv));w

+ w (3;djwiy — d131w;;) + w38 w;;.
Now, differentiating

(4-3) Indetw;; =Indetb;s +Inu —Inv,

we have

(4-4) w” dwi; = b (bist +bist T + (n )1 — (nw) T}
and again

w d wi; + I wVdwi; = K + b b Tf; + (Inv), T) TF — (Inv) T},
Now recall Lemma 3, which gives

C Casi (T HE
(Inv),, 7 75 = Slar + Can i TITS — (Inv);(Inv), T/ TS = K;
V

thus

4-5) wi<’811wij = U)iawbj81 Wapdi wij + K + bSibiStTlll — (Inv)y Tlsl.
Note that differentiating 7, = b**wy; yields

(4-6) T} = b0 wii — b b wii (bapj + bapg T,

in particular
5 = b d1wi — b*bP wit (bapt + bapg T}

Now it follows that

@7) T = b dwi = b @1wir — win) — B DY wit (bapt + bapg TY)
(4-8) =K.
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Bringing in the concavity of the Monge—Ampere equation (4-5) and (4-8), we can
eliminate some terms to see
Lyw(er,e)) > —K +biswbjcbjsaiw11 +wij(8,-8jw11 — 0101 w;;).
Then, using
Ndwij = uijin +cijin +2¢ijs1 T+ cijs Tiy + cijpr TETY
9;0jwn = uriij +cnij +cnsi T +eng T+ cns T+ enpe T T
we have
Lyw(ey, e1)
> —K + (b w cpi)dywi +w (s T+ e TP T — cije Ty = cijpr T T
From (4-6),
w T = w (6™ 0 wii — b D" wii (bapj + bapg T}))
= w b 8wy — hwij + hwij) — b**bP (bapj + bapg T})
= K +b™* 3 (In det w)
=K
by (4-4). Using (4-7) we conclude
Lyw(e,e)) > —K — wbjcbl-sb‘mbpkwklbaqulq - wijcijprTlpTlr,
which is the desired result after reindexing. ([

Corollary 5. Second derivatives of u are uniformly bounded.

Proof. Given the maximum principle estimate, this proof is standard, following
[Ma et al. 2005]. For some more details in the setting of Riemannian manifolds see
[Kim et al. 2012, Theorem 3.5]. U

5. Main theorem

In order to make a precise statement, we define

_ 1
Viower = f 1<f(nw ) —20scc—2|¢llec —0sc V)
n

1
Vapper = f ! (f( ) +20scc+2[¢lloo + 0sc V).
nwy
Similarly, an upper bound can be defined by
Sy

— S M M=l

hmax -
QG[UIOWSHUUPPET] f_l (Q)
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Theorem 6. Suppose that f satisfies the Inada-like conditions (2-9), u and m are
smooth, and ¢ and V are Lipschitz. If

(5-1 f}i’z@ lp(x, y)| <

’
hmax

then there exists a smooth solution to (3-2).

Proof. For existence, we proceed by continuity [Gilbarg and Trudinger 2001,
Theorem 17.6] on (3-2), letting

(5-2) F(t,x,u, Du, D*u)
=Indet(D*u + D*c(x,T(x))) — Indet(—DDc(x, T (x)))
—In(tp(x) + (1 —Hmx) +1n f7H(Q(t, x, T (x))),

where
o, x,T(x)) = —u(x) —c(x,T(x)) — tf(b(T(X), T(z))du(z) —tV(T(x)).

At time ¢t = 0, a solution is given by u = 0: this maps the measure m to itself via the
identity mapping. Thus the interval Z of ¢ for which a solution exists is nonempty.
Notice that the form of (5-2) is the same as of (3-2) up to a scale of the functions ¢
and V and a change of measure, so the estimates from the previous section all hold.
From the theory of Krylov and Evans one can obtain C>“ estimates. Thus 7 is
closed. Lemma 2 with these conditions gives openness, noting that on the sphere
a Laplacian has index zero, and that the linearized operator which has the same
principal symbol has index zero as well. (|

Remark. For uniqueness, the standard PDE trick does not work immediately, even
under assumptions such as those in the theorem. One may be tempted to use
the standard argument [Gilbarg and Trudinger 2001, Theorem 17.1] to obtain a
contradiction. However, the intermediate linearized operator will have the additional
V F term that arises in (3-7) because combinations of # and v are not solutions.
Our proof of invertibility fails for these, so we have no reason to expect that the
proof would remain valid after being integrated. Uniqueness may be more easily
obtained from geometric consideration as in [BC, Section 4]; see also [Villani 2009,
Chapters 15 and 16].

However, if the integral term is not present, we can use the argument [Gilbarg
and Trudinger 2001, Theorem 17.1], making the important note that on the sphere
the set of c-convex functions is convex [Figalli et al. 2011, Theorem 3.2]. In this
case, invertibility of the linearized operator follows easily from standard maximum
principle arguments.
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