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Abstract

We introduce and study a mean-field model for a system of spatially distributed
players interacting through an evolutionary game driven by a replicator dynam-
ics. Strategies evolve by a replicator dynamics influenced by the position and the
interaction between different players and return a feedback on the velocity field
guiding their motion.

One of the main novelties of our approach concerns the description of the
whole system, which can be represent-dimensional state space (pairs (x, o) of
position and distribution of strategies). We provide a Lagrangian and a Eulerian
description of the evolution, and we prove their equivalence, together with exis-
tence, uniqueness, and stability of the solution. As a byproduct of the stability
result, we also obtain convergence of the finite agents model to our mean-field
formulation, when the number N of the players goes to infinity, and the initial
discrete distribution of positions and strategies converge.

To this aim we develop some basic functional analytic tools to deal with in-
teraction dynamics and continuity equations in Banach spaces that could be of
independent interest. © 2021 The Authors. Communications on Pure and Ap-
plied Mathematics published by Wiley Periodicals LLC.
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1 Introduction

1.1 Evolutionary games

Physical systems naturally tend to minimize the potential energy. For this funda-
mental reason the study of steady states in physical systems is of utmost relevance,
given the expected frequency for such states to occur. This is also the rationale
according to which game theorists have focused on the characterization of game
equilibria. Very celebrated is in fact the work of John F. Nash [|33]], where a new no-
tion of noncooperative equilibrium is introduced. The main result of [33]], building
on John von Neumann’s notion of mixed strategy (necessary to ensure existence
of saddle points in zero sum games with two players), is the existence of mixed
strategy equilibria for noncooperative games with any finite number of players.

However, already at the origin of game theory, Oskar Morgenstern and John von
Neumann pointed out in their classical treatise on game theory [42] the desirability
of a “dynamical” approach to complement their “static” game solution concept. In
fact, while in physical systems evolutions towards minima of the potential energy
are explained according to Newton’s law (for which evolutions are, for conserva-
tive forces, the gradient flows of the potential energy), it is not at all clear whether
and how in dynamical games equilibria can emerge. Certainly John Nash had an-
ticipated this issue, when (in an unpublished section of his thesis [33]]) he sketched
a “mass action approach” to his equilibrium notion, which was rediscovered in the
mid 1990s by Weibull [44]]. Additionally, while Nash equilibria are natural “good”
states for noncooperative games, often in cooperative games, such as the one of
the prisoner’s dilemma, Nash equilibria are not necessarily the most interesting or
favorable states. For this reason, it would be very desirable for a proper concept of
dynamical game to be able to select either Nash equilibria or other type of steady
states, according to which is more convenient. Evolutionary games are dynamical
processes describing how the distribution of strategies changes in time according
to their individual success.

1.2 Spatially homogeneous replicator dynamics

One of most advocated mechanisms of dynamical choice of strategies is based
on a selection principle, inspired by Darwinian evolution concepts. The main idea
is to reinterpret the probability of picking a certain strategy with the distribution of
a population of players adopting those strategies. The emergence of steady mixed
strategies would be the result of an evolutionary selection: at discrete times play-
ers meet randomly, interact according to their strategies, and obtain a payoff. This
payoff determines how the frequencies in the strategies will evolve. As it is also
observed in [44,/45], the view that games are played over and over again by indi-
viduals who are randomly drawn from large populations was later independently
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taken up after Nash by evolutionary biologists, namely Smith and Price [40] and
Taylor and Jonker [41]]. The discrete time stochastic evolution described above has
been formalized in [9]] and yields, as an appropriate limit is considered, a contin-
uous time dynamics as follows: In games where players can adopt pure strategies
out of a finite set of N choices, we may describe those as u1,...,uy € U, where
U is the set of strategies. We may denote with o; the frequency with which players
pick the strategy u;. The payoff of playing strategy u; against u; will be denoted
by J(u;,u;), where J: U x U — R. The relative success of the strategy u; with
respect to the strategies played by the population is measured by

N N

N
(1.1) AN(ui)=ZJ(M,‘,MJ')O/'—ZZOgJ(Mg,Mj)Oj, i=1,...,N.

j=1 t=1j=1

The relative rate of change of usage of the strategy u; is then described by

. N N N
% = An(u;) = ZJ(ui,uj)Oj —ZZOﬁJ(ug,uj)Gj, i=1,...,N,
L j=1 =1j=1
or
N N N
1.2) o = Z](Mi,uj)dj —ZZOEJ(IM,M]')GJ' o, i=1,...,N.
j=1 {=1j=1

The system of ordinary differential equations (1.2) is known as replicator dynam-
ics, as introduced first by Taylor and Jonker [41]], which is the best known model
in the class of imitative adaptation models (see [44},/45]); we also refer to the re-
cent book [25]]. It is one of the most popular dynamical game models, because
its w-limit (the set of accumulation points of the dynamics) and steady states are
closely related to the Nash equilibria of the game described by the payoff matrix
A = (J(u;i uj))ij (25, theorem 7.2.1] (the so-called “folk theorem of evolution-
ary game theory”). Moreover, as discussed in [26]], adopting an equilibrium-based
viewpoint is often unable to account for the long-term behaviour of realistic play-
ers, who adjust their behaviour to maximise their payoff. The replicator dynamics
aims at being a more robust model.

1.3 Mean-field replicator dynamics

There is by now a large body of literature addressing the replicator dynamics for
infinite or continuous strategies [8.|18},20,[23}24,(34-36|38]], which can be viewed
as a natural limit for N — oo of system (1.2). The way of deducing this limit is
by defining the probability measure

N
o == 0j.bu; € P(U)

J=1
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and its evolution according to

N = ( / J(uydoN (') — f J(w,u")doN (w)deN (u’))otN :
U UxU
or, in weak form,

d 14 7
4 puydoN w) = fU <p<u>( fU Ju)doN (')

dr Ju
—/ J(w,u"ydo N (w)datN(u/))dotN (u)
UxU

for any ¢ € C(U). For any 0 € &2(U), we may denote
Ay (u) = (/ J(u,u")do (1) —/ J(w,u/)da(w)da(u’)),
U UxU

so that Ag(u;) = An(u;) asin (LI) foro = Z]N:l 0j0y; . By assuming that the
initial conditions O(])V — o for a given ¢ € Z(U), one can show that O'tN — oy

for N — oo for any 7, where o is the solution to

= | ot = fU () Ag (u)doy (). 5(0) = 5.

A result of well-posedness of such an equation for special choices of U is ob-
tained for instance in [35[]; see also the more recent work [6]]. The notion of equi-
librium is well understood in the case of a finite strategy space [25,145]. On the
contrary, the situation of games with infinite strategies has long lacked a general
theory due to the technical and conceptual difficulties stemming from understand-
ing which notion of distance between probability measures was the most suitable.
We refer the reader to [|35]], where stability with respect to the weak topology has
been considered, and the discussion in [34f]. Since the focus of the present pa-
per is not the analysis of the asymptotic behaviour of the replicator dynamics with
continuous strategy space, we refer the interested reader to additional and more
recent work along the measure theoretical framework, including [10,16419]. Our
approach uses the classical transport distances and the general framework of evo-
lution problems in the class of probability measures; see, for instance, [2] for a
systematic treatment of this topic; see also [[13,|37] for recent contributions. Some
results of asymptotic behavior and the stability of solutions are given in [6].

1.4 Spatially inhomogeneous replicator dynamics

In this paper, in contrast to spatially homogenous dynamical games, we assume
that the population of players is distributed over a position space and that they
are each endowed with probability distributions of strategies, which they draw at
random to evolve their positions. The positions of the players are assumed to be in
the d-dimensional Euclidean space R4 and the pure strategies u are in a compact
metric space U ; a probability measure 0 € &?(U ) denotes a mixed strategy. Notice
that this setting is different from the one of spatial evolutionary games [22}[29]
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where pure strategies are distributed over a spatial domain and they are updated in
time according to the success of neighbor strategies via local interaction.

With these definitions, the space of pairs of positions and mixed strategies is
C := R? x Z(U), whose elements are pairs y =(x, o) describing the state of a
player. The system will be described by the evolution of a measure ¥ € Z(C) =
@(Rd x Z(U)) on our state space, which represents a distribution of players
with strategies. Notice that such a measure X well describes the superposition of
players with different strategies that at some time occupy the same position.

Omitting for the time being the temporal variable, we proceed to the description
of the dynamics of the pair y := (x,0) € C. The player x moves with a velocity
that is obtained by averaging over all the strategies a suitable function e: RY x
U— Rd, namely,

(1.3) )'C=/Ue(x,u)d0(u).

For instance, in the simplest case when e(x,u) = u and the set of strategies U
consists of a finite subset of R?, this “mean velocity” dynamics can be thought of
as the result of a faster time scale. For convenience, it is useful to see the right-hand
side of (T3 as the result of a map a: C — R? by defining

(1.4) a(y) =a(x,0) = /Ue(x,u)da(u).

Notice that ¢ depends linearly on o. In order to write the evolution law for the
strategies we will assume that it is driven by an interaction mechanism, which de-
pends only on the state of the system (position and strategies) and does not distin-
guish two players occupying the same place with the same instantaneous strategy
distribution. Thus we consider a Lipschitz function

(1.5) J: (R4 x U)? > R,
and we define an interaction potential
A Z(C)xC - CU), (X, y)— Ax,,

by setting (notice that the integrals make sense, under suitable moment assump-
tions on X, since J has at most linear growth)

Agy = AE,(x,a)(“)
(1.6) :=/;/UJ(x,u,x/,u/)da'(u’)dZ(x’,a')

—/U/C/UJ(x,w,x’,u’)d(f’(u/)dz(x,,U,)da(w)-

The evolution law for the mixed strategies of the player at x is again according to
a replicator dynamics similar to the ones mentioned above, and it can be written as

(1.7) 6= AE,(X,G) a.
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The interaction potential A has here a simple interpretation: J(x, u, x’, u’) repre-
sents the contribution to the payoff that the player x gets from the pure strategy u
assuming that the player x” acts with pure strategy u’. When player x’ acts with
mixed strategy o”, we obtain

(1.8) Jx,u,x' o) = f J(Oe,u, x' u)do' (W),
U
Therefore, the full payoff of x given the pure strategy u is
/j(x,u,x’,a’)dﬂ(x’,cr’),
(o

corresponding to the first integral in (I.6). The second term is the integral of this
quantity with respect to o; thus the payoff expected by x from the mixed strategy
o, given the full distribution 3.

We remark that the dependence of the payoff in (I.8)) on the full strategy o’
of x’, which may imply a certain level of anticipation, is made for the sake of
generality: in practical situations 7 may only depend on a marginal of ¢’, and
the strength of the interaction between players may be influenced by their distance
|x — x’| through the function J. From another point of view, this full dependence
(as the expectations of the players on the future in the mean-field games theory;
see [[14] and the short discussion in Section[I.6) could emerge from a repetition of
the evolutionary game; see [9]] for a contribution in this direction in the spatially
homogeneous case.

Putting together (1.4) and (1.7), we can write the evolution for y as

(1.9) y=(x,6) = (a(x.0). Az (x,5)0) = bx(y),

which can be interpreted as an ODE in the convex set C. The theory of ODEs in
Banach spaces (see Appendices [A] and [B] or [15] partie IT] and [21], chap. X] for
classical monographs on this topic) will be a useful tool in the study of the well-
posedness of , the existence, uniqueness, and stability of its solutions, and
their properties.

In order to do so, we embed C in the Banach space ¥ := RY x F (U), where

F(U) := span(2 @) ™

and the closure is taken in the dual space (Lip(U))" with respect to the dual norm
(also called the bounded Lipschitz norm)

(1.10) [€]lL := sup{({£.¢): ¢ € Lip(U), |¢|Lip < 1}.

where || - [|Lip is the Lipschitz norm in (2.3)) below. Notice that ¥(U) C (Lip(U))’,
and that (Y, ||-||y), with ||y|ly = ||[(x,0) |y := |x|+ ||o]|BL, is a separable Banach
space. The space F(U) defined above, known in the literature as the Arens-Eells
space [5]], is isometric to the predual of Lip(U/); see [3,/43]] for more details also on
the space (Lip(U))’.
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1.5 Formal derivation of a nonlinear master equation

We fix a time interval [0, 7], a time step # = T/N, and an initial datum ¥ €
P (R4 x 2(U)), assuming for simplicity that the first marginal of X is compactly
supported. Recalling the notation C = R? x 2(U) and its natural structure of
convex set, we build a discrete solution

My € 2(C([0.T]: C))

concentrated on paths (x(z),0(¢)): [0,T] — C, which are piecewise affine (in
the N intervals). We denote X, j := (ev;)4Mpy, where ev,: C([0,T];C) — C
defined by ev,(x,0) := (x(¢).0(¢)). In particular, (evo)sM; = X is the given
initial condition.

The heuristic idea is the following: If the player at time t = ih for i €
{0, ..., N}isin the position X, with mixed strategy represented by the probability
measure o, first they upgrade their belief on the probability replacing o by

o = (l + hAEt.h,(f,a)) 0.

Then, they move to the next position X + ke (X, u) choosing u with probability ¢’
and carrying the same probability 6’ to the new position. The probability measure
M), takes all the future stochastic realizations into account. In more formal terms,
the conditional probability relative to Mp|[o,¢4-5] of (x(t + h). o (¢ + h)), given the
information that at time ¢ one has (x,0)(t) = (x,0), is (X + he(X,-))s0") X 85.
By iterating this process N times one can build M} on the whole time interval
[0, T'] (alternatively, one can view this as a Markov process with the above-defined
transition probabilities and build first a measure N, in Z2(C)N*!; then M), by
associating to N + 1 points in &?(C) a piecewise affine path in [0, T]).

Under boundedness assumptions on the field e: R? x U — R? and on the
interaction potential A, it turns out that M}, is concentrated on paths (x (), o (¢))
satisfying the equi-Lipschitz property

— Dl < Lls —t
(1.11) (s) =x(0)] < Lls —1] forall0<s <t <T,
lo(s) —o()|sL < L|s —t]

with L = L(e, J,U) = 0.

Given now a bounded test function @: ¥ — R of class C! (in the Fréchet
sense) with respect to the ||-||y norm, let us write a discrete continuity equation
associated to X , the marginals of M}, in the sense X, := (ev;)#Mp. For
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t =1ih,0<i <N —1,onehas
/ D(x,0)d(Xiypp— X p)(x,0)
= f[@(x(r +h),0(t + 1) — @(x(1),0(1))|dMp(x(), 0 () =
— [[06e(+ 1.1+ A5, w0100 )
— B0 (0), 0 () AM (x(),0 ()
~ i [ DOG0).00) - (€ 0).00)). A3, 0.0y T )M 0. 7

— i [ DOGr.0) b, , (r. )T 5.0,

where by is given by (1.9), and we used the chain rule for Fréchet differentiation.

Recalling from that M}, is concentrated on equi-Lipschitz paths ¢t —
(x(2),0(1)), the family {My: h = T/N, N > 1} is weakly compact in the space
P(C([0,T]; C)) and by Prokhorov theorem it has limit points as 4 — 0. Any
limit point M is concentrated on Lipschitz paths satisfying (I.11]), and this con-
struction builds a continuous map X': [0, T] — C by X := (ev;)#M, satisfying
the equation

(1.12) 9:%; +div(bs, ;) =0

in the weak sense of (3.10) below, with X as initial condition. In the following,
we explore notions of solutions to (I.12)) and conditions for their existence and
uniqueness, starting from the corresponding finite agents model.

1.6 Interpretation of the model, comparison with other population dynamics
models, and mean-field games

The master equation (I.12)) is a novel model of spatially nonhomogenous evo-
Iutive games, which fuses mean-field theory, optimal transport, and replicator dy-
namics from evolutionary game theory. We borrow and translate the mechanism of
the replicator dynamics of computing optimal mixed strategies of individual agents
involved in a spatial-type dynamics; in this sense our model is about a “dynami-
cal/evolutive game” rather than a “selection/evolutionary game” of a population.
The Darwinism/selection is not at the level of the population of agents, but at the
level of the best strategy applied by the single agent, and it is certainly more in
the spirit of “mean-field games” a la Lasry-Lions (see the discussion at the end
of this subsection), rather than a genuine contribution to evolutionary game the-
ory, for which population evolution/selection is the main focus. However, we think
that our model could also have potentially interesting applications for evolutionary
population dynamics, even if this was not our motivating viewpoint. We explain
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this latter interpretation in Section [3.1) where an evolutionary game is augmented
by external parameters.

In the works [[12}|13]], a population dynamics is considered in terms of (pos-
sibly nonlinear) transport equations modeling agents subjected to predetermined
(economic or social) forces induced by the other agents (the first principles of eco-
nomic or social interaction). Such models are very much inspired by physics where
particles are subjected to the action of physical forces governed by first principles.
The applicability of this type of models to economics or sociology raises several
questions, since in economics one assumes that every external intervention must
necessarily change the behavior of agents as they anticipate the effect. So the
dynamics with predefined interaction forces between agents does not encounter a
full acceptance by economists or sociologists. Instead, the model (I.12)) where the
driving vector field evolves on the basis of the replicator equation is better adapted
to an economical viewpoint. It generates a more “complex” dynamics, due to the
self-interacting influence of the replicator equation on the motion, and it is closely
connected to the underlying principle of maximizing the individual payoff.

There are other approaches towards modeling spatially nonhomogenous games
of a large population of indistinguishable agents. Perhaps the most prominent is
the so-called theory of mean-field games. This class of problems was considered in
the economics literature by Boyan Jovanovic and Robert W. Rosenthal [[30], in the
engineering literature by Peter E. Caines, Minyi Huang, and Roland P. Malhamé
[27,28]], and independently and around the same time by the mathematicians Jean-
Michel Lasry and Pierre-Louis Lions [31]].

In continuous time, a mean-field game is typically composed of a Hamilton-
Jacobi-Bellman equation for the optimal control problem of an individual, and a
forward Fokker-Planck-Kolmogorov equation for the dynamics of the aggregate
distribution of agents. Under fairly general assumptions, it can be proven that
a mean-field game is the limit as N — oo of an N-player Nash equilibrium.
In particular, one can consider the stochastic evolution of N players dictated by
equations

(1.13) dX! =uldr + v2vdB!, i=1,...,N,

where Xé are independently drawn at random according to a probability distri-

bution j19 € 2 (RY), Bf are independent d-dimensional Brownian motions, and
v > 0 is a noise parameter, so that the limiting case v = 0 corresponds to the
so-called first-order games. The player i can choose a strategy u' adapted to the
filtration

(1.14) Fi=0(X],Bl:s<t,j=1,...N).
The payoff of player i is given by

T
1, S|
N1 Ny _ 2 .
(1.15)  JN@, .. u )_]E[/O 5|u;| +F(X§,ﬁ§8Xf)dt]
J7F1
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The solution of the N-player game is the suitable minimization of (I.13)) under
the constraints (I.13) forall i = 1,..., N. Hence, the appropriate notion of so-
Iution may be precisely the Nash equilibrium, i.e., a configuration of strategies
@*', ..., u*") such that

JiN(u*’l,...,u*’N) < JiN(u*’l,...,u*”_l,u,u*”+1,...,u*’N) for all u,

foralli = 1,...,N. The computation of such equilibria becomes intractable
already for a moderate number N of players. However, for N very large a mean-
field approximation for N — oo may help to obtain approximate Nash equilibria.
In particular, for N — oo one can approximate the empirical distribution /Lﬁv =
% ZZN=1 (SX;' supported on realizations of by the solution of the forward

Fokker-Planck-Kolmogorov equation
(1.16) O —vAp+diviup) =0

for an appropriate control function u (¢, x). For a given time-dependent distribution
¢, the corresponding payoff functional would be given by

T
(1.17) J () =/ / (1|u(r,x)|2+F(x,ﬁt))dmdz.
0 R4 2

The solution of the mean-field game comes from the minimization of (1.17)) under
the PDE constraints (I.16) and the fixed point condition p; = [i;, and these yield
the mean-field game system

(1.18) —0Y = vAY + 5|IVY 2 = Fx. ),
' drp —vAp —div(Vyru) = 0,
with appropriate initial and terminal conditions. The choice u(t, x) = —Vyr (¢, x)

yields nearly optimal strategies to be inserted in (I.13) by posing u’ = u(z, X}).
Several comments about differences between our spatially nonhomogeneous evo-
Iutionary game and mean-field games are in order:

e Mean-field games are intimately linked to the theory of (stochastic) mean-
field control and as such are global-in-time optimizations: in other words,
one has to forecast the future behavior of the agents in order to be able
to solve the game, and this is mathematically expressed by the need of
simultaneously solving a backward-in-time evolution to compute the op-
timal strategy. Our model is a simple forward-in-time evolution accord-
ing to the master equation (I.12)) in a continuous local-in-time search for
pairwise-game equilibria.

e Mean-field games are built around the concept of Nash equilibrium for
noncooperative games, one of the notion of solutions considered in evolu-
tionary game theory, which also aims at reaching different situations.

e Well-posedness of the mean-field game system (I.18)) has been shown for
special choices of costs F, the so-called potential games [31]. Accord-
ingly, the numerical solution of the mean-field game system (see also,
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e.g., [1]] for alternative approaches) could be based on the iterative so-
lution of a backward-forward system by means of individual solvers for
the two equations: starting from a given initial trajectory ¢ +— /,LEO), one

iterates the numerical solution forn = 0,1,2, ...

—3y @ — Ay 4 %|vw(n)|2 = F(x,z®™),
3;;L(n+1) o vAM(n—i—l) o diV(Vlﬁ(n)/L(n+l)) -0,

where g™ = %Z;Ll w®, and with appropriate initial and terminal
conditions. This iterative procedure, also called learning or fictitious play
in [14], provides a justification to the “knowledge about the future” in-
corporated in the model, and is shown to converge, at least for potential
games. For our model, we will prove that the well-posedness (existence,
stability, and uniqueness) of the master equation is ensured under
Lipschitz assumptions on the function e in and on our pairwise-game
payoff function J defined in (I.5). In addition, the formal derivation of
the master equation as in Section[I.5|provides already a rather clear
path towards a time marching numerical solution.

2 Measure-Theoretic Preliminaries

Before exploring notions of solutions to (I.12)) and conditions for their existence
and uniqueness, we make more precise the functional setting where the evolutions
governed by (I.12) take place. We use here differential and Bochner calculus in
separable Banach spaces, and we refer to Appendix [A] for some related basic no-
tions and results.

2.1 Notation and distances in the space of measures

If (X,dy) is a metric space, we denote by .# (X) the space of signed Borel
measures in X with finite total variation, by .Z4+(X), £(X) the convex subsets
of nonnegative measures and probability measures respectively. For 0 € .Z(X),
lo| € A+(X) denotes the total variation measure of o (see also below). We
shall also use the notation .# (X ) for the subset of measures with 0 mean; we shall
use the identity R(Z(X) — Z(X)) = #p(X) (in the sense of Minkowski sums)
provided by the Hahn decomposition theorem for signed measures.

For a Lipschitz function f: X — R we denote by

Lip(f) 1= sup L) =JWI
x,);éeX dyx (x, y)
XFy

the Lipschitz constant, and denote by Lip,(X) the space of bounded Lipschitz
functions.

Given u € #+(X) and f: X — Y, with f p-measurable, we shall denote
by faspu € A (Y) the push-forward measure, having the same mass as p and
defined by fuu(B) = wu(f~'(B)) for any Borel set B C Y (when p € Z(X), in
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probability theory it is also named law of f under w); we shall also often use the
change-of-variables formula

/Ygdf#u=/Xg0fdu

whenever either one of the integrals makes sense.

In a complete and separable metric space (X, dy ), we shall use the Kantorovich-
Rubinstein (possibly infinite) distance Wy (i, v) in the class &2(X); thanks to Kan-
torovich duality, the definition

Wi, v) == sup{fxwdu - fX ¢ dv: ¢ € Lipy(X), Lip(¢) < 1}
is equivalent to
2.1 Wi(u,v) =
inf%fXXX dy (x, y)dIT(x, y): IT(A x X) = (A), IT(X x B) = v(B)}

involving couplings /1 of p and v, but we shall mostly be working with the first
one. Notice that Wy (u, v) is finite if & and v belong to the space

22 21(X):= {/L e Z(X): / dy (x,X)du(x) < 4oo for some x € X}
X

and that (Z1(X), Wp) is complete if (X,dy) is complete. Recall also that the
convergence of py € Z1(X) to u € Z1(X) with respect to the distance W is
equivalent to weak convergence in the duality with bounded Lipschitz functions
plus convergence of first moments [2], namely, [y dx (-, X)duy — [y dx (-, X)du
forall x € X.

We also need a Cll) variant of Kantorovich duality, valid in separable Banach
spaces, stated below.

LEMMA 2.1 (C! duality). For any separable Banach space Y, one has that

dci (u,v) :=  sup ( ¢du — ¢dv)
‘ $eC)(Y) /Y /Y

Lip(¢)=1

defines a distance in 4 (Y, which coincides with Wy when restricted to &?1(Y).

PROOF. Symmetry and the triangle inequality are obvious. To prove the nonde-
generacy, notice that any cylindrical function ¢(y) = ¥ ({y.z}),..., (y.z);)) with
v R4 — R bounded, continuously differentiable, and Lipschitz and z; €Y', is
a C}) function on Y and, after suitable rescaling, satisfies Lip(¢) < 1. If two mea-
sures p and v have vanishing dci1-distance, then necessarily they must coincide
on the o-algebra generated by such cylindrical functions. From [46, lemma on
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pp. 131-132], since Y is separable there exists a sequence (2;);eN in the unit ball
of Y’ with
(2.3) Iylly = sup(y.zj) = sup Vi((y.z;)) forally €Y,
i i,
where Vi (r) = k tanh(r/ k).

Hence, balls and then open sets belong to the o-algebra generated by cylindrical
functions. It follows that this g-algebra coincides with the Borel o-algebra and
w=v.

The proof of the final statement requires a slight refinement of the previous
argument. Let u, v € 21(Y) and for every a > O letus set L, := {qﬁ € Lipy(Y) :
supy |¢| < a, Lip(¢) < 1}. We consider the subset G, of functions ¢ € L, such

that
f ¢du—f ¢ dv < dci(p,v).
Y Y

By definition of dc1, G4 contains £, N Cll, (Y); we want to show that G, coincides
with £,. Since G, is closed with respect to pointwise convergence, it is sufficient
to prove that G, := L, N Cll) (Y) coincides with £,. Notice that the topology of
pointwise convergence in L, is metrizable: it is sufficient to select a countable
dense subset (y;);en of Y and consider the distance

e}
de,(@.9) =D 27 p(yi) — v (i),
=0
By approximating the convex function
Sy(F):=riVvrVv-vry, 1r=(r,....rN) e RV,

by convolution with a symmetric, nonnegative mollifier k € C(RY), Jr=1,

Syn(r) = hN/ Sy (r—s)k(hs)ds, heN,
RN

we obtain an increasing sequence of smooth functions converging to Sy as i — oo
and satisfying
IN(r) = Snp(r) S SN (), ISna(r) = Sya()I = sup |rm —rpl,
1<n<N

where Iy (r) := =Sy (=r) = riAraA---Ary. Itfollows thatif y1..... ¥n € G,
then ¥, := Sy 4 (¥1,....¥n) belongs to G, and therefore also Y = ¥ V Yo v
-+ V ¥y belongs to G,. The same property holds for the infimum and extends to a
countable family of functions.

By using the representation (2.3)) it is then easy to check that any functions of

the form y = —a Vv (b + ||y — yol|) A a belong to Ga. Since every f € L, canbe
expressed as

)= jnf —av (FO)+ly =y Aaa Vyey
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for any dense and countable subset Yy of Y, we conclude the proof. O

From now on we fix a compact metric space U with a distance d. The space
A (U), when endowed with the total variation norm

oty = sup{/deozso € CU). Il < 1}

has the structure of Banach space, isometrically isomorphic to the dual of C(U).
We will also use the representation formulas

4 ol = lolU) = sup{/Um ¢ € By(U). |¢| < 1},

where B (U ) denotes the class of bounded Borel functions ¢: U — R.

Mixed strategies can be interpreted as Borel probability measures in U. The set
of Borel probability measures Z?(U) is a convex and weak-star closed subset of
A (U), corresponding to the class of nondecreasing linear functionals L: C(U) —
R with L (1) = 1 in the dual representation of .# (U). On the other hand, #(U)
can also be realized as a compact convex set of another Banach space, the dual
(Lip(U))’ of Lip(U): the norm in Lip(U) is given by

(2.5) ll@llLip := sup |@(u)| + Lip(p)
uelU

so that, for £ € (Lip(U))’,
1€]lBL := sup {(£. ¢) : ¢ € Lip(U). [l@llLip < 1}.

For later use, let us record the property

(2.6) le¥liLip < ll@llLip ¥ ILips

for all ¢,y € Lip(U).

Actually, while the linear structure we need forces us to go beyond Z(U), for
our purposes it will be more convenient to work in a closed subspace of (Lip(U))’,
namely,

FU) = span(Z@) ™ < (Lip()y'.
This space, also called Arens-Eells space in the literature, is a separable Banach
space containing .Z (U).
Notice that, for a measure v € .#y(U), the BL norm is equivalent to the norm

induced by the dual formulation of the 1-Wasserstein distance: in fact, for every
1-Lipschitz function ¢: U — R and for every xo € U we have

f odv = / (0(x) — p(xo))dv(x) < v ]lsL( sup d(x. x0) + 1),
U U

xeU

so that, with Dyy := min max d(xg, x1) < diam(U), one has
xo€U x1€U

T { / odv Lip@) < 1} < (1 + Do)vlsL.
U
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In particular, when v = w1 — o with wq, ua € #(U), Kantorovich duality gives

2.7 11 — pallBL = Wilpa. p2) = (1 + Dy)llnr — pallsL.
We summarize the previous discussion in the following list of properties:
(1) (A (U),||-lrv) is a Banach space continuously embedded in the space
(F(U), |I-llsL) with
(2.8) [visL < [lvllrv  forevery v € .Z(U).

(i) £(U) is a weak-star and closed convex set of .Z (U), endowed with the
total variation norm; it is also compact in £ (U'). Thanks to and to the
fact that W; metrizes the weak-star convergence in &(U), the BL norm
induces the weak-star topology in Z(U).

(iii) Forevery pi, a2 € Z(U), besides (2.7) and (2.8) with v = 1 — pa, we
have

(2.9) Wi(ur, n2) < Dyllpr — pzlltv.

2.2 Differentiable curves in the space of measures

Let us now consider two curves ¢ — a; € Z(U), and t — v; € F(U),
t € [0,T]. We will assume that ¢ and v are continuous with respect to the BL
norm, and we want to give a meaning to the differential equation

d
2.10 —0; = t 0,7].
(2.10) o= €[0,7]

It is easy to check that the classical formulation of (2.10) as an ODE in the Banach
space F(U) is equivalent to the weak formulation of (2.10), which reads as

t
(2.11) / ¢ doy —/ ¢ dog =/ (v, @)dr  forevery ¢ € Lip(U), s,t € [0,T].
U U K

Indeed, since v is continuous, the map

t
(2.12) t— N; = / vy dt
0
is of class C! and its derivative exists in the classical sense
1
(2.13) lim H—(NHh — Ny — vy =0 foreveryt €[0,7T].

From (2.11)) it follows that

/ pdo; = / ¢ dog + (Ny, @) forevery ¢ € Lip(U),
U U

and therefore the density of Lip(U) in C(U ) implies 6, = o9+ N, forall¢ € [0, T].
In particular, (2.13) gives that # > o, € F(U) is of class C! and that (2.10) holds
in the classical sense.
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Remark 2.2 (Vector integral). Since v is continuous, the integral in (2.12)) can be
equivalently defined as a Cauchy-Riemann integral or as a Bochner integral (see

Section[A.2)).

Let us now suppose that v takes its values in the smaller space .Z (U) C F(U)
and that the stronger condition

T
f v lv dt < 40
0

is satisfied. Notice that the TV norm is lower-semicontinuous with respect to the
BL topology, so that the map ¢ +> |v¢||Tv is lower-semicontinuous and therefore
Borel. From the representation formula of o;, it follows that

t
lor — oy llrv = |N; — N lzy 5/ Iveltvdr forall0 <s <i<T,
A

so that t — o; € .4 (U) is absolutely continuous. In particular, if ||v;|Tv €
L°°(0,T), then o; is a Lipschitz curve. Eventually, if v is even continuous with
respect to the total variation norm, then ¢ +— o, € .# (U) is of class cl, namely,

=0 foreveryt €0, T].

m || (0 (oF 1%
ok th ! !

2.3 ODE:s in the space of measures

Let us now consider the case when the right-hand side v; in (2.10) is given by
a time-dependent family of operators A(¢,0): [0, 7] x #(U) — F(U), not nec-
essarily linear with respect to ¢; we assume that A is a continuous map when both
P (U) and F(U) are endowed with the BL topologies. Then, we are considering
the ODE

d
(2.14) 30 = A(t,or) t€]0,T],
in F(U). Initially, one can also look for solutions ¢ € C([0, T]; (Z(U), || |lsL))

in the weak sense of (2.11)), namely,

¢
[ vdoi— [ wdo = [ az.00.0)dr
U U s

forevery ¢ € Lip(U), 0 <s <t <T.

But, since A is continuous, we deduce from the previous discussion that ¢ > o, €
F(U) is of class C'; therefore (2.14)) holds in the classical pointwise sense at every
te[0,T]

=0 forallt €[0,T].

) 1
2.15) lim H O =) —Aon)|




SPATIALLY INHOMOGENEOUS EVOLUTIONARY GAMES 1369

If moreover A maps [0, T] x Z(U) to the smaller space .# (U) and we know
that

sup [|A(Z,0¢)||Tv < +o00,
t€[0,T]

then we deduce that the curve ¢t — o is Lipschitz with respect to the total variation
norm. Finally, if A: [0, T] x Z(U) — .# (U) is continuous when the target space
is endowed with respect to the total variation norm, (2.15]) improves to

=0 forallt €[0,7T].
TV

1
lim ‘ E(O—t‘i‘h — O't) — A(l,()’t)

h—0

3 Finite Agent Model

3.1 1-average-player evolution

In order to explain how to apply the previous discussion to our model, let us first
consider the simplest, and somehow degenerate, case of a single player. Recalling
the formal derivation of our model in Section this case should be considered as
a limit of an evolution process, when all the players (whose total mass is conven-
tionally normalized to 1) are initially concentrated in the same initial place x with
the same initial distribution o of strategies.

The evolution is then given by a moving point y; = (x7,07) € R? x 2(U),
and X is just the Dirac mass concentrated at y,. Then y satisfies the differential
equation

X =alx;,00) = /Ue(x,,u)dat(u),
(3.1 6 = (f J(xz, - xg,u')do (i)
U
[ o (w))ot,
UxU

where we denoted by e: RY x U — R the velocity field driving the motion of
the player according to the choice of a strategy u. This can be interpreted as a
differential equation in the phase space C = R4 x 2(U) C ¥ = R? x F(U) of
the form

(3.2) ye =b(yt)

where b is the vector field

b(x,0) = (/;] e(x,u)do (u), (/U J(x,-, x,u")do ')

—/ J(x,w,x,u’)do(u’)da(w))a).
UxU

The 1-average-player evolution thus reproduces the mechanism of a replicator
equation influenced by a vector parameter x, whose dynamics is in turn affected by
the evolving strategy distribution. As we will see in the next more general cases,
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the particular structure of the vector field b satisfies the structural assumptions of
the main existence Theorem [B.1] and the second component o of the curve y; will
be differentiable even with respect to the total variation norm.

Remark 3.1. We already observed that our paper deals with dynamical/evolutive
processes of populations more in the spirit of the mean-field games a la Lasry-Lions
(see Section [I.6) rather than selection/evolutionary processes of populations. The
Darwinian selection aspect is occurring in the selection of the mixed strategies of
each individual. Nevertheless, the dynamics (3.1)—(3.2) admits a different interpre-
tation in terms of a usual replicator dynamics and evolutionary game theory, when
the evolution law of the population also depends on a parameter x € R (d = 1,
just to consider the scalar case where x may represents some kind of available re-
sources). Suppose that the distribution of x of the initial population is concentrated
on a single given value xy. It is typical of the replicator dynamics that the evolution
will remain concentrated on x for all the time, so that it would be useless to enrich
the state space U to U x {x1}, and x; enters only as a parameter of the equations.

Instead, the transport effects of the first equation in (3.1) may allow a variation
of x with respect to time modeled by a simple ODE, affected by the distribution
0; € P(U) of the population itself. This transport effect becomes more relevant
when the initial distribution of x is concentrated on N values: this is one of the
possible interpretations of the case of the N-player systems of the next section[3.2]

In the present paper, we focus our efforts on the correct way of modeling the
interaction between transport and replicator dynamics, by choosing a simple trans-
port dynamic for the ]Rd—component of the evolution, but more general dynamical
systems can also be considered in our setting, see, e.g., [32]]. We think that the flex-
ibility offered by the present approach could be relevant for interesting and novel
evolutionary game models.

3.2 N-average-player system

In the case of N players, we have to follow the evolution of N points y; ; =
(xi¢,0i:),1 =1,..., N.Itis useful to introduce the interaction field f: C xC —
Y between two players (as usual, a player is identified by the position x and a
mixed strategy o): we can write f as a pair (fx, fy) where fx: C x C — R< and
fo: C x C — F(U); the first component is in fact independent of the interaction
and can be written as

33 fe0y) = filr.ox o)) = a(x,0) = /U (v, u)do ().

whereas the second component f is given by
fO’(y5y/) = fg(x,O',x/,O'/)

(3.4) = (/U J(x,-,x" u")ydo'(u)

—/ J(x,w,x’,u’)do’(u’)da(w))a.
UxU
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The system

Xip =a(xig,0i0) = [y e(xiz,u)dois(u),
N

. 1
Oit = (ﬁ Z (/;J J(xi,t,',xj,t,u/)de,t(u/)

j=

—/UJ(xi,t,W,xj,t,M/)de,t(u/)do'i,t(w)))(fi,t,

can be rewritten in the compact form

N
. 1
(3.5) Via = > f Wi o)
j=1

We will see in the next section that such a problem always admits a unique solution,
whenever f satisfies the following two conditions:

(1) f is Lipschitz from C xC to Y when Y is endowed with the product norm
induced by the Euclidean norm in R? and the BL norm in F (U) and the
convex subset C is endowed with the distance induced by the inclusion in
RY x F(U);

(ii) for every R > 0 there exists a constant 6 > 0 such that for every x, x’ €
Br(0) c R? and 0,0’ € 2(U)
o+ 0fs(x,0,x",0") € 2U).
This last condition is needed to have condition (B.2)) in Theorem ful-
filled.
The above conditions are surely satisfied if the function J is Lipschitz in (R¥ x
U)2.
Notice that (3.5) admits an equivalent formulation by introducing the time-

dependent distribution XV := % 21N=1 8y, € Z(X) and the associated vector
field

N N
1
b ) =bsn )= [ F0MEN ) = 5 3D 1
i=li=1
Such a vector field induces a family Yy~ (¢,5,-): C — C for0 <s <t < T of
transition operators (also called a flow map) associated to the initial value problem
yr=bgn(r,yr), ys =y,
namely, Y o~ (2,5, ¥) := Ys.
Therefore (3.5) reads as
Yig = YEN(I’ s, Yi,s)
so that
ZtN =Yxn (t,s,-)#Z’SN forevery0 <s <t <T.
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We conclude this section by further elaborating on the expressions above. By a
suitable exchange of integrals, we rewrite the following equation with the equiva-
lent notation

N

) 1
Ji,l = (N Z(\/{; J(xl.,l’a"xj,tvu/) daj,t(u/)

j=1

- / J(xi,w, xjp,u')doj (u')doy ¢ (w)))ﬁi,t,
UxU

— / J(xiz, w,x", u')do’ (u')doj ¢ (w))dZ‘tN (x', 0’))0,-,t
UxU

= (J « S (xig.o) = fU J x 2 (xi g w)doi (w))a,-,t,
where in the following we shall use the compact notation

(3.6) J x A(x,u) = // J(x,u, x",u)do' (u')dA(x', 0")
cJU
for A e Z(C).

3.3 Distributed players system: Eulerian and Lagrangian solutions

_ The general problem associated to an arbitrary initial distribution of players
Y € H(C) can be described as follows. Recall that we are endowing C with
the distance

dc(y1.y2) :=|x1 — x2| + |lo1 —oz2llBL.  yi = (xi,0%).

First of all, in order to take care of the lack of compactness of | R4, the first factor
of C, we assume that the first moment of the first marginal of X is finite:

3.7 / |x|dX (x,0) = My < +00.
C

Since U is compact, (3.7) holds if and only if ¥ € £2(C), with Z{(C) defined
as in (2.2).

We observe that for every continuous curve ¢t € [0,T] > X € Z((C) it is
possible to define a time-dependent vector field

(3.8) by(t.y) = bs, () = /C £ y)dE, ()

with f = (fx, fo) as in (3.3) and (3.4). Since f(y,-) is continuous with linear
growth and X¥; € £21(C), the integral above can be interpreted as a Bochner
integral; see Section[A.2]
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We can then associate to by the transition maps Y x(z, s, v) induced by ODE
inY
(3.9) ye=bg,(yo), ys=y.
A solution y = (x, o) to (3.9) satisfies, with the notation (3.6)),

St = a(xrop) = / e(xp.u)dor (),

6; = (/C(/Uj(xl:,-,x/,u’)da/(u’)

- J(x¢,w, x", u"ydo’ (u')do; (w))dZt(x’,a’))at
UxU

= (J * Xe(xy,-) —/UJ * Et(xt,w)dat(w))at,

and the existence of a solution to (3.9) follows again by Theorem [B.T} see Theorem
M.TJunder the structural properties assumed in Section [3.4]below.

Whenever we have at our disposal the flow map Y 5, the transported measures
f‘t :=Y(t,0,-)4% solve an infinite-dimensional continuity equation driven by the
vector field by, given by (3.8), namely (in integral form)

/ ot )dE () / $(0. 1)dE0()
C C

(3.10) . X
_ f / (as¢<s,y>+ f D¢(s,y)(f(y,y’))dzs@/))dzs(y)ds
0JC C

for every ¢ € C})([O, T] x Y). Indeed, using the change-of-variables formula for
the push-forward measure, the chain rule, and once more the change-of-variables
formula, one has

i Lot g0
_ / (.Y (1.0.2))d5 @)
C dr
:/(atqﬁ(Z,Yz(t,O,Z))
C
+Dé(t. Yx(t.0.2)(bx, (Yx(t.0.2))))dZ(z)
- fc (3:0t, ) + D (2, ) (b, ())A L1 (v)

-/ (at¢<z,y>+ / D¢(t,y)<f<y,y’))d&(y’))dxt(y).
C C

Formula (3.10) follows now by integration in time.
We look for an evolving distribution X' that is self-transported by the generated
vector field by, so that ¥’ = X'. These facts motivate the following definition.
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DEFINITION 3.2 (Lagrangian and Eulerian solutions). Let X' € CcO([o, T];
(Z1(C), W1)) and ¥ € Z1(C). We say that X' is an Eulerian solution of the
initial value problem for the master equation starting from X' if ¥y = X' and
(3-10) holds with X’ = 3. We say that X is a Lagrangian solution starting from X
if

(3.11) Y =Yx(t,0,-)4X forevery0 <t <T,

where Y x (7, s, y) are the transition maps associated to the ODE (3.9).

The Lagrangian notion of solution given by the transport identity (3.11)) is rather
standard and accepted in the literature of multiagent systems and mean-field equa-
tions. One can see, for instance, the notion of solution given in [13} def. 3.3]. On
the other hand, as in fluid mechanics, when looking at the evolution of spatially
averaged quantities it is also important to derive an alternative Eulerian description
in terms of a PDE, in our case (3.10).

We shall first address the problem of existence and uniqueness of Lagrangian
solutions. Given that, as we illustrated above, Lagrangian solutions are Eulerian,
this settles the existence problem also for Eulerian solutions. The uniqueness of
Eulerian solutions is technically harder, and it will be dealt with in Section 5]

THEOREM 3.3. Suppose that J: (Rd xU)2 - Rand e: R x U — R are
Lipschitz maps and let f: C x C — Y be defined as in (3.3) and (3.4). Then, for
every ¥ € P1(C), there exists a unique Lagrangian solution %, and its flow map
Yx(t,s,y) = (x(t,s,),0(t,s,y)) satisfies the additional regularity property
that o(-,s,y) is of class C' with values in (# (U), || ||Tv), with

Moreover; there exists L > 0 such that for every pair X', i = 1, 2, of initial
data in Z1(C), the corresponding solutions X} satisfy

wi(2}, 22) <ewi(ZY, 22) foreveryt €0,T).

The proof of Theorem will be given in Section 4} it does not depend on the
particular structure of f and J, but relies on their Lipschitz property, the convexity
of C, and the Banach framework. Notice that comes immediately from (3.4)
and the definition of the F(U)-component (bx,)o(y) = [y fo(v. y)AZ(y) of
by, by using the estimate

/ / J(x,u,x’,u’)do’(u’)—/ J(x, w,x", u)do’' (u")do (w) |do (u)
vlJu
< Ly diam(U)

UxU
which, thanks to the uniformity with respect to y' = (x’, 0”), gives that

[(bz)ollTy = Ly diam(U).

Then, thanks to the discussion in Section we also obtain C! regularity with
respect to the total variation norm.
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3.4 Structural properties of the interaction term f

Recall that C = R? x 22(U) is a closed and convex subset of ¥ = R x F(U).
We shall denote in the following by L. and L y the Lipschitz constants of ¢ and J,
respectively.

Remark 3.4. We endow C x C with the distance induced by the normin ¥ x Y

I(y1, y2) Il == llytlsL + ly2llBL.

With this choice, a function is L-Lipschitz if (and only if) it is L-Lipschitz sepa-
rately in the components, that is, if for every y, v, y» € C one has

I f 1 y) = f2. I < Llyr — y2llse,
I/, yD) — f. vyl < Lly1 — y2llsL.
then
1f 1 y2) = fO1 ) < LIy — yillse + ly2 — y3llL)
= L{(y1.y2) — (1. y2)II.

Fory = (x,0) € Cand ¥ € Z(C), letbx(y) = [y f(y,y)dZ(y') as in
(3.8), where f: C x C — Y is defined by

Fray') = (a(y), ( /U J(x. - ¥ )do ()

- / J(x,w,x’, u’)da’(u’)da(w))a),
UxU

with a(y) = a(x,0) = [ e(x,u)do(u) as in (T.4). We define a map ;: RY x
R4 x 2(U) — Lip(U) by

(3.13)

(3.14) (x,x", o)~ j(x,x",0")(u) :=/ J(x,u,x',u")do' ().
U

Notice that the map j(x, x’,0’) depends linearly on o’. Moreover, recalling that
o’ is a probability measure, it is not difficult to see that

17, x" 0N Lipy = 117 (x, X", 0 Loy + Lip(j(x, X', )
<max|J(x,-,x’,-)| + Ly diam(U).

LEMMA 3.5. Let o € P(U) and let 7 € Lip(U). Then the following estimate
holds:

(3.15) lzollsL < lzllLipllollBL-

PROOF. It follows directly by and by the definition (I.10) of the BL norm
that

lzolls =  sup / 102 60do @) < [zpllo e 0
n:nllp<1 YU



1376 L. AMBROSIO ET AL.

PROPOSITION 3.6. The map f defined in (3.13)) is L-Lipschitz (in both variables),
with L depending only on L, Ly, and diam(U), and satisfies the compatibility
condition (see also {.1)) below)

(3.16) VR>0,30>0:y,y eCNBr(0) = y*x0f(y,y)eC.

PROOF. By Remark[3.4] we can study the Lipschitz dependence of f separately
with respect to y and y’. Moreover, we can consider the Lipschitz dependence on
x and o separately, keeping the other variable frozen. Let us start with f5; since it
does not depend on y’, we only study the Lipschitz dependence on y. We have

|1, ) = fe (2. 90| = la(yy) —a(y2)]

= ‘/ e(xl,u)dol(u)—/ e(x2, u)doz (u)
U U

5‘ /U (1. u)doy (u) — /U (1. 1)do (1)

(3.17)

T ‘ / (1. u)do () — / e(x2, )0 ()
U U
< L.(1 +diamU)l|joy — o2 ||BL + Le|x1 — x2|

< L¢(1 + diam U)||y1 — y2|.

where we have used (2.9). To study the Lipschitz dependence of f on its variables,
it is convenient to do it for x, x’, o, and o’ separately. The Lipschitz dependence
on x is easy to obtain, and it leads to

(3.18) I fo(x1.0.¥") = fo(x2,0.¥")llBL < 2L (1 + diam U)|x; — xa|.
Similarly, one can prove that
G199 Nfe(y.x1,0) = fo(y,x3,0)IBL < 2Ly (1 + diam U)|x| — x5].

Let us consider the dependence on 0. Using the map j(x, x’,0”) defined in (3.14),
we have to estimate

Lo Ger01, ') = a2 )2
o (j(x, V000 = [ e o) wdon (v))
U

o (j(x, ¥.0)() /U jx.x, o’)(v)dozm)

(3.20) BL
< ‘ (o1 — 02)(j(x,x’,0/)(-) —/ j(x,x’,a/)(v)daz(v))
U BL
+ |01 (/ j(X, X,, 0/)(v)d(02 - 01)(U)) =: T4+ 1IL
U BL
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Term I above can be estimated as follows

(01 — ) ( fU (. X' 0")O) — jx, X o’)(v))doz<v>)
< Lj(1 +diamU)l|joy — 02||BL-

I =

(3.21) BL

To estimate II, we use the definition of BL norm and the fact that o1 —03 € #y(U):

M= sup /U n(u)(/U j(x,x’,o’)(wd(oz—ol)(v))dol(m

n:lnllLp<1

=

/U j (2. 0) )2 — 01)(V)

(3.22)
< /U o)) — . 0" ) (o2 — 1) (v)

< LydiamU|joy — 02 ||pL.

Putting (3.21) and (3.22)) together, we can complete the estimate for (3.20) and
obtain

(3.23)  |lfo(x,01,)") = fo(x,02, ) BL < 2L (1 + diam U)|o1 — 02[pL-
Using (3.15) and that ||o ||gL < 1, let us now estimate
I fo (v, x",01) = fo (v, X", 03) L

o(j(x,x’,o{x-)— fU j(x,x’,o{xv)do(v))

—o(j(x,x’,aéx-) - /U j(x,x',o@(v)da(v))

BL

< [lj(x.x" 01) — j(x, x" 03) Lip

#| [ Ut oo = e oponase)| <.
U

Lip

To estimate I, we use the definition (3.14) of j(x, x", o) and the fact that 0] —0), €
Mo (U) to obtain

I' = /J(x,-,x’,u’)da{(u’)—f J(x,-, x", u")dob ()
U U Lip
= /J(x,-,x’,u/)d((f{—aﬁ)(u/)
U Lip
= /(J(x,-,x’,u’)—J(x,-,x’,v’))d(ai—Oé)(u’)
U Lip

< Ljy(1 +diamU)|o] — o5 ||BL-
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The estimate of I follows in a similar way, so that we obtain
324) | fo(y.x".01) = fo(y.x".03)llp < 2Ly (1 + diam U) o7 — 03 | ;.
Putting (3.18)), (3.19), (3.23)), and (3.24) together, we obtain

1 fo 1 y1) = fo (2, y2)lIpL < 2Ly (1 + diam U) (Ily1 — y2ll + vy = »3ll).

which, together with gives the Lipschitz estimate on f.

Let us now discuss the compatibility conditions for the f defined in (3.13).
It is clear that the first component of y + 6f(y, y"), namely x + fa(y), belongs
to R? for all @ € R, so that we are left with checking that the second component

0 + 0f5(y,y’), namely,

(3.25) O+90(/ J(x,-,x/,u’)da/(u’)—/
U UxU

belongs to F(U). As a matter of fact, we will prove that is an element of
Z(U), which means that its integral over U is 1 and that it is positive. The proof
that o + 6f5(y,y’) > 0 can be obtained via some manipulations and using the
Lipschitz estimate on J. Indeed,

o+ 0fo(y,y")
=0(1+9(/ J(x,u, x",u)do' (u')
U

—/ J(x,w,x’,u’)da’(u’)da(w)))

UxU

0(1 +9/ (J(x,u,x’,u’)—/ J(x,w,x’,u’)da(w))da’(u’))
U U

0(1 +0 (J(x,u, x" u')y — J(x,w, x/, u’))d(r(w)da’(u’))
UxU

J(x,u, x', u/)da’(u/)da(u)),

> 0(1 — 6Ly / dy (u, w)da’(u’)) > o(1 —OLydiamU),
U

which is nonnegative as soon as @ < (L ; diam U)~!. By recalling that f,(y, y’) €
Mo(U), we obtain that 0 + 0f5(y, y") € Z(U). O

4 Existence and Uniqueness of Lagrangian Solutions

4.1 Interaction systems in Banach spaces
Let us consider now a Banach space (Y, ||-||) with a closed convex set C and a
L-Lipschitz map
fiCxC—Y
satisfying the compatibility condition

4.1) VR>0,30>0 c,c’eCNBr(0) = c+0f(c)eC.
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Let us consider a continuous curve of measures X € C([0, T]; (£21(C), W)).
Recalling that

(4.2) 1f(c.c) = 1l f(co.co)ll + L(llc = coll + llc" = coll)

where cg is an arbitrary point in C, we can define the time-dependent vector field
bx(t,-): C — Y by

@3) sz,d==b2Af)?=/LJT&65d2AdL

where the integral above can be interpreted in the strong sense, as a Bochner inte-
gral.

We are going to prove the following result, which provides (taking Proposi-
tion [3.6]into account) the proof of Theorem[3.3]

THEOREM 4.1. Given Y € P1(C) there exists £ € C°([0, T]; (21(C), Wr))
with Xy = X such that the family of transition maps Y (¢, s,-) in C associated
to the ODE

Ve =bs(t.y:). ys=y. yeCYs.TLY), vy €C foreveryt €[s. T,
with the vector field b s given by (@.3) satisfying

X =Yx(t, s, )uXs forevery0<s<t<T.

In addition, one has the stability estimate
(4.4) Wi(Z,, 2 < LW (2, 5) forevery0<s<t<T,

for the solutions ¥, X' starting from X, X', where L is the Lipschitz constant

of f.
4.2 Existence for the discrete problem

We first study the discrete problem for N particles evolving in Y, corresponding
to the evolution of a discrete (atomic) measure. This case could be simply seen as a
by-product of the more general “diffuse” measure well-posedness result; however,
we include it both as a guideline to introduce the more general case and also as a
constructive approximation (for N large; see also Remark .8|below), which could
be useful for the purpose of numerical simulation. We consider the convex set C
in Y with the norm

N
1
lylly~ ::NE lyil, y=O1.....yn) e YV,
i=1

We define the map fV = (le,...,flf,V): cN - vV py

N
Y@ = Y f0. =L,

Jj=1
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We notice that f is Lipschitz, since

A

N
IFY @) — ¥ @)lyw < % DN @ - @)l

i=1

A

1 N
— Y iy = FOLIDI
1

j:
I N
<= Y Uy =¥+ 1y =¥

<2L|ly—ylly~.

Let us now check that CV satisfies the invariance properties with respect to fV: if
y € CV with ||y|| < R, then every component y; belongs to C and || y;|| < NR.
By (@.1) (applied to the constant N R) we may find a constant § > 0 such that

yi +0f(yi,yj) € C foreveryi./,
so that the convexity of C yields
N

1
yit 0Ny =5 ) (i + 0 y)) €C.
Jj=1

By applying Theorem with C¥ and YV we obtain the following result.

COROLLARY 4.2. For every §y € CN, there exists a unique curve y: [0, +00) —
CV of class C! such that

y(t) = N @Y (1)),
y(0) =y.

In particular, the family X; := % ZlN:l dy; , provides a solution to the existence

part of Theorem for the initial datum ¥ = % ZZN=1 85,
4.3 Stability estimates

PROPOSITION 4.3 (Properties of b;). Let A, A" € C([0, T]; 21(C)), let b s and
b ar be defined as in andlet f: C x C — Y be L-Lipschitz. Then
@ 16 I = 1f o yo)ll + LIy = yoll + L [clly' = yoll dA: (y") for all
yo €Y.
(i) |ba(t.y) —ba(t.2)|l = Ly —z].
(i) [1ba(t. ¥) —bals, »)| < LWi(Ar, Ay).
(V) 1A, y) =ba(t, Y| = LWi(Ay, AY).
(v) If there exists R > O such that A;(C \ Bg(0)) = 0 for everyt € [0,T],
then for every R > 0 there exists 6 > 0 such that

yeC llyl=R. t€[0,T] = y+0ba(t.y)eC.
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PROOEF. Property (i) follows immediately from (.2)). To prove (ii), we notice
that

Ibat.y) —ba(t,2)|| = H/C(f(y,y’) - f(z,y’))dAt(y’) <Lly—z|.

Estimate (iii) is a simple computation:

1ba(r.y) —bals. y)| = H/c . yHd(Ar = A5) (V)

= sup /;(Z, F, ) d(A — A ()

zeY’, |lzlly =1

S LWl(Alv As),

where we have used that the map y’ +— (z, f(y, y’)) is L-Lipschitz. The proof of
(iv) is analogous.

Let us now consider the last statement (v); we may assume R > R, and we can
choose 6 > 0 such that (1)) holds. Therefore

¥+ Obalt y) = fc (v + 6£ (. yNAA) € C,

since C is convex and closed, and A; is a probability measure. 0

COROLLARY 4.4. Let A, A' € C([0,T]; 21(C)), let by, b 4i be defined as in
@.3), yo € Y andlet f: C x C — Y be L-Lipschitz. Then

(1) for every y € C and s € [0,T] there exists a unique solution y; =
Y A(t,s,y) from [s, T] to C of class C! of the Cauchy problem

4.5) Vr=ba(r,yr) =04, (yr), ys=y:
(i1) Y a(z,0, y) satisfies the estimate
(4.6) 1Y A(2.0, %) — yoll < (Ily — yoll + tB(A.1. yo))e"!
with

4.7 B(A,t,y0) :== || f(yo. yo)ll + L max / 1" = yolldAs(¥');
selog] )

(iii) Ya(-,0, y) satisfies the estimate

1Y A(2,0,¥) = Ya(t', 0. )]

4.8)
< |t —1'|[B(A, T, yo) + L(Ily — yoll + TB(A, T, yo))e=T];

(iv) Yal(t,s,-) satisfies the estimate

1Y A(t.5,y) = YAt 5. 9] <P |y |l 0<s<r<T:;
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(v) more generally, Y 41 and Y 42 satisfy the estimate for0 <s <t < T:

IV 4125, 9" = Y g2t )| < 2079 |y — 2|

(4.9) ‘
+L / LD (AL, A%)dr.
s

PROOF. Let us first assume that A and A’ are concentrated on a ball of radius
R in Y. Then statements (i) and (iv) immediately follow by Theorem thanks
to the estimates of Proposition4.3]

The proof of (ii) is a computation: recalling (3.8), Proposition {.3|i) and the
definition (4.7) of B(A,t, yg), the triangle inequality gives

t
1Y 400, ) = yoll < Iy — voll + fo 1A, (v(s))ds

t
< lly — voll + tB(A.t.y0) + L/o 1v(s) — yollds.

which yields by Gronwall’s inequality. Estimate follows from combin-
ing Proposition [.3(i) with estimate (4.6), so that (iii) is proved.

Concerning (v), it is clearly sufficient to consider the case s = 0. Denoting by
yi, t € [0, T], the solutions to with respect to the fields b = b Al and the

initial conditions y*, from y’ = bi (y') we have, by Proposition ii) and (iv)

d
Enyl —2@) < 16 1) =By A + b (%) — b ()l
< L|y' = y?| + LW (A}, A?),

which gives by a simple comparison argument
t
1" @ = y2Oll <Myt =32+ L /0 M TIW (A, A

The general case when A may have unbounded support can be obtained by ap-
proximation, using once more Proposition[4.3} since the estimates are independent
of R. U

4.4 Contractivity and stability
We now fix X € &{(C) and we consider the metric space
o = {A € C([0,T];(P1(C), W) : Ag = L},

complete when endowed with the usual sup distance (as a consequence of the com-
pleteness of (Z1(C), Wp)). We define a map 7: &/ — o/ in the following way:
given A € o/ we first compute the flow map Y 4 (¢, s, - ) associated to b4 and then
we define the curve T[A]: [0, T] — £21(C) by

(4.10) TIAl :=Ya(1,0,- )X
It is immediate to check that 7 maps <7 to .
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LEMMA 4.5. Forevery A, AL, A? € o we have
Wi(TTAl:, T1Als)

4.11 _
¢-11) s|r—s|[B(A,T.yo)+L(/C||y—yo||d2(y)+TB(A,T,yo))eLT},

t
(4.12) WA(T[AY],, T[A%]) < L f el Wy (AL, A?)dx,
0

where the constant B(A, T, yo) is defined in fort =T.

PROOF. Estimate (#.11) follows immediately from the definition of 7[A] in
(4.10), estimate (4.8)), and the fact that ' is a probability measure. Estimate (4.12)
is a direct consequence of {.9), since

Wi(T1A",, TA%]) SfcIIYAl(l,O,y)—YAZ(Z,O,y)IIdE(y)

and ¥ is a probability measure. g

COROLLARY 4.6. The map T admits a unique fixed point, which provides the
unique solution X in Theorem[4.1]

PROOF. Let us fix a constant L > 2L sothat £ := L/(L’ — L) < 1, and let us
consider the equivalent distance in </ given by

d(A, A”) := max e_L/th(A[,A’t).
€

t€[0,T]
Then, from (4.12)) we immediately get

t
T IWUTIAL. TIA) < L / LN Wy (A, AL) Vi €0, T),
0

so that our choice of L’ gives d(T[A], T[A']) < £d(A, A"). O

We can slightly modify the previous argument in order to derive a stability esti-
mate of the solution X; in terms of the initial datum 3.

LEMMA 4.7. Let X' and X2 be initial data in 21(C), and let E; be the corre-
sponding solutions. Then

(4.13) Wiz}, 22 < wi(£1. 22 vrelo,T].

PROOF. Letus fix 0 < s < ¢t < T and consider an optimal coupling /I be-
tween X! and X2 so that using the fact that (Y 51 (2,5, y1), Y52 (2, s, y2))slly is
a coupling between X tl and X tz we can write

W1(21,2t2)§/c CIIYzl(f,S,yl)—YEZ(I,S,y2)||d17s(y1,y2)-
X
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By (@.9) we get
wi(2}, X7)

t
<l /C Mt =y ) £ L f HTIW (2], S)dr
X

N

t
=Wzl 22+ L / LDz, £2)dr,
N
Choosing ¢t = s + h proves that the upper right derivative d/ds4 of the map
s > Wi(X), £2) satisfies

d
—wi(zl 23 <2y (s}, 22
dS+

and therefore Wy (X}, ¥2) < e2LSWy (X1, £2), which proves @.13). O

Remark 4.8 (Another existence proof). The following argument can provide an
alternative strategy to constructing a solution starting from the discrete solutions of
the previous section. In fact, one can use the contractivity to pass to the limit in the
discrete problem. Choose y; (@) € C independent and identically distributed, with
law X, so that the random measures XV (w) := % ZZN=1 8%; (w) almost surely
converge in Z1(C) to ¥. We fix @ such that this happens, set y;(w) = ¥;,
and let y(¢) = (y1(¢),..., yn(2)) be the discrete evolution starting from y(¢) =
(¥1,---,¥n). Then, by contractivity, ZtN = % ZIN=1 8y, () converges weakly,
and it is not hard to prove that X; = limy oo X tN provides a solution.

S Uniqueness of Eulerian Solutions

In this section we address the uniqueness of Eulerian solutions, according to
(3.10). Our first proof uses a classical duality argument, adapted to the infinite-
dimensional space of measures and to the special structure

5.1) br(t.c) = bz, (c) = /C Fle.ME ()

of the vector field, with f = (fx, f&) as in (3.3) and (3.4). One of the advantages
of the duality proof is that it provides uniqueness in the larger class of signed
measures; the drawback is that, since we don’t have at our disposal the mollification
schemes of the finite-dimensional setting, we have to require C! regularity in place
of Lipschitz regularity with respect to the x-variable of e and J. We use the special
structure of the vector field, together with (3.16)), also to make use of the flow map
Y(s, ¢, x) backward in time, i.e., for times s < ¢; indeed, (3.16) yields that the
abstract compatibility condition (4.1)) holds also for —b, whose forward solutions
correspond to backward solutions for b.

In this section we shall apply the abstract calculus tools of Appendices[A.T|and[B]
with C = R? x 2(U), E = Y = R? x F(U), the subspace Ec = Y¢ =
RY x .#y(U), and its closure Ec = R¥ x {o € F(U) : (1) = O}.
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5.1 Uniqueness by duality

THEOREM 5.1. Suppose that J: (Rd x U)? - R and e: RY x U — R are
Lipschitz maps, with J(-,u, x',u") of class C! for all (u,x',u’) € U x R4 x U,
and e(-,u) of class C! for allu € U. Then, for all £ € .#(C) with fc lx|d| X| <
+o0, equation (3.10) admits a unique solution in the class of weakly continuous
mapst € [0,T]+— X, € #(C)withsup, [-(1+|xd|X;| < +ocand X = x.

PROOF. Letus consider solutions X' and X2 of (3:10) such that ¥} = X2 and
fix & > 0. Let us denote
R := {r: [0,h] - Cp(Y): r is Borel, 7, € Cj(Y), Lip(r;) < 1 forall ¢ € [0, h]},
with the usual notation r;(y) = r(¢, ).
The difference X; := X! — X2 solves
d
ot diviby1 ) = —div(b, X?)

in the weak sense of (3.10), with b; := b 51 — by2. Letus stress that b; has null
first component, since it is the difference of the vector fields b 5! and b 52 that have
the same first component (recall the notation (3.6)):

bE;(x,U) = (/Ue(x,u)da(u), (J * Ef(x,-) —/UJ * Ef(x,u)da(u))a),

fori = 1,2. By linearity of the second components with respect to X' we obtain
the representation

be(x,0) = (0, (J * Z‘t(x,-)—/ J Z‘t(x,u)da(u))o).
U

We consider a bounded solution g € C1([0, 4] x C) of the backward transport
equation with velocity field b 5, 1 right-hand side r;, and terminal condition gz = 0

(with the usual notation gs(c) = g(s,¢)):
0rgr + Dgt(bztl) =r; in[0,h] xC,

5.2
©2) gn=0 in C.

We stress now that the differentiations acting on g; with respect to ¢ are all meant in
the Fréchet sense (see Definition and that the pairing Dg; (b Etl) corresponds
to the directional derivative of g; along the vector 5! € Yc. By the classical
method of characteristics, one can construct a solution g of (5.2)) with the required
C! regularity property by setting

h
(5.3) g:(c) = —/ rs(Y s1(s, ¢, c))ds.
!

Indeed, the CII) (Y) regularity of r;, the C! regularity of Y 5.1 (s, 7, - ) granted by The-
orem (and the arguments below; see before formula (5.4)), and Theorem[A.2]
yield the C! regularity of the function g in (5.3)), together with the exchange of
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Fréchet differentiation with integration (the latter granted by (A.9)). Obviously

gnp = 0, and one can check that g satisfies (3.2)) with the following observation:
since, thanks to (A.2)),

e.c) = (e + Dgilbg) 1. c(1)

along any C' solution c(t) of the ODE

o) = by ),

if for any ¢ € C and 1y € (0,h) we are able to find a C! solution ¢(¢) to the
ODE above with c¢(tp) = ¢o and %g(t, c(t)) = ri(c(t)) att = to, we are done.
Choosing ¢(t) = Yxi1(¢,0,d) for some d € C, from the semigroup property we
get

h
g(t,c(t)) = —/t rs(Ysi1(s,0,d))ds

so that we are able to check (5.2)) at any (¢, co) with co = Y 51 (¢9, 0, d). Choosing
d = Y51(0,.co) (only at this point we are using the flow backwards in time),
we obtain the global validity of (5.2).

As mentioned above, the C! regularity of Y 51 (s, £, - ) follows from Theorem|B.2)
if we check that

5.4 (t,¢) = Dy A(t.-)(c) is continuous from [0, 7] x C to L(Y¢, Yco)

in the sense of (B.3), with
A(t,c) = b2[1 (0),

and we recall Proposition It is at this stage that we need the extra C! assump-
tion on J(-,u,x’,u’) and e(-,u). Indeed, thanks to the representation (5.1 of
b1, it is sufficient to check C! differentiability of f(-,¢’) forall ¢’ = (x’,0’) in
the direction (v, #) € Y ; the partial differential with respect to the x-variable at
¢ = (x,0) is given by

v eRY (/ Dye(x,u)(v)do(u),
U
( [ Pt w0’
U

—/ D, J(x, w,x’,u’)(v)da’(u’)da(w))a)
UxU
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while a partial differential with respect to the g-variable is given by

0 e Hy(U) — (/Ue(x,u)dQ(u),(/U J(x,-, x" u"ydo’" (1)

—/ J(x, w,x’, u’)da/(u’)da(w))G
UxU

— (/ J(x,w,x',u/)da’(u/)dG(w))a),
UxU

so that the differential is continuous from [0, T] x C to L(Y¢. Y¢).
Since r; are 1-Lipschitz, and the Lipschitz constant of by, 1 can be estimated

from above by L.« = Lsup, |X}|(C), with the L Lipschitz constant of the in-
teraction term f in (5.I)), from the Lipschitz estimate on Y 51 (%, s, - ) granted by
Theorem [B.2] we get

(5.5) IDg: ()l cvo.yy < (h—0)e™T  forall (t,¢) € [0,h] x C.

Since g; X vanishes at 1 = 0 and ¢ = £, by the Leibniz rule and Theorem[A.2]

we get
0 /hd/ dX, dr
= - 8t t
o dt Jc

h h
= / / (atg; +Dgt(b21)d2t dr +/ / Dgt(bzl)dEtzdt
0JC ! 0Jc !

Using (5.2), we obtain that

h h
(5.6) sup / / rdS, dt < / / Dg. (bo)ld| 2 dr.
r 0JC 0JC

Motivated by this estimate, we employ the distance dc1 in . (C) of Lemmal[2.1]
Let us prove now that

h h
(5.7) sup / / redZ,dr = / dei (2}, ZF)de.
rerJo JC 0

The inequality < is obvious, since r; is an admissible function in the definition of
dci for any ¢ € [0, /]. To prove the converse, we apply a measurable selection
argument: since Y is separable, it is easily seen that

B :={v e Cy(Y): v eCp(Y), Lip(v) <1}
is a Borel and separable subset of Cy(Y), and that ¢ +— dc1 (X, X}) is a Borel

function. Then, for § > 0 fixed we consider the set

I:=1tv)el0,h]xCp(Y): veB,du(X}, X7 <6 +/

Udzt},
Y
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which is measurable, thanks to the above-mentioned properties, with respect to the
product of the Borel o-algebras. Then, a measurable selection theorem [[7, theo-
rem 6.9.1] grants the existence of a Borel selection map 7: [0, s] — B satisfying
(t,7;) € I forae. t € [0, h]. Since, by construction, ¥ € R, it follows that

h h
sup/ / rtdEtdtZ/ / FtdZ’tdl
reRJ0 JC 0JC

h h
z—af |E,|(C)dt+/ de1 (X}, Z3)dr.
0 0

Since § > 0 is arbitrary, this proves (5.7).
Combining (5.6) and (5.7) we obtain

h h
58 [ qcrstosha < [ ipgi@olais?iar
0 0Jc
It remains to estimate from above the right-hand side in (5.8). Recalling that the

norm on Y is given by [y = [(x.0)ly = |x| + [lols. and using (53), we
have

h
/ / IDge (bo)ld|S2]dr
0JC

h
5/0/CIIDgtllc(Yo,Y)llbt(y)IIYdlftzl(y)dt

h
SeL*Tf (h—1)
0

/ (o, (J*Z,(x,-)—/ J*Et(x,w)do(w))a) d| 22| (y)dt
C U Y
h
< oLsT h—
<e /0 (h—1)
/ H (J *Et(x,-)—/ J *Z‘t(x,w)da(w))o d|Z2|(y)dt.
C U BL

Moreover, (2.8) gives

H (J x Xy(x,-) —/ J * Zt(x,w)da(w))a
U

< 2/ T % 30 (x| dor(a),
BL U

and
|‘] * Zl(xsu” = LJdCl(EI’ th)’
so that, with § = sup, | X2|(C), we get

h h
(5.9) // |Dgt(bt)|d|2t2|dt§2SeL*TLJh/ dc1 (2}, 22)de.
0JC 0
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Combining (5.8) and (5.9) we obtain
h h
/ de1 (2L, 22)dr < 2Set+T Lyh / dei (2}, Z2)dr.
0 0

For i > 0 small enough such that 2SeX*T L ;1 < 1, one has
dei (X}, X3 =0 forall0 <t <h,

so that the curves X! and X2 coincide in [0, 4] and the proof is achieved by re-
peating this argument finitely many times. U

5.2 Uniqueness by superposition

In this section we prove uniqueness of Eulerian solutions, as defined in Defi-
nition [3.2] under the same assumptions of Theorem [3.3] dealing with Lagrangian
solutions. In particular, we require the sole Lipschitz continuity of e and J, not
requiring the C! smoothness of J(-,u,x’,u’) and e(-,u) of Theorem The
proof covers the more general setting of interaction systems in Banach spaces of
Section {1} see Theorem [.1] for the existence and stability of Lagrangian solu-
tions.

Our main tool in the proof is the so-called superposition principle: it allows us
to lift solutions to the continuity equation to probability measures on paths, thus
recovering an (extended) Lagrangian representation; the principle, which remark-
ably works under no regularity assumption on the vector field, has by now many
versions; see, for instance, [2, theorem 8.2.1] in Euclidean spaces and [39]] in the
context of the theory of currents. Here we consider the case when the state space
is a separable Banach space.

THEOREM 5.2. Let (Y, ||-|ly) be a separable Banach space, letb: (0, T)xY — Y
be a Borel vector field, and let 1y € Z(Y), t € [0, T], be a continuous curve with

T
0 JY

If

d
— div(b =0
dl“t + div(bspas)

in duality with cylindrical functions ¢ € Cll) (Y), precisely of the form (here (-, -)
denotes the duality map between Y and Y'),

o((y.21). (. 25) ... (. 24 )

with ¢ € CII)(RN) and 7, ...,2'y € Y/, then there exists n € Z(C([0,T];Y))
concentrated on absolutely continuous solutions to the ODE y = b;(y) and with
evi(n) = us forallt € [0, T].
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PROOF. We start from the version of the superposition principle in the space
R of all sequences (x;), i > 1, proved in [4, theorem 7.1] by finite-dimensional
approximation. We endow R with the distance

doo(x,y) := 27" min{l, |x, — yu|},
which makes it a complete and separable metric space. If ¢: (0, T) x R* — R
is a vector field, with components ¢! measurable with respect to the product of the

Borel o-algebras in the domain, and if v; € &2(R®°) satisfy fOT Jroo lct]dvy dr <
+o0 for any i and solve the continuity equation

d
— di =0
” v + div(e;vy)

in duality with Cé cylindrical function ¢ (i.e., dependent on finitely many coordi-
nates x;), there exists o € Z(C([0, T]; R°)) such that

(1) o is concentrated on continuous curves y: [0, T] — R, with absolutely
continuous components ¥’ solving the infinite system of ODE y* = ci(y),
i>1;

(2) evs(o) = v, forallt € [0, T].

Given this basic result, if we strengthen the integrability assumption on ¢ by re-
quiring

T .
(5.11) / / W (sup |c;|)dv, df < 400
0 JRo® i

with ¥ a nondecreasing function such that ¥(z)/z — +o00 as 7 — oo, then it is
immediately seen that o is concentrated on a Borel set ® (i.e., o(C([0, T]; R*) \
®) = 0) made of curves y absolutely continuous with respect to the norm ||+ || o.
More precisely, one has

t
sqp|ysl—y;|§/ sqp|c’t|oyrdr forall0 <s <t <Tandall y € @,
1 N [4

T
/ (sup |ct| o yr)dr < +oo forally € 6.
0 i

Now we turn to the case of a separable Banach space Y. Thanks to the Dunford-
Pettis theorem when applied to the space-time measure p; dz, we can find a non-
decreasing function ¥: [0, +00) — [0, +00) with ¥(z)/z — +o0 as 7z — +00
such that (5.10) improves to

T
(5.12) fLW(||bt||y)dutdt<+m.
0

Let (z;) C Y as in the proof of Lemmal[2.1|and let us consider the map £: ¥ —
Lo C R defined by

E(y) = ((y.21). (».22)....).
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It is immediately seen from (2.3)) that the mapping E is an isometry of ¥ into oo
hence, E£(Y) is closed and separable in £+,. In addition, [7, theorem 6.8.6] grants
that £ maps Borel sets of Y into Borel sets of R%°; in particular, £(Y') is a Borel
set of R®. As a consequence, £ ! extended to 0 out of £(Y) is j-measurable for
any u € Z(R°).

Let us consider the measures v; = Eujty € P (R>); if we define

¢l = (b;,zl) o ET1 on E(Y) fori > 1

(and equal to 0 on R®° \ E(Y), this extension is irrelevant; since the measures v,
are concentrated on £(Y')), we obtain by construction that the continuity equation
holds, with the stronger integrability condition (5.11) coming from (5.12), since
sup; |c§| < ||b¢|ly (recall that ¥ is nondecreasing).

Then, from the superposition theorem in R°° we obtain a probability measure
o € F(C([0,T]; R*)) concentrated on solutions of the ODE )'/t" = ci(y) and
absolutely continuous with respect to the norm ||-|| 0. Moreover, since v; are con-
centrated on E(Y), we obtain that, for any ¢ € [0, T], y; € E(Y) for -a.e. y. In
particular, restricting ¢ to a countable set, for o-a.e. y, one has

(5.13) yr € E(Y) foranyt e QNJ[0,T].

If we fix y € ® (so that y is absolutely continuous with respect to the ||+ || oo norm)
and holds, since our choice of the z; guarantees that the composition with
E~! is an isometry between the norm ||-||c and ||- |y, from y, € E(Y) for any
t € QNI0,T], we deduce y([0,7T]) C E(Y): indeed, if t, € Q N[0, T] and
th — t, V1, = E(yn), then the absolute continuity of y yields that (y,) is a
Cauchy sequence in Y; hence y, — y for some y € Y and then y; = E(v) €
E(Y). Therefore, we proved that for all y € ® the property improves
to ¥([0,T]) € E(Y), and the same argument shows that the transformed curve
E~ly in Y is absolutely continuous.
The ODE )'/ti = cf (y) becomes, for the transformed curve y; = E~ly,,

d
E(y,zﬁ-) = (byoy.z;) foralli > 1,

since the z; separate points in ¥, which allows us to conclude that y = b o y.
Let us now consider the map E:C(0,T];Y) — C([0,T]:R®), E(y) := Eoy,

which naturally extends E to the corresponding complete and separable spaces of

curves. Since E is continuous and injective, it maps Borel sets into Borel sets. It

follows that the inverse map E, y — y = E~ly, arbitrarily defined to a constant
on the Borel and o-negligible set

C([0, TER™®) \ E(C(0, T]; Y)) € C([0, T R®) \ ©,

is Borel.
To conclude, having set n = (Ex)so, from ev,(o) = v; one obtains ev;(n) =
Wy for all ¢ € [0, T]. The measure 7 then satisfies all stated properties. U
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THEOREM 5.3. Let ¥ € 21(C), f: C x C — Y be L-Lipschitz, and let bz be
defined as in (5.1). Then there is a unique ¥ € C([0, T]; 221(C)) with ¥y = X,
satisfying

/ (1. Y)AS:(y) — / (0. Y)dZo(y)
C C

- /0 /C(GS‘NS’Y) + D¢ (s, y)(bx,(¥)))dZs(y)ds

forallg € CL([0,T]x Y).

PROOF. Let us consider Eulerian solutions X! and X2 starting from the same
initial datum X, and let us denote by b (¢, y), b2(¢, y) the respective velocity fields
and by Y'(¢, y), Y2(¢, y) the respective flow maps. By applying the superposition
theorem to b* (extended with the 0 value to (0, 7) x (¥ \ C)), X? we obtain that
Y = evi(n') for suitable ¥ € Z(C([0,T];Y)) concentrated on absolutely-
continuous-in-[0, T'] solutions to the Cauchy problem

y=bxi(t,y) in(0,7T).

On the other hand, since from Theorem [B.I] we know that the solution to the
Cauchy problem is unique, the conditional probabilities n; of n* given the ini-
tial condition y(0) = y have to be Dirac masses, precisely 7}, = dyi(. yy. It
follows that X7 = Y'(z,-)sX for all € [0,7]. An application of the stability
estimate (4.4) in Theorem [4.1] yields uniqueness. O

Appendix A Calculus in Banach Spaces

We adapt some basic calculus notions in Banach spaces to our framework, where
the domain C of the functions we wish to differentiate is a convex subset of a
normed space E but need not be open; in this case we denote by E¢ the vector
space R(C — C). For ¢ € C, we shall instead denote by E. the convex cone of
directions

E.:=R,(C —¢) C Ec.

A.1 Differentiation

We first introduce a notion of multivalued Fréchet differential, adapted to func-
tions defined on convex sets.

DEFINITION A.1 (Multivalued F-differential). Let E, F be normed vector spaces,
C C E convex, and let f: C — F be a map. We say that f is F-differentiable at
¢ € C if there exists L. € L(E¢, F) such that

(A.1) fim €D = Je) — L'~ )lF

=0.
Cac'—c llc’ —cllE
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This notion is too strong for some applications, since the natural domain of L
should be only the closure of the cone E., on which L is uniquely determined by
(A.T). We denote the F-differential of f in ¢ € C by

Df(c) = {L € L(Ec. F) : L fulfills (&A1)},

and, if E; is not dense in E¢, the map D is multivalued (as in the case of the
subdifferential in convex analysis). By density, each L € D f(c) uniquely extends
to an operator in £(Ec, F). Hence, the F-differential D f(c) is a closed convex
subset of L(Ec, F). For any e € Ec we denote

D f(c)e =Df(c)(e) = {L(e) = Le : L € Df(c)}.

If e € E., then D f(c)e is a singleton and in this case, with a slight abuse of
notation, we may use D f(c¢)e instead of Le for any L € D f(c).

A straightforward consequence of is the chain rule for curves: if 1
c(t) € CI([0, T]; C) is a differentiable map, then ¢/(¢) € Ec(t) C Ec and

(A2 SHEE)| =D @)

s=t

whenever f is F-differentiable at c(¢) (we remark on the abuse of notation men-
tioned above).
For F-differentiability we can also adopt the handy notation

f() = fle) =Df(c)(c" =) = o(|c" —cllE).

If we consider the particular case when £ = F and f: C — C, obviously any
L € D f(c) is a linear operator from E¢ to Ec. With these notions, the proof of
the following chain rule is standard.

THEOREM A.2 (Chain rule). Suppose f: C — C and g: C — R are F-differen-
tiable, respectively, atc € C andatd = f(c) € C. Thengo f: C — R is also
F-differentiable at ¢ and

D(g o f)(c) CDg(d)oDf(c),
where Dg(d) oD f(c) = {M o L : M € Dg(d), L € Df(c)).

Notice that if e € E¢, then D f(c)(e) is unique (i.e., it does not depend on
the choice of L) and belongs to £,. Therefore, also the choice of the element
M € Dg(d) is irrelevant.

PROOF. It suffices to write

go f(c) —go f(c) =g(d +Df(e)(c" —c) + R(c) — g(d)

with [|R(¢) || = o(||c’ — ¢||g) as ¢/ — ¢, and the expansion g(d') — g(d) =
Da(d)(d' —d) + o(|d’ — d||g) with d’ = d + D f(c)(c' —c) + R(). O
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We say that f is of class C! and we write f € C'(C; F) if f is F-differentiable
at each ¢ € C, and there exists a selection L(c) € D f(c) for all ¢ € C such that

(A3) ¢ +— L(c) is continuous from C to L(E¢, F)

with L(E¢, F') endowed with the distance induced by the operator norm. To con-
form with the classical continuous Fréchet differentiability, below we may write
with a slight abuse of notation that

(A4) ¢ — D f(c) is continuous from C to L(E¢, F)

to actually mean f € C!(C: F) as in (A.3).

In the context of Theorem by choosing a continuous selection for D f'(¢)
and for Dg(d), we have a continuous selection for the F-differential of the compo-
sition at ¢, D(g o f)(c), thus granting the C! regularity of g o f.

DEFINITION A.3 (G-differentiation). Let £, F' be normed vector spaces, C C E
convex, and let f: C — F be a map. We say that f is G-differentiable at ¢ € C
if the directional right derivatives

he) —
df(c,e):= lim flethe) — fle) exists in F foralle € E,.
h—0t h

Of course, F-differentiability at ¢ implies G-differentiability at ¢, with
df(c.e) =Df(c)(e)

for all e € E.. In connection with the differentiability properties of the flow map,
it is useful to establish the converse implication.

LEMMA A.4 (Criterion for C! regularity). Let f : C — F be a continuous map
and assume the existence of a continuous operator

Cacr— L{c) e L(Ec,F)
such that d f(c,e) = L(c)e forallc € C and all e € E.. Then L(c) € Df(c) is
an admissible choice in (A1) for all ¢ € C, so that f € C(C:; F).

PROOF. Set¢; = ¢ + (¢’ —c¢) fort € [0,1] and sete = ¢’ — ¢ € E,, and
notice that e € E;, forall ¢ € (0, 1). Since ¢ — f(c;) is continuous in [0, 1] and
differentiable in (0, 1), we can write

1 1
(AS5) 7= 10 = [ dfenean = [ Liepea.
0 0
Now we use that L(c;)e/|le||g — L(c)e/|le|| g uniformly in [0, 1] as ¢/ — ¢ to
obtain (A.T). O

Remark A.5. Formula (A.3) also shows that a function f € C!(C: F) with a
uniformly bounded F-differential selection L: ¢ — L(c) as in (A.3]), which means
L € Cp(C; L(Ec, F)) satisfies a uniform bound

LfOIF = fcollF + llc —colle sup 1Ll eEe F)
ce
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where cg is a given point in C. In particular, f has linear growth

I f()lF
(A.6) sup ———————— < || f(co)|| + sup | L¢llzEc,F)-
cec 1 + llc —collE ceC

The left-hand side of defines a norm in the space Cjo(C, F) of continuous
functions with linear growth (the definition is in fact independent of ¢g). The same
argument of the proof of Lemma also shows that the graph of the multivalued
operator D
X :={(f.L) € C'(C. F) x C(C. L(Ec. F)):
L(c) e Df(c) forevery ¢ € C}

between C1(C; F) and Cp(C; L(Ec. F)) is closed, and thus a Banach space, with
respect to the graph norm

(A7)

I f()IlF
(S, L)llx := sup ——————— + sup [ L()|c(Ec,F)
cec 1 +lc—cole  cec

which in turn is equivalent to || f(co) | F + sup.ec I1L(O) | z(Ec,F)-

The closedness of the graph X is equivalent to saying that if ¢ — Ly(c) €
D f,4(c) is a sequence of maps in Cp(C; L(Ec, F)) uniformly converging to L. €
Cp(C; L(Ec, F)) and limy 0 fn(co) = f(cp) in F, then f, is also converging
uniformly on bounded sets to a function f € C'(C; F) and L(c) € D f(c) for all
cecC.
A.2 Bochner integration

Let (A, A, i) be a o-finite measure space, and let £ be a Banach space. A
u-simple function f: A — E is representable as

N
f = Z XA,,ena
n=1

where ¢, € E and A4, € A with u(A4,) < +o0.

DEFINITION A.6 (Bochner integral). A function f: A — FE is pu-Bochner inte-
grable if there exist simple functions f,: A — F such that

() lim, f, = f p-a.e. (strong p-measurability);
(i) limy [ | fa — fllEdpe = 0.

If f is u-Bochner integrable, then
/fdu:limffndMeE
A nJA

exists and is independent of the sequence ( f;,). It is called the Bochner integral of

f and satisfies
(A8) H [ ran| = [r1ean
A E A
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We shall use the fact that, in the case when (A4, d4) is a separable metric space
and A is the Borel o-algebra, any continuous function f: A — F is strongly -
measurable. This is a consequence of the Pettis measurability theorem (see, for
instance, [46, chap. 5]), since x > (¢, f(x)) is continuous, hence p-measurable,
for any ¢’ € E’ (the so-called weak measurability property), and of the fact that
the range of f is separable.

A simple criterion for Bochner integrability is the following:

PROPOSITION A.7 (Bochner integrability criterion). A function that is strongly -
measurable (as in (i) of Definition|A.6) f: A — E is p-Bochner integrable if and

only if
/A 1 £l dp < +oo.

The Bochner integral commutes in many ways with linear operators; let us il-
lustrate these properties for duality operators, linear operators, and differentiation
operators.

(1) For any x” € E’ one has

</A S X/>E><E/ - /A(f’ x"YExErdp

and an analogous formula with the predual holds if £ is a dual Banach space.

(2) If f: A — Eisp-Bochnerintegrableand 7 € L(E, F),thenTf: A — F
is also p-Bochner integrable and

T/Afdu=/Adeu-

(3) Let E, F be normed spaces. If (f, L): A — X, where X in the Banach
space defined in (A.7)), and where L(x,-) is a continuous selection in D f(x,-), is
u-Bochner integrable, then

A9 D fA £ )du(x) > /A L(x.)du(x) € Co(C: L(Ec. FY).

This useful formula explains the correct exchange of F-differentiation and Bochner
integration. In particular, it provides, in conjunction with item (1) above, the fol-
lowing simple extension of the fundamental theorem of calculus, for which in fact
the simpler Riemann integral would be sufficient.

THEOREM A.8. If f: [a,b] — F is continuous and differentiable in (a, b), and
[’ extends continuously to [a, b], then

b
£b) — fla) = / F(6)de.
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Appendix B Well-Posedness of ODEs in Banach Spaces
and Linearization

First we recall Brezis’ theorem [|11} sec. 1.3, theorem 1.4, cor. 1.1] on the well-
posedness of ODEs in Banach spaces.

THEOREM B.1. Let (E, ||-||g) be a Banach space, C a closed convex subset of
E, and let A(t,-). C — E, t € [0,T], be a family of operators satisfying the
following properties:
(1) There exists a constant L. > O such that
B.1 [A(z,c1) — At c2)||[E < Lller —e2|E
foreverycy, co € Candt € [0,T].

(ii) For every ¢ € C the map t v+ A(t,c) is continuous in [0, T).
(iii) For every R > 0 there exists 6 > 0 such that

(B.2) ceC,|clle <R = ¢+ 0A(t,c)eC.
Then for every ¢ € C there exists a unique curve c: [0,T] — C of class C!

satisfying ¢; € C forallt € [0, T] and

d
act = A(Z,Ct) in [0, T], co = C.

Moreover, ifcl, ¢~ are the solutions starting from the initial data cl. 2 e,
respectively, we have

(B.3) Hctl — CtZHE <el! HEI — EZHE foreveryt €0, T].

2

Assume now that A(¢,-): C — FE is a family of operators as required by the
assumptions of Theorem B.1] so that the flow map Y: [0, T'] x C — C given by

(B.4) %Y(r,c) = A, Y(,¢)), Y(0,c)=c,

is well-defined. For simplicity we consider only the flow map starting from ¢ = 0,
but the same results hold for the full family of transition maps Y(z, s, ¢).

Thanks to (B.2)), the operators A take their values in E¢. In this section we
shall highlight additional conditions on A for the flow map Y(z,-) to be continu-
ously F-differentiable, uniformly in ¢ € [0, T']. More precisely, we assume that the
operators A(t, - ) satisfy

(B.5) (t,¢) = DEg.A(t,-)(c) is continuous from [0, T'] x C to L(Ec, Ec).

From (A.4), by we mean that a selection L4(t,¢) € Dg. A(t,-)(c) exists
such that (¢, ¢) — L4(t, c) is continuous from [0, 7] x C to L(Ec, Ec).

Under this assumption, we prove by classical linearization and stability argu-
ments the existence of the G-derivatives, and then their continuity as functions of
the point of differentiation, using eventually Lemma [A 4] to obtain the F-differen-
tiability.
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THEOREM B.2. Under the assumptions of Theorem|B.1|and (B-3), the map Y (t,-)
is continuously F-differentiable for all t € [0, T, with an F-differential DY satis-
Jfying:

() (¢t,c) = DY(¢,-)(c) continuous from [0, T] x C to L(Ec. Ec);

(i) IDY(t, ) pge,5py < 5T forall (t,¢) € [0,T] x C.

PROOF. Forc € C, e € E., and h > 0 sufficiently small, let us consider the
finite difference

(B.6) Zp(t.(c.e)) =

From (B.4) we obtain the equation

d A, Y(t,c + he)) — A(t, Y(¢,c))
B.7)  2nlt.(c.e) = 7 . zp(0.(c.e)) =e.
In view of the well-posedness of (B.4), also (B.7) is well-posed. We highlight now
some regularity properties of the functions ¢ > z(, (c, €)), which naturally come

from the assumptions on A.
By definition of z(z, (c, e)) and (B.3) we observe that

(B.8) sup |z (. (c, ) e < llellze™T,

t€[0,T]
where L is the constant of Theorem B.1[i). Hence 1 — z;(t, (c. e)) are uniformly
bounded in [0, T'] with respect to /. To compute their limit as /2 | 0, notice that an
application of Theorem (or more classical results for linear ODEs) yields for
all f € Ec the existence and the uniqueness of a C! map ¢ — z(¢) € E¢ solving
the linear differential equation

(B.9) Z'(t) = La(t, Y(t.0)z(t), z(0) = f.

for a continuous selection L4(¢,Y(t,c)) € Dg. A(t,-)(Y(t, c)), whose existence
is granted by (B.5). For later use we denote the solution z = z to emphasize its
initial datum.

From and (B.7), with the notation z(r) := zj(t.(c,e)), we have the
identity

d
FCHOREN0)
= WA, Y(t, ) + hz"(0)) — A, Y (2, ¢))

Y(t,c + he)—Y(t,c)
; .

—hLA(t, Y, NP O] + La@, Y, " () — ze ()]

We recall now that for any g € C'([0, T]; E) the map ¢ > || g(¢)| g is Lipschitz
and satisfies (as a simple consequence of the fundamental theorem of calculus and

(A.8)

<|lg’'()||g for almost every ¢t € [0, T].

d
— !
gl
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Then, we obtain the estimates

210~ ze0ln
< [P A@ Y (@ 0) + Rzt () — A@, Y (1, ¢)) — hLa(t, Y (2, )2 (1)]
+ La(t, Y, )" (0) — 2]
< A7V AG, Y(t ) + hz" (1) — A, Y(t,¢)) — hLa(e, Y (&, )" 0)]|| g
+ L") = ze )| E.
since || L4(z,Y(z, C))||£(EC,EC) < L, thanks to (B.I). By Gronwall’s inequality
and using that zh(O) = z.(0) = e, we obtain

12" (t) — ze (D)l

< / t | A, Y (s, ¢) + hz"(s)) — A, Y (s, ¢))
0
—hLA(t. Y(t. )z ()] e~ 9ds.

By the pointwise limit
Hh_l[A(s, Y(s,c) + hzh(s)) — A(t,Y(s,¢)) — hL 4(t,Y(t, c))zh(s)] HE -0
for h — 0,

and by the dominated convergence ensured by assumption (B.I)) and the uniform
boundedness in (B.8)), we conclude that

lim sup IIZh(f) —Ze(|g = 0.
h—0t€[0,T]

Moreover, with a similar argument as above we have

d
g 12eWle = Lize@lle.
and again by Gronwall’s inequality and z,(0) = e

(B.10) lzellE < lellgeT.

We shall denote now by L(z,c) the linear operators induced by by set-
ting L(t,c)f = zs(t) for any f € Ec¢ (not to be confused with L4(t,c) €
DEg. A(t.-)(c)). Notice that in view of the operators L(t,c) € L(Ec, Ec)
are in fact uniformly bounded. With all of this we proved that Y(z, - ) is G-differen-
tiable (uniformly in ¢ € [0, T]) and that

dY(t,c,e) = L(t,c)e foreverye € E., t € [0, T],

In order to improve from G-differentiability to F-differentiability, we apply Lemma
if we are able to show that the operator (¢,¢) + L(Z,c) is continuous from
[0,T] x C to L(Ec, Ec). Since uniform continuity with respect to ¢ is obvious,
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the continuity with respect to ¢ can be again shown by considering, for ¢, ¢’ € C,
the operator

Z(t,c,c’)y:=L(t,c)— L(t,c).

Indeed, for ¢, ¢’ fixed, we have in the space L(Ec, EC) the linear differential
equation

%Z(l,c,c’) =Lt Y () o Z(t,c,c)
+ [La(t, Y (")) — La@t. Ys(c))] o L(t,¢),

with the initial condition Z(0, ¢, ¢’) = 0; here we denoted Y;(¢) = Y(¢, ¢). Under
the assumption (B.5)) and by a similar argument based on the Gronwall inequality
as above, since, for ¢ fixed, L4(¢,Y,(c)) — La(t,Y;(c)) as ||c — c'||[g — O,
we can conclude that Z(z,c,c¢’) — 0 as ||c — ¢’||g — 0 uniformly in [0, T'], and
therefore the continuity of ¢ — L(z, c). It follows that Y, is of class C!, uniformly
with respect to ¢ € [0, T'], with a F-differential at ¢ given by L (¢, ¢). a
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