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Abstract

In this paper, we prove a Pontryagin Maximum Principle for constrained optimal control problems
in the Wasserstein space of probability measures. The dynamics, is described by a transport equation
with non-local velocities and is subject to end-point and running state constraints. Building on our
previous work, we combine the classical method of needle-variations from geometric control theory
and the metric differential structure of the Wasserstein spaces to obtain a maximum principle stated
in the so-called Gamkrelidze form.

1 Introduction

Transport equations with non-local velocities have drawn a great amount of attention from several
scientific communities for almost a century. They were first introduced in statistical physics to describe
averaged Coulomb interactions within large assemblies of particles (see e.g. [43]), and are still to this day
a widely studied topic in mathematical physics. More recently, a growing interest in the mathematical
modelling of multi-agent systems has opened a whole new panel of problems in which these equations
play a central role. Starting from the seminal paper of Cucker and Smale [20] dealing with emergent
behaviour in animal flocks, a large literature has been devoted to the fine mathematical analysis of
kinetic cooperative systems, i.e. systems described by non-local transport equations with attractive
velocity fields [4, 12, 27, 33].

Later on, the focus shifted partly to include control-theoretic problems such as reachability analysis,
optimal control, explicit design of sparse control strategies. For these purposes, the vast majority of
the existing contributions have taken advantage of the recent developments in the theory of optimal
transport. We refer the reader to [41, 39] for a comprehensive introduction to this ever-expanding
topic. In particular, the emergence of powerful tools of analysis in the so-called Wasserstein spaces has
allowed for the establishment of a comprehensive existence theory for these equations (see e.g. [9, 8]),
which incorporates natural Lipschitz and metric estimates in the smooth cases (see [37]).

Apart from a few controllability results as in [24], most of the attention of the community has been
devoted to optimal control problems in Wasserstein spaces. The existence of optimal solutions has been
investigated with various degrees of generality in [2, 1, 29, 30, 28], mostly by means of I'-convergence
arguments. Besides, a few papers have been dealing with numerical methods either in the presence of
diffusion terms, which considerably simplify the convergence analysis of the corresponding schemes (see
e.g. [25]), or in the purely metric setting through Boltzmann-based methods [5]. However to the best
of our knowledge, there currently are no general results describing shooting methods or PDE-flavoured
gradient schemes for optimal control problems in Wasserstein spaces.

On the contrary, the derivation of Hamilton-Jacobi and Pontryagin optimality conditions - which
are customary and well-known in the classical theory of optimal control - has been an active topic in
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the recent years. Starting from the seminal paper [31] on Hamilton-Jacobi equations in the Wasserstein
space, several contributions such as [17, 18] aim at refining a dynamic-programming principle for mean-
field optimal control problems. Pontryagin-type optimality conditions, on the other hand, have received
less interest. The first result derived in [13] focuses on a multi-scale ODE-PDE system in which the
control only acts on the ODE part. In this setting, the Pontryagin Maximum Principle ("PMP" for
short) is derived by combining I'-convergence and mean-field limit arguments. Another approach,
introduced in our previous work [14] studies the infinite-dimensional problem by means of the classical
technique of needle-variations (see e.g. [3, 15]) and makes an extensive use of the theory of Wasserstein
subdifferential calculus [9]. The corresponding maximum principle is formulated as a Hamiltonian flow
in the space of measures in the spirit of [8], and is in a sense the most natural generalization to be
expected of the usual finite-dimensional Pontryagin-type optimality conditions.

1.1 Statement of the main result

In this paper, we further this line of research by extending our previous result to the setting of con-
strained optimal control problems given in following the general form

ueld
i {&u(t) ~(u(t,)u(t)) =0,
- w(0) = 40 € Z(RY).

d{ "(u(T)) <0, ¥F(u(T)) =0,

min [/ L(t, p(t),u(t)dt + o(u(T))| ,

A(t,pu(t)) <0 forall t €[0,T].

The methodology that we follow relies on the technique of packages of needle-variations, combined
with a Lagrange multiplier rule. In essence, this method allows to derive the maximum principle from
a family of finite dimensional first-order optimality conditions combined with the introduction of a
suitable costate. Even though classical in the unconstrained case, this direct approach requires some
care to be translated to constrained problem. Indeed, the presence of constraints induces an unwanted
dependency between the Lagrange multipliers and the needle-parameters. This extra difficulty can be
circumvented by considering N-dimensional perturbations of the optimal trajectory instead of a single
one, and by performing a limiting procedure as N — +o0o. Originally introduced in [11] for smooth
optimal control problems with end-point constraints, this approach was extended in [40] to the case of
non-smooth and state-constrained problems.

In the following Theorem, we state the main result of this article consisting in a Pontryagin Maxi-
mum Principle formulated in the so-called Gamkrelidze form (see e.g. [10]) for problem (P). Its proof
is inspired from that of [40] and from our previous contribution [14].

Theorem 1.1 (Pontryagin Maximum Principle for (P)). Let (u*(-), u*(-)) be an optimal pair control-
trajectory for (P) and assume that the set of hypotheses (H) below holds.

(H)
(H1) The set of admissible controls is defined as U = L>([0,T],U) where U is any C°-closed sub-
set of {w € CO(R4,RY) s.t. ||W(')||CO(Rd7Rd)+Lip(W(‘),Rd) < Ly} for a given constant Ly > 0.

(H2) The optimal control (t,z) + u*(t,x) € RY is measurable with respect to t € [0,T] and
C'-smooth with respect to = € R




(H3) The non-local velocity field ju v+ vu] € L°°([0,T], C*(RY,RY)) satisfies the classical Cauchy-
Lipschitz assumptions in Wasserstein spaces, i.e. there exists positive constants M, L1 and
Lo such that

olpl|(t, ) < ML+ Jz)) , [o[u](t,2) —olp](t,y)] < Lilz —yl,
olp](t, ) = vlV](t, 2)] < LeWi(p,v)

for all (x,y) € R? and L -almost every t € [0,T]. Moreover, the maps p — Dyv[u](t,z) and
(z,y) — V. (v'[](t,2)) (0)(y) are continuous, uniformly with respect to t € [0,T].

(H4) The final cost p — @(u) and the boundary constraints maps p +— (U!(p), \I/f(u)) € RMtE
are bounded and Lipschitz continuous in the Wa-metric over P (K) for any compact set
K C RY. They are furthermore Wasserstein-differentiable at p*(T) and their Wasserstein
gradients V ,0(u*(T)) ("), VW (u*(T))(-) and Vullff(,u*(T))(-) are continuous.

(H5) The running cost (t,p,w) — L(t,p,w) is L -measurable with respect to t € [0,T] and
Lipschitz continuous with respect to the product Wo x CO-metric defined over P(K) x U
for any compact set K C RY. It is furthermore Wasserstein-differentiable at p*(t) for any
t € [0,T] and its Wasserstein gradient V,L(t,u*(t),w)(-) is continuous, uniformly with
respect to w € U.

(H6) The state constraints maps (t, i) — (A(t, 1)) 1<i<r € R" are bounded and Lipschitz-continuous
over [0,T] x 2(K) for any compact set K C R%. Moreover, the maps (t, ) — Oy A(t, u) and
(t,p) = VuNi(t, 1) (-) are well-defined and continuously differentiable at (t, u*(t)) with

Vadeli(t, 1 () () =0V, it 1 ())() € CORYLRY) L DoV A(t, 1 (1))() € CO(RY,RY),
Vi [Vt 1 () ()] () € CO(R*,RY)

Then there exists a constant R} > 0, Lagrange multipliers (Ao, ..., ApsMy- -3 ms @1, ..., @1) €
{0,1} x R? x R™ x M ([0,T],R%)! and a curve v*(-) € Lip([0, T], 2(Ba4(0, R}.))) such that

(i) The map t — v*(t) is a solution of the forward-backward system of continuity equations

O (t) + V - (Jog Vo, A0 (t, V¥ (1), C(t), u* ())v*(t)) =0 in [0,T] x R*,

wLu(0) = 1, (1.1)
mv* (1) = (=Y (0" (T))1*(T),
where the augmented infinite-dimensional Hamiltonian J#(-,-,-,-) of the system is defined by
A G = [ relaylt o) +w(@)dv(e,r) - Lt mhy,w) - € b0, (12
R2d

for any (t,v,¢,w) € [0,T] x P(B24(0,R})) x R" x U. The final gradient and penalized state
constraints maps are given respectively by

Vi (1) = MoV () + Zn: AV U (1) + Zn: V¥ F (1), (1.3)

i=1 j=1



and
(0 =36 (At ) + [ (V@) ol ) + o (Gl dta) ). (1)
=1

Foralll e {1,...,7}, the map t € [0,T] — (/(t) denotes the cumulated state constraints multi-
plier, defined by

T
G () =Tom(® | dmi(s),
(ii) The Lagrange multipliers satisfy the Non-Degeneracy condition

(N0y -+ - Ay My e vy Mny @1, -+ -+, T0p) 7 0. (1.5)

as well as the Complementary Slackness condition

N (T)) =0 forallie{l,...,n},
{supp(wl) = {t € [0,T] s.t. Ay(t,pu(t)) = 0} foralll e {1,...,1}.

(iii) The Pontryagin maximization condition

S0 (1), ¢ (8), 07 (£)) = max [t 7 (£),C7 (1), ) (L6)

wel
holds for £*-almost every t € [0,T).

Remark 1 (The Gamkrelidze Maximum Principle). The so-called Gamkrelidze formulation of the PMP
corresponds to the case in which one includes the derivative of the state constraints inside the Hamil-
tonian function. The consequence of this choice is that the costate variables are absolutely continuous
in time instead of being merely BV as it is the case in the more classical formulation of the constrained
PMP (see e.g. [42, Chapter 9]).

This fact is crucial for our purpose, since absolutely continuous curves in Wasserstein spaces are
exactly those curves which solve a continuity equation (see e.g. [9, Theorem 8.3.1]). Hence, one cannot
derive a Hamiltonian system such as (1.1) by sticking to the classical formulation of the PMP.

Remark 2 (On the regularity hypotheses (H1)-(H2)). One of the distinctive features of continuity
equations in Wasserstein spaces, compared to other families of PDEs is that they require Cauchy-
Lipschitz assumptions on the driving velocity fields in order to be classically well-posed. Even though
the existence theory has gone far beyond this basic setting, notably through the DiPerna-Lions-Ambrosio
theory (see [21, 6] or [9, Section 8.2]), such extensions come at the price of losing the strict micro-
macro correspondence of the solutions embodied by the underlying flow-structure. Therefore, from a
mean-field control-theoretic viewpoint, it seemed more meaningful for the authors to work in a setting
where classical well-posedness holds for the optimal trajectory.

Furthermore, the proof of Theorem 1.1 relies heavily on the geometric flow of diffeomorphism struc-
ture of the underlying characteristic system of ODEs, both forward and backward in time. For this
reason, the Lipschitz-reqularity assumption (H1) is instrumental in our argumentation. Let it be re-
marked however that there exists common examples of Wasserstein optimal control problems for which
the optimal control is C'-smooth in space. Such a situation is given e.g. by controlled vector fields of
the form u(t,z) = S0 up(t) Xx(-) where Xy, ..., X, € CHRERY) and vy, ..., uy, € L2([0,T],R).



1.2 Examples of functionals satisfying hypotheses (H)

In this Section, we show that the rather long list of hypotheses (H) is not too restrictive and that a
good score of relevant functionals for applications fit into the framework of Theorem 1.1.

Proposition 1.1 (Example of non-local velocity field). Let (¢,z,y) €~ H(t,z,y) € R? be measurable
with respect to t € [0,T), sublinear and C*-with respect to (x,y) € R?1. Then, the map p € P.(RY)
vlu](-,-) defined by

vlplt, ) = /Rd H(t,,y)du(y)

for L -almost every t € [0,T] and any = € R? satisfies the hypotheses (H3) of Theorem 1.1. Moreover,
its first-order variations Dyv[u|(t, ) and [pa 0% 2 (W)dp(y) are given by

Doo[u](t, z) = /DHtxydu /lFm y)Z/WDyH(tmy)du(y)-

Proposition 1.2 (Example of cost and constraint functions). Let n > 1 and W € C*(R™ R). Then,
the functional

@€ Pe(RY) /de W (x1,. .., 2o5)du®(x,. .., o)

with p®™ = pu x -+ X p satisfy hypotheses (H4) of Theorem 1.1 and its Wasserstein gradient at some
we Z(K) is given by

Vue(p) (@1, ... 2n) = vajW(xl,...,a:n).

j=1
Let m € CYRL,R") and (t,x,v,r) — I(t,z,v,7) € R be L -measurable with respect to t € [0,T]
and C'-smooth with respect to (x,v,r) € R4 x RY x R™. Then, the functional

L:(t,p,w)€[0,T] x P(K)xUwr /}Rdl(t,m,w(:n),fmdu)du(x),
satisfies the hypotheses (H5) of Theorem 1.1 and its Wasserstein gradient is given by
VLt p,w)(x) = Vxl(t,m,w(a:),fmdu) + wa(az)TVUl(t,x,w(a;),fmdu)
+D,m(z)" /Rd Vrl(t,y,W(y),fmdu)du(y)-

Proposition 1.3 (Example of state constraints). Let m € C2(RY,R¥) and X\ € C2([0,T] x R? x R¥ R").
Then for any l € {1,...,r}, the functionals

Mt ) € 0,T) x P(K H/ M (b, fdp) dpu(a)

satisfy the hypotheses (H6) of Theorem 1.1 and their derivatives can be computed using Propositions
1.2.

Remark 3. Particular cases of functionals which are of great interest for applications are for instance
the variance functional ji— [ga |z — ji|*du(x) where i = [ydu(y) or the target-support map to a closed
set S CRY p— 3 [pads(z)?dp(z).

2 Preliminary results

In this Section, we recall several notions about analysis in the space of measures, optimal transport
theory, Wasserstein spaces, continuity equations and subdifferential calculus in the space (P (R?), Ws).
We also introduce some elementary notions of non-smooth calculus in Banach spaces. For a complete
introduction to these topics, see [9, 41] and [36, 19] respectively.



2.1 Analysis in measure spaces and the optimal transport problem

In this Section, we introduce some classical notations and results of measure theory, optimal transport
and analysis in Wasserstein spaces. We denote by (M (RY), ||-|[7v) the set of real-valued non-negative
Borel measures defined on R? and by .#¢ the standard Lebesgue measure on R?. It is known by Riesz
Theorem (see e.g. [26]) that this space can be identified with the topological dual of the Banach space
(CO(R?), ||-]|co) of continuous and compactly supported functions endowed with the C°-norm.

We denote by Z(R%) € M, (R?) the set of Borel probability measures, and for p > 1 we define
2,(R%) as the subset of 2(R%) of measures having finite p-th moment, i.e.

Py = {p e PRY) si. /R 2P dpu() < +oo).

The support of a Borel measure u € M (R?) is defined as the closed set supp(p) = { € R% s.t. u(N) >
0 for any neighbourhood N of z}. We denote by Z.(R%) C Z(R?) the set of probability measures with
compact support.

We say that a sequence (u,) C Z(R%) of Borel probability measures converges narrowly towards
p € P(R?), denoted by s, n:i-oo 1, provided that

[ d@dn(e) o [ s@)ant), (2.1)
for all ¢ € CP(R?), where CP(R?) denotes the set of continuous and bounded real-valued functions
over R%. This convergence coincides with the usual weak-* topology in M. (R?), which itself induces
a convergence property on the measures of Borel sets usually referred to as the Portmanteau Theorem
(see e.g. [7, Proposition 1.62]).

Proposition 2.1 (Portmanteau Theorem). Let (11,) C M (R?) be a sequence of measures converging
in the weak-* topology towards u € M(R?, R). Then for any Borel set A C R? such that u(0A) =0, it
holds that ,(A) - w(A).

n—-+00

We recall in the following definition the notions of pushforward of a Borel probability measure
through a Borel map and of transport plan.

Definition 2.1 (Pushforward of a measure through a Borel map). Given p € Z(R?) and a Borel map
f:RY = R?, the pushforward fup of p through f(-) is defined as the Borel probability measure such
that fyu(B) = u(f~1(B)) for any Borel set B C RY.

Definition 2.2 (Transport plan). Let p,v € P2(R?Y). We say that v € P(R??) is a transport plan
between p and v, denoted by vy € T'(u,v), provided that v(A x RY) = u(A) and v(R? x B) = v(B) for
any Borel sets A, B C R%. This property can be equivalently formulated in terms of pushforwards as
w;ﬂ = u and w%ﬂ =v.

In 1942, the Russian mathematician Leonid Kantorovich introduced the optimal mass transportation
problem in its modern mathematical formulation. Given two probability measures u, v € Z2(R%) and a
cost function ¢ : R?¢ — R, one searches for a transport plan v € I'(,v) such that

/ c(z,y)dvy(z,y) = min {/ c(z,y)dy (z,y) s.t. v €T (u, 1/)} .
R2d vy R2d

This problem has been extensively studied in very broad contexts (see e.g. [9, 41]) with high levels
of generality on the underlying spaces and cost functions. In the particular case where ¢(x,y) = |z —y/[P
for some real number p > 1, the optimal transport problem can be used to define a distance over the
subset Z,(R?) c 2(R?).



Definition 2.3 (Wasserstein distance and Wasserstein spaces). Given two probability measures j,v €
@p(Rd), the p- Wasserstein distance between p and v is defined by

Wp(p, v) = min { </de |z — ylpdv(w,y)>l/p s.t. v € D(p, V)} :

The set of plans v € T'(iu,v) achieving this optimal value is denoted' by T'y(p,v) and referred to as
the set of optimal transport plans between u and v. The space (L@p(Rd), W) of probability measures
with finite p-th moment endowed with the p- Wasserstein metric is called the Wasserstein space of order
D.

We recall some of the interesting properties of these spaces in the following Proposition (see e.g. [9,

Chapter 7] or [41, Chapter 6]).

Proposition 2.2 (Properties of the Wasserstein spaces). The Wasserstein spaces (2,(R?),W,,) are
separable geodesic spaces. The topology generated by the p-Wasserstein metric metrizes the weak-*
topology of probability measures induced by the narrow convergence (2.1). More precisely, it holds that

= 1,
n—-+o0o
Wy(tin, ) —> 0 if and only if
o pos [ ald@) — [ Jaldn(a).
R4 n—+oo JRrd

Given two measures p,v € P.(R?), the Wasserstein distances are ordered, i.e. Wp (u,v) <
Wy, (1, v) whenever py < pa. Moreover, when p = 1, the following Kantorovich-Rubinstein duality
formula holds

Wi(p,v) = sup {/Rd o(z)d(p — v)(x) s.t. Lip(¢,RY) < 1 } (2.2)

In what follows, we shall mainly restrict our considerations to the Wasserstein spaces of order 1 and
2 built over Z,(R%). We end these introductory paragraphs by recalling the concepts of disintegration
and barycenter in the context of optimal transport.

Definition 2.4 (Disintegration and barycenter). Let u,v € 2,(R?) and v € T'(u,v) be a transport plan
between p1 and v. We define the disintegration {v;},cpa C @p(Rd) of v on its first marginal p, usually
denoted by v = [vzdu(z), as the p-almost uniquely determined Borel family of probability measures
such that

Looeniray = [ [ o i@,

R2d Rd JRd

for any Borel map ¢ : R** — R%. The barycenter ¥ € LP(R? R? 1) of the plan v is then defined by
v :x € supp(p) — /]Rd ydyz(y).

Proposition 2.3 (Wasserstein estimate between disintegrations). Let u € Z.(RY), 4! = [~yidu(x) €
P(R¥) and 2 = [~2du(z) € P(R?D). Then, it holds that

Wi 03 < [ WiGha2)due). (23
R4
Proof. Take ¢ € Lip(R??) with Lip(¢,R??) < 1. One has that
/ E(a,r)d(y! =) (z,7) =/ E(a,7)d( —72) (r)du(z) S/ Wi(yz,2)dp(e)
R2d Re JRA R4

by Kantorovich duality (2.2) since the maps 7 ~ £(x,r) are 1-Lipschitz for all u-almost every = € R?.
Taking now the supremum over & € Lip(R??) with Lip(¢, R??) < 1 yields the desired estimate. U

“We omit the dependence on p for clarity and conciseness.



2.2 Subdifferential calculus in (Z5(RY), W>)

In this Section, we recall the definition of Wasserstein gradients for Wasserstein differentiable maps in
the spirit of [32] and state a chain rule formula for Wasserstein differentiable functionals along some
N-dimensional families measures. We refer the reader to [9, Chapters 9-11] for a thorough introduction
to the theory of subdifferential calculus in Wasserstein spaces, as well as to [32] and [41, Chapter 15]
for complementary material.

Let ¢ : P(R?Y) — (—o0,+00] be a lower-semicontinuous and proper functional with effective
domain D(¢) = { € P2(R?) s.t. ¢(u) < +00}. We introduce in the following definition the concepts
of classical subdifferential and superdifferential in (Po(R?), W3).

Definition 2.5 (Wasserstein subdifferentials and superdifferentials). Let p € D(¢). We say that a map
¢ € L*(R% R% 1) belongs to the classical subdifferential 0~ ¢(p) of ¢(-) at pu provided that

o) =6 = swp [ (e@)y — a)dy(ay) +o(Walv)
) /R

YEL o (p,v

for all v € P5(RY). Similarly, we say that a map & € L?(RY,R%; 1) belongs to the classical superdiffer-
ential 07 ¢(u) of ¢(-) at p if (=€) € 0~ (=) (1)

It has been proven recently in [32] that the definition of Wasserstein subdifferential involving a
supremum taken over the set of optimal transport plans is equivalent to the usual one introduced in [9]
which involves an infimum. This allows for the elaboration of a convenient notion of differentiability in
Wasserstein spaces as detailed below.

Definition 2.6 (Differentiable functionals in (P5(RY), W5)). A functional ¢ : P2(R?) + R is said to
be Wasserstein-differentiable at some u € D(¢) if 0~ () NI p(u) # 0. In this case, there exists a
unique elements V,,¢(p) € 0~ () N0 ¢(1) called the Wasserstein gradient of ¢(-) at p, which satisfies

6v) = 0u) = [ | (Vus(p)(a),y = 2)d(z,) + o Walp,), (2.4

for any v € Po(RY) and v € Ty(p,v).

We already listed in the subsection 1.2 of the introduction a series of commonly encountered func-
tionals which are differentiable in the sense of Definition 2.6, and provided their Wasserstein gradient.
We conclude these recalls by stating in Proposition 2.4 below a chain rule formula for Wasserstein
differentiable functionals along suitable multi-dimensional families of measures.

Proposition 2.4 (Chain rule along multidimensional families generated by smooth vector fields). Let
p e PR, N >1and K C R? be a compact set. Let ¢ : P(K) — R be a functional satisfying
hypotheses (H4) of Theorem 1.1. Let G € C°([—¢, )N x K,RY) be such that

(i) G(0,-) = Iz and e — G(e,x) is Fréchet-differentiable at e = 0 uniformly with respect to x € K.
(i3) supp(G(e,-)gp) C K for all e € [—e, €]
(iii) The directional derivative map

N
Fo:x € K D.G(0,2)0 = Z o Fr(x)
k=1

is continuous for all o € [—e¢,¢]N.



Then, the map e € [—¢,€]N — ¢(G (e, )xu) is Fréchet-differentiable at e = 0 and
N
D.(6(G (e, )00 = [ (Vyb(u)(a), Fo@)dula) = Y on [ (Vyblu) ). Fi(@)edul),
k=1

for any o € [—¢,€N.

The proof of this result is essentially the same as that of the classical chainrule result along the
minimal subdifferential selection that can be found e.g. in [14, Proposition 7]. However, unlike the
simpler 1-dimensional case, the assumption of Wasserstein differentiability is crucial for proving the
N-dimensional chainrule.

2.3 The continuity equation with non-local velocities on R?

In this Section, we introduce the continuity equation with non-local velocities in (Z.(R%), W;). This
equation is commonly written as

Auna(t) + V - (o[u(®))(t, u(t)) =0, (2.5)

where t +— u(t) is a narrowly continuous family of probability measures on R? and (¢, ) +— v[u](t, z) is
a Borel family of vector fields satisfying the condition

/oT /R olp®)](t, )| du(t)(z)dt < +oo. (26)

Equation (2.5) has to be understood in duality with smooth and compactly supported functions, i.e.

[ [ (@0 + (Vo2 lu0),2))) dut )t = o .1

for all £ € C°([0,T] x R?). This definition can be alternatively written as

i [ E@dut)(@) = [ (Te(@),olu(®)t.2)dn(t) @) (2.8)

for all ¢ € C°(RY) and .Z*-almost every ¢ € [0, T].

We recall in Theorem 2.1 the classical existence, uniqueness and representation formula for solutions
of non-local PDEs. Although these results were first derived in [8], we state here a version explored in
[37, 38] which is better suited to our control-theoretic framework.

Theorem 2.1 (Existence, uniqueness and representation of solutions for (2.5)). Consider a non-local
velocity field v[-](-,-) satisfying the Cauchy-Lipschitz assumptions (H3) of Theorem 1.1. Then, for
every initial datum p° € 2.(R?), the Cauchy problem

{@u(ﬂ + V- (wlp@)]E,)u) =0

admits a unique solution p(-) € CO(R, Z.(RY)). If u° is absolutely continuous with respect to L2, then
w(t) is absolutely continuous with respect to L% as well for all times t > 0. Furthermore for every
T > 0 and every u°,1° € P.(RY), there exists positive constants Ry, Lt > 0 such that

supp(u(t)) € B(0, Ry) and Wi(u(t),v(t)) < LW (u,v°),

for all times t € [0,T] and any solutions (u(-),v(-)) of (2.9) with initial conditions (u°, ).



Let pu(+) be the unique solution of (2.9) and (7, (0.1 )[,uo]( ))e>0 be the famzly of flows of diffeomorphisms

generated by the non-autonomous velocity field (t, x) v[p(t)](t, ), i
{0 [1°)(x) = wlp(t)] (¢ Py [M(z)) , .10
®(0,0) 10)(z) = = for all z in RY.
Then, the curve u(-) satisfies
ult) = @l 1)), (2.11)

for all times t € [0,T].

We recall in the following Proposition a standard result which links the differential in space of the
flow of diffeomorphisms of an ODE to the solution of the corresponding linearized Cauchy problem (see
e.g. [15]). In our previous work [14], we extended this result to the Wasserstein differential of a flow
with respect to its initial measure.

Proposition 2.5 (Classical and Wasserstein differentials of a flow of diffeomorphisms). Let u € Z(K),
v[](+,+) be a non-local velocity field satisfying hypotheses (H?) and (<I>1(’0’t) [12](-))eejo,r) be its associated

flow of diffeomorphisms. Let G € CO([—¢, e]N x K,R%) be a map satisfying the hypotheses of Proposition
2.4. It then holds that

a) The differential in space D @7 . [u|(z)h of the flow ®Y_,\[u](:) is the unique solution w(-,x) of
(s:t) (s:t)
the linearized Cauchy problem

Ow(t, ) = Dyv (£, @, y[ul(x)) wit,) , w(s,z) = h. (2.12)

for any s,t € [0,T] and h € R?.
(b) The map e € [—¢, €N oF 1 (G (e, )4 u](z) is Fréchet-differentiable at e = 0 and its differential
]N

We (-, x) in an arbitrary direction o € [—€, €] can be expressed as

N
- Z Ukwk(t7 .Z'),
k=1

where for any k € {1,...,N} the map wy(-,xz) is the unique solution of the non-local Cauchy
problem

Orwi(t, ) = Dy (1, B,y [ul(®)) wi(t, o)
+ Rle”(t ¢ o) (1)) (Da®, [l (W) Frly) + wity)) duly)  (2.13)
wi(s,z) = 0.

Here, (t,z,y) — ]Fl(’t’x)( y) = (Il ?tlm)( ))1<i<a is the matriz-valued map which columns are defined
as the Wasserstein gradients of the components v'[|(t,x) of the non-local velocity field at u(t),
i.e.

(i () = Vi (10 2)) (0(0) () (2.14)
Proof. The differential in space result stated in (a) is well known in the literature and its proof can
be found e.g. in [15]. By Proposition 2.4, we know that the map e € [—¢, ]V o 1 [Ge, )4 ul(x) is
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Fréchet-differentiable at e = 0. Therefore, the action of its differential on a given direction o € [—e¢, €]V

can be expressed in coordinates using partial derivatives, i.e.

N
wo(t,2) = 3 040, (s [Gle. ) gul () (0).

k=1

It has been proven in [14, Proposition 5] that such one-dimensional variations could be characterized
as the unique solution of the linearized Cauchy problems (2.13). O

2.4 Non-smooth multiplier rule and differentiable extension of functions

In this Section, we recall some facts of non-smooth analysis as well as a non-smooth Lagrange multiplier
rule which is instrumental in the proof of our main result. This multiplier rule is expressed in terms
of the so-called Michel-Penot subdifferential, see e.g. [36, 34]. In the sequel, we denote by (X, |-||x) a
separable Banach space and by X™* its topological dual associated with the duality bracket (-,-)x.

Definition 2.7 (Michel-Penot subdifferential). Given a map f : X — R, the Michel-Penot subdiffer-
ential (MP-subdifferential in the sequel) of f(-) at some x € D(f) is defined by

ompf(x) ={£ € X" st. (€, h)x < dupf(x;h) for all h € X},

where . h ;
dvp f(x 3 h) = sup lim sup fletteth) - flotte)
e€X  tl0 t

denotes the so-called Michel-Penot derivative of f(-) at x in the direction h. Moreover, if f : X —
R is locally convex around x € X, then its Michel-Penot and convexr subdifferentials coincide, i.e.

oup f(x) = 0f ().

The MP-subdifferential - smaller than the Clarke subdifferential - bears the nice property of shrink-
ing to a singleton whenever the functional f(-) is merely Fréchet-differentiable. It also enjoys a summa-
tion rule and a chained-derivative formula for compositions of locally Lipschitz and Fréchet-differentiable
maps. We list these properties in the following Proposition.

Proposition 2.6 (Properties of the Michel-Penot subdifferentials). Let x € X, f,g : X — R and
G:RN S5 R.
(a) If f(-) is Fréchet-differentiable at z, then Ovp f(z) = {V f(z)}.

(b) If dyip f (x5 h) < 400 and dyipg(x;h) < 400 for any h € X, it holds that
omp (f + g)(z) € Oup f(z) + Ompg(z).

(c) If G(-) is Fréchet-differentiable at 0 € RN and f(-) is Lipschitz in a neighbourhood of G(0), one
has that

dyp(f 0 G)(0;0) = (£, DG(0)o)x, (2.15)
for some & € Omp f(G(0)). In other words, vp(f o g)(0) C Dg(0)*omp f(G(0)).

These propositions can be verified easily by computing explicitly the Michel-Penot derivatives of
the corresponding maps and using the definition of the set dyip(e), see e.g. [40]. Another useful feature
of this notion of subdifferential is that it allows to write Lagrange multiplier rules for locally Lipschitz
functions. This family of optimality conditions was initially derived in [34] and refined in [40] where
the author extended the result to the class of so-called calm functions.
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Definition 2.8 (Calm functions). A map f: X — R is said to be calm at x € X provided that
(i) For any 6 € X with ||6||x sufficiently small, there exists a constant L > 0 such that

1 (z+0) = f()llx < L [|8]lx -

(ii) dap f(z;h) < 400 for any h € X.
Theorem 2.2 (Multiplier rule for Michel-Penot subdifferentials). Let fo,..., fn, g1, ,9m : X — R

and Q C X be a closed and convex set. Suppose that x4 is a local solution of the non-linear optimization
problem

min [fo(z)]

€
) fi(z) <0 forallie{l,...,n},
s.t.
gi(x) =0  forallje{l,...,m},
and that the maps fo(*), .-, fu(:),91(*), - -, gm () are calm at x.. Then, there exists Lagrange multipliers
A0y -+ Ay - -y m) € {0, 1} xR XR,,, such that the following Stationarity (S), Non-Triviality (NT)
and Complementary-Slackness (CS) conditions hold

0 € e (Modo(e) + 30 Mfile) + D mpy(@)) (@) + A (o). (9)
i=1 j=1
X+ X+ Inl=1, (NT)
i=1 j=1
Aifi(xy) =0 for alli e {1,...,n}, (CS)

where N (Q,x,) denotes the normal cone of convexr analysis to Q0 at x..

We end this introductory section by stating a Lusin-type Lemma for vector valued functions and a
derivative-preserving continuous extension result that will both prove useful in the sequel.

Lemma 2.1 (Pointwise convergence and restriction). Let f : [0,T] — X be an L'-function in the
sense of Bochner (see e.g. [22]) and T be any subset of [0,T] with full Lebesque measure. Then, there
erists o, M C T respectively with null and full Lebesque measure satisfying the property that for any
T € M, there exists (1) C &/ such that

T o T oand lg(r) —g(m)llx, —2 0.
Proof. This result is a consequence of Lusin’s Theorem applied to vector valued maps (see e.g. [22]). O

Lemma 2.2 (A continuous extension preserving the derivative). Let € > 0 and f : [0,¢]N — X
be a continuous map differentiable at 0 relatively to Rf . Then, there exists a continuous extension
fl—en,en]y = X of f() such that Do f(0) = D.f(0).

Proof. We adapt here a simple proof that can be found e.g. in [40]. Define the map

g1e €BY s (7(0) = 0) = Def(0)e).
By definition, g(-) is continuous over RY\{0} and can be extended to RY by imposing that g(0) = 0.
Invoking Dugundji’s extension theorem (see [23]), we can define a continuous extension §(-) of g(-) on
the whole of RY.

We now define the auxiliary map f : e € RV — f(0) + D.f(0)e + |e|g(e). By construction, f(-) is
continuous and coincides with f(-) over Rﬂ\_’ . Moreover, one has for any e € RY that

fe) = f(0) =Dcf(0)e + lelg(e) = Def(0)e + ole])

by continuity of §(-) at 0. Therefore, the extended map f is differentiable at 0 with D, f(0) = D, f(0).
]
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3 Proof of the main result

In this Section, we prove the general constrained maximum principle stated in Theorem 1.1. We divide
the proof of this result into 4 steps. In Step 1, we introduce the concept of packages of needle-like
variations of an optimal control and compute the corresponding perturbations induced on the optimal
trajectory. In Step 2, we apply Theorem 2.2 to write a Lagrange multiplier rule for the finite-dimensional
optimization problem written on the length of the needle variations. We introduce in Step 3 a suitable
notion of costate allowing to propagate this optimality condition backward in time, yielding the PMP
with a relaxed maximization condition restricted to a countable subset of needle parameters. The full
result is then recovered in Step 4 through a limiting procedure combined with density and approximation
arguments.

Step 1 : Packages of needle-like variations :

We start by considering an optimal pair control-trajectory (u*(-), u*(+)) € U x Lip([0,T], B(0, Rr))
where Ry > 0 is given by Theorem 2.1. Let .7 C [0,7] be the set of Lebesgue points of ¢ —
(u*(t,-), L(t, u*(t),)) € R in the sense of Bochner’s integral (see e.g. [22, Theorem 9]). This
set has full Lebesgue measure in [0, 7], and Lemma 2.1 implies the existence of two subsets o/, # C T
having respectively null and full Lebesgue measure such that for any 7 € ., there exists (1) C &/
converging towards 7 and such that

HU*(Tv ) - U*(Tka ')”CO(Rd,Rd) k—>_+>oo 0, ”L(T7 M*(T)v ) - L(T’“N*(Tk)’ ')”CO(Rdde) k—>_+>oo 0.
Definition 3.1 (Package of needle-like variations). Let (u*(:),u*(:)) € U x Lip([0,T], Z.(R%)) be
an optimal pair control-trajectory and Up be a countable and dense subset of U. Given N > 1,
{(wr, )}, € Up x & and e = (e1,...,en) € [0,en]V such that [r; — e;, 7] N [1j — ej,7j] =
for all distinct pairs i,j € {1,...,N}, we define the N-package of needle-like variations of u*(-,-) by

fte — €k, Tk,

u*(t) otherwise.

We denote by t — fic(+) the corresponding perturbed trajectory, i.e. the solution of (2.9) associated with
Te(+y-).

This class of variations is known in the literature of control theory to generate admissible perturba-
tions of the optimal control without any assumption on the structure of the control set U, while allowing
for an explicit and tractable computation of the relationship between the optimal and perturbed states
(see e.g. [15]).

In the following Lemma, we make use the geometric structure of solutions to non-local transport
equations presented in Theorem 2.1 to express fi.(t) as a function of p*(¢) for all times t € [0, 7.

Lemma 3.1 (First-order perturbation induced by a package of needle-like variations in the non-local
case). There exists a family of maps (G (-,))iejo.r] C CO[—én, en]™ x RELR?)) such that

(i) For all (t,e) € [0,T] x [0,en]™, the perturbed measures fi.(t) satisfy
fie(t) = G (e, ) 1" (). (3.2)
(ii) For all (t,e) € [0,T] x [0,ex]", the maps G (e,-) are C'-diffeomorphisms over B(0, Rr).

(iii) There exists a constant RS > 0 depending on Ry, Ly such that for all (t,e) € [0,T] x [—én, en]™
one has supp(G (e, ) 12*(T)) C B(O, )
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(iv) The map e € [—en,en]N = GN(e,-) is Fréchet-differentiable at e = 0 with respect to the
CO%(B(0, Rr),R%)-norm uniformly with respect to t € [0,T]. The corresponding Taylor expan-
sion can be written explicitly as

u(t)
Gl (e,) = Ta+ Y e F M ™ o @ [ (B)]() + olle]), (3.3)
k=1
where 1(t) € {1,..., N} is the biggest index such that 17,4y <t < 7,41 — €)1 For all x €
B(0,Ry) and k € {1,...,N}, the map t € [, T| — F;*™(x) is the unique solution of the
non-local Cauchy problem

OF () = [Dau® (1 @5, () + Davlp ()] (1, 27, ()| 7 (2)

L ) (@0 ) F™ ()dn (m) (), (3.4)

(Tg5t)

FLem(x) = wy(x) — u* (T, 7).

Proof. The proof of this result is similar to that of [14, Lemma 5], with some extra technicalities
arising from the induction argument performed on the non-local terms. By definition of a package of
needle-like variations, the perturbed controls (-, -) generate well-defined flows of diffeomorphismes

((I)(oe,’tz; [NO]('))tE[O,T} such that
[Le(t) = @?&’tg [MO] fe) @?‘;g)} [M* (t)]()#ﬂ* (t)7

so that items (i), (ii) and (iii) hold for any e € [0, ex]" with GV (e,-) = CIDI(IOS”;; o @7{501;()
We focus our attention on the proof by induction of (iv). Let t € [0,T] be such that «(¢) = 1. By
(3.1), one has that
re(t) = DU (e ()] 0 10 [ (m— en)] 0 B0 (r)] 0 B [ (D)) (1),
Invoking Lebesgue’s Differentiation Theorem along with the continuity of e — wv[f.(¢)](t,-) in the
C%-norm topology, it holds that

e, (m = en)()

(r—e1,m
= ot [T (0le0] (0 (1= @) e (352, (1 = )] (@) ) e

= z+e1 (o[ ()] (m,2)) + @i (@) + o(er)

as well as
O (m))(w) = — / (vl ®)] (& @0 1 (m)](@)) +w* (5,00 " ()] (2)) ) dt

=r—e (v[,u*(ﬁ)] (1,2)) + u*(ﬁ,x)) +o(e1).

Chaining these two expansions, we obtain that

v,w1

fie(r) = O0 [t (m = en)] o B I (Tl (m1)
= (Ia+ €1 [w1() = u (71, )] + olen)) . 1 (7).
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We can now proceed to compute the induced first order expansion on the non-local flows @ (T t) [fe(m1)]()
as follows

0 lie(r)] (2 + €1 [wi (2) = w*(m, 2)] + ofen))
= @ [Ae(r)](x) + DB [e(r)) (@) - [wa(2) — (71, 2)] + ofen)

= 00 " (r)](@) + e (D@ [0 (7)) (@) - [ (@) = u” (71, 2)] + wi(t,2) ) + ofen)

where w; (-, -) is defined as in Proposition 2.5-(b), and where we used the fact that the e — Dy ®?"" )[Ne(')] ()

(T17
is continuous as a consequence of hypothesis (H3). Introducing for all times ¢ € [11,7T] the map

Fsw € B0, Rr) = Dp®( ) (07 (1)) (@) [wi(2) — u” (m,2)] + wn (b, 2)

and using again the statements of Proposition 2.5, we have that both (3.3) and (3.4) hold for any
e1 € [0,éx] and all times ¢ € [0, 7]V such that ¢(t) = 1.
Let us now assume that (3.3) and (3.4) hold for all times ¢ € [0,7] such that «(t) = k — 1, i.e.

fie(t) = G (e, ) pu” (Id + Z aF T o @G [ (D]() + 0(|€|)> w1 (1), (3.5)

for e € [0,en]. Take t € [0,T] such that «(t) = k. By Definition of an N-package of needle-like
variations (3.1), we have that

fie(Tk) = q)?;:)k_ek,Tk)[ﬂe(Tk —ep)]o <1>(}k T ek)[ﬂe(Tk)] © <1>(}k ) Tk)[ﬂe(Tk—l)](')#ﬂe(Tk—l)-

As in the initialization step, we can write using Lebesgue’s Differentiation Theorem that

VW v,u*

<I>(77'k—ek,7'k)['ae(7—k —ep)]o é(;k’Tk_ek)[ﬂe(Tk)](:E) =z + e [wi(z) — u* (1%, )] + o(er). (3.6)

Furthermore, invoking the induction hypothesis (3.5) and the results of Proposition 2.4, we obtain that

(I)E);Zilﬁk)[ﬂe Tk— 1 (33 + Z (el].':;z,? © <I>?T: 1 Tl)( ) + O(el))>

v,u*

Q)(;k*l’Tk)[ue 7e-1))(@) + Z (elD CI)UT: 1 Tk)[’ae(Tk_l)]( )'F:I)cl’:l (IDZ)T: 1 Tl)( )+O(el))

= B0l (i) +Z€l (Daf i (e ))@) Fit o @0 (@) + (7 @) + ofer))

(3.7)
where the maps (w; (-, -))1<i<k—1 are defined as in Proposition 2.5-(b) with F(-) = FTo® (Tk ) [ ()] (4)-
Plugging together equations (2.12) and (2.13) of Proposition 2.5, one can see that the maps

t € [Tp—1, 7] = D (I)E}TZ 1 t)[ﬂ*(Tk—l)] ((I)(;'L Th— 1)( )) ]:%erl( z) +wy (t (I)fnum 1)(x))

are solution of (3.4) on [x_1, 7] with initial condition F07(-) for any [ € {1,...,k —1}. By Cauchy-
Lipschitz uniqueness, we can therefore extend the definition of the maps t € [r, 7_1] — F;V"(x) to
[11, 7] for any | € {1,...,k — 1}.

Chaining the expansions (3.6) and (3.7) along with our previous extension argument, we obtain
that both (3.3) and (3.4) hold up to time 7y, i.e.

k
Griles) =Ta+ 3 eF™ o @ oy i (m)]() + offe])
=1
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for any e € [0,énx]". Performing yet another coupled Taylor expansion of the same form on the
expression i
o) = O e (7)) (D (7).

and invoking the same prolongation argument yields the full induction step for all times ¢ € [0, 7] such
that ¢(t) = k. Hence, we have proven that item (iv) holds for all e € [0, éx]". Using Lemma 2.2, we can
now extend the map e € [0,éx]Y — GV (e, ) to the whole of [~€y,én]Y in a continuous and bounded
way, uniformly with respect to t € [0, 7], while preserving its differential at e = 0. This achieves the
proof of Lemma 3.1. O

In the sequel, we drop the explicit dependence of the flow maps on their starting measures and
adopt the simplified notation @E};f;) [(9)](x) = @E};f;) (z) for clarity and conciseness.

Step 2 : First-order optimality condition

In Lemma 3.1, we derived the analytical expression of the first-order perturbation induced by a
N-package of needle-like variations on the solution of a controlled non-local continuity equation. By
the very definition of an N-package of needle-like variations, we know that the finite-dimensional
optimization problem

min [ TL(t,ﬂe(t), (t))dt + @ (fie(T))
e€[0,en] | Jo
(PV) V¥ (f1e(T)) = 0,
s.t. ' (fie(T)) <0,
e A(t, fie(t)) < 0,

admits e = 0 as a local solution.

In the following Lemma, we check that the functionals involved in (PY) meet the requirements of
the Lagrange multiplier rule stated in Theorem 2.2. We also compute their first-order variation induced
by the package of needle-liek variations at e = 0.

Lemma 3.2 (Differentiability and calmness of the functionals involved in (P™)). The maps e €
[—en,en] = w(@r(e), WE(fr(e)), W (jr(e)) and e € [—en,en]™ = [§ L(t, fic(t), @e(t))dt are calm
and differentiable at e = 0. Their Fréchet derivative in a direction o € [0,éx]|N are respectively given
by

N

Ve(e(fir(e))—o(o Z / / 7)) (@), F* ™ 0 @ (2)) dp' () (2)dt,

ZII

De(¥](r(€)) a() = X / /R (Tl (D) (@), Fo™ 0 05 (@) ) dpr* () (w)dt,  (3.8)

D& (r(0) o) = 3o / [ (Va0 (@) @), Fe ™ 0 @1 () i (1)),

2

forany (i,7) € {1,...,nr} x{1,...,ng} and

N
Ve </0TL(taﬂe(t)aﬂe(t))dt> (o) :Z_:ak /TT /Rd <VuL(t,u*(t),u (t))(z), Feem O@(” (@ )>d,u*(t)(m)dt

le=0

Z ( 71, 1 (11), u* (1)) —L(Tl,u*(n),wl)),

(3.9)
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The maps e € [—en, ex]Y = max Aq(t, fie(t)),..., max Aq(t,fic(t)) are calm and locally Lipschitz
t€[0,T) t€[0,T]

around e = 0. Their Michel-Penot derivatives in a direction o € [0,éx]" are given by

N T .
dyp ( max Ay(t, i (1))]) (0;0) = 3 o /O /R Vil (1)) (@), T 0 05 () ) dut (6] (1),
k=1

t€(0,T]
(3.10)
where the measures @] € M([0,T]) are such that supp(w]”) = {t € [0,T] s.t. Ai(t, u*(t)) = 0} and
||| rv=1 for any l € {1,...,r}.

Proof. The calmness property of the maps e +— o(fir(e)), ¥ (ir(e)), ¥ (jir(e)) and e fOT L(t, fie(t), e (t))dt
at e = 0 stems from the fact that they are compositions of Fréchet-differentiable and locally Lipschitz
mappings as a by-product of hypotheses (H4),(H5) and Lemma 3.1. The differentials of the final cost
and boundary constraints can be computed with a direct application of Proposition 2.4.

We split the computation of the first-order variation at e = 0 of the running cost functional into
two parts. One can first derive that

T N
JR G RORAOE N XONEON DS
k=

N
= > e (Lim w7 (), wr) = Lz, 1 (7, " (1)) + o(fe])

by Lebesgue’s Differentiation Theorem, and since the maps e — L(7, fie(7g), u* (7)) and e — L(7g, fic(Tx), wi)
are continuous for all £ € {1,..., N}. Furthermore, invoking the Wasserstein chain rule of Proposition
2.4 along with the results of Lemma 3.1, we have for .#!-almost every t € [0, 7] that

N
L(t, fie(t),u* () —L(t, p* (t),u* (1)) = Y e /R ) (VuL(t, 5 (1), 0" (1)) (@), F™ 0 B0 () ) dp* (£)(x) +o(Je]).
k=1

Combining these expansions with an application of Lebesgue’s Dominated Convergence Theorem yields
(3.9)

We now turn our attention to the state constraints functionals. By hypothesis (H6) and Proposition
2.4, the maps e — A(t, fie(t)) are Fréchet-differentiable at e = 0 for any [ € {1,...,r}, uniformly with
respect to t € [0,T]. Moreover, the functional

v E CO([()’TLR) = HV(')HCW[O,T},R)

is locally convex and therefore locally Lipschitz over C°([0, 7], R). Hence, the maps e ~ maxe(o,7] Mi(t, fie(t))
are calm at e = 0 as compositions of Fréchet-differentiable and locally Lipschitz mappings. By Propo-
sition 2.6-(c), we can compute their Michel-Penot derivatives in a direction o € [0,€x]" as follows

it <max At ﬂe(t))> )= [ V(e mle)_ (sl @)

te[0,7

where @’ € M, ([0,T]) belongs to the convex subdifferential of the C°([0,7],R)-norm evaluated at
Ag(-, p*(+)). This subdifferential can be classically characterized (see e.g. [35, Section 4.5.1]) as the set
of Borel regular measures such that

=¥ [lrv=1 and supp(w]") = {t €10,7] s.t. Ay(t, (1)) = 0}-
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Invoking again Proposition 2.4 and Lemma 3.1, we can write for all times ¢ € [0,7] the differential of
e A(t, fie(t)) at e = 0 evaluated in a direction o € [0,éx]" as

Ve (Ml 1)) Zo—k/ (Tl 1 () @), FE 0 92 (2)) dp (6)(a).

|eO

Using the measure-theoretic version of Lebesgue’s Dominated Convergence Theorem (see e.g. [7, The-
orem 1.21]), we conclude that (3.10) holds as well, which ends the proof of Lemma 3.2. O

Using the results of Lemma 3.2, we can apply the Lagrange multiplier rule of Theorem 2.2 to (P%)
and obtain the existence of scalar multipliers (A)', AN, ..., AN N ..o g 0N, ... 0N) € {0,1} x RT x
R™ x R”, such that

p <>\o p(e(T)) + Ao / Lt dt+29l e Ni(t, fie(t)), (S)
+ > AV (A(T)) + anz'v\llf(ﬂe(T))> (0) € —A#([0,en]™,0)
i=1 j=1
A AEI A I+ =1, (NT)
i=1 j=1 =1
0N max Aj(t,p*(t)) =0 forallle {1,...,7}, (CS)
te[0,T

MO (T)) =0 forallie {1,...,n}.

Since all the functions involved in the subdifferential inclusion (S) are calm, we can use the sum-
mation rule of Proposition 2.6-(b) along with the expressions derived in Lemma 3.2 to obtain that

N N
ZUk/d<—Vu5’N(M*(T))($)77}Jk’7k O‘I’z()quf;k)(x) -Y 0 ( 7, (1), ut () _L(leﬂ*(Tl)7wl))
k=1 /R k=1
N
S o [ (BTl (0, w0 @), F 0 5 (@) du (0w
Rd
k=1 Tk
N T T
=300 [ (Tudtow @)@, F 0 0% (@) du () (a)dse¥ (1) <0
k=1 =1 Tk

for any direction o € [0, éx]". By choosing vectors o € [0, ex]V Which have all their components except

one equal to 0, and by and introducing the notation wlN = HN wl , this family of inequalities can be

rewritten as
/ (VN (1 (D)) (), Ft™ 0 O (2))dp” (T) () — (Lir, w7 (m), w' (7)) = Lim, 1" (1), 1))
/ / (VL (t (1), u (1)) (@), F™ 0 84 () ) dpr* (#) ()t

_l;/m /Rd VLAt () (@), F 0 05 (@) du* () (@)dsof (1) < 0

(3.11)
for all k € {1,..., N}, where V,.#n(1*(T))(-) is defined as in (1.3).

Step 3 : Backward dynamics and partial Pontryagin maximization condition
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The next step of our proof is to introduce a suitable notion of state-costate variable transporting
the family of inequalities (3.11) derived at time 7' to the base points (71,...,7n) of the needle-like
variations while generating a Hamiltonian dynamical structure. To this end, we build for all N > 1 a
curve v%(+) € Lip([0, T], Z.(R??)) solution of the forward-backward system of continuity equations

Own(t) +V - VROt JvA () =0 in [0,T] x R*,
ﬂ#y}if(t) = u*(t) for all ¢t € [0, 7], (3.12)
viT) = (Lg% (=Vu SN (1 (1)) 4™ (T),

where the non-local velocity field Vi [-](+,-,-) is given for #!-almost every ¢t € [0,7] any (x,r,v) €
Ba4(0, Rr) x P(B24(0, Rr)) by

v[w#u](t,:n) + u*(t, x)
Vyv)(t, z,r) = ’
V,.L(t, 71;1#1/, u*(t))(x) + V€ (¢, 71;1#1/, Cv()(z) =0 [v](t, x) — va[ﬂ#u](t, z)Tr — Dyu*(t,z) Tr

where we introduced the notations
v v T
o) = [ (@) pdvip).

Notice that the transport equation (3.12) does not satisfy the classical hypotheses of Theorem 2.1.
Following a methodology introduced in our previous work [14], it is possible to circumvent this difficulty
by building explicitly a solution of (3.12) relying on the cascade structure of the equations.

Lemma 3.3 (Definition and well-posedness of solutions of (3.12)). Let (u*(-), u*(+)) be an optimal pair
control-trajectory for (P1). For u*(T)-almost every x € RY, we consider the family of backward flows
(\I’f{p]\i)('))tST solution of the non-local Cauchy problems

Opwy (t,1) = VLt 1 (1), 0" (£)) (B0 (@) + VB (b 17 (), G () (@03 (@)
Do (L84 (@) walt,r) — Dol (O] (1,55 (@) walt.r)

e Tl o) (@4 (@)) ) X (= VG (D))" (D)5 9)

(T,t)

(3.13)

wy(T,r) =r.
and consider the associated curves of measures
* (E,N
0Nt (Wi ()0, 75 (0 (1) ()

Define the map vyt € [0,T] = [o} n()dp*(T)(z) € P.(R?). Then, the curve v} : t € [0,T]

QU (), Ig)wvi (1) is the unique solution of (3.12). Moreover, there exists two constants R, Llx > 0
(T,t) #YT N T LT
such that
supp(vy(t)) C Baa(0,Ry) and Wi(vy(t),va(s)) < Lt — s

for all s,t € [0,T).

Proof. Let us denote by © ¢ R?? a compact set such that

U supp(Za x (= V- (1" (T)) ye1* (T) € Q.
N>1

Such a set exists since the maps (V,n(u*(T))(-)) are continuous by (H3),(H4) and uniformly
bounded as a consequence of the non-triviality condition (NT) on the Lagrange multipliers (A}, ..., A\Y, niV, ... 7).
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The existence and uniqueness of the maps (¢, z,7) — w, (¢, r) solving the family of non-local Cauchy
problems (3.13) can be derived from a standard fixed point argument using hypotheses (H2), (H3),
(H5) and (H6), see e.g. [14, Proposition 5]. In this context, the Banach space under consideration is
that of all maps f : [0,7] x @ — R% endowed with the norm ess-sup,,«p) ( [[wz (-, Moo, r1xray )» Where

we recall that ess-up,,(f) =||f|z(,) for any p-measurable and essentlally bounded map f: R? — R,.
By compactness of [0, ] x §2 and uniform boundedness of the right-hand side of (3.13), we have that
the maps t — \I/?TA;) (r) are Lispchitz uniformly with respect to (z,7) € Q and N. Furthermore, a simple

application of Gronwall’s Lemma yields that the flow maps r +— \I’fT]\i) (r) are uniformly Lipschitz and
bounded. This allows us to conclude by applying Proposition 2.3 that the curves of measures t — vy (?)
are well defined and that there exists two constants R’., L. > 0 such that

supp(va () C Baa(0, Ry) and Wi (vy(t),va(s)) < Lip|t — s|.

In order to prove that v} (-) is indeed a solution of (3.12), take £ € C>°(R??) and compute the time
derivative

& [ gana@.n =5 [ (@ @) dot v (1))

ol @) (& <I>;’;t>< )) +u* (8,0 (2)) ) do y(8)(r)du* (T) (x)

WLt (1), 0 (1)) (B (@) ) dok () (r)dp (T) ()

W6t 17 (1), G (1) (O (2)) ) dos v (B)(r)du™ (T) (x)

<I>§”£f5(w)w Dol (0] (1,805 @) v+ Do (1,005 @) r)dot () (r)du’ () @)
/R L (T (@ @) IR (0] (£ 90 @) Yot x (D) (7))

where we used the fact that by Fubini’s Theorem

i () (195 @) = | (o) (®% (@) pdvin(O(.p)

—/R/R Lo (‘I’E’%?)(x))Tpdaz,mw(mdu*(T)@)

(T, t)

v v,u* T y,N * *
- /.. (o) (<1>(’T,t><:c>) WY (0)d(T x (—V, S (0 (1)) o (T)) (4, p).

(W
This can in turn be reformulated into the more concise expression

d

G oo C PR ) = [ (T8 ol ()00 ) 4 0 1 ) (1))

+ /RM(Vré(:m 1), VL (t, (), u” () (x) + VG (¢, p* (), (v () () dvy () (2, 7)
- /RM(Vré(:m r), Dyl (1)) (¢, 2) "+ Dyu*(t, ) Tr + TV [k ()] (¢, 2))dvky (1) (2, 7),

which is precisely the definition of 3 (-) being a solution of (3.12). O

Now that we have built a suitable notion of solution for (3.12), let us prove that v} (-) is such
that the PMP holds with a relaxed maximization condition formulated over the collection of needle
parameters {(wy, %) }_, C Up x <.
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Lemma 3.4 (A partial Pontryagin Maximum Principle). For any N > 1, the curve of measures
vy () introduced in Lemma 3.3 is a solution of the Hamiltonian flow (1.1) associated to the Lagrange
multipliers (N, ..., AN, oo ool ol @) € {0,1) x RT x R™ x M ([0,T])". Moreover,
the relaxed maximization condition

(s Vi (), G (7)) Zwl (7)) [ (Vulilri ' () @), e’ (71 a)

(3.14)
< v (1), G (), Zwl () [ (Fuba(r () (@), (7, )l (7))
holds for all {(wg, k) }_, C Up x <.
Proof. Using the expression (1.2) of the augmented infinite-dimensional Hamiltonian J#(-,,-,-) along

with the definition of the Wasserstein gradient (2.4), one can check that

VRl @], 2, 1) = J2aVo A (v (), Gy (8), u™ (8) (2, 7),

for #1-almost every t € [0,T] and every (x,r) € Baq(0, R}).
For k € {1,..., N}, we introduce the collection of maps IC
by

defined for Z'-almost all t € |7y, T

o ()

K2 (0= [, (™ 0 8% @)y (), ) + (L " (), " (7)) = L " (7))

[T () 6D ), T 0 B (0) e (s) )
- ; [ (Tt o), e 0 w2 () ()l o)
=S Gn() / Vit g (1)) @), FrT 0 B (@) dpr* () (@):

1=1 R

k€ {1,...,N}. By construction, the maps K _ (-) are in BV([0,T],R) and therefore admit a distri-
butional derlvatlve in the form of a finite Borel regular measure. A simple computation shows that the
non-absolutely continuous parts of their derivatives cancel each other out, since dCz*\u(t) = —wi'(t) on
0,7).

Hence, the maps Ika -, (-) are in fact absolutely continuous. One can therefore compute their
derivative at .Z!-almost every t € [r3, T] as follows.

SHE @ = [ [ a0 @ @)dot v () (T) ()
* /R VAR O)E ), F o 0 (@))do n (1)) (T)(x)
— [Tkttt @, ©) (87 (@) F 0 047 (@) i (1))
- * d * v,u Wk Th vu* *
-G [ (Tuile @) (275 @) F 0l @) it (1) (@)

(3.15)

The time-derivatives of the summands of the last term can be computed using Proposition 2.4 and the
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geometric structure (2.10) of solutions of (2.9) as shown below.

o] L Tt on (a3 01) T o0 ) 1)

= [Vt ©) (855 @) 0T 0 0 () du” (1))
+ Rl&Vzhtu(ﬂ“@%%@»,ﬁ%”o¢%;%@>Mﬁ@X@
ol ()] (@l (@), Fr ™™ 0 @ (@) d* (T) (=)

+ | DVt i (¢ (@) ol

iy (@) ( Dy (@), T o @l (w)) du(T) ()
)@)) ol
)W)

o ) (o
+ DVMtu (
Rd
+ Rd< VuAi () ) ( vl ( q)vu)( )) du*(T)(y)h/T.’;-’k,Tk @€;Tk)($)>dﬂ*(T)($)
P (10)
(2fr

+ < ]PV“M*
Re Qg (@ )

= /Rd <V,f51(t,u (t) (‘PfTut)( )) , FumTh o <I>1(’T“T (@ )>du*(T)(x)

(6B ) dit (1)), F™ o @?;fik)<x>>du*<T><x>

by applying Fubini’s Theorem and identifying the analytical expressions of the summands V,€](t, u*(t))
derived in (A.1). Plugging this expression into (3.15) along with the characterization of 9;F; %™ ()
derived in Lemma 3.1, we obtain that

d N
dt W, Tk

(0= [, (Dot (6:0) 7+ Dol (0)(t.2) Tr + I iy ()8 2), F ™ 0 @ () w0, 7)

[ ORIz r), FEE o @ (o)) dv ()

R2d

— [ AV (0,0 ) @), T 0 @ ) di” ()
— [ Vit 0)@), FeT 0 @5 @) dur (1) (a)

since by Fubini’s Theorem, it holds

Lo ([ Pl @F ™ @) 0) ) dvi(0)r) = [ Db 0]t 2)dn" (1) (2)

Rd

= [ T bR @)t D)k (0.

Recalling the definition of the vector field Vi [-](-, -, -) given in (3.12), we observe that 4 KN () =0
for #'-almost every t € [, T), so that it is constant over this time interval. In partlcular it holds
that

K K

wk,Tk( ) WEk,Tk

(T) < 0. (3.16)

The evaluation of the map K _ () at 7, can be written explicitly as

Wi Tk

K, (70) = (10 v (), G (7). k) — (i, vy (70, e () " (7))

- . . . (3.17)
=@ ) [ (Tubre i (7)), (@) = (7, )l () 2,
=1
Combining (3.16) and (3.17) yields the proof of our claim. O
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Step 4 : Limiting procedure

The PMP for absolutely continuous state constraints multipliers

In Step 3, we have built for any N > 1 a suitable state-costate curve vy (-) solution of the Hamil-
tonian system (1.1), and such that the relaxed Pontryagin maximization condition 3.14 holds on an
N-dimensional subset of needle parameters. The last step in the proof of Theorem 1.1 is to take the
limit as IV goes to infinity of the previous optimality conditions in order to recover the PMP formulated
on the whole set of needle parameters.

By the Non-Triviality condition (NT), the sequence of Lagrange multipliers (AY, ..., AN o] ... . n)) c
{0,1} x R% x R™ is bounded uniformly with respect to N. Hence, we can extract a subsequence of
multipliers such that (A}, ..., AN o] ... .nl) — (No,-- s Ay M1, - -+, m) @8 N — +oo. A straight-

forward passage to the limit shows that these limit multipliers satisfy the Complementary Slackness
condition

NI (T)) =0 forallie{1,...,n}.

Similarly, the sequence of measures (w?, ..., @) C M ([0,T])" is uniformly bounded with respect
to the total variation norm. By Banach-Alaoglu’s Theorem (see e.g. [16, Theorem 3.16]), it admits
a weakly-* converging subsequence to some (wi,...,w,) € M4([0,T])". Moreover, since for any
1 €{1,...,r} the measures (') are equi-supported in the sets {t € [0, 7] s.t. A;(t, u*(t)) = 0}. It can
be shown by standard convergence properties of the supports of converging sequences of measures (see
e.g. [9, Proposition 5.1.8]) that the limit measures (w1, ..., ;) are supported on these sets as well.
Therefore, it holds that

supp(wn) € {t € [0 7] s.t. Mi(t, u* (1)) = 0,

for any I € {1,...,r}. Furthermore, if the scalar Lagrange multipliers (\Y',..., AY, iV, ... nX) vanish
for large N, it follows from the Non-Triviality condition (NT) that || |71> 0 so that c; # 0. Hence,
we recover the Non-Degeneracy condition (1.5), i.e.

(A0 -y Apy My e e o s iy Wy -+ - @) 7 O

In Lemma 3.3, we have shown that the curves of measures v} (+) are uniformly equi-compactly supported
and equi-Lipschitz. Hence, (v*(-)) admits converging subsequences in the COWj-topology by Ascoli-
Arzeld Theorem.

We now prove that there exists an accumulation point v*(-) of (v (-)) which solves the system of
equations (1.1) associated to the limit mulitpliers (Ao, ..., AnysM1y- -, O, @1, .-, @r). To this end, we
start by making an extra simplifying assumption on the state constraints multipliers.

(H7) : The measures (w1, ...,w,) are absolutely continuous with respect to .Z* on [0, 7.

We shall see in the sequel how this extra assumption can be lifted at the price of an extra ap-
proximation argument by absolutely continuous measures. Let v*(-) € Lip([0, T, Z(B2q(0, R)) be an
accumulation point of (vx(-)) along a suitable subsequence. As a direct consequence of the convergence
of the scalar Lagrange multipliers, one recovers the uniform convergence of the final gradient map



This implies by standard convergence results for pushforwards of measures (see e.g. [9, Lemma 5.2.1])
that v*(-) satisfies the boundary condition

(1) = (=Y u (" (1)) 1" (D).

Moreover, the weak-* convergence of (i, ..., @) towards (w1, ..., w,) along with (HT7) implies
by Proposition 2.1 that

T T
Gn®) =T (®) [ d=s) > Lo [ d=ls) = G0
t N—+o00 t
for all times ¢ € [0,7]. By definition (2.7) of distributional solutions to transport equations, the fact
that v3(+) is a solution of (3.12) can be written as

T
L L (0tar) + (Fnltm),3aa¥ 0 (730, Gelt),u ()@, 1) )@ ) = 0

(3.18)

for any & € C°([0,T] x R?4). Since all the functionals involved in the definition of the Wasserstein

gradient of the augmented infinite-dimensional Hamiltonian are continuous and bounded, we have that

* * * CO * * *
VV%(L VN(t)7 CN(t)v U (t))(v ) N—>—+>oo ijf(t v (t)7C (t)v U (t))(7 )
uniformly with respect to ¢ € [0,T]. Therefore, passing to the limit in (3.18) as N — +oo along with
an application of Lebesgue’s Dominated Convergence Theorem, we recover that

T
/0 Lo (0.0 + (Tt 2,7), Vo (6,070, € (1), () 7)) )" (8) )t = 0

for any ¢ € C2(]0,T] x R%).

In order to complete our proof of Theorem 1.1, there remains to show that the limit curve v*(-)
is such that the maximization condition (1.6) holds for .#!-almost every t € [0,7T]. We know that
for any (wg,7x) € Up x &, the modified maximization condition (3.14) holds. By the preliminary
assumptions that the limit measures (o1, ...,w,) are absolutely continuous with respect to .Z*, we
can apply Proposition 2.1 to recover that

@ ({7}) Nt @ ({7x}) =0,

for any [ € {1,...,N}. Since the infinite-dimensional Hamiltonian is continuous with respect to its
second argument in the Wi-metric and linear in its third argument, it holds that

(T, vn (Tk), CN (Tk), W) N T (T, v (11), C(Th) Wi)

and

(T VN (Th), G (Th), w™ () N H (i, V7 (1), C(78), ™ (7k))

uniformly with respect to k. We can therefore pass to the limit as N — 400 in the partial maximization
condition (3.14) to obtain that

H (7, v* (1), C (k) i) < (7, v* (7h), € (78), ™ (7)) (3.19)

for any (wg, ) € Up x .
Given an arbitrary pair (w,7) € U X ., it is possible to choose a sequence of elements {(wg, 7) }x C
Up x & such that

CO
Tk > T, Wk > W,
k——+o00 k—+o00
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and

||u*(7—7')_u*(Tkv')Hc()(WJRd) R 0, HL(Tvlu*(T)")_L(Tknu*(Tk)?')HCO(WJR) el 0.
(3.20)

Remark first that under assumption (H7), the maps ¢ — (/(¢) are continuous on [0,7"). By (3.20)
along with the continuity of the augmented infinite-dimensional Hamiltonian in the C’-norm topology
with respect to its fourth argument, we can pass to the limit as k — 400 in (3.19). This yields the
Pontryagin Maximization condition

H (v (1), (7),w) < H(7,v7(7), ¢ (1), 0 (7))

for any pair (w,7) € U X A .

Lifting the absolute continuity hypothesis (HT)

In order to recover the full proof of Theorem 1.1, we show how to relax the absolute continuity assump-
tion (H7) made on the state constraints multlphers For a given small parameter € > 0, we consider a
sequence of mollifiers p. : t € [0,T] — e 1p(t/€) where p € C°([0,T]) and fo t)dt = 1. Given N > 1,

we define the mollified measure (w{v @) by
N,e
@ = (pex i )(t) - £

where for any [ € {1,...,r} the convolution maps are defined by p. * @} : t € [0,T] fOT pe(t —
s)dw}¥ (s). Using the fact that the functions

te Tl o [ (Tuhitn O)@), F™ 0 @ @) du’ (O(a)

are Lipschitz and bounded, one can assert using the definition of the dual norm in the Banach space
M(]0,T]) that

T
- / ) /RquAz(t,u*(ﬂ)( ), it o @y Tk)( 2))dp* () (z)de (¢)

T
_/rk /Rd<VMAl(t’N*(t))( x), ]-—wk7‘rkoc1)1(’t7j_k)( z))dpt (¢ )( )dwl e(t)_ce

for some uniform constant C' > 0. This allows us to rewrite the optimality conditions (3.11) derived at
time T' as

/ (=VuIN (W (1)) (z )]:wwkOq)%f;k)(ﬂf»dﬂ*(T)(ﬂ?)—(L(Tk,u*(Tk),U*(Tk))—L(Tk,u*(Tk)awk))
/ L VLt .0 (@) (@), F ™ 0 @ 2)) dp () w)lt

‘l;/ /R Vit 1 (0) (), F 7 0 47 () dpr” () (w)deo) () < Ce

(3.21)
By defining the family of measure curves (1/}*\, .(+)) as in Lemma 3.3, we can prove that the corresponding

maps K defined as in (3.15) are constant over [y, T'] and that the partial maximization conditions

o ()

H(Ties UN e (Th)s CN e (Th)s i) < I (Thy VN (T) s Cve (Th), ™ () + Cle
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hold for any € > 0. Performing the same limiting arguments for N — 400 as in Section 3 - Step 4 and
remarking that

Ne N € _ X 1
wy N—s+oo w (pé *wl) 2z,
we recover the statement of the PMP with a measure curve v/(+) associated to the Lagrange multipliers
(N0y s Ay My e o vy My @Y, « -+, w05). This limit curve is such that the relaxed maximization condition
(T, vE (1), (7) w) < (1, vE (7), (E(7),u" (7)) + Cle (3.22)

holds for any (w,7) € U x .#. There now remains to perform a last limiting argument as € | 0 to
recover the full maximum principle.

By Lebesgue’s Decomposition Theorem for finite Borel measures on the real line (see e.g. [7, Remark
3.32, Corollary 3.33]), the sets {t € [0,T] s.t. w;({t}) > 0} are at most countable for all [ € {1,...,r}.
Therefore, the set #° = .4\ Uj_1{t € [0,T] s.t. w;({t}) > 0} has full Lebesgue measure in [0, 7], and

by Proposition 2.1 it is such that
T T
= [aent) — [ i) =)

for any 7 € .#°. By Ascoli-Arzela Theorem, it holds that v/(-) — v*(-) uniformly in the Wj-metric and
it can be checked that this limit curve solves the forward-backward system of continuity equations (1.1)
associated with the multipliers (Ao, ..., An, 71, .., Om, @1,...,@r). Moreover, letting e | 0 in (3.22)
implies that the Pontryagin maximization condition (1.6) holds on U x .#°.

A Wasserstein differential of the running constraint penalization

In this Section, we give the analytical expression of the Wasserstein differential of the running constraint
penalization map (t, u, () — €(t, i, ¢) defined in (1.4).

Proposition A.1 (Wasserstein differential of the state constraints penalization map). Let K C R? be
a compact set. Under hypotheses (H6), the map

e P(K) o Ct (1 Zg (ot + [ (Tt ) @) olul(t ) + 0t 2)dp(a)

is Wasserstein-differentiable at at any p € P(K) and the Wasserstein gradients of its summands can
be computed explicitly as

Vit 1)(@) = At ) () + DVt ) ()" ([u]( 7) + ', :c>>
+ (Davlp(t) "+ Do (0,2)) Vit () + [ T, () V(8,10 (0)dn(w)

LTy @) @) + (2 y) da(y)
(A1)

\Y% Vi . .
phs . ll(m))1<'<d are the matriz-valued maps which columns are the
K3

where (t,z,y) — LIPS (x) = (]F(t’y)
Wasserstein gradients of the components of ¥V, AL(t, u)(x), i.e.

I3t (2) = V[ Vit ) ()] () ).

Proof. In order to lighten the coming computations, we introduce the auxiliary functions
Gt ) = it ) and G20, 0) = [ (Vb )@, olil(t,2) + (. 0) dn(e).
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Let t € [0,7] and p € Z(K). The Wasserstein gradient of €}'(¢,-) at u is given by
VG (t 1) = Vi (0:Ai(t, ) (1) = 0V M (t, 1) (A.2)
We turn our attention to 62(t,-). For any v € Z(K) and 7 € I',(u, v), it holds that
G (t,v) — G (t, )
=/ V wi(t, V) (y), oV (t y) +u™(t ) — (Vi w) (), vlp] (t, ©) +U*(t,w)>)dv(w,y)

RZ

= [ (Wit ) @)l 0) + " (2) — (Vi) @), ol () + 0" (60) Jdle) (a5

+ [ (DTl ) @) lae) 0 (2)) s — ) do )
+ [ ADarlil(t, )T + Do (60)T) Vi )(@)y — 2} dr(ay) + [ olle = ydr(a.y)

By definition of the Landau notation o(-), for any € > 0 there exists n > 0 such that whenever |z—y| < 7,
one has that o(|x — y|) < €|z — y|. Therefore,

Laolle=yhdr@p e[ ja—yldrwy +C 2~ yld ()
R2d {lz—yl<n} {lz—yl>n}
< eWa(p,v) + 2Cdiam(K) ({(az,y) eR¥ st |z —y| > 77})

2
< Walu,v) + n—fdiammwf(u, V)

by Chebyshev’s inequality and where the constant C' > 0 exists because o(|x — y|) is in particular a
O(|z — y|) on the compact set supp(y) C R?? for |z — y| > n. Upon choosing 1/ = n%¢/(2Cdiam(K)),
we recover that

/1de o(|z — y)dy(z,y) < 2eWs(p,v).

whenever Wa(u,v) < n'. By definition, this estimate precisely amounts to the fact that [g.q o(|z —

yDdy(z,y) = o(Wa(p,v)) as Wa(u,v) — 0.
We further compute the first-order variations arising from the remaining measure terms as follows

/Rd (<VMAl(t7 V)(‘T)7U[V](t7x) + U*(tvx» - (VMAl(t7N)(‘T)7U[N](t7x) + U*(t7x)>)dﬂ(x)
= [ (LR - )y @) el ) 4 (42) ) duo)
b T = 200 @), D)) i) + oWl )

- /Rgd </Rd (E?t,y’)(x)TvuAl(tv m)(y') + IFZZ/,\)Z (a:)TVMAl(t, u)(y'))d,u(y'), Yy — x> dy(z,y) + o(Wa(u,v))

(A4)
by a standard application of Fubini’s Theorem. Merging equations (A.2), (A.3) and (A.4), we recover
the characterization (2.4) of the Wasserstein gradient V,%(t, 1) of €(t,-) at p given by (A.1). O
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