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Abstract. In this article, we provide sufficient conditions under which the controlled vector
fields solution of optimal control problems formulated on continuity equations are Lipschitz regular
in space. Our approach involves a novel combination of mean-field approximations for infinite-
dimensional multi-agent optimal control problems, along with a careful extension of an existence
result of locally optimal Lipschitz feedbacks. The latter is based on the reformulation of a coercivity
estimate in the language of Wasserstein calculus, which is used to obtain uniform Lipschitz bounds
along sequences of approximations by empirical measures.
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1. Introduction. The mathematical analysis of collective behaviors in large sys-
tems of interacting agents has received an increasing attention from several commu-
nities during the past decades. Multi-agent systems are ubiquitous in applications
ranging from aggregation phenomena in biology [15] to the understanding of crowd
motion [28], animal flocks [29], and swarms of autonomous vehicles [13]. While the
first studies on multi-agent systems were formulated in a graph-theoretic framework
(see, e.g., [50] and references therein), several models now rely on continuous-time dy-
namical systems to depict this type of dynamics. In this context, a multi-agent system
is usually described by a family of coupled ordinary differential equations (ODEs) of
the form

(1) z;(t) = vn(t, x(t), 2:(t)),

where & = (21, ...,7x) denotes the state of all the agents and vy : [0, 7] x (RN x
R? — R? is a non-local velocity field depending both on the running agent and on
the whole state of the system (see, e.g., [6, 28, 29]). However general and useful,
these models are generically not the most powerful ones when it comes to capturing
the global features of a multi-agent system. Besides, their intrinsic dependence on
the number N > 1 of agents makes most of the classical computational approaches
practically intractable for realistic scenarios.

One of the most natural ideas to circumvent this model limitation is to approxi-
mate the large system of coupled ODEs written in (1) by a single infinite-dimensional
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dynamics via a process called mean-field limit (see, e.g., the survey [51]). In this
setting, the agents are supposed to be indistinguishable, and the assembly of particles
is described by means of its spatial density pu(-), which is represented by a measure.
The evolution through time of this global quantity is then prescribed by a non-local
continuity equation of the form

(2) Op(t) + V- (v(t, u(t), -)u(t)) = 0.

Such a macroscopic approach has been successfully used, e.g., to model pedestrian
dynamics and biological systems [15, 28], as well as to transpose the study of classical
patterns such as consensus or flocking formation to the mean-field setting [21, 44].
These research endeavors have hugely benefited from the recent progress made in the
theory of optimal transportation, for which we point the reader to the monographs
[5, 55, 56].

More recently, the problem of controlling multi-agent systems in order to pro-
mote a desired behavior or configuration became relevant in a growing number of
applications. Motivated by implementability and efficiency, many contributions have
therefore aimed at generalizing relevant notions of control theory to PDEs of the form
(2) serving as mean-field approximations of the discrete system (1). The resulting class
of controlled continuity equations are usually written as

(3) Ouu(t) + V- ((w(t, u(t), ) + ult,)u(t)) = 0.

While a few articles have been dealing with controllability results [34, 35] or explicit
syntheses of control laws [16, 53], the major part of the literature has been focusing
on mean-field optimal control problems, with contributions ranging from existence
results [38, 39, 40] to first-order optimality conditions [7, 8, 10, 11, 22, 23, 46, 54] and
numerical methods [1, 14].

One of the distinctive features of continuity equations is that they require fairly
restrictive regularity assumptions to be classically well-posed. While (3) makes sense
whenever the drift and control are measurable and satisfy some integrability bounds,
the associated notion of a so-called superposition solution (see, e.g., [5, Theorem
8.2.1]) is relatively weak and of limited practical use. In [2, 31], a theory of well-
posedness was developed for continuity equations with Sobolev and bounded varia-
tions velocity fields. However and general, the latter has not yet been generalized to
non-local driving fields, and is inherently restricted to measures which are absolutely
continuous with respect to the ambient Lebesgue measure. Up to now, the only iden-
tified setting in which a strong form of classical well-posedness (see Theorem 5 below)
holds for an arbitrary measure curves solution of (3) is that of Cauchy—Lipschitz reg-
ularity (see, e.g., [3, section 3]). In this framework, solutions of non-local continuity
equations exist, are unique, and stability estimates are available both with respect
to the initial data and the velocity fields; see, e.g., [9, 52]. This latter fact is highly
relevant to our purpose, since optimal control problems formulated on continuity equa-
tions are frequently studied in an “optimize-then-discretize” spirit. Indeed, the main
desirable property of a control law designed for the kinetic model (3) is to provide
a strategy which can be in turn applied—either exactly or approximately—to finite-
dimensional systems of the form (1). As the infinite-dimensional strategy is not strictly
optimal for the discrete multi-agent system in general, one would also like to have ac-
cess to quantitative error estimates between the true solution and the approximate
one. From a computational standpoint, Cauchy—Lipschitz regularity is also relevant
to ensure the well-posedness of numerical methods such as semi-Lagrangian schemes
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(see, e.g., [20, 24]), as well as to prevent the apparition of Lavrentiev-type instabilities
in the context of optimal control (see, e.g., [48]). For all these reasons, a wide portion
of the literature of mean-field control has been dealing with problems in which one
imposes an a priori Lipschitz-in-space regularity on the admissible controls (see, e.g.,
[8, 11, 17, 39, 40, 53]), or at least some continuity assumptions on the driving fields
(see [22, 23, 46]). A natural question is then to ask whether such a regularity property
may hold intrinsically or not. In this paper, we investigate this problem in the setting
of mean-field optimal control problems formulated on the controlled dynamics (3).
It is well-known that solutions of optimal control problems in Wasserstein spaces
need not be regular in general. Indeed, there exists a vast literature devoted to the
study of the regularity properties of solutions to the optimal transport problem in the
Monge formulation (see, e.g., [30, 37] for some of the farthest-reaching contributions on
this topic), mostly via PDE techniques. However, few of these results can be translated
into regularity properties on the optimal tangent velocity field v*(:,-) solving the

Benamou—Brenier problem
T
min / / lo(t, z)|2du(t) (z)dt
veL? 0 Rd

» {atu(t) + V- (u(t, )u(t) =0,
| w(0) =40, and  w(T) = pt.

For the optimal control problem (Pggp), it can be shown for instance by building
on [56, Theorem 12.50]) that v(t,-) € CETh*(R? R%) whenever 1, pu! € 22%(R%)

loc
have densities with respect to the ambient Lebesgue measure with regularity at least
Cllzca (R?, R?) for some o > 0, and that their supports are smooth and convex. Another
context in which the regularity of mean-field optimal controls has been (indirectly)
investigated is that of mean-field games (see [45, 47]). Indeed, there is a large literature
dedicated to the regularity of the value function (¢,2) — V*(¢,2) € R solving the

backward Hamilton-Jacobi equation of the coupled system

(PeB)

{(%V(t, I) + H(tv T, vzv(ta I)) = f(ta €z, :u'(t))a V(T7 1') = gT(I, M(T))a
Ouplt) — V- (Vo H (b2, VoV (6, 0)(t) = 0, (0) = .

In the setting of variational mean-field games, the velocity field
v*(t,x) = =V, H(t,z, D, V*(t,2))

is the optimal control associated with a mean-field optimal control problem. There-
fore, v*(t, -) is expected to have a regularity with one order of differentiation fewer than
the value function. We refer the reader, e.g., to [18] for Sobolev regularity results on
the value function V*(-,-) and to [19] for Holder regularity (see also Remark 1 below).

In this article, we investigate the intrinsic Lipschitz regularity with respect to the
space variable of the solutions of general mean-field optimal control problems of the
form

min, [ / (L(t,uos)) + / d w<u<t,x>>du<t><x>) dt + (u(T))

» {8tﬂ(t) + V- ((o(t, p(t),-) + ult,-)u(t) =0,
| wm(0) = .
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The set of admissible controls for (P) is defined by U = L*°([0,T], L*(R%, U; u(t))),
where U C R? is a convex and compact set, and p° € Z.(R?) is a fixed initial datum.
Remark that, since we do not impose any a priori regularity assumptions on the
control vector fields u : [0,7] x R? — U, there may exist no solutions to the non-local
transport equation (3) driving problem (P). Moreover even when solutions do exist,
they may not be classically well-posed and defined in a weak sense only.

The first main contribution of this manuscript is the following existence result of
intrinsically Lipschitz-in-space mean-field optimal controls for (P).

THEOREM 1 (existence of Lipschitz-in-space solutions for (P)). Let u° € 2.(R%)
and assume that hypotheses (H) of section 4 below hold. Moreover, suppose that the
control cost (-) is strongly convex with a constant Ay, > A\py > 0, where A¢py > 0
only depends on supp(u®),T and on the C*-norm with respect to the measure and
space variables of the dynamics and cost functionals of (P).

Then, there exists a constant Ly > 0 and a trajectory-control pair (p*(+), u*(+,-)) €
Lip([0, T], Z.(R%)) x U which is optimal for (P) such that x € R +— u*(t,x) € U is
Ly -Lipschitz for £*-almost every t € [0,T).

The proof of this result is obtained by combining two fairly separated arguments.
The first one is an existence result for mean-field optimal controls which was derived
in [38], and recalled in Theorem 6 below. In the latter, it is proven under very general
assumptions that, given a sequence u; = % Zil 6,6? converging in the Wi-metric
towards u°, there exist optimal solutions of problem (P) which can be recovered as
T'-limits in a suitable topology of sequences of solutions to the discrete problems

min [/0 (LN(ta x(t)) + % Zw(ui(t))) dt + ¢ (z(T))

u(-)EUN

L {xl(t) =vun(t,en(t), zi(t)) + wilt),

2;(0) = 22 € RY.

N)

Here, Uy = L>([0,T],UY), and the functionals vy : [0,7] x R¢ x (RN — RE
Ly : [0,T] x (RN — R, and ¢y : (RN — R are discrete approximations of
v+, -), L(+, ), and ¢(-), respectively (see Definition 10 below).

The second key component of our approach is a careful adaptation of a method-
ology recently developed in [26, 33] to the family of problems (Px), which provides
sufficient conditions for the existence of locally optimal Lipschitz feedbacks around
solutions of optimal control problems. In the context of mean-field control problems,
this part crucially relies on the following uniform mean-field coercivity estimate

Hessa o [n (T)](y(T), y(T))

T
- / Hess, Hy[t, @y (1), iy (1), uh ()] (y (), y())dt

- / Hess,, Hylt, o (1), 5 (1), uly (0] (w(t), w(t)dt > pr / fw(t) dt,
0 0

which holds along any optimal mean-field Pontryagin triple (wi (-), xy(-), vy (-)) (see
Proposition 6 below) for (Py), where Hy : [0, 7] x (R?*¢)N x U — R is the Hamiltonian
of the discrete problem. In this context, the operator Hess [e] stands for the restriction
to empirical measures of the intrinsic Wasserstein Hessian bilinear form (see, e.g., [25]),
whose construction is further detailed in section 2. In essence, this uniform coercivity
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estimate allows one to invert the optimality conditions stemming from the application
of the Pontryagin mazimum principle (PMP) to (Py), with a control on the Lipschitz
constant of such inverse. The main subtlety here lies in the fact that we need these
estimates to be uniform with respect to N, which would not be the case if we were
to apply verbatim the results of [33] to (Px). For these reasons, we work with an
adapted mean-field PMP—which is the discrete counterpart of the Wasserstein PMP
studied in [7, 8, 10, 11]—and express the coercivity condition in terms of Wasserstein
calculus.

From the combination of these two steps together with delicate projection argu-
ments, we can build an optimal feedback (¢, ) € [0,T] x R? — u} (¢, ) € U for (Py)
that is Lipschitz in 2 € R? uniformly with respect to N > 1. By standard compact-
ness arguments (see, e.g., [7, 40]), this allows us to obtain a result that is stronger
than Theorem 1, which is the second main contribution of this manuscript.

THEOREM 2 (convergence of optimal Lipschitz feedbacks towards solutions of
(P)). Let u° € 2. (R?) and (u%) C P.(RY) be a sequence of empirical measures
with uniformly compact supports such that Wi (u%, u) — 0 as N — +oo. Suppose
that hypotheses (H) of section 4 below are satisfied, and that the mean-field coerciv-
ity estimate (COy) described in section 5 holds along any optimal Pontryagin triple
(x5 (), (), ui () for (Pn) defined in the sense of Proposition 6.
Then, there exists a uniform constant Ly > 0 depending only on the data of (P
and a sequence of trajectory-control pairs (Wi (-),uy(+,-)) C Lip([0,T], Z.(R%)) x
L2([0,T), WLo°(R4,U)) such that the following holds:
(a) For any N > 1 the pair (ui(-),uwi(-,-)) is optimal for (Pn), i.e., ui(t) =
+ Zf\il Szr(y and ui (t, 2} (t)) = uj (t) for L -almost every t € [0,T].

(b) The maps x € R? — wui (t,x) € U are Ly-Lipschitz for £*-almost every
t €10,T] and any N > 1.

(c) For every p € (d,+00), the cluster points of the sequence (ui(-,-)) in the
weak L2([0, T), WP (Q, U))-topology are optimal controls for (P) and are Ly -
Lipschitz in space.

While they are more general than that of Theorem 1, the statements of Theorem
2 are less intrinsic by nature, as they rely on the mean-field coercivity estimate (CO )
which can only be formulated on the discrete approximations (Py). For this reason,
in Proposition 8 below, we show that the strong convexity assumption imposed on
() in Theorem 1 is in fact a sufficient condition for (COy). Hence, the statements
of Theorem 1—which present the advantage of involving quantities which are intrinsic
to (P)—can be recovered as a direct corollary of Theorem 2.

Remark 1 (comparison with related contributions in mean-field games). It was
recently brought to our attention that a result related to Theorems 1 and 2 above was
derived in [42]. In the latter, the authors show that the value function of a certain class
of first-order mean-field games is continuously differentiable with Lipschitz derivative
when the data are of class C® and the time horizon T > 0 is sufficiently small.
These two requirement are very close to our standing assumptions. Indeed, we posit
in hypotheses (H) below that all our data are C’fo’cl, and it is illustrated in section
6 that our uniform coercivity estimate (COp) can be interpreted as a quantitative
condition comparing the size of the time horizon T > 0 relative to other constants of
the problem, and in particular with the semiconvexity constant of the cost functionals.
The results of [42] have then been extended in [49] to broader classes of first-order
mean-field games systems, and improved in the very recent [41], in which it is shown
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that the value function is regular when the small time horizon condition is replaced by
the displacement convexity (see, e.g., [5, Chapter 9]) of the Lagrangian. Incidentally
for mean-field control problems, this scenario is also contained in our main result
Theorem 1. Indeed, if the running cost of the problem is displacement convex, the
final cost equal to zero, and the non-local dynamics reduced to a linear controlled
vector field, it can be shown that A(p)y = 0 and the controls are Lipschitz regular in
space whenever the control cost v (-) is strongly convex with constant A > 0.

We also stress that the proof strategies developed in [41, 42, 49] are fairly close to
the one that we independently propose here, as they rely on the application of inverse
function mappings to sequences of approximations by empirical measures, with a
quantitative control on the Lipschitz constant of the inverse.

The structure of this article is the following. In section 2, we recall several gen-
eral prerequisites on measure theory and optimal transport. In particular in section
2.3, we investigate in detail the interplay between Wasserstein derivatives of function-
als at empirical measures and classical derivatives of the discrete functionals which
arguments are the corresponding support points. In section 3, we review notions
pertaining to finite-dimensional optimal control problems, with a particular emphasis
on Lipschitz feedbacks. We proceed by exposing in section 4 concepts dealing with
continuity equations and mean-field optimal control problems, and move on to the
proofs of our main results Theorems 1 and 2 in section 5. More precisely, in section
5.1, we state the coercivity assumption (COpy) and use it to prove Theorem 2. We
then show in section 5.2 how the latter together with a standard convexity estimate
for C -regular functions on convex compact sets allows us to recover Theorem 1. We
conclude by providing in section 6 an analytical example in which our coercivity esti-
mate is both necessary and sufficient for the existence of Lipschitz-in-space mean-field
optimal controls.

2. Preliminaries. In this section, we introduce results and notations that we
will use throughout the article. Section 2.1 presents known results of analysis in
measure spaces and optimal transport, while section 2.2 deals with first- and second-
order differential calculus in Wasserstein spaces. We introduce in section 2.3 the
notion of mean-field approximating sequence, along with a discretized counterpart of
the Wasserstein calculus.

2.1. Analysis in measure spaces. In this section, we introduce some classical
notations and results of analysis in measure spaces and optimal transport. For these
topics, we refer the reader to [4] and [5, 55, 56], respectively.

We denote by (M (R R™),||-|7v) the Banach space of m-dimensional vector-
valued finite Radon measures defined on R? endowed with the total variation norm,
defined for any v € M(R% R™) by || v ||rv:= |v|(R?). Here, the total variation
measure |v| € M(R? R, ) associated with v is given on any Borel set B C R by

+0o +oo
|v|(B) = sup {Z |v(Bg)| s.t. By are disjoint Borel sets and U By, = B} ,
k=1 k=1

where |v(B)| is the norm of the element v(B) € R™. It is known by Riesz’s theorem
(see, e.g., [4, Theorem 1.54]) that M(R% R™) can be identified with the topological
dual of the Banach space (C§(R%, R™), ||-||co), which is the completion of the space
CY(R?, R™) of continuous and compactly supported functions. The latter is endowed
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with the duality product

(1) sy =3 [ antarama),

defined for any v € M(R? R™) and ¢ € CO(R?,R™). Given a positive Borel mea-
sure v € M(R? R, ) and an element p € [1,+00], the notations LP(Q,R™;v) and
WP (Q,R™;v) stand for the spaces of p-integrable and Sobolev functions, respec-
tively. In the case where v = #? is the standard d-dimensional Lebesgue measure
£?, we simply denote these spaces by LP(£,R™) and WP(Q, R™).

We use the notation Z(R?) C M(R? R,) for the space of Borel probability
measures, and given p > 1, we denote by Z2,(R?) the subset of Z(R?) of measures
having finite pth moment, i.e.,

2,(RY) = {u € Z2(RY) sit. /Rd |z|Pdp(z) < +oo}.

We define the support of v € M(R? R™) as the closed set
supp(v) := {z € R s.t. [v(N)| # 0 for any neighborhood A of z},

and denote by Z.(R%) the subset of probability measures with compact support.

DEFINITION 1 (absolute continuity and Radon-Nikodym derivative). Let ©Q C
R™ and U C R? be two Borel sets. Given a pair of measures (v,u) € M(Q,U) x
M(Q,R}), we say that v is absolutely continuous with respect to i, and write v < p,
provided that |v(B)| = 0 whenever u(B) = 0 for any Borel set B C Q. Moreover, it
holds that v < p if and only if there exists a Borel map v € L*(Q,U;p) such that
v = up. This map is referred to as the Radon—Nikodym derivative of v with respect

to p, and denoted by u := g—z.

We now recall the definitions of pushforward and transport plan for the Borel
probability measures.

DEFINITION 2 (pushforward of a measure through a Borel map). Given a measure
p e PRY) and a Borel map f : R* — R%, the pushforward fuu of u through f is the
Borel probability measure defined by fup(B) := u(f~1(B)) for any Borel set B C RY.

DEFINITION 3 (transport plans). Let u,v € Z(RY). We say that v € 2(R*) is
a transport plan between p and v, denoted by v € T'(u,v), if 71'?1#7 = and ﬂi’y =v,
where ™, 72 : R24 — R denote the projection on the first and second component,

respectively.

In what follows, we recall the definition and some of the main properties of the
so-called Wasserstein spaces (see, e.g., [5, Chapter 7] or [56, Chapter 6]).

DEFINITION 4 (Wasserstein spaces). Given p € [1,+00) and p,v € Z,(R?), the
Wasserstein distance of order p between p and v is defined by

Wy(u,v) = inf {(/de |z — ylpdv(%y))l/p s.t. vy € I(p, V)}~

The set of optimal transport plans realizing this optimal value is non-empty and
denoted by To(p1,v). The space (Z,(R?),W,) of probability measures with finite mo-
mentum of order p endowed with the W,-metric is called the Wasserstein space of
order p.
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PROPOSITION 1 (elementary properties of the Wasserstein spaces).  For any
p € [1,+00), the metric space (Z,(R%), W,,) is complete and separable, and the W,-
distance metrizes the weak-* topology induced by (4), i.e.,

*

Hn n:i_oo My
Wy(tts b)) —> 0 if and only if
oo [ laldn@) [ jaPauo).
Rd n—+00 Jpd

Given two elements p,v € P(R?Y), the Wasserstein distances are ordered, i.e.,
W, (1, v) < Wy, (u,v) whenever p1 < ps. Moreover when p,v € Z.(R%), the fol-
lowing Kantorovich—Rubinstein duality formula holds:

=su T —v)(x) s.t. Li ;R4 .
@ Wi = [ o= st L)) <1 |

where Lip(¢(+) ; Q) denotes the Lipschitz constant of ¢(-) over a subset  C R%,

We end this introductory paragraph by recalling the concept of disintegration for
vector-valued measures (see, e.g., [4, Theorem 2.28]).

THEOREM 3 (disintegration). Let Q3 C R™, Qs C R™2, and U C R? be Borel
sets. Let v € M(Qq x Qz,U) and ' : R™ x R™2 — R™ be the projection on the
first factor. Defining the measure y = 7r;1¢|1/| € M(Qq,Ry), there exists a p-almost
uniquely determined Borel family of measures {Vz}req, C M(Q2,U) such that

(6) | epaen- [ ( 5 e (s)) auta)

for any Borel map f € LY(Qy x Qa,|v|). This construction is referred to as the
disintegration of v onto p, and it is denoted by v = fﬂl v, du(z).

2.2. First- and second-order differential calculus over (Z2(R%), Ws).
In this section, we recall key concepts related to first- and second-order differential
calculus in the Wasserstein space (Z3(R%), Wy). We refer the reader to [5, Chapters
9-11] and [43] for an exhaustive treatment of the first-order theory, and borrow the
main notions dealing with Wasserstein Hessians from [25, section 3].

Throughout this section, we denote by ¢ : Z5(R?) — RU{+o00} an extended real-
valued functional with non-empty effective domain D(¢) = { € P5(R?) s.t. ¢(p) #
+00}. We will also denote by ¢ : Z.(R?) — R any functional such that Z,(R%) C
D(¢). In the following definition, we recall the notions of classical subdifferential and
superdifferential for functionals defined over (P3(R%), Wy).

DEFINITION 5 (Wasserstein subdifferential and superdifferentials). Let € D(¢).
We say that a map ¢ € L*(R,R%; 1) belongs to the classical subdifferential 9~ ¢(u)
of ¢(-) at p provided that

¢(v) — ¢(u) > sup (€(x),y — x)dy(z,y) + o(Wa(u,v))
V€T (p,v) JR2A

for all v € P5(R?Y). Similarly, we say that a map & € L*(RY,R%; 1) belongs to the
classical superdifferential 0" ¢(u) of ¢(+) at p if (=€) € I~ (—¢) ().
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Following [5, Chapter 8], we define the analytical tangent space Tan, P5(R?) at
we yg(Rd) by

M Tan,ou®Y) = VORED Y = {Vest fe or@n) .

In the next definition, we recall the notion of differentiable functional over P(R%).

DEFINITION 6 (differentiable functionals in (Z5(R%),Ws)). A functional ¢ :
P5(R?) + R is said to be differentiable at p € D(¢) if 0~ ¢(u) NOTp(n) # 0. In this
case, there exists a unique element V ,¢(u) € 0~ ¢(u) N+ () N'Tan, P2(R?), called
the Wasserstein gradient of ¢(+) at p, which satisfies

(8) (V) — o(p) = /de (Vo) (), y — x)dy(z, y) + o(Wa(p, v))

for any v € Po(R?) and v € Ty(u,v).

From the characterization (8) of the Wasserstein gradient V,¢(u), we can write
a chain rule along elements of Tan, %5(R?) (see, e.g., [5, Proposition 10.3.18] or the
recent improvement of [10, Proposition 3.6]).

PROPOSITION 2 (first-order chain rule).  Suppose that ¢(-) is differentiable at
w € D(¢). Then for any & € Tan,P2(R?), the map s € R — ¢((Id + s&)gp) is
differentiable at s = 0 with

O Leolw) = 014+ s gm0 = [ (T,000)(0). (o),

where Lep(p) denotes the Lie derivative of ¢(+) at p in the direction & € Tan, P5(RY).

In the following, we will also need a notion of second-order derivatives for func-
tionals defined over 925(R?).

DEFINITION 7 (Hessian bilinear form in (#y(R%), Ws)).  Suppose that ¢(-) is
differentiable at 1 € D(¢) and suppose that for any & € VO (R?), the map

Leg:ve Py(RY) = (Vup(v), ) 120 €R,

is also differentiable at . Then, the partial Wasserstein Hessian of ¢(-) at p is the
bilinear form defined by

(10) Hess ¢[1](€1,€2) := Le, (Le, d(1) — Lpe, e, d(11)
for any &, & € VCX(RY). Moreover, if there exists a constant C,, > 0 such that

Hess ¢[1] (€1, &2) < O [1all L2 €2l 22 ()
we denote again by Hess ¢[u](-,-) its extension to Tan, P2(R?) and say that ¢(-) is
twice differentiable at p.

In the following proposition, we recollect several statements from [25, section 3]
which yield an analytical expression of the Wasserstein Hessian. This also allows us
to write a second-order differentiation formula for functionals defined over &2,(R%).

PROPOSITION 3 (Wasserstein Hessian and second-order expansion).  Suppose
that ¢(-) is differentiable at ;1 € D(¢) in the sense of Definition 6, and that the maps

y R V,o(u)(y) eRY and v e Py(RY) = V,0(v)(z) € R?
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are continuously differentiable at x € R and p € D(¢), respectively. Then, ¢(-) is
twice differentiable in the sense of Definition 7, and its Wasserstein Hessian can be
written explicitly as

Hess [u] (1, §2) :/ (DaV,6(1) (@)1 (), &2(x) Ydp(x)
(11) e
+ [ DRo 6 (@), &) autranty)

for any &1,& € Tan, P5(RY). Here, D,V ,¢(n)(x) € R¥*4 s the Fréchet differen-
tial of V,¢(p)(-) at z € RY, while Di(ﬁ(u)(x, )t RY — R4 denotes the matriz-valued
map whose columns are the Wasserstein gradients of the components
((Vuo(p)(x))i)1<i<a in the sense of Definition 6. Moreover, the following identity,

(12) A Lo d((Id + 5&2) 4 1) js=0 = Hess ¢[1] (€1, &2) + Lpe, e, d(),

holds for any &;,& € VO (RY).

We finally introduce the notion of Cfocl - Wasserstein regularity, which will be used
throughout this article.

DEFINITION 8 (C.:}-Wasserstein regularity). A functional ¢(-) is said to be Cp! -
Wasserstein regular if it is twice differentiable over (P (K), Ws) for any compact set
K C RY, and satisfies
(13)

I60les0) = s 16001+ 1900wz
+ HDzv,qu(:u)(')HCO(K,Rdxd) + ||D[2L¢(M)(’ ')HCO(KXK’Rdxd)
+Lip (D2 V() (); P(K) x K) + Lip(DLo()(,); P(K) x K x K)

SCKa

where Ci > 0 is a constant which only depends K C R?,

2.3. Mean-field adapted structures and empirical measures. In this sec-
tion, we present several notions dealing with functionals defined over empirical mea-
sures in the spirit of [38], along with an adapted discrete version of the differential
structure described in section 2.2.

We denote by Zx(RY) := {+ Zfil 8z, St (21, .., 2n) € (RDN} the set of N-
empirical probability measures over R, For any N > 1, we denote by x = (x1,...,7y)
a given element of (RY)™ and by pu[z] := Zi\il 8z, € Pn(RY) its associated empir-
ical measure.

DEFINITION 9 (symmetric maps defined over (RY)N). A map ¢ : (R)N — R™ is
said to be symmetric if ¢ o o(-) = ¢(-) for any d-blockwise permutation o : (RH)N —
(RN,

In the following definition, we introduce the notion of mean-field approximating
sequence for continuous functionals defined over Z2.(R%).

DEFINITION 10 (mean-field approximating sequence). Given an integer n > 1
and a set @ C R", we define the mean-field approximating sequence of a functional
F € C%0Q x Z,(RY),R™) as the family of symmetric maps (Fy(-,-)) C C%(2 x
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(RHN R™), defined by
(14) Fy(z,2) = F(z, plz])

for any N > 1 and all (z,x) € Q x (RHN,

We henceforth endow the vector space (R?)™ with the rescaled inner product
(+,-)n defined by

2

(15) (z,y)n = % 1<$i7yi>

for any =,y € (RY)YN, where (-,-) is the standard Euclidean product of R%. We also
denote by |- |y = +/(-,-)n the corresponding norm over (R?)"  and observe that
(RHN (., -)n) is a Hilbert space.

In the following proposition, we show that the Wasserstein differential structure
described in section 2.2 for functionals defined over %, (RY) induces a natural differ-
ential structure on the Hilbert space ((R?)N, (-, -) ;). We will use the notation C} to
refer to functionals between finite-dimensional normed vector spaces which are twice
differentiable with locally Lipschitz derivatives up to the second order.

PROPOSITION 4 (mean-field derivatives of symmetric maps). Let ¢(-) be CIZO’Cl—

Wasserstein regular in the sense of Definition 8 above and (¢ (+)) € CO((RH)N) be
the mean-field approxzimating sequence of ¢(-).

Then, ¢y € C’fo’cl((Rd)N,R) for any N > 1, and the following Taylor expansion
formula,

(16)  ¢n(x +h) = ¢y(z) + (Grad ¢y (x), )y + 3Hess ¢y[z](h, h) + o(|h[}),

holds for any =, h € (RY)N. Here, we introduced the mean-field gradient Grad ¢ (+)
and mean-field Hessian bilinear form Hess ¢y [-| of ¢n(-), given, respectively, by

(17) Grad ¢y (z) == (V,o(u[z]) (7)) 1<i<n
and
1N
Hess ¢ y[z](h', h?) = N > DV ue(pl@])(@i)hf, h) N
(18) S
D (DEoula]) (@i, ;)b 2)

for any @, h',h* € (RYN. Defining the Cx'-norm of ¢y () over K C (RH)N with
respect to the differential structure of (RN, (-,-)n) as
(19)

Ién ez ) = ms (é(e) + |Grad gy (@) + max, [Hess éylal(h, 1))
+ Lip (Hess ¢y []; K),
it further holds for each compact set K C R? that
(20) lenOllezrgny < Nl0)llezrx),

where the C*'-Wasserstein norm ||¢(-)|lc21(x) of ¢(-) is defined as in (13).
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Proof. Take = := (z1,...,zny) € (RY)Y and h = (hy,...,hy) € (RY)N and

define € := § ming, 4, |#; — 2;|. Consider the map (y(-) given by

(vize Rl {<x,hi> if 2 € B(x;,2€) with i € {1,..., N},

otherwise,

and let € C°(R%) be a symmetric mollifier centered at the origin and supported on
B(0,€). We define the tangent vector {xy € VC°(R?) C Tan,,z Z2(RY) at p[z] by

(21) Ev xR V(i Cn)(x).
Remark that by construction, one has
(22) Env(zi)=hi and  Dygén(z;) =0,

so that in particular p[z + sh] = (Id 4+ s{n)xu[x] for any s € R sufficiently small.
Recall now that ¢(-) is differentiable at u[z] € Z2.(R?) by hypothesis. Hence by
Proposition 2, it holds

i | Sl + sh]

s—0 S

)= WW] = Leyoliule) = [ (9,00 @), n @) dnlel o).

Recalling the definition of approximating maps ¢ () given in (14), we further obtain

N

@) gyan) = i |V LS el o). )

s—0 S N y
=1

where we used (22) along with the fact that u[z] = % Ziil 0z, Tt is straightforward
to check that the directional derivative h — @y (x;h) of ¢y () defined in (23) is a
linear form and that it is continuous with respect to the rescaled Euclidean metric || .
Whence, the map ¢ (+) is Fréchet differentiable at = € (R%)" | and by Riesz’s theorem
(see, e.g., [12, Theorem 5.5]), its differential can be represented in the Hilbert space
(RHYN (-, -)§) by the mean-field gradient Grad ¢y (z) = (V,o(u[x])(7))1<i<n
defined in (17).

Consider now two elements h', h? € (R*)N and the corresponding tangent vectors
€4, €3 € VC(R?) built as in (21). Since ¢(-) is twice differentiable in the sense of
Definition 7, it holds by (12) in Proposition 3 that

(24)
L Id + s£2 x]) — L x
lim l e AL ) lo) = 26 S0 | s fufall (€ €3+ Epeyeq Hul).

Observe now that D& (x) = 0 for p[z]-almost every z € R? by (21), so that
Lpe ¢z d(plx]) = 0. Furthermore, by the definition of ¢y(-) along with that of

Grad ¢, (+), equation (24) can be equivalently rewritten as
(25)

lim

s—0

[(Grad dn(x+ sh2) -

Grad qu(a:),hl}N]
S

N 1 N
ZDW Di@ahi b2y + 57z D (Dpe(ula) (s z)hi, h3),
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where we used the analytical expression (11) of the Wasserstein Hessian. We ac-
cordingly introduce the mean-field Hessian bilinear form Hess ¢y [x](+, ) of ¢ (+) at
x € (RY)VN, defined as in (18). It is again possible to verify that Hess ¢ y[z](, ")
defines a continuous bilinear form with respect to the rescaled metric | - |y, so that
the map ¢ (+) is twice Fréchet differentiable over (R?)". The expansion formula (16)
can then be derived by developing ¢, (x + h) using the classical Taylor theorem in
(RHN along with (23) and (25).

We now prove the regularity bound of (20). Given K C R, we obtain from the
fact that (¢ (-)) is a mean-field approximating sequence for ¢(-) together with the
definition of Grad ¢ () displayed in (17), that

(26) ma [y (@)| = ma |o(ule])] < max [0(s)
and

Grad g ()| = LN Vol @)
(27) max [Grad ¢y (@)|y = max (5, IV, 0(ulal) () )

< Mem;(}é{) IVud () )l o x gay -

Analogously, using the definition of Hess ¢ 5 (-) given in (18), we can deduce

< .
max Hess gla](h,h) < max (D26 (1) ()lon s ooy

(28)
+ HD2¢(:U')(7 .)HCU(KXK)RdXd) )7

as well as the Lipschitz estimate

Lip(Hess ¢y[-]; K™)
< Lip(DyV,u9(-)(1); P(K) x K) + Lip(Dyo(-) (-, ) : Z(K) x K x K),
where we used the fact that Wa(u[z], uy]) < |x —y|x for z,y € (RY)N. By plugging

(26), (27), (28), and (29) into (19) and recalling the definition (13) of [|¢(-)([c2.1 (k).
we conclude that (20) holds. |

Remark 2 (matrix representation of the mean-field Hessian in (R%)"). By Riesz’s
theorem applied in the Hilbert space ((R)™), (-,-)x), the action of the Hessian bilin-
ear form Hess ¢y [x](-, ) can be represented as

(30) Hess ¢y [x](h',h%) = (Hess ¢ (z)h' h?)

for any x, h', h* € (RY)N, where Hess ¢y (x) € RW*IN is a matrix. In this case,
its components can be obtained via a simple identification in (18), and be written
explicitly as

(Hess ¢ (2))i,; = Dpo(ul]) (i, z)),
(Hess ¢ (2))i,i = NDV,o(u[2]) (2:) + Di o (p[2]) (2, 1)

for any pair of indices 4,5 € {1,..., N} such that i # j.
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3. Locally optimal Lipschitz feedback in optimal control. In this sec-
tion, we recall classical facts about finite-dimensional optimal control problems, and
describe in Theorem 4 a result proven in [33], which provides sufficient conditions
for the existence of locally optimal Lipschitz feedback in a neighborhood of an opti-
mal trajectory. Throughout this section, we will study the finite-dimensional optimal
control problem

T
min [ [ (10 + wta(e) e + ga(r)
0

u(-)eU

(Poc) _
a(t) = f(t,2(t)) + u(?),
s.t. 2(0) — 20

under the following assumptions.

HYPOTHESES (Hoc).
(i) The set of admissible controls is given by U = L>([0,T],U), where U C R?
is convex and compact.
(ii) The control cost u + (u) € R is C*1-regular and strictly convex over U.
(iii) The map (t,x) — f(t,z) € R? is Lipschitz with respect to t € [0,T] and
Cfo’c -regular with respect to x € RY. Moreover, there exists a constant M > 0
such that

[f(t,2)] < M(1+ |z])

for any (t,x) € [0,T] x RY.
(iv) Tl;(i TUnning cost (t,x) = U(t,x) EdR zs L?'pschitz with respect to t € [0,T] (m‘d
C’lzo’Cl -reqular with Tejpect to x € R®. Similarly, the final cost x — g(x) € R is
C\.. -reqular over R®.
It can be easily seen that one could choose integrable maps to express the sub-
linearity and Lipschitz regularity of f(-,-) instead of constants. As a direct conse-
quence of (H,), we have the following lemma.

LEMMA 1 (uniform compactness of admissible trajectories). Given x° € RY,
there evists a compact set K C R? such that each admissible curve x(-) for (Poe)
associated with a control u(-) € U satisfies z(-) € Lip([0,T], K).

Proof. This follows directly from an application of Grénwall’s lemma. a0

PROPOSITION 5 (existence of solutions for problem (P,.)). Let K C R? be a
compact set given as in Lemma 1 and suppose that Hypotheses (Ho.) hold. Then,
there exists an optimal trajectory-control pair (x*(-),u*(-)) € Lip([0,T], K) x U for
problem (Poc).

Proof. This result is standard under our working hypotheses and can be found,
e.g., in [27, Theorem 23.11]. d

We introduce the Hamiltonian function associated with (P,.), defined by
H : (t,z,p,u) € [0,T] x (RY)? = (p, f(t,2) +u) — (I(t, ) + ¢ (w)).

Let (z*(-),u*(:)) be an optimal trajectory-control pair for (P,.). By the PMP (see,
e.g., [27, Theorem 22.2]), there exists a curve p*(-) such that the couple (z*(-),p*(-))
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is a solution of the forward-backward Hamiltonian system

(0) =2,

(31) O, p" (O (1), p"(T) = —Vg(a™(T)).

Moreover, the Pontryagin mazimization condition,

(32) H(t,2*(t), p" (1), w"(t) = max H(t,2"(t),p*(¢), ),

holds along this extremal pair for #!-almost every t € [0,7]. Such a collection
of optimal state, costate, and control curves (z*(),p*(:),u*(+)) is called an optimal
Pontryagin triple for (Poc). Let it be noted that, since the endpoints of (P,.) are
free, there are no abnormal curves stemming from the maximum principle.

LEMMA 2 (compactness and regularity of the costate). Let K C R be a compact
set given by Lemma 1 and suppose that Hypotheses (Hoe) hold. Then, there exists a
compact set K' C R? such that p*(-) € Lip([0,T], K').

Proof. The backward Cauchy problem satisfied by p*(-) in (31) can be written
explicitly as

p*(t) = vxl<ta Z*(t)) - Dmf(ta x*(t))—rp*(t)

for #'-almost every t € [0,T]. Since (t,z) € [0,T] x K — |D,f(t,x)| € Ry
is uniformly bounded by (Ho)(iii), it follows from Grénwall’s lemma that p*(-) €
Lip([0,T],R9). Moreover, recall that + € K ~ |Vg(x)| € Ry is also uniformly
bounded as a consequence of (Hy.)(iv), thus upon invoking Gronwall’s lemma again,
there exists a compact set K’ C R? such that p*(-) € Lip([0, T], K"). O

From now on, we denote by K = [0,T] x K x K’ x U the uniform compact set
containing the admissible times, states, costates, and controls for (P,c), and L > 0
the Lipschitz constant over /C of the maps H(,-,,-), I(-,-), ¥(-), and g(-) and of their
derivatives with respect to the variables (x,u) up to the second order. Observe that
both quantities exist as a consequence of Lemmas 1 and 2 and Hypotheses (Hyc)-

DEFINITION 11 (coercivity estimate). We say that an optimal Pontryagin triple
(@* (), p*(-),u™(+)) for (Poc) satisfies the uniform coercivity estimate with constant
p > 0 if the following inequality holds:

T
<%ﬂf@M@MMW—A<%H@ﬁ®ﬁ@mWMWw®ﬂt
T
(33) —14 (V2 H(t, 2" (t). p* (1), u* (6))w(t), w())
T
ZPA ()

for any pair of maps (y(-),w(-)) € WH2([0,T],R%) x L%([0,T],R%) solution of the
linearized system

(34) §(t) = Daf(t, 2" ()y(t) + w(t),
y(0) =0 and u*(t) +w(t) € U for L -almost every t € [0,T].
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We are now ready to recall the main contribution of [33, Theorem 5.2], which
we will use in the proof of Theorem 2. Below, we use the notations Graph(z(-)) :=
{(t,z(t)) s.t. t € [0,T]} and B(x,r) C R? for the closed ball of center z € R™ and
radius r > 0 in R

THEOREM 4 (existence of locally optimal feedback for (Pyc)). Let (z*(-), p*(-),
u*(+)) € Lip([0,T], K) x Lip([0,T], K') x U be an optimal Pontryagin triple for prob-
lem (Poc). Suppose that (Hoo) hold and that (z*(-),p*(-),u*(-)) satisfies the uniform
coercivity estimate (33)—(34) with constant p > 0.

Then, there exist positive constants e,1 > 0, an open subset N' C [0,T] x R%, and
a locally optimal feedback (-, -) € Lip(N, R?) whose Lipschitz constant depends only
on L and p, such that the following hold:

(a) a(t,z*(t)) = u*(t) for all times t € [0,T].

(b) (Graph(z*(-)) + {0} x B(0,¢)) C N.

(c) For each (1,€) € N, the equation

(35) @(t) = f(t,2(t) +alt,z(t),  =(r) =¢,

has a unique solution Z (. ¢)(-) such that Graph(&(,; ¢ (-)) C N.
(d) The map ey :t € [1,T] = U(t, &(r¢)(t)) € U satisfies

T T
| Uit ®: g ()t + glae(T) < [ 1t alt),ule)de + g(a(r))

for any open-loop pair (u(-),x(-)) € U x Lip([r, T],R%) for (Po) such that
[u() = @) Ol oo (< 1-

The proof of Theorem 4 in [33] is based on a general strategy elaborated in [26],
in which several quantitative inverse function theorems are proven under hypotheses
akin to (33) for nonlinear optimal control problems. The key point of this approach
is to remark (see, e.g., [32]) that the first-order linearization of the PMP system
(31)—(32) corresponds to the PMP of the linearized problem

oin VO (3(A®Y (@), y(1) + 3(B)w(t), w(t))) dt + 5(C(T)y(T),y(T))

(Pge)

y(0) =0,

associated with (P,.), where

&t{ﬂﬂﬂﬁwmeM+w@,

U = {v € L*([0,T],U) s.t. u*(t) +v(t) € U for £*-almost every t € [O,T]}

and

{ A(t) = =VIH(t, 2" (t),p" (1), w" (1), B(t) = —=ViH(t 2" (t),p"(t),u" (1)),
C(T) = Vig(z™(T))

for all times ¢ € [0,7]. In this context, the coercivity estimate plays the role of a
strong positive-definiteness condition on the cost of (P?.) along optimal trajectories,
which allows us to invert the corresponding optimality system with a control on the
Lipschitz constant of the inverse. In the following, we will use the important fact that
Theorem 4 holds true in any finite-dimensional Hilbert space and, in particular, in

(RN, (- )w)-
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4. Non-local transport equations and mean-field optimal control. In
this section, we recall some results concerning continuity equations and mean-feld
optimal control problems. We recall in section 4.1 concepts pertaining to non-local
continuity equations, and detail in section 4.2 a powerful existence result of so-called
mean-field optimal controls for problem (P), which is borrowed from [38].

In the following, we focus on the optimal control problems in Wasserstein spaces
written in the general form

min [/ (L(t,u<t>>+ w<u<t,x>>du<t><x>) dt + ¢ (u(T))
0 R4

ueld

ot {&u(ﬂ + V- ((o(t, u(t), ) +ult,))u(t) =0,
| w(0) = .

Here, 1° € Z.(R%) is a fixed initial datum, and the minimization is taken over
the set of admissible controls U := L>([0,T], L*(R¢,U; u(t)), where (u(-),u(-)) is a
trajectory-control pair. We make the following working assumption on the data of
problem (P).

HypPOTHESES (H).
(i) The set of admissible control values U C R? is convexr and compact.
(ii) The control cost u — ¥(u) € R is C*1-regular and strictly convex over U.
(iii) The non-local velocity field (t,z, i) + v(t, u,r) € R? is Lipschitz with respect
tot € [0,T) and continuous in the | - | x Wa-topology with respect to (z,p) €
R? x Z.(RY). Besides, there exists M > 0 such that

folt, o) < M(1+ 2] + (fya lyldu(y)) )

for all times t € [0,T] and any (z, ) € R x Z.(R%). Moreover, there exist
lg,Lg > 0 such that

|U(tvuax)_v(thuvy)‘ < lK|$—y| and |v(t,,u,a:)—11(t, V,J?)‘ < LKWQ(MvV)

for any x,y € K and p,v € P(K), where K C R? is an arbitrary compact
set.

(iv) The map p v+ v(t, u, ) € R? is Cfo’i-Wasserstein reqular.

(v) The running cost (t,u) — L(t,p) € R is Lipschitz with respect to t € [0,T]
and Clzo’i—Wasserstein regular with respect to yu € P.(RY).

(vi) The final cost ju— () € R is Col-Wasserstein regular.

loc
Observe that by classical well-posedness results for non-local continuity equations
(see, e.g., [9, 52]) together with known existence results in the context mean-field
optimal control problems (see, e.g., [38]), it would be sufficient to have locally Lipschitz
dynamics and continuous cost functionals for solutions of (P) to exist.

4.1. Non-local transport equations in R%. Given a time horizon T' > 0,
we denote by A\ := %le[o,T] the renormalized Lebesgue measure on [0,7]. For any
p > 1, a curve of measures u(-) € C°([0,7], Z,(R?)) can be uniquely lifted to a
measure i € Z,([0,T] x R?) defined by disintegration as ji = f[o 7) w(t)dA(¢) in the
sense of Theorem 3. We shall say that u(-) € C°([0,T], Z,(R?)) solves a continuity
equation with initial condition p° € ﬁ‘p(Rd) driven by a Lebesgue—Borel velocity field
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w € LP([0,T] x R%, RY; i) provided that

(36) Op(t) + V- (w(t,-)u(t)) =0,
p(0) = p°.

This equation has to be understood in duality against smooth and compactly sup-

ported functions, namely,

(37) [ ] (0t + (9utt, w2 autoyar =0

for any ¢ € C°((0,7) x R9).

It has been well known since the works of Ambrosio in [2] (see also [5, Chapter
8]) that weak solutions of continuity equations can exist in this low regularity con-
text. However as already explained in the introduction above, such solutions are not
well tailored to the practical investigation of a mean-field control problem. Thus in
Theorem 5 below, we recall an existence result which was first derived in [52], and
that is concerned with classical well-posedness for non-local transport equations in
(Z.(R%), W) under stronger regularity assumptions.

THEOREM 5 (well-posedness of non-local transport equations). Letv : (¢, u,z) €
[0, 7] x Z.(R?) x R* — R? be a non-local velocity field satisfying hypotheses (H)-(iii).
Then for each pu° € P.(RY), there exists a unique solution u(-) € Lip([0,T], Z.(R?))
of (36) driven by w : (t,z) € [0,T] — v(t,u(t),z) € RL. Furthermore, there erist
constants Rp, Lt > 0 such that

supp(p(t)) € B(0,Rr)  and  Wi(u(t),u(s)) < Lr[t — s
for all times s,t € [0,T).

4.2. Existence of mean-field optimal controls for problem (P). In this
section, we show how problem (P) can be reformulated so as to encompass a suitable
sequence of approximating discrete problems (Py). We subsequently recall a power-
ful existence result derived in [38] for general multi-agent optimal control problems
formulated in Wasserstein spaces.

We start by fixing an integer N > 1, an initial datum xQ; € (R?)", and the associ-
ated empirical measure u, = p[x{] as in section 2.3. As exposed in the introduction,
we consider the family of discrete problems

T 1 N
min l/o (LN(t, 2(t) + + ;w(ui(t))>dt + on(z(T))

u(-)EUN

Pn) .
‘. {zz’(t) =on(t, 2(t), zi(t)) + ui(t),

with Uy = L>([0,T],U"), and where the mean-field approximating functionals are
defined by

(38)

on(t,@,z) = v(t,plx],x),  Ly(t,x):= Lt pz]), and  @y(x):=o(uz])
for any (¢t,z,7) € [0,T] x (RY)N x R%. Tt can be checked that as a consequence of

hypotheses (H), the problems (Py) satisfy hypotheses (H,.). We can thus deduce the
following lemma directly from Proposition 5.
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LEMMA 3 (existence of solutions for (Py)). Under hypotheses (H) for each N >
1, there exists an optimal trajectory-control pair (z’ (), u’ (-)) € Lip([0, T, (R?)V) x
Un solution of (Pn).

We proceed by recasting problem (P) into a framework which also encompasses
the sequence of problems (Py). Recall that, by Definition 1, a vector-valued measure
v e M([0,T] x R? U) is absolutely continuous with respect to fi if and only if there
exists a map u(-,-) € L'([0,T] x R% U; i) such that v = wu(-,-)ji. Moreover, the
absolute continuity of v with respect to & implies the existence of a A-almost unique
family of measures {v(t)}+c[o,7) such that v = f[o,T] v(t)dA(t) in the sense of Theorem
3. Whence, problem (P) can be relaxed as

T
min [ | (200 + ¥t nte)) )t + ()

vew
t {atw) £ (ot ). I®) + v(B) = 0,
| w(0) =

where we introduced the set % = M([0,T] x R4, U) of generalized measure controls,
and the map

(Pmeas)

do .
U(-|p): o€ MR, U) /]Rd v (du(af)> du(z)  ifo<p,

+ oo otherwise.

One can then associate with any optimal trajectory-control pair (z3(-), wi(-))
Lip([0, T], (RH)N) x Uy for (Py) a measure trajectory-control pair (v (), vy)
Llp([oa T]a c@N(IRd)) X %7 defined by

N N
. 1 . 1 X
B) 0= N vh /M (N > ui <t>6$;<t>> aA().

In the following theorem, we state a condensed version of the main result of [38],
which shows that this relaxation allows us to prove the I'-convergence of the discrete
problems (Py) towards (P).

THEOREM 6 (existence of mean-field optimal controls for (P)). Let u° € 2.(R%)
be given, (1) C Z.(R?) be a sequence of uniformly compactly supported empir-
ical measures associated with (£%,) C (RYHN such that Wi (pl,1°) — 0 as N —
+o00, and assume that hypotheses (H) hold. For any N > 1, let (i (-),uy(:)) €
Lip([0, T], RH)N)xUy be an optimal trajectory-control pair for (Px) and (i (+), V%) €
Lip([0, T], N (R9)) x % be the corresponding measure trajectory-control pair defined
as in (39).

Then, there exists a pair (u*(-),v*) € Lip([0, T], Z.(R?)) x % such that

S
S

max Wi (uy (), (t) — 0 and vy —~F U

tel0,T) N—+oo N—+o0

along a suitable subsequence. Moreover, the classical trajectory-control pair,

(5 (), 2()) € Lin([0,7], Zo(RY) x L=([0,T] x RL, U3 "),

is optimal for (P), where i* = f[o,T] wr(t)dA(t).
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Remark 3 (comparison between (H) and the assumptions of [38]). In [38], it is
assumed that U C R? is a subspace of R? in order to recover the I'-lim sup inequality
in the proof of their main result Theorem 3.2. This hypothesis could be relaxed up to
an additional projection argument by asking that U be convex and closed. Besides,
the requirements that t(-) is radial and superlinear at infinity are primarily used to
recover integral bounds on the controls, which automatically hold in our context since
we posit that the control set U is compact.

5. Proof of Theorems 1 and 2. In this section, we prove the two main results
of this article. We start by working with the discrete approximations (Py) of (P) in
order to prove Theorem 2. We then proceed to recover Theorem 1 as a corollary, by
formulating a sufficient condition under which (COy) below holds.

5.1. Mean-field coercivity estimate and proof of Theorem 2. In this
section, we start by proving Theorem 2. We suppose that hypotheses (H) of section
4 hold, along with the following additional mean-field coercivity assumption.

HYPOTHESIS (COy). There exists a constant pp > 0 such that for every mean-
field optimal Pontryagin triple (3 (-), N (), ul () for (Pn) defined in the sense of
Proposition 6 below, the following coercivity estimate holds:

Hessz o [@y (T)](y(T),y(T))

T
- / Hess, Hly [t, @y (1), i (1), uh (0] (y (), y(1))dt

T T
—/0 HessuHN[t,:v*N(t)ﬂ“‘fv(t)»U*N(t)](w(t),w(t))dtZpT/O [w(t)[Fdt,

along all the solutions (y(-),w(-)) € W2([0,T], RHN) x L2([0,T],UN) of the lin-
earized system

9i(t) = Dovn (8, @ (), 25 (0)wi (1) + 4 2501 Dy v (& (8), 27 (1)) () + wilt),
y;(0) =0 and uy(t) +w(t) e UYN  for L -almost every t € [0,T).

Our argument is split into three steps. In Step 1, we write a PMP adapted to the
mean-field structure of problem (Ppy). We proceed by building in Step 2 a sequence of
Lipschitz-in-space optimal control maps for the discrete problems (Py) by combining
Theorem 4 and (COy). We then show in Step 3 that this sequence of control maps
is compact in a suitable weak topology preserving its Lipschitz regularity in space,
and that its limit point coincides with the mean-field optimal control introduced in
Theorem 6.

Step 1: Solutions of (Pn) and mean-field PMP. In this first step, we characterize
and derive uniform estimates on the optimal pairs (¥ (-),ui(-)) for (Pn). Our
analysis is based on a reformulation of the PMP applied to (Py) as a Hamiltonian
flow with respect to the inner product (-, -)y.

PROPOSITION 6 (characterization of the solutions of (Pn)). Let (x§ (), ui () €
Lip([0, T], (RH)N)) x Uy be an optimal trajectory-control pair for (Py). Then, there
ezists a rescaled covector v (-) € Lip([0,T], (RY)N) such that (2% (-), 75 (-), ui(-))
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satisfies the mean-field PMP
(40)

@y (t) = Grad, Hy(t,zi(t), vy (), un(t), @x(0) =z},

7y (t) = —Gradg Hy (¢, 2} (1), iy (1), un (1), riy(T) = —Grads ¢y (2N (T)),

uy (t) € argmax Hy (¢, x5 (t), ry(t),v) for L -almost every t € [0,T],
veUN

where the mean-field Hamiltonian of the system is defined by
(41)  Hy(t@,7u) Nz( (riv o (b, 20) + ) = ¥(u:)) - Ly (t, )

for all (t,x,r,u) € [0,T] x (RHON x (RHN x UN. Purthermore, there exist uniform
constants Ry, Ly > 0 which are independent of N > 1, such that
(42)

Graph((@ (), 7y () € [0, T)x B, Rr)* and  Lip((@}(),73())5(0,7]) < L.

Proof. By hypothesis (H)(i), there exists a constant Ry > 0 such that U C
B(0,Ry). Together with the definition (38) of the approximating sequences and
(H)(iii), this implies

27 ()] < |27 +/ [un (s, (), 27 (s)) + u (t)|ds
(43) ’

t
<lafl+ [ M1+ i)+ A5 0])ds + RoT
0

for all times t € [0,7]. By summing over the indices i € {1,..., N} and applying
Gronwall’s lemma, there exists a constant Ar > 0 independent of N > 1 such that

< .
(44) tgfg%NZZ 1z (6] < Ar

Plugging (44) into (43) and applying Gréwall’s lemma yet another time, we recover
the existence of two constants R, L1 > 0 independent of N > 1 such that for every
index i € {1,..., N}, it holds that

(45) max |z} (t)] < Rh and Lip(x}(-);[0,T]) < Lk.
te[0,T]

)

As a consequence of the standard PMP applied to (Py) (see, for instance, [27,
Theorem 22.2]), there exists a family of costate curves

Pt e[0T (pi(8),..., PN (1) € RDY

such that
@i () = VpHn(t,z*(1),p (1), u (t), ;(0)=217,

(46) D; (t) = _VmHN(ta m*(t)?p* (t)7 u* (t))a p: (T) vwﬁDN( (T))a
ui(t) € argér[ljax [(pf(t),v) — %w(v)} ,
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for every (t,x,p,u) € [0,T] x (RN x (RN x UN. Introducing the rescaled curves
r¥(-) := Np}(-), one has

(47) @i (t) = NV, Hy(t, a*(t),7* (), u"(t)) = Grad,, Hy(t, z*(t), 7 (), u*(¢)),
(48)

P (t) = —NV, Hy(t, 2*(t), 7" (), u*(t)) = —Grad,, Hy (t, z* (), 7* (t), u* (t)),
(49) ¥ (T) = —NV,, (2" (T)) = —Grad,, ¢(a"(T)),

?

where we used the definition of the mean-field gradient Grad (e) given in Proposition
4. Moreover, in this setting, the maximization condition in (46) can be rewritten for
ZL*'-almost every t € [0,7T] as

u; (t) € argmax [(r7 (t), v) — ¥ (v)].

Merging this condition with (47), (48), and (49), we recover that (z*(-),r*(-), w*(-))
satisfies the mean-field PMP (40) associated with the mean-field Hamiltonian
Hy (o).

We now prove an estimate akin to (45) for the costate variable (r%;(-)). Observe
that, as a consequence of the uniform bounds of (45) and Proposition 4, it holds for
all times t € [0,7] and any 4,j € {1,..., N} that

IV L(t, pley ()]) (x5 (1))]
max ”V;LL(tvN)(')HcO(B(o_,RlT),Rd)

|Grad,, Ly (t,2"(t))|

<
neP(B(0,RL.))
and
IDavn (t, 2" (t), 27 ()| + [Dayon (8 27 (1), 27 (1))]
< ue@{%%{,l%;)) Dav(t, g, ) + Dot p, ')(')||CO(B(0,RIT)2,Rdxd) .
By invoking the C!-Wasserstein regularity assumptions (H)(iv), (v) and by Grénwall’s
lemma, we obtain
(50) mas [ (1) < O'(T +|Grade, oy (2 (T))])
telo,

foralli € {1,...,N}, where C’ > 0 is independent of N > 1. Again as a consequence
of Proposition 4, it holds

Grad,,; p(x (T))| = |V up(uley (T)]) (2 (T))]

uel@?éa(éiRlT)) ||VM‘P(“)<')”CO(B(QR%%W) ’

IN

which is uniformly bounded by hypothesis (H)(vi), so that

(51) max [rf(t)] < R7 and  Lip(r{();[0,7)) < L7
t€(0,7]
for all i € {1,..., N} and some uniform constants R, L% > 0. Thus, we have shown

that there exist two constants Rp, Ly > 0 independent of N > 1, such that

Graph (2" (), 7 (1)) € [0, 7] x BO, Rr)* and Lip((a"(),r*());[0,7]) < L.

This concludes the proof of Proposition 6. O
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We end the first step of our proof by a simple corollary in which we provide a
common Lipschitz constant for all the maps involved in (Py) that is uniform with
respect to N > 1.

COROLLARY 1. Let K := [0,T] x B(0, R)*N x UN, where Ry > 0 is defined as
in Proposition 6. Then, there exists a constant Li > 0 such that

t— Hy(t,z,r,u) and  t— Ly(t, x)

are bounded by Lx and Li-Lipschitz over [0, T| uniformly with respect to (x,r,u) €
B(0, Rr)*N x UN, and such that the Cy'-norms defined in the sense of (19) of the
maps

(x,u) = Hy(t,x,r,u), x=— Ly(t,z), u— %Zﬁﬂ/)(ui)v and x+— py(x),

are bounded by Lx over B(0, Rr)N x UN | uniformly with respect to (t,7) € [0,T] x
B(0, Rp)N.

Proof. This result follows directly from the the Lipschitz regularity (H)(iii) of the
velocity field and the 612oc1 -Wasserstein regularity hypotheses (H)(iv), (v), (vi), along
with the estimate (20) of Proposition 4. ad

Step 2: Construction of Lipschitz-in-space optimal controls for (Px). In this
second step, we associate with any optimal pair (x}(-),u’ (+)) for (Py) a mean-field
optimal control map u% € Lip([0,T] x R%, U)), which Lipschitz constant with respect
to the space variable is uniformly bounded with respect to IV > 1.

PROPOSITION 7 (existence of locally optimal uniformly Lipschitz feedback for
(Pn)). Assume that hypotheses (H) hold and let

(@n (), mn (), ui () € Lip([0, 7], B0, R)™) x Un

be an optimal Pontryagin triple for (Pn) in the sense of Proposition 6 along which
the mean-field coercivity estimate (COy) holds.

Then, for any N > 1, there exists a Lipschitz map u’(-,-) € Lip([0,T] x R%,U)
such that

un (t, zi(t)) = ul(t) and Lip(uy (¢, -) ;]Rd) <Ly

for all times t € [0,T], where Ly > 0 is independent of N > 1.

Proof. Recall first that by Corollary 1, the bounded-Lipschitz norms in ¢ € [0, 7]
and the C5'-norms in (x,u) € B(0, Ry)N x UN of the datum of (Py) are uniformly
bounded over K = [0,7] x B(0, R7)*Y x UY by a constant Lx > 0. As mentioned
in section 3, Theorem 4 can be applied in (R, (-,-)n) provided that (COy) is
indeed a strong positive-definiteness condition for the canonical linearized problem
associated with (Py). To verify this, consider (y(-), s(-),w(-)) € WL2([0, T], (R4)N) x
WL2([0, 7], (RYN) x L2(([0,T],UN) such that ui(t) + w(t) € UN for £ -almost
every t € [0,7] and ¢ € {1,..., N}. Then, it holds

on (i () + (), 27 (t) + i)
=on(t,xy(t), 2] (1) + Dovn (8 xy (1), 27 (t))yi()

44 3 Do (0 0)5(0) + ol (D)) + o(ly(0)]v)

(52)
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for all times ¢ € [0,7], where D, vn(t,2,2;) is the matrix whose rows are the
mean-field gradients with respect to x; of the components = vk (t,x, ;) for
ke {1,...,d} € R% Analogously, one also has'
(53)
Grad, Ha (@ (1) + y(t), i (t) + s(t), ui (1) + w(t))
= Grad, Hy (t, z (1), rv (1), uy (1))
+ Hess, Hy (t’ w*N(t)’ T?V (t)a U’*N (t>)y<t)
+ Hesspg Hy (¢, (), 7y (1), ui (1)) s(t) + o(|y(t)|v) + o(lw ()| n),
(54)
Grad,, Hy (t, @5 (£) + y(t), 13 (£) + s(8), wi () + w(t))
= Gradu HN (ta x}c\/(t)v r?\/’(t)a u’?\/ (t))
+ Hess,, Hy (¢, xy(t), ry (), un(t))w(t)
+ Hesspo Hy (t, 2 (1), 75 (1), up (2))s(t) + o(|s(t)|n) + o(|w(t)|n),

(55)
Grad, oy (2 (T)+y(T)) = Grads @z (T))+Hessz oy (2 (T))y(T)+o(|y(T)|n),

as a consequence of the chain rule of Proposition 4. Following [32], it can be checked
that the first-order linearization of the optimality system (40) obtain by combining
(52), (53), (54), and (55) is the PMP of

N[

T
min VO( (A (1), y(1)) N + 3(BH)w(t), w(t))n) dt

w(-)elly
(Pn) N
§i(t) = Dyon (t, &y (1), 27 (0)yi(t) + ;Dzjvzv(t, xy (), 27 ()y; (t),

yi(0) =0,

where the set of admissible controls is defined by

s.t.

Uy = {ve L>([0,T],UN) st. uj(t) + w(t) € UN for £ -almost every ¢ € [0,7T]}
and the matrices defining the cost functionals are written

A(t) = —Hessg Hy (¢, z (1), 7 (1), un (1)), C(T) = Hessz oy (xy(T)),
B(t) = —Hess, Hy (t, xx (t), 7N (1), uN

for all times ¢t € [0,7]. Thus, the coercivity estimate (COy) is indeed a strong
positive-definiteness condition for (P}, ) expressed in terms of the differential structure
of (RH)N, (-,-)n). Hence, by Theorem 4 applied to (Py), there exists a neighborhood
N C[0,T] x (RYN of Graph(z*(-)) and a locally optimal feedback

(56) iy : ([o,T] X B(O,RT)N) AN = UV,

IHere for convenience, we use the matrix representation (30) introduced in Remark 2 for mean-
field Hessians.
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such that @y (¢, *(t)) = wi (¢) for all times ¢ € [0,T] and
(57) }ﬁ’N(tvm)_ﬁ’N(svy)’N S‘C/U(|t_8|—|_|w_y|N)

for any (t,x), (s,y) € N, where L}, > 0 depends only on the structural constant Ly
introduced in Corollary 1 and on the coercivity constant pr exhibited in (COy). In
particular, £; is independent of N > 1.

For any ¢ € {1,..., N}, we can in turn associate with each agent trajectory x} ()
the projected control map

i : (tx) € Ny s @iy (t, &7 (1))
for any (t,z) € N;, where we introduced the notation

(58) o (t) := (21(t), - 2 (), 2, 204, (1), 2N (D)),
and where the agent-based neighborhoods N; C [0, T] x R? are defined by

N; = {(t,x) € [0,7] x RY s.t. &7 () € N}.

These sets are well-defined and non-empty, since the projection operations onto co-
ordinates are open mappings. Moreover, for any t € [0,7] and z,y € R? such that
(t, ), (t,y) € N;, it holds that

(59) _ _

i (t, 2) — i (t,y)| = |y (1,27 (1) — iy (¢, 2 (1))]

= VN | (t, &5 (1) — an (L, 82(0)] < VNLyI&E(H) — 22(0)|n

as a consequence of (57). Observe now that by (58), the quantity |z} (t) — &7 (t)|n
can be further estimated as

(60)  |&5(r) — &¥(t)|w = (}V »

Jj=

N\ 12
@), - @) = Jelv-al

for all ¢ € [0, T, since (&7 (t)); = (&} (t)); = (t) for any j # i. By merging (59) and
(60), we recover that the maps @;(-,-) defined in (56) are L£;-Lipschitz in space over
N; for any i € {1,...,N}.

To conclude the proof of Proposition 7, there remains to “patch together” the
locally optimal agent feedbacks @;(+,-) defined above. First, observe that since the
maps & — 4;(t,x) € U are Lipschitz for any ¢ € {1,..., N}, all the individual agent

trajectories are solution of the well-posed Cauchy—Lipschitz ODEs

7 (t) = on (8, zy (1), 77 (1)) + it 27 (1))

for Z*-almost every ¢ € [0,T]. Besides, if 2}(7) € N; for some time 7 € [0,T] with
j # i, then the fact that @;(-,-) is a locally optimal feedback necessarily implies that
wi(t) = a;(t,5(t)) for all times ¢ € [r,T] such that z%(t) € N;. Thus, no finite-time
collisions can occur between agents, so that the sets A; can be chosen to be disjoint

and the map

N
uy : (t,x) € U N = @;(t,x) € U whenever (t,z) € N,
i=1
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is well-defined. By using McShane’s extension theorem (see, e.g., [36, Theorem 3.1])
combined with a projection on the convex and compact set U C R%, one can define
a global optimal control map u} : [0, T] x R? — U such that u¥ (¢, 2} (t)) = u}(t) for
all t € [0,T] and

Lip(uj (t,-);RY) < Ly

for #1-almost every t € [0, 7], where the new Lipschitz constant is Ly := \/&Lﬁ’U d

Step 3: Existence of Lipschitz optimal controls for problem (P). In this third step,
we show that the sequence of optimal maps (u}y(+,-)) constructed in Proposition 7 is
compact in a suitable topology and that the limits along subsequences are optimal
solutions of problem (P).

LEMMA 4 (compactness of Lipschitz-in-space optimal maps). Let Ly > 0 be a
positive constant and Q C R? be a bounded set. Then, the set

U, = {u(', ) € L*([0,T], Wh>(Q,U)) s.t. tGSE%PT] [ () [lwo (,re) < ﬁU}

is compact in the weak L*([0,T], WP (Q,R?))-topology for any p € (1,+00).
Proof. See, e.g., [40, Theorem 2.5] for the proof. O
This allows us to derive the following convergence result on the sequence of con-
trols (u}(+,-)) built in Step 2.

COROLLARY 2 (convergence of Lipschitz optimal control). There exists a map
u*(-,-) € L2([0,T), WE* (R, U)) such that the sequence of Lipschitz optimal controls
(uy(-,-)) defined in Proposition 7 converges up to a subsequence towards u*(-,-) in
the weak L2([0, T, W1?(Q,R%))-topology for any p € (1, +00).

Proof. This result comes from a direct application of Lemma 4 to the sequence
of optimal maps built in Proposition 7 up to choosing Q := B(0, Rr) and redefining
,CU = max{LU, ,CU} 0

We now prove that the generalized optimal control v* € % for problem (Ppeas)
is induced by the Lipschitz-in-space optimal control v*(-, ) defined in Corollary 2. By
construction, it holds for any N > 1 that

1
V= — wy ()0, dA(t
N /[O,T} (Nz: (t) ,,(t)) (t)

N
1 * * * ~ %
- /[0 7] (N ZUN(tvxi (t))(sw;‘(t)) dA(t) = un (-, )ity
: i=1

where v}y € % denotes the generalized empirical control measure introduced in Theo-
rem 6. In the following proposition, we prove that the sequence (ui (-, )i} ) converges

*

weakly-* towards u*(-, ) *.

LEMMA 5 (convergence of generalized Lipschitz optimal controls). Let Ry > 0
be given by Proposition 6, Q := B(0,Rr) and (ui(-)) C Lip([0,T], 21(Q2)) be the

sequence of optimal measure curves associated with (Py). Let

(U‘?V(v )) c LQ([OaT]v Wl’oo(Qv U))
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be as in Proposition 7 and u*(-,-) be one of its cluster points in the weak
L2([0,T), WLP(Q,U))-topology for some p € (d,+00). Then, (Vi) == (ui (-, )ik)
converges towards v* = u*(-,-)ii* in the weak-* topology of M([0,T] x Q,U).
Proof. Recall first that the topological dual of the Banach space L?([0, T, WP (Q,U))

can be identified with L2([0, 7], W~1#'(Q,U)), where p' is the conjugate exponent of

p. Hence, the fact that uy(-,-) — u(-,-) in L2([0,T], WHP(Q,U)) as N — +oo can be
reformulated as

T

T

o) [ Oantowand = [ @0 mann
for any & € L2([0,T], W17 (Q, R?)), where (-, w1 (o,u) denotes the duality bracket
of WhP(Q,U).

Since we assumed that p € (d,+00), it holds by Morrey’s embedding (see, e.g.,
[12, Theorem 9.12]) that WP(Q,U) C C°(Q,U). By taking the topological dual
of this inclusion, we obtain that M(Q,U) € W~ (Q,U). This relation, combined
with (4) and (61), yields

/ [t anasow — / [ (601070, o0 0

for any curve o(-) € C°([0,T], M(£,R,)) and any ¢ € C([0,T] x ©,R?). Moreover,
for each N > 1 it holds that

(63
Rd E(t, ), u* (¢, x))dp™ (¢ dt—/ /Rd E(t, ), un (L, x))dpn () (x)dt
Rd §(t, @), ut (t,w) — u (¢, @))dpu () (2)dt
y (€(t, @), un (8, 2))d(p" (1) — piy (1)) (2)dt| -

The first term in the right-hand side of (63) vanishes as N — 400 as a consequence
of (62). By invoking the Kantorovich-Rubinstein duality formula (5) along with the
Ly-Lipschitz regularity of the maps x € R? +— u’(t,7) € U, we obtain the following
upper bound on the second term in the right-hand side of (63):

E(t, @), un (¢, 2))d(p” () — py (1)) (z)dt

Rd

< *
Cgtgg§]W1(UN( ), 1" (1)) N7 O

where C¢ := Ly max;e(o,7) ( 1€ (¢, ~)||C0(Q) + Lip(&(¢, ); Q)) Therefore, we recover the
convergence result

/OT /Rd@u,x),um,x»dum)( e / /R £(t,2), u (£, 2))dpe* (1) (),

for any ¢ € C1([0,7] x R%,RY). Since the measure curves u (-) are uniformly com-
pactly supported in @ C R?, one can show that (64) holds for any & € C%([0,T] x
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R? R%) by a classical approximation argument (see, e.g., [38]). This precisely amounts
to saying that v, —* u*(-,-)i* as N — 400 along the same subsequence. 0

By uniqueness of the weak-* limit in M ([0, T] x R, U), we obtain by combining
Lemma 5 with Theorem 6 that the optimal solution v* € % of (Ppeas) is induced
by u*(-,-). Whence the pair (p*(-),u*(-,-)) is a classical optimal pair for (P), which
concludes the proof of Theorem 2.

5.2. A sufficient condition for coercivity and proof of Theorem 1. In this
section, we prove a simple and general sufficient condition for the coercivity estimate
(COp) to hold, and use it to deduce Theorem 1 from Theorem 2.

PROPOSITION 8 (a sufficient condition for mean-field coercivity).  Let u° €
P.(RY) and suppose that hypotheses (H) hold. Then, there exists a constant Aipy >0

such that, if the control cost ¢ : U — R is strongly convex with constant Ay > \(p),
then the coercivity (COy) holds along any optimal mean-field Pontryagin triple

@N (), ra (), un ()

with pr = Ay —A(py. Moreover, the constant \(py is intrinsic to (P), in the sense that

it only depends on the CZ .-Wasserstein norms of the dynamics and cost functionals.

The main ingredient involved in this result is contained in the following technical
lemma, whose proof is provided for the sake of completeness.

LEMMA 6 (C%,—functions are A-convex on products of convex compact sets). Let
K C R? be a conver compact set and ¢ : Z.(R?) — R be Clzo’i-Wasserstein reqular
with discrete approzimating sequence (¢ (-)), then

Hess ¢ [x](h, h)

2 2
Z _Men:lé}(};{) (HDJL’V,U«¢(ILL)()”CU(K,R”X") + HD/J,(ZS(/'L)(’ .)HCO(KXK,RdXd) ) |h|N

for any ¢, h € KV,

Proof. Let x,y € K~ and t € [0,1]. As a consequence of Proposition 4, one can
write the following integral Taylor formulas for ¢ (-):

dn((1—t)z +ty) = Py (x) + / (Grad ¢y (z + st(y — ), t(y — x)) nds,
(65) 0

1
bx(w) = éx(e)+ [ (Grad gy(o+ sy =)y~ )nds
Combining the two equations of (65), it then holds that

on((1 =tz +ty) — (1 - )y () — tdy(y)

:/0 (Grad ¢y (x + st(y — x)), t(y — x)) yds

— /0 (Grad ¢y (z + s(y — x)),t(y — x)) yds

i)
- 2

Lip(Grad ¢ (); K™y — =%,
where we used the fact that both (x + st(y — )) and (z + s(y — =)) belong to K,

since this set is convex. Therefore, we have shown that the map ¢y (-) is A-convex
over KV with A = —Lip(Grad ¢ (-); KV).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/08/21 to 147.162.110.99. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

LIPSCHITZ REGULARITY OF MEAN-FIELD OPTIMAL CONTROL 2039

Choosing in particular y = x + sh with s € (0, 1) small, the A-convexity (66) of
¢ (+) can be expressed as

(67) (-t sth) < (@t sh)— by (@) + 2" DLip(Grad gy ()5 .

By applying the chain rule (16) to (67), we obtain

(st)*Hess ¢ [x](h, h)
< s’tHess ¢ y[z]|(h, h) + s°t(1 — t)Lip(Grad ¢ (-); KV) |h|% + o((st)?) + o(s*t),

so that dividing by s?t > 0 and letting s,¢ — 0%, we finally recover that

Hess ¢ [z](h,h) > —Lip(Grad ¢ (-); KV) |h[%

for any z,h € K~. One can finally check that, as a consequence of (17), it holds

Lip(Grad ¢ (-); K™)|
< H h,h
—mlg%uﬂl?ﬁl' ess ¢y [x](h, h)|

< max (ID2V,000) O)lon e oy + D000 oo eona )

which concludes the proof of our claim, since p[z] € Z(K) for any x € K. 0

Proof of Proposition 8. As a consequence of hypotheses (H) together with Propo-
sition 4, the partial Hamiltonian (z,u) € B(0,Rr)Y x UN — Hy(t,z,r,u) and
the final cost * € (RN — py(x) are sz\;l—regular uniformly with respect to

(t,r) € [0,T] x B(0, Ry)N with constants £ > 0 that only depend on the C2!

loc™

Wasserstein norms of the dynamics and cost functionals, where Ry > 0 is given by
Proposition 6.

By repeating the Gronwall estimates made on the costate variables in the proof

of Proposition 6, one can check that the solutions y(-) of the mean-field linearized

system described in (COy) are contained in a product of compact sets KV C (R%)V.

Moreover, they also satisfy the estimate
T T
wa{ B, [ O Rar} <cr [ B
0 0

for a given uniform constant Cp > 0. Merging these facts together along with the
statement of Lemma 6, there exists an intrinsic constant A¢py > 0 independent of
N > 1 such that
(68)

Hessz o[y (T)](y(T),y(T))

T T
—/O Hessg Hy[t, 2 (1), (1), ui ()](y (1), y(t))dt > —A(m/o w(t)dt,

along any linearizing pair (y(-),w(-)). Observe now that if ¢(-) is Ay-strongly convex,
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it also holds that

T
_ /O Hessy Hay[t, @ (1), 73 (£), wl ()] (w(?), w(t))dt

(69) -/ ' (% SV ) i) )at

i=1
T
> [ ol
0

for any map w(-) € L%([0,7],U"Y). Combining (68) and (69), we obtain the uniform
coercivity-type estimate

Hess, o [y (T)|(y(T), y(T))

T

- / Hess, Hy [t, 2 (1), 7y (£), wiy (0] (y (1), y(1))dt
T

7/0 Hess, Hy[t, x5 (1), 73 (1), uy (O)](w(t), w(t))dt

T
> (A — A)) / o (t)[3,dt.

Therefore, up to choosing a control cost with strong convexity constant Ay, > A(p),
the coercivity estimate (COy) holds along any optimal mean-field Pontryagin triple
with pr = )\w - )\(7)) ]

We can now use this intermediate result together with Theorem 2 to prove The-
orem 1.

Proof of Theorem 1. By Theorem 6 and under hypotheses (H), one can associate
with any sequence of uniformly compactly supported measures (u%;) C Z.(R%) such
that Wy (u%, u°) — 0 as N — +o0 a sequence of generalized trajectory-control pairs
(wi (1), v%) € Lip([0,T], 21 (R%)) x % which converges to an optimal pair for (P).

Moreover, we assumed that v(-) is strongly convex with Ay, > A(py, where A(py > 0
is the intrinsic constant introduced in Proposition 8. Thus, the coercivity estimate
(COp) holds along any optimal mean-field Pontryagin triple for (Py). Thus, by
Theorem 2 there exist a constant Ly > 0 together with a mean-field optimal control
u*(+,-) for (P) such that x € R? — u*(t,x) € U is Ly-Lipschitz for #!-almost every
t e 0,77 O

6. Sharpness of the coercivity estimate (COy). In this section, we develop
an example in which the mean-field coercivity condition (COy) is both necessary and
sufficient for the Lipschitz-in-space regularity of optimal controls. With this goal in
mind, we consider the mean-field optimal control problem

T
i, [; | [ taPanoear =3 [ 1o - g auna)

B {atu@) + V- (u(t,-)u(t) =0,
. 1(0) = %1[—1,1]$1~

PV

In (PV), one aims at maximizing the variance at time 7' > 0 of a measure curve (-
starting from the normalized indicator function of [—1, 1], while penalizing the running
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L?(u(t))-norm of the control. Here, the set of admissible control values is U = [-C, C|
for a positive constant C' > 0, and the parameter A > 0 is the relative weight between
the final cost and the control penalization. It can be verified straightforwardly that
this problem satisfies hypotheses (H) of section 4.

Given a sequence of empirical measures (u%) = (ulzn]) € Pn([-1,1]) con-
verging in the Wj-metric towards u, we can define the family (PY) of discretized
multi-agent problems associated with (PV) as

wC)etin [ZN Z/ t)dt — 72 i (T (TP
N {xi(t) = wi(t),
S.t.

z;(0) = x??
where Z(-) = + Zf\il z;(-) and Uy = L>=([0,T],UN). As a consequence of Proposi-
tion 5, there exists for any N > 1 an optimal trajectory-control pair (x} (), ui(-)) €

Lip([0, T, (R%)™) x Uy solution of (P);). The mean-field Hamiltonian associated with
(PX) is given by

N
1
(70)  Hy: (t2,m,u) € [0.7) x (RN x [-C.C)Y = = 3 (<m,ui> - %|ui|2).
i=1
By the mean-field PMP of Proposition 6, there exists a covector 7%(-) € Lip([0, T], R™)

such that

7 (t) = —Grad,, Hy (t, 2k (), 7 (), ui(t)) =
r’(T) = Grad,, Vary(xy(T)) =2 (T) — z* (T)a

ui (t) € argmax [rf (t)o — 30°]
v

Therefore, the optimal covector r%(-) is constant and uniquely determined via

for any ¢ € {1,...,N}. As a consequence of the maximization condition one can
express the components of the optimal control uw},(-) explicitly as

(71) i (1) = o () = gy (B 21D

! A A
for all i € {1,..., N}, where ny : R — U is the standard projection onto the closed
convex set U := [—C, C] C R. Tt follows directly from this expression that

N P
(0= 30 = 1 Yo meq (EED)

for all times ¢t € [0,7]. In the following lemma, we derive a simple and explicit
necessary and sufficient condition such that (COy) holds for (PV).

LEMMA 7 (charaterization of the coercivity condition for (PV)). The mean-field
coercivity condition (COy) holds for (PV) if and only if X\ > T. In this case, the
optimal coercivity constant is given by pp = A —T.
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Proof. We first compute the Hessians involved in the coercivity estimate. For any
x,y,u, w € RV, one has

Hess, Vary[z](y,y) = [y|5—|9|*> < |y|% and Hess, Hy[t,z,r, u)(w,w) = \Nw|%.

Let (y(-),w(:)) € WE2([0,T],RY)x € L([0,T],U") be the solution of the linearized
Cauchy problem along a given optimal pair (% (+),w’ () for (P);), which is written

(72) y(t) =w(t),  y(0)=0,

with u%, (t) +w(t) € UN. By Cauchy-Schwarz’s inequality, one can estimate |y(T)|%
as

9 T
@ = [ wiae | <7 [
which allows us to recover

— Hess,, Vary [z (T)|(y(T), y(T))

T
- /0 Hess, Hp[t, x5 (1), ry (1), uy (B)](w(t), w(t))dt

T
>0 [ (o)t

Thus, the mean-field coercivity condition (COp) holds whenever A > T'.

Conversely, let us choose a constant admissible control perturbation w.(:) := w.
such that w. = 0. Tt is always possible to make such a choice, since by (71), there
exist at least two indices i, j € {1,..., N} such that sign(u;(t)) = —sign(uj(t)) for all
times ¢ € [0, 7). It is then sufficient to choose w,. € [~C,C]" such that

(we)i = —sign(ug)e,  (we); = —(we)i,
(we)k=0 ifke{l,...,N} and k # 1,7,

where € > 0 is a small parameter. As a consequence of (72), the corresponding state
perturbation y.(+) is such that g.(-) = 0. Moreover, it also holds that

T
(T = T?w.% = T / w3t

Therefore, we have shown that this particular linearized trajectory-control pair is such
that

— Hess Vary [z (T)](y.(T), y.(T))
T T
— | Fess. Hylt. (0. (0). k(0] o (0) we0)dt = =T [ (o)

so that pr = A — T is the sharp mean-field coercivity constant of (P), and (COy)
holds if and only if A > T |

Remark 4 (connection with the sufficient coercivity conditions). In Lemma 7,
we have proven that the sharpest constant depending for (P") which may serve as

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/08/21 to 147.162.110.99. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

LIPSCHITZ REGULARITY OF MEAN-FIELD OPTIMAL CONTROL 2043

a sufficient lower bound for coercivity via Proposition 8 is given by Apvy = T.
Performing the same computations in the context of a final variance minimization,
our sharp constant would be given by A(pv) := 0, so that (COy) would hold for every
A> 0.

We can now use this characterization of the coercivity condition to show that it is
itself equivalent to the uniform Lipschitz regularity in space of the optimal controls.
For the sake of computational tractability, we will assume that the initial condition
z' = (29,...,2%) is symmetric with respect to the origin and that *(-) = 0.

PROPOSITION 9 (coercivity and regularity for (PY)). The following assertions
are equivalent:
(a) The mean-field coercivity condition A > T holds.
(b) For any sequence of symmetrically distributed empirical measures (u%;) C
Pn(—1,1]) converging narrowly towards p° = %]1[,1,1].,2”1 with associated
discrete optimal pairs (x5 (-), wi (), it holds that

* —ut im’f‘ —z*
i (&) =5 (B)] < ol (8) — 25 (2)]

for all t € [0,T], where pr := X\ —T is the sharp coercivity constant of (PV).

Proof. First, suppose that (a) does not hold, i.e., A < T. Since the optimal
controls are constant over [0, 7] as a consequence of (71) and we assumed that Z(7') =
0, the total cost of (PX) can be rewritten as

N
1 2 0, 0 2)
E(uy,...,uy) = 5N ; (T()\ T)u; — 2Tz u; — ||
for any N-tuple w = (ug,...,uy) € [~C,C]. Since A < T, the minimum of ¢ is
achieved by taking u} = sign(z?)C for all i € {1,..., N}. This further implies

0 if sign(z;) = sign(x;),
2C otherwise,

(1) — 3 (1) ={

so that for any pair of indices such that sign(z) = —sign(z9), it holds that

2C

(73) i (t) —uj(t)] = [0 — ] + 201

|z (8) — 25 (1))
The fact that uy —* u® = %1[,1’1}92”1 as N — +4oo implies that for all € > 0, there
exists N > 1 such that for any N > N, there exists at least one pair of indices
i,j € {1,..., N} such that sign(z}) = —sign(z}) and [z{ — 23| < e. Thus, it follows
from (73) that (b) fails to hold for some pairs of indices, at least for small times.
Suppose now that (a) is true, i.e., A > T, and denote by pr := A — T the
corresponding sharp coercivity constant. Let Iy, Jy C {1,...,N} be the sets of
indices defined, respectively, by

Iy ={i€{l,...,N}st. 20| < prC}, Iy ={1,...,N}\Iy.

For N > 1 sufficiently large, I is necessarily non-empty since pr > 0 and (u%)
narrowly converges towards p¥. Then for any i € Iy, one has that

|2} (T)| < |29] + CT < (pr + T)C = AC,
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and for any such indices, the optimal controls are given by u; = +z}(T). In which
case, one has

iy x;(t)
(7Y = Y d *(4) = Li
xl( ) 1_T/)\ an uz() pT+t’
so that
* * 1 *
(74) lu; () —uj ()] < ijLtlﬂcz(t)—%‘](t)l

for any pair of indices 4,5 € In. It can be checked reciprocally that u} = sign(z9)C
for any ¢ € Jy, which furthermore yields by (73) that

0 if sign(z;) = sign(z;),
(75) Jui () = wj ()] < § |af(8) — 5 (2)] :
E— otherwise.
pr +t
Indeed, in this case |z§ — 29| > 2prC whenever i,j € Jy and sign(z;) = —sign(z;).
Suppose now that we are given a pair of indices 4,5 € {1,..., N} such that i € Iy
and j € Jy. If sign(z)) = sign(z9), it holds that
(76)
(1) — u ()] = ut(t) — ui(t) =
i (t) — i ()] = uj(t) — uj (t) = sign(a})C "o ti
z;(OC @) _ 2i(t) —ai®) _ 2it) - 25(0)]
lx}f(t)l S+t pr pr ’
since |@%(t)| > prC by definition of Jy. Symmetrically if sign(z)) = —sign(z9), one
can easily show that
* * 1 * *
(77) |ug (t) = uj ()] < —[z7 () — 25(0)|-

pr
By merging (74), (75), (76), (77), we conclude that (b) holds whenever A > T. |

In Proposition 9, we have proven that the mean-field coercivity estimate is both
necessary and sufficient for the existence of a uniform Lipschitz constant for the se-
quence of finite-dimensional optimal controls with symmetric initial data. Since we
assumed that (u%) C Pn([—1,1]) and p8 —* p® == $1_1 1)-Z", the fact that the ini-
tial distribution is symmetric about the origin holds up to a small error as N — +oo.
Observing in addition that for any u% € 2(|—1,1]) the discrete optimal trajectory-
control pairs (% (+), u% (-)) € Lip([0, T],RY) x Uy are uniquely determined, we con-
clude that the mean-field coercivity condition (COy) is necessary and sufficient in
the limit for the existence of a Lipschitz-in-space optimal control for (PV).
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