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Abstract

In this paper we consider a measure-theoretical formulation of the training of NeurODEs
in the form of a mean-field optimal control with L2?-regularization of the control. We de-
rive first order optimality conditions for the NeurODE training problem in the form of a
mean-field maximum principle, and show that it admits a unique control solution, which is
Lipschitz continuous in time. As a consequence of this uniqueness property, the mean-field
maximum principle also provides a strong quantitative generalization error for finite sample
approximations. Our derivation of the mean-field maximum principle is much simpler than
the ones currently available in the literature for mean-field optimal control problems, and is
based on a generalized Lagrange multiplier theorem on convex sets of spaces of measures.

The latter is also new, and can be considered as a result of independent interest.

Keywords: NeurODEs, Mean-Field Optimal Control, Mean-Field Maximum Principle, Lagrange Mul-

tiplier Theorem
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1 Introduction

1.1 Deep learning

Deep learning is an established approach, which performs state-of-the-art on various relevant
real-life applications such as speech [43] and image [44,47] recognition, language translation [67],
and also serves as a novel method for scientific computing [13,33]. In unsupervised machine
learning, deep neural networks have shown great success as well, for instance in image and
speech generation [67,58], and in reinforcement learning for solving control problems, such as
mastering Atari games [56] or beating human champions in playing Go [64]. Deep learning is
about realizing complex tasks as the ones mentioned above, by means of highly parametrized
functions, called deep artificial neural networks A/ : R% — R?_ A classical architecture is the

one of feed-forward artificial neural networks of the type
N(z) = pWL pWi_y...o)W '@ +m)...) +71), (1.1)

where the function p is a scalar activation function acting component-wisely on vectors, the ma-
trices W, € R%-1%4 represent collections of weights, and the vectors 7, € R% are shifts /biases
for each layer £ = 1,..., L. Below, we shall denote by F(X) = p(W "X + 7) a generic layer
of the network. In practical applications, the number L > 1 of layers — determining the depth
of the network — and the dimensions dy_1 X dy of the weight matrices W, are typically deter-
mined by means of heuristic considerations, whereas the weight matrices and the shifts are free
parameters which are learned from the training data.

Practical evidences towards certified benchmarks confirm that deep-learning algorithms are
able to outperform many previously existing methods. Also, recent mathematical investigations
[T3,28-30,33, 40, 54, 55,59, 63] have proven that deep artificial networks can approximate high

dimensional functions without incurring in the curse of dimensionality, i.e. without needing
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Figure 1: The layer update reads: X"t = X" 4+ F(X"), see [d4].

a number of parameters (here the weights and shifts of the network) that is exponential with
respect to the input dimension in order to approximate high-dimensional functions.

While the approximation properties — also called the expressivity — of neural networks are
becoming more and more understood and transparent [A1], the training phase itself, based
on suitable optimization processes, remains a (black-)box with some levels of opacity. Recent
results are shedding light on this important phase of the employment of neural networks, at least

in some simple cases, e.g., of linear neural networks or shallow neural networks, 7,8, 10,53, 71).

1.2 Training of deep nets and residual blocks

The method that is most frequently used to train deep neural networks is the so-called back-
propagation of error [49,62,68], which is justified by its tremendous empirical success. All the
practical advances recalled above are due to the efficacy of this method. The term backprop-
agation usually refers to employing stochastic gradient descent or some of its variants [B5] to
minimize a given loss function (e.g., mean-squared distance, Kullback-Leibler divergence, or
Wasserstein distances) over the parameters of the network (weights and biases)®, usually mea-
suring the misfit of input-output information over a finite number of labeled training samples.
On the one hand, the practical efficiency of deep learning is currently ensured in the so-called
overparametrized regime by fitting a large amount of data with a larger amount of parameters.
On the other hand, solving learning problems with very large numbers of layers gets increasingly
harder with the total depth of the network, as the resulting non-convex optimization problems
become very high-dimensional.

In the groundbreaking work [44], He et al. showed that the training error of the 56-layer CNN
network remains worse than the one of a 20-layer network for the same problem, highlighting
an issue which could be blamed either on the optimization function, on initialization of the
network, or on the vanishing/exploding gradient phenomenon. The problem of training very
deep networks has been alleviated with the introduction of a new neural network layer: the
“Residual Block”, see Figure M. According to the analysis conveyed in [45], the use of identity

mappings as skip connections and after-addition activations
X" = X" 4 F(X™) (1.2)

turns out to be beneficial to promote the smoothness of the information propagation. Therein,

n fact, “backpropagation” refers more precisely to a recursive way of applying the chain rule needed to
compute the gradient of the loss with respect to weights, but it is often used also to describe any algorithmic

optimization which uses such gradients. In many cases, these derivatives are computed using symbolic calculus.



the authors present several 1000-layer deep networks that can be easily trained and achieve
improved accuracy. The use of such skip connections with identity mappings presupposes a

rectangular shape of the network for which the depths dyi1 = dy of the layers are all identical.

1.3 NeurODEs and stochastic optimal control

While the arguments in [25] which support the use of residual blocks are based on empirical
considerations, a recent line of research has been devoted to a more mathematical (and perhaps
more rigorous) formulation of deep neural networks with residual blocks in terms of dynamical
systems. In this context, the training of the network can be interpreted as a large optimal control
problem, an insight that was proposed independently by Weinan E [31] and Haber-Ruthotto
[@2]. Later on, this dynamical approach has been greatly popularized in the machine learning
community under the name of NeurODE by Chen et al. [27], see also [62]. The formulation
starts by re-interpreting the iteration (I2) as a discrete-time Euler approximation [d] of the
following dynamical system

Xy = F(t, X1, 6), (1.3)

with initial condition Xy € R?. Here, the map F : RT x R? x R™ — R? represents the feed-
forwarding dynamics, the parameter 6; € R™ is a general control variable, which encodes the

weights and shifts of the network, i.e. 6; := (W, 7¢). A prototypical example is given by
F(t, X, 0t) = p(We Xy + 7)), (1.4)

for instance with an activation function p(-) := tanh(-) acting componentwisely on its entries.
In [37,82], the authors proposed a stochastic control formulation of the training of this non-
linear process, with a detailed analysis of the related optimality conditions. Therein, both the
the Hamilton-Jacobi-Bellman equations [24] — based on the well-known dynamic programming
principle — and the Pontryagin Maximum Principle [61] were studied in great generality. From
another perspective, several recent works [, 2, 66] in geometric control theory have aimed at
explaining the efficiency of NeurODE in approximating large classes of mappings in terms of
controllability properties of such systems in the group of diffeomorphisms.

In this paper, we focus on a particular instance of the more general approach by Weinan
E et al. [32], which allows us to derive more specific properties of the control problem, such
as the uniqueness and smoothness of solutions to the Pontryagin Maximum Principle, and a
strong form of the generalization error estimates. Most importantly, our approach encompasses
the prototypical model () as a possible application. Consider two random variables Xy and
Yy which are jointly distributed according to a law pg(x,y), and let us fix the depth 7' > 0 of
the time-continuous neural network (I3). Training this network then amounts to learning the
control signals (6y)o<¢<7 in such a way that the terminal output X of (I=3) is close to Yy, with
respect to some distortion measure £(-,-) € C2. A typical choice is £(z,y) =: |z — y|?, which is
often called the squared loss function in the machine learning literature. The stochastic optimal

control problem can hence be posed as

T
inf J@)= inf E, [E(XT,YOM—)\/ |9t|2dt} (1.5)
0

(Or)o<t<T (Ot)o<t<T

subject to (I=3) .



The use of a regularization term of the type A fOT |6;|? dt helps to promote almost surely finite
controls and, as we shall see in more details, it allows for unique solutions to the first order
optimality conditions. We will show that the integral boundedness of the controls will result in
a controlled Lipschitz continuity of the layer forward map (=), which encodes the idea that the
corresponding networks are stable with respect to their inputs. Other and more general regu-
larizations are possible of course, but, for the sake of simplicity and clarity in the computations,

we restrict our attention to this specific one.

1.4 Measure-theoretical approach to mean-field optimal control

In this paper, we develop a new point of view that is equivalent to that of [32], but which
is not based on stochastic control considerations. We start by providing a measure-theoretic
reformulation of (IZ3)-(I=3), which can be interpreted as a generalized optimal transport problem
or mean-field optimal control problem. To this end, let us define a new stochastic process
Zy = (X4, Y;) satisfying

X = F(t, Xs,60;), Y;=0, (1.6)

with initial data (Xo, Yp) distributed according to pg. Let us then denote the law of (X, Y;) by

wue(z,y). It is well-known that u; satisfies the following partial differential equation

at#t + V- (f(t,JJ, 9t),ut) =0, ,Ut|t:0 = Mo, (1-7)

understood in the sense of Definition 22 below. With this transport equation at hand, we can

recast the cost function (IZH) as

T
K 8) o= [ ta)durte.) +7 [ o at. (1.8)

The goal is again is to find the control (6;)o<¢<7 for which J(u,6) is minimal when x satisfies
the PDE constraint (IZ7). Observe that when the probability measure p is empirical, i.e.

1 N

N

Ho = Ho = 77 E 5(X3,Y0i)
i=1

then the optimal control problem (IZ7)-(IZX) reduces to a classical finite particle optimal control
problem with ODE constraints.

Optimal control problems over spaces of probability measures of the type (IZ2)-(IZ8) have
been recently explored, mostly in the absence of final-point constraints and in the context of
multi-agent interactions. The first contributions on this topic [88,87] were concerned with
the rigorous convergence of classical finite particle optimal controls towards their mean-field
counterparts, see also the more recent work [26,35]. The derivation of first order optimality
conditions, i.e., the so-called Pontryagin Maximum Principle (PMP), has been proposed for the
first time in [I4] based on the leader-follower model studied in [86]. In this work, the mean-field
Pontryagin Maximum Principle is derived as limit of the classical finite-particle version. The
first general derivation of the PMP for mean-field optimal control problems was obtained in [20],

and is based on a careful adaptation of the strategy of needle-variations to the abstract geometric



structure of Wasserstein spaces. These results are further extended in [I5] to problems with
general final-point and running state constraints. In the latter contribution, the proof strategy
combines a finite-dimensional non-smooth multipliers rule and outer-approximations of optimal
trajectories by countable families of curves generated using needle-variations. Very recently, a
simpler approach has been proposed in [[7], by adapting to the notion of multivalued dynamics
in Wasserstein space introduced in [6] a methodology originally developed in [38], which relies
on suitable linearisations of set-valued maps that produce admissible perturbed trajectories. In
[22] a KKT approach is developed in Wasserstein spaces for rather general mean-field optimal
control problems with H'-controls. Therein, both the first order optimality conditions and their
relationships with finite particle approximations are derived, along with the corresponding rates
of convergence.

We finally point out that a completely different approach to the mean-field PMP was formu-
lated for stochastic optimal control problems in [25] inspired by the theory of mean-field games
[AR] (see also [3,02]). Similar methods, based on needle-variations in the space of measures are
also leveraged in [37] and [46] for the derivation of the PMP for stochastic control problems of
the form (I3)-(I3).

1.5 Contributions and organization of the paper

Our contributions can be summarized as follows. From a general standpoint, we start by
carefully deriving general first-order optimality conditions for the measure-theoretic formulation
of the optimal control of NeurODEs, which include the typical forward mappings (I4) that
appear throughout the literature related to neural networks, for instance with p(-) := tanh(-).
As a matter of fact, most of the previous results in the literature do not fully encompass this
simple model, as they often require global Lipschitz bounds on the transport field. Let it be
noted that while our results may be derived by due adaptation from other approaches developed,
e.g., in [22,B7] or [I5,17,20], we are able to obtain a few stronger properties on the solutions
of the optimal control problem than those generally presented in the literature. Moreover, our
approach uses a different form of calculus that does not rely on the abstract differential structure
of Wasserstein spaces [6], which is of independent interest, see the discussion below. Let us now
describe our main results.

In Section B, we thus start by providing a heuristic derivation of the following mean-field

Pontryagin Mazimum Principle (“PMP” in the sequel)

815/’% + vx : (.F(t,l‘, et):ut) = 07 vt € (OaT]a /’Lt|t:0 = ko,

O+ Varp - F(t,x,0;) =0, Vt € [0,T),  thils—r = €(z,y),
0, = 1 Vap - VoF(t,x,0:)dp(z,y) for all t € [0,T], (1.9)
2X\ Jroa
which characterizes optimal trajectory-control pairs (p,6) for (IZ7)-(I8). In Section B2, we
proceed to show that the above optimality system is well-posed, and prove in Theorem BT
that it admits a unique control solution 6* € Lip([0,T]; R™). We also derive in Corollary B4 a

quantitative generalization error for finite samples, which writes

< CW (1 10)- (1.10)

N
1 7 7
/RQd 6(377?/) dMT(xay) - N ;E(X’IUYT)
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In particular, (IZI0) provides a rate of convergence that depends exclusively on the approxima-

bility of ug by empirical measures uév .

Remark 1.1 (Comparison with the existing literature on generalization errors). We point out
that while the generalization errors established in [A6] are sharper than those of the present paper
(in the sense that they express a rate of convergence in N, which is dimension-independent),

this improved stability comes at the price of considering relaxed controls — which are probability

measures over R™ — that are forced to be non-deterministic by means of entropic requlariza-
tion terms (see also [26]). On the contrary, the generalization errors that we obtain relate to
deterministic optimal controls with values in R™. A similar bound, yielding (1), also appears
in [22, Theorem 5.1], under the constraint that the control is in a ball of H((0,T),R™), which

18 a quite restrictive a priori assumption.

After establishing the general form of the optimality system along with some of its interesting
properties and applications, we move on to the rigorous derivation of the mean-field PMP in
Section B33. While in [I5, 17, 20] the mean-field PMP is established in greater generality —
but also with significant technical effort —, we propose in this paper an alternative derivation
(very much inspired by the previous work [3] of the third author), which is significantly simpler
and hopefully more accessible to non-specialists. The latter can be heuristically explained as
follows: under the technical assumption that the optimal control is continuous in time — which
is motivated by the well-posedness of (IT9) in Lip([0,7]; R™) discussed in Theorem BT —, we
prove in Theorem B8 that the mean-field PMP () can be obtained by means of a generalized
Lagrange Multiplier Theorem on the convex subset of measures with unit mass. To this end,
we use a new form of calculus recently introduced in [d], which is also simpler than the calculus
in Wasserstein spaces used in [22]. In contrast to this latter work, our approach is applied in a
slightly simpler setting, as the forward and backward equations in (") are linear and decoupled,
while therein the authors consider models for which they are non-linear and coupled.

The final and main theoretical result of the paper then reads as follows.

Theorem 1.1. For any given T > 0, let F satisfy the Assumption B and 3, the initial data
po € Po(R??), and the terminal condition by satisfy (BI8). Assume further that X > 0 is large
enough. Then, an admissible control §* € L*([0,T],R™) fulfills the mean-field PMP (I=9) if
and only if it is optimal. In addition, such an optimal control 0* is uniquely determined and

Lipschitz continuous.

We then conclude the paper by presenting numerical experiments to test the proposed novel
mean-field Pontryagin maximum principle, where we show the training of simple classification
models in R?. The reason for working on simple two-dimensional examples is to provide full
understanding of the properties of the resulting algorithm and a relatively easy reading and

visualization of the results.

The paper is organized as follows. In Section B we introduce notations and recall a series of
preliminary results. In Section B we address the derivation of the mean-field maximum principle,
we study its well-posedness, and we derive the generalization error estimate (II0). We present

instructive numerical experiments on the solution of the mean-field maximum principle by means



of a shooting method in Section @. The Appendix contains proofs of auxiliary results, including
the proof of a generalized Lagrange multiplier theorem, Theorem B3, for constrained problems

defined over convex subsets of Banach spaces.

2 Preliminaries and notations

In this section we list some preliminary notations and results from [4, Section 2.1 and Appendix

A.1], which will be useful throughout the paper.

2.1 Analysis in measure spaces and optimal transport

We denote by M(R?) the space of signed Borel measures in R? with finite total variation. Note
that the space M(R?) endowed with the total variation norm

il = sup{ [ oa| o € Co®D. loll <1} 2.

is a Banach space, where Cy(R?) represents the set of continuous functions on R? which vanish
at infinity. By the Riesz-Markov theorem, it is known that M(R%) = (Co(R%))’ can be identified
with the topological dual of Co(R%) [8, Theorem 1.54]. We further denote M™*(R?) the space
of positive measures and by P(RY) ¢ MT(R?) the subset of probability measures. Further-
more, P.(R?) C P(R?) represents the set of probability measures with compact support, while
PN (R?) C P.(RY) denotes the subset of empirical or atomic probability measures. We will also

use the following representation formulas for the subset of measures with zero mass

Mot i= { i € @EDY | w(R?) = [ 10n=0} = (Co®p, (22)
and the subset of measures with unit mass
My (RY) = {u € (Co®") | u(®?) = [ 1= 1} — (C®RY), (23)

Moreover, we shall denote by Mo .(R?), M (R?) the corresponding subsets of measures whose

supports are compact. One can also note that given p € M(R?), the Jordan decomposition

theorem tells us that u = pt — p~ and ||u|7v = T (R?) + p~ (R?), where ut, u= € MHT(R?).
For the convenience of the reader, we briefly recall the definition of the Wasserstein metrics

of optimal transport in the following definition, and refer to [B, Chapter 7] for more details.

Definition 2.1. Let 1 < p < oo and Pp(Rd) be the space of Borel probability measures on R?

with finite p-moment. In the sequel, we endow the latter with the p- Wasserstein metric

WP (4, ) := int {/R 2~ 3 dn(z,3) | 7 € H(u, y)} (2.4)

where I(u,v) denotes the set of transport plan between u and v, that is the collection of all

Borel probability measures on RY x R¢ with marginals v and v in the first and second component

respectively. The Wasserstein distance can also be expressed as
W2(u,v) = inf {E[\Z — 7] } (2.5)

where the infimum is taken over all possible joint distributions of random variables (Z, 2) which

laws are given by p and v respectively.



It is a well-known result in optimal transport theory that when p = 1, the following alter-

native representation holds for the Wasserstein distance

Wit =su { [ @l -0(o) | o € Lp®). Liple) <1} (20)

by Kantorovich’s duality [6, Chapter 6]. Here, Lip(R?) stands for the space of real-valued
Lipschitz continuous functions on R?, and Lip(i) is the Lipschitz constant of a mapping ¢(-).
In the sequel, we shall also use the signed generalized Wasserstein distance W%’l introduced in
[60], which coincides with the bounded Lipschitz distance. Given ju,v € M(R?), we set

W) =sup{ [ o=@ | o€ U, ey, <1}, @)

where

lellLip, = sup, |o(@)] + Lip(p) - (2.8)

In this context, we also define the bounded Lipschitz norm of a signed measure as
1,1
lullBL =Wy (1, 0). (2.9)

2.2 Continuity equations in the space of measures

In what follows, we recollect some basic facts about continuity equations in the space of mea-

sures, following [G, Section 8.1].
Definition 2.2. For any given T > 0 and 0 € L*([0, T]; R™), we say that i € C([0, T]; P.(R?%))

is a weak solution of (IZ0) on the time interval [0,T] if

T
[, (atta) + Vovttzng) - 700 ) dput ) de =0, (210)
0o Jr2d

for every 1 € CL((0,T) x R?d).

Remark 2.1. First, note that (210) is equivalent to

to
/ P(, y)dpu, (2, y) —/ O, y)dp, (z,y) = / Veto(x,y) - F(s,z,05)dps(x, y) ds
R2d R2d t1 R2d
(2.11)
for all 4y € Cé(de) and every ti,to € [0,T]. This follows from the fact that the linear span of
functions of the form (t,x,y) = n(t)é(x,y) with n € CL((0,T)) and & € C}(R??) is dense in
CL((0,T) x R¥) (see e.g. [B, Remark 8.1.1]). Also, observe that since p is a curve of compactly

supported probability measures, we can use the simpler testing space C}(R?*?) instead of CL(R??)
or C}(R??) jn (2Lm).

We recall below a classical well-posedness result for (IZ7) in the Cauchy-Lipschitz setting.
Assumption 1. For any given T > 0, the vector field F satisfies the following.

1. For any fized 0 € R™, the map (t,z) — F(t,z,0) is a Carathéodory function.



2. There exists a map h € L([0,T};R*") such that for any § € R™, one has
|F(t,z,0)] < h(t)(1+ |z|), fora.e te[0,T] and every z € R,
In the sequel, we will denote Cr 1 := fOT h(t)dt.

3. For every R > 0, there exists a constant gr > 0 such that for any fived 6 € R™, it holds

|F(t,x1,0)—F(t,x2,0)| < gr(1+|0|)|x1—22|, for a.e. t €[0,T] and every xi,z2 € B(R),

and given 6 € L*([0,T];R™), we denote Lz 1 g o, ‘= YR fOT(l + 16,]) dt.

Under the set of assumptions listed above, we can prove the well-posedness of the constraint
PDE (07), which is stated in the following theorem.

Theorem 2.3. Consider the initial data jo € Pe(R??) with supp(uo) C B(R) for some R > 0,
and let F be a map satisfying Assumption @. Then for any given T > 0 and § € L?([0,T]; R™),
there exists a unique solution p € C([0,T); P.(R??)) to (I=0) in the sense of Definition Z2.
Moreover, there exists a radius R > 0 depending only on R and Crr such that

supp(ut) C B(Rr) for allt €10,T]. (2.12)
Additionally, for any s,t € [0,T], it holds
Wi (e, ps) < C(R,Crr)|t —s]. (2.13)

Denoting by pt for i = 1,2 two solutions of (I=0) with initial data ,uf) satisfying the above

assumptions, we also have the stability estimate
Wil i) < ebrmrion Wy (ub i3) — for allt € [0,7), (2.14)
where Crr and Ly p g o, are defined as in Assumption 0.

The proof of this result is rather standard and we postpone it to the Appendix.

2.3 Differential calculus over convex subsets of Banach spaces

We end this series of preliminaries by introducing a notion of multi-valued Fréchet differential
for functions defined on convex sets. To this end, given a convex subset E of a normed vector

space X, we define
Xg=R(E—-EFE)= {1‘ eX ‘ x = ae; —ez) with « € R and e,e9 € E},
and given e € F, we denote by X, := RT(F — e) the convex cone of directions at e.

Definition 2.4. Let X, Y be normed vector spaces, E C X be a convex set, and f : E — Y.
Then, f is F-differentiable at e € E if there exists L € L(Xpg,Y') such that

o 7€) = (€)= L =) Iy

- e’ —ellx

=0, (2.15)

where L(Xg,Y) denotes the space of bounded linear operators from Xg into Y.

10



Following the previous definition, we define the F-differential of f at e € E by
Df(e) == {L € L(Xp,Y) | L satisfies (rz::s)} . (2.16)

It can be checked that if X, is not dense in X g, then the mapping D is set-valued (similarly to
classical convex subdifferentials). However if v € X, then the evaluation Df(e)(v) is uniquely
determined, namely it does not depend on the choice of L in Df(e), and in this case we will
slightly abuse the notation and write D f(e)(v) to mean L(v) for any L € Df(e). By a density
argument, each L € Df(e) can be uniquely extended to an operator L in L(Xg,Y). We will
then say that f € CY(E;Y) if f is F-differentiable at each e € E, and there exists a selection
e€ Ew L. € Df(e) such that

e — L. is continuous from F into £L(Xpg,Y), (2.17)

where £(Xg,Y) is endowed with the distance induced by the standard operator norm.

Definition 2.5. Let X, Y be normed vector spaces, E C X be a convex set, and f : E — Y.
Then, f is G-differentiable at e € E if the directional right derivatives

o) =t T =10

(2.18)

exist in'Y for allv € Xe.

Remark 2.2. Obviously if f is F-differentiability at some e € E, then it is G-differentiability
as well with df (e,v) = Df(e)(v) for allv € X..

We shall also use the following lemma as a criterion for C! regularity, see [4, Lemma A .4].

Lemma 2.1. Let f: E — F be a continuous map and suppose that there exists a continuous
application

e€c E— L. € L(XE,Y), (2.19)

such that df (e,v) = Lev for alle € E and any v € X.. Then f € CL(E;Y) and e — L. € Df(e)

1s an admissible selection.

3 Mean-Field Maximum Principle

In this section, we investigate first-order optimality conditions for the mean-field optimal control
problem (IZ7)-(IR), which take the form of a Pontryagin Maximum Principle (“PMP” in the
sequel). Their derivation — which is based on a Lagrange multiplier rule for the convex calculus
introduced in Section B — is heuristically presented in Section BOl. After studying the well-
posedness of the optimality system in Section B2, we proceed to rigorously establish the PMP
throughout Section B=3.
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3.1 Formal derivation of a Lagrangian formulation

We start this section by providing a formal derivation of the mean-field PMP. To this end, we
first introduce the Lagrangian of the mean-field optimal control problem (0I=7)-(IR), defined by

T
£0.0) = [ tadurtan)+a [ o
[ w(0,2, gl y) - / (T, 2, y)dpur (2, y)
R2d de

+/OT/RQd (atw(t,li,y)-i-VxT/)(t,:E,y).f(t’xjet))dlut(x,y)dt' (3.1)

Next, we compute its functional derivatives with respect to the curves u and 6, namely

0, t =0, (the initial variance is zero)
oL
S oy + Vo - F, 0<t<T,
20
L — Yy, t="T,
and
oL

=200 + | V- VeF(t,x,0)du(z,y).
60t R2d

for almost every ¢t € [0, T]. Then given an optimal trajectory-control pair (u*, 8*) for the problem
(IZ2)-(=8), we will show that there exists a Lagrange multiplier ¢* such that
oL

(u*,0%,¢*) =0 and @(,u*, 0*,¢*)=0. (3.2)

oL
O

This will in particular provide us with the following backward adjoint dynamics
o™ + Vot - F(t,x,0]) =0, (3.3)

subject to the terminal condition 17 = /¢, along with the fixed-point equation

N0 T+ 5 Vaetb* - Vo F(t,x,07)dpul (z,y) =0, (3.4)
R

characterizing the optimal controls, where the curve pu* satisfies the native forward dynamics
Oppi + Vo - (F(t,x,07)p;) =0, pgli=o = po - (3.5)

We will see below that (B3) is understood in the sense of (BZZ3), and that (84) is understood in
the sense of (BZ78). Throughout this section, we will use the two following sets of of assumptions,

which will be applied to derive different results.
Assumption 2. For any given T > 0, the vector field F satisfies the following.
1. For any fized 0 € R™, the map (t,z) — F(t,z,0) € R? is continuous.

2. There exists a constant Cr > 0 such that for every 6 € R™, it holds

|F(t,z,0)] < Cr(1+|z|), fora.e tel0,T] and every z € RY.
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3. There exists a constant Lx > 0 such that for every 8 € R™, it holds
| F(t,z1,0)—F(t,x2,0)| < Lr(1+|0])|z1—x2|, for a.e. t € [0,T] and every x1,z2 € R?,
and we denote Ly 19|, = LF fOT(l + |6¢])dt

4. For all (t,z) € [0,T] x R%, the map 0 — F(t,x,0) is twice differentiable. Moreover for
each R > 0, there exists a constant C(d,m,R,T) > 0 such that

IVoFleo.r)xB(R)xrmre) + IV5F lle(o.11% B(R):L~ (R RAY) < C(d,m, R,T).

Assumption 3. For any given T' > 0 and R > 0, the vector field F satisfies the following.

1. The map x € R — F(t,z,0) is of class C* all times t € [0,T] and any 6 € R™, and for
each x € B(R) it holds

Vo - VoF(t,2,0)| + Vo F(t,2,0)| + [V2F(t,2,0)| < C(d,m, T, R, |0]); (3.6)

2. For any 0',0% € R™, every s,t € [0,T) and all x € B(R), it holds

\F(t,2,0") — F(s,2,0%)| < C(d,m, R)(|t — s| + 0" — 67]); (3.7)

3. For all fized 0 and t € [0,T)], it holds
for every x,y € B(R).

Remark 3.1. Here, we check that the sets of assumptions listed above include relevant Neu-
rODE models, and in particular that they hold for the popular subclass of feed-forwarding dy-
namics (IA) given by F(t,x,0) := tanh(fz) with § € R™ = R>? and x € RY.

In this case, we have V. F = diag(F')0 where F'(x,0) = (1—tanh?(0x)) € R, which implies
that |V, F| < |0]. Furthermore, one has V2F = %0, where % isadxdxd

tensor with
d(diag(F"))

Gxi
where F' = —2tanh(Az)(1 — tanh?(x)) € RY and §° € R? is the i-th column of 0. This yields
the following estimate |V2F| < C(d)|0]? on the second order derivative of F with respect to .

= diag(F")¢",

Concerning (4), one can check that VgF = diag(f’)ag;), where % is a dx dx d tensor
with o(6x)
x

90 = Tj€4, (3.9)
ij

where e; is the i-th element of the canonical basis of R¢. Hence it holds that

Thax VoF| < C(d)]z| < C(d, |U]),
0<t<T,z€B(Rr), §cRIxd

so that (4) is fulfilled as well.
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In addition, observe that VygF = diag(}"’)%,where % is a d x d x d tensor as in (89),

which leads to the estimates
d(0x)
00

VoF| < C(d)lz| and |ViF| = |Vo(diag(F")) < C(d)]z*.

Moreover, one can check that

8(91‘)) 0(0x)
06 06

V- VoF = diag(F)V, - < V, - (diag(]—")).

Since |diag(F')Vy - (6(80;)) < C(d) and ‘8(89;) V. - (diag(F"))| < C(d)|z||0|, we obtain
V- VoF| < C(d)(1 + 2|x[|0)]).

Similarly we have |VoVoF| < C(d,|x|,|0]), which leads to |VoF(t,z,0) — VoF(t,y,0)] <
C(d, |x|, |yl,|0])|x — y|. Lastly, it easy to check that |F(t,z,0;) — F(s,z,05)| < C(d)|x||0: — 05|,

which ends the verification the Assumptions 3.

3.2 Well-posedness of the maximum principle

This section is devoted to the proof of the existence and uniqueness of a solution (u*,0*,19*) €
C([0, T); P.(R?%)) x Lip([0, T]; R™) x C*([0,T]; C?(R?%)) to the first order optimality system

Orpif + Vo - (F(t,z,07)pi) =0, ¥t € (0,T], pylt=0 = po, (3.10)

" + Vo p* - F(t,x,07) =0, Vt € [0,T), =1 = ¢, (3.11)
1

0;7 = —— Vb - VoF(t, z,07)dul (z,y), Vtel[0,T]. (3.12)
2)\ Jp2d

The main result of this section can then be stated as follows.

Theorem 3.1. For any given T > 0, let F satisfy the Assumption B and B8, take an initial data
po € Pe(R%?) and a terminal condition 17 satisfying (BI8). Then, for A > 0 large enough,
there exists a triple (u*,0*,4*) € C([0, T]; P(R??)) x Lip([0, T]; R™) x C*([0, T]; C2(R?%)) solving
(8IM)-(B12). Moreover, the control solution 6* is unique in T'c C L?([0,T];R™) defined as in
(813), and * € C([0, T); C2(R?)) is in characteristic form.

Remark 3.2. If there exists an optimal control * € L?([0,T];R™) satisfying the mazimum
principle (B10)-(812), then the uniqueness result in Theorem B ensures that 6% coincides
with a Lipschitz continuous function almost everywhere. This means that in such a case there
exists a smooth optimal control 8* € Lip([0,T]; R™).

To prove Theorem B, we consider a compact and convex subset I'y; ¢ of the subspace
Lip([0, T];R™) C C([0, T]; R™), defined by

Tarc = {e € C[0, THR™) | 0, — 0] < Mt — 5|, 8]0 < cp}. (3.13)
for some constants M, Cr > 0. We will also make use of the following ball in L2([0, T]; R™)
T = {0 € L2([0, T R™) | 6]z < CrT4} . (3.14)

One can easily notice that I'y; o C I'c.

Using arguments that are similar to those of Theorem =3, one can show the following result.
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Proposition 3.2. Consider an initial data py € P.(R?*?) with supp(uo) C B(R) for some
R > 0, and let F satisfy Assumption B. Then for any T > 0 and 0 € 'y ¢, there exists a
unique solution p® € C([0, T]; P(R??)) to (BIM) in the sense of Definition Z3. Moreover, there
exists some R > 0 depending only on R and Cr 1, such that

supp(uY) € B(Rr) for allt €10,T]. (3.15)
Additionally, for any s,t € [0,T], it holds
Wi(uf,nd) < C(R,Cra)lt —s|. (3.16)
If 1%, i = 1,2 are two solutions with initial data pé satisfying the above assumptions, we have
Wi(uy', ug ) < eFrreeWy(ud, pd)  for all t € 0,77, (3.17)
Here Crr and Ly 1, are defined as in Assumption B by replacing ||0||1 by CrT.

In what follows, we will only be interested in what is happening inside the supports of u?
for 0 € T'psc. Therefore, we shall recast the terminal condition in (BZ) as 7 € C2(R??) with

supp(¢r) = B(Rr) and ¢rp(z,y) = l(z,y) for all z,y € B(Rr). (3.18)

In this context, we are able to derive the following norm estimate on 7.

Proposition 3.3. Suppose that F satisfies Assumption B. Then for any T >0 and 0 € 'y ¢,
there exists a unique characteristic solution 1)° € C*([0, T]; C2(R?%)) to the equation (BI) which

terminal condition satisfies (BIR). Moreover it holds

[0 [l o2 @2a) < C(R', T, Cr, Crr, Legcr) 197 llex(s(ry)) - (3.19)

for all times t € [0,T]. Here the supports of ! satisfies the inclusion supp(v{) C B(RYy.) where
R =R+ (R+ CrrT)eC#rT,

The results of Proposition B33 are rather classical, hence their proof is reported in the

Appendix.

Remark 3.3. Here, the fact that V7 is a characteristic solution means that it is obtained via
the characteristic method, and is of the form ¢9(t,x,y) = ¢T(@?T,t) (z,y)). Here, we denoted
by ((P?T,t))r,tE[O,T] the flow maps defined as in (ER) with F(t,x) := F(t,x,0;). Characteristic
solutions to (BI2) are unique because of the way they depends on terminal condition and (B19).
Note here that we do not claim to have general uniqueness in C*([0,T]; C2(R??)) for (B12), i.e.,
there may exist C1([0, T]; C2(R??)) solutions that are not in the characteristic form. In what

follows however, we will only consider characteristic solutions.

Proof of Theorem B1. The existence of optimal controls 8* in I'y7 ¢ is based on the Schauder
fixed point theorem [89, Theorem 11.1]. Then, the uniqueness will be obtained by additionally

showing that the underlying fixed-point map is in fact a contraction in I'c.
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e (Existence in Ty c) For any 0 € I'y ¢, denote by u? € C([0, T]; P-(R??)) the corresponding
solution of (B1M) and by ¢? € C'([0,T];C?(R??)) the unique characteristic solution of (8ZLT).
Then, we introduce the continuous mapping A : I'yrc — C([0,T]; R™), defined by

MO = —35 [, Vel VoF (t,2,00dud2.9), (3.20)

for every 6 € I'jyy ¢ and all times ¢t € [0,7]. We start by checking that A(I'yrc) C I'yc for A

large enough. On the one hand, it follows from (3) in Assumption B and (819) that
1

IA0)(t)] < =~ Vo)l - VoF(t, ., 0)|dpf (2, y)
2X\ JB(Ry)

1 0
< 3 CERT) s [l

1
< ﬁC(RTy T)C(R’{Z“a T7 CF? C]-',T; LET,CF) ’WJT ”Cl(B(RT)) )

for all t € [0,T7], with the explicit diameter R’. = R+ (R+Cr7rT)e“s7T. Hence, upon choosing
a parameter A > 0 that is large enough, it holds

1A(6) ||Loo([o,T};Rm) <Cr. (3:21)
On the other hand, it holds for any s,¢ € [0,7] that
1
AOO - AOON < 5| [ (Tatd = Vatd) - ToF(t .0l 2.)
27 | B(Rr)
1
+ — / Vzibg : (Ve]:(t,l’, 913) - VQJ:(vav 95))dﬂ?(xa y)
27 |/ B(Rr)
1
+ = / Vot - VoF(s,x,05)(dpf — dul)(z,y)
27 |/ B(Rr)
=: Il =+ I2 -+ 13 .

Using the fact that 1 € C'([0,T]; C2(R??)) along with (3) in Assumption B, one can see that
1
I < 5 O(Rr, Tt~ 5, (3.22)
for all s,¢ € [0, T]. Furthermore, it follows from assumption (877) and the estimate (B9) that

1
I < o~ C(Rr) SUP;] HwteHcl(B(R’T)) (It = sl +10¢ — 0s])

2A telo
1
< 5xC(R)C (R, T,Cr, Crar, Lexco) 197 e (e MIE = 51, (3.23)

with the diameter expression Ry, = R + (R + CxrT)e“F7T. Lastly by (Z8) one has
1.
Iy < o Lip(Vatls - VoF (s, 05) s B(RT)) Wi (e, ts) (3.24)
and notice that

Lip(Val - VoF(s,-,05); B(Rr)) < C(Ry, T, Cr, Crr, Lircr) 197 le2(n(ap)
% (IV6F (5, 0l (5(ry)) + Lin(VoF (s, 0.) s B(Rr)) )

< C(RlTaTv CFa C]:,Ta LF,T,CrvRT> ”QpT ||CQ(B(RT)) s
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where we have used (B19) and (3) in Assumption B. This combined with (B1@) thus yields

1
I3 < 50(]%/7“7 T7 CF’ C]—',Tv LF,T,Cr? RT) ”wT HCQ(B(RT)) |t - S| . (325)
Collecting estimates (B8222), (8223) and (B=23), we deduce that for A > 0 large enough, it holds
|A(6)(t) — A(O)(s)| < M|t —s]. (3.26)

Thus, we have proven that A(I'ys,c) C I'ar,c when A > 0 is taken to be sufficiently large. Hence
by Schauder’s fixed point theorem, the mapping A has at least a fixed point *, namely

1 * *
2)\ Jp2d

This concludes the existence part of the proof.

e (Uniqueness in I'c ) Our goal now is to prove that A is a contraction over I'y; ¢ with respect to
the L?-norm, so that that the fixed point * € I’ wm,c is actually unique in I'c. Indeed assuming
that A had two distinct fixed points 8! and 62, it would hold

167 — 07112 = [IA(01)(t) = AO*)(#)]|2 < sl10; — 072,

leads to a contradiction since the contraction constant satisfies 0 < x < 1. In order to prove
the contractivity of A, we start by fixing ¢ € [0,7] and denote by ,ual, ,u92 two solutions of
(87ID) driven by 0!, #? respectively, and with the same initial condition pg. Similarly, denote by
1/191,@092 the solutions of (B11) generated by #', #% with the same terminal condition 7. Then

[A6Y) () — A(6%)(2)]
1 1 1 2 2
= ox | L el VoFtn,6)au @)~ [ Va0l VaF (w0 (w,0)
2A R2d R2d
which can in turn be estimated by inserting suitable crossed terms as

AEG)(0) - A0 < 5

[Tt Vot ol — )
1

+ 3 / (Vaud' - VoF(t.2.6) = Vool - VoF (t,2,67) ) dp (.y)
2 R2d

1
= — (| L)) .
o5 (111 + |12

We start by further simplifying the integral term I, which can be recast as
1l = | [, (ot Vo ,2.0) = st Vo (5,00
R2d
+ vz¢f2 : Vg]:(t, x, Htl) -V te2 : VQ]:(t, z, 0‘[;2)>d/“1'f2(x7 y)‘

<

[ (Tt = 9t Va0 .0)

_l’_

[, Vel (Vo a..08) ~ o, 80 (0.0)
R

=: |I3] + |14] .
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Hence, the estimate in (B32) is equivalent to

A@)(E) ~ AB)O] < 55 (1] + 15| + 1) (3.25)

Let us focus on each term separately, starting from the integral I;. Henceforth, we only consider
the integrals over B(Rr), in which the curves p? are supported for i = 1,2. By using the same
reasoning as in (B223), we obtain

1] =

/ Vol VoF(t 2, 0)(dpd — dul)(z,y)
B(Rt)

< Lip (Vo - VoF(t,,0) s B(Rr))Wa(uf )
< C(Rp,T,Cr,Crr, Lezce Br) 1¥1 lle2 sy, Wil ") (3.29)

Observe now that following the Appendix, the curves ufl and ,uffZ are characteristic solutions
of (BM), in the sense that

" = @0 o forall t € (0,71, (3.30)
where for i = 1,2 the flow maps <I>?&t)(-) correspond to the underlying ODEs

dx;}
dt

= ‘F(thhet)v d; =0, (X07}/0) = (x07y0)7

Then, considering the Assumptions (B), it follows that
t
(X0, Y = (X)) = ‘(xo —xo+/ (F(t, X5,0,) = F(t, X3, 05))ds, o —yo>‘
0
S S

/\ (t, X4,0;) — F(t,X2,02)|ds

/ [(F(t,X1,00) — F(t,X2,05) + F(t, X2,02) — F(t,X2,02)| ds

/ | F(t, XJ,0,) — F(t, X2,0,) \ds+/ F(t,X2,00) — F(t,X2,02)|ds
< C;,T/O X} — X2|ds + C(RT,T)/O 0} — 6%|ds. (3.31)
Then by Gronwall’s lemma and the definition of Wasserstein distance, we obtain
W', ") < Wi (@ 80, 85 o) < C(Rr, T 70" — %o, (3.32)
By using (B332) in (B229), we further obtain
| < C(Rp, T, Cr, Cr o, Lim.cr Br) 197 ez p(pypy) 160 — 6°l2- (3.33)
Now we focus on the term I3. It follows from 1 in Assumption B that
Bl=|[ @ 0V VoF (b, 6)dul (o0
B(Rr)
< CO(Ry,T,Cr) sup Hw iy (3.34)

te[0,T]
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Recalling that ¢, are characteristic solutions of (820) while using (2=21), one has

0t _
Hwt C(B(R HwT (I)(tT () )) wT( tT)( )) HC(B(R’ )
= 197 les meary [y () = @y (59) | (3.35)
CY(B(Rr)) (&T)\> (tT C(B(RT))
Now we consider the following ODEs
dxi i i dy; B
Is = F(s, X%,0%), s = 0, (3.36)

with initial condition (X!, YY) ’s _, = (z,y) for i = 1,2. As mentioned in the proof of Proposition
B33 one has

&, 1 (z,y) = (X}, Y4) = <£L‘ + / F(s, X, 60%)ds, y> . (3.37)

Thus following the same arguments as in (8231) and using again Gronwall’s lemma, we obtain

(0,1 (2,9) = ®f; 1y (@, )| = [(XF, V) — (X3, Y2)| < C(Rr, D)7 T)j0" = 6] (3.38)
Hence, the term I3 can be estimated as

|13 < C(T, Ry, Cr, Crr) 107 llex ((ppy 16" — 6°l2- (3.39)

Lastly, we focus on the integral quantity I4. Using 4 from Assumption (B), we can write
2 2
LIS [ Valf - [Va(F (i, 6]) = Fto 68| duf o)

< [, Vatt (V3w 0)] 6 = 67| aut’(a.)

< C(Rr, )|91—92\t§1(1)pT]H¢t ‘

C'(B(R7))
< C(Rr,T, Ry, Cr,Crr, Lemcy) 197 levm(ryey) 100 — 071 (3.40)

Collecting the estimates from (8233), (8239) and (820), we can conclude

1
1A(6") = A®*)l2 < 53 C(Ry, B, T, Crr, Cr, L. eo) 197 lle2ppy 16" = 6°12

= k)0 — 62|2.

Hence by choosing the parameter A > 0 to be large enough, we obtain that x) < 1, which
means that the mapping A : I'yyc — D'y is a contraction and thus that its fixed point 6*
is unique in I'c. Thus we have obtained a solution (u*,0*,¢*) € C([0,T]; Pe(R??)) x 'y o x
CL([0, T7; C2(R??)) to equations (BIM)-(B12), and it is unique in I'c. O

Remark 3.4. As it was shown in the proof above, the size condition imposed on A depends
on some constant C(|Ry|, Rr,T,Crr,Cr,Lrrcy) and ||¢r ||CQ(RT). Especially for the case
F := tanh(0,x), we can simplify the constant as C(Rp,T,Cr), which shows that \ depends on
the size of the support of pg, on the final time T > 0 and on the constant Cr.

In addition to its usefulness in characterizing and computing optimal controls, the mean-
field maximum principle allows us to derive a quantitative norm rate of convergence of the latter

with respect to the LP-norms and a quantitative generalization error.
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Corollary 3.4. For any T > 0, suppose that F satisfies the Assumption B and B, let pg €
P.(R%4) be an initial datum, and Y1 be a terminal condition satisfying (B8). Suppose that
for N > 1 we are given pf) := % Z Xz vy € PN(R2Y) an approzimating empirical mea-
sure, such that limy 0o W1(pd, o) = 0. Let X > 0 be large enough, so that (u*,0%,1*) €
C((0, T Po(B24) x Lip([0, T} R™) x C1 (0, T}; C2(R2)) and (¥, 6N, V) € C([0,T); PY (R2) x
Lip([0, T]; R™) x C([0, T]; C2(R?%)) are the unique solutions of (BI0)-(B12) with initial condi-
tions po and uév respectively. Then

max {H@N — 0%, S[%PT] Wi (us, 1), [N — 7/}*”0([0,T})} < CW1 (), o), (3.41)
te|0,

for a constant C > 0 which depends on the parameters of the model, and p € [1,00]. In

particular, we obtain the following genemlization error estimate

< CWi (s po). (3.42)

/de Uz, y) dpr(z,y) Zf XTaYT)

Proof. By using similar arguments as in the proof of Theorem B, see in particular (8I7) and
(B331)-(B332), we can prove the stability estimate

N N
sup Wi(ps',uf) < sup Wipy,uf )+ sup Wi(u) , pp)
te[0,7) te[0,7) te[0,7)

SC<WMKMM+Aﬂ@@MQSCUWW$MHIWWM%
(3.43)
where 1 ¥ is the unique solution of (8Z5) driven by 6"V with initial datum pg. Similarly, from
(B331), (B34) and (B3R), we have
19" = ¢ lleqo.ry < € /0 CJo 61t < Cl8Y — 67l (3.44)
for any p € [1,400|. Finally, by using the fixed point equations
oN =ABY) and 6% = A7),

and following the estimates in the proof of Theorem BT, see in particular (828), (8729), (B=34)
and (820), we obtain

* * C *
1% — 6%, = IAY) =A@, < i (ts[lépT] Wi, i) + 197 = "oy + 16~ — 6 Ip)
S

C .
< 5 (Wb o) + 6% = 071lp)

where we applied (B23) and (BZ2) in the last inequality. Hence for A > 0 large enough, it holds
16~ = 0%, < CWi (1, o) (3.45)

Combining now (823), (B24) and (8Z3) finally yields (871). The generalization error displayed
in (822) follows from (8243) and (8Z3), since

E(l‘, y) d(/”l'}(l" y) - IUIJY (:‘Ca y)) < Lip(asupp pUsupp ,uN) sup W1 (luivv /'L;k)
R2d t€[0,T]

<C (W1(M(])Va/ﬁo) + (o~ — 0*l,)
< CWi (', o).
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This completes the proof of Corollary 8. O

3.3 Rigorous derivation of the mean-field maximum principle

The previous section, we proved the well-posedness of the mean-field PMP (B1M)-(B12) in the
class of control that are (Lipschitz) continuous in time. Under this assumption, in the follow-
ing we rigorously derive the optimality conditions by using a generalized Lagrange multiplier
theorem over convex set. The requirement of continuity of the control is technical and it is due
to our use of [B0, Theorem 1] about existence of transport equations with continuous in time
sources. Were such result generalized to the case of sources, which are merely measurable in
time, then we could also remove the continuity assumption.

The method we present is to a certain extent a standard calculus of variations approach and it
is bypassing the more technical ones based either on abstract linearisations as in [I5, 17, 20], or

on the calculus of Wasserstein spaces used in [22].

3.3.1 A Lagrange Multiplier Theorem over convex sets

Let X and Y be Banach spaces, £ C X be a convex set, J : E — R be a continuous functional
and G : £ — Y be a linear mapping, both continuously F-differentiable on F in the sense of
(2132). For z* € E, denote

DG(z*) = {L € L(Xp,Y) | L satisfies (rz:m)} . (3.46)

It is known that every L € £(Xg,Y) can be uniquely extended to a operator L € L(Xg,Y)
over the Banach space Xp. In what follows, we will slightly abuse the notation DG(z*) to
denote the set of operators obtained after extending the convex subgradients to X .

In the following theorem, we extend the Lagrange multiplier theorem for the Banach space
[70, Section 4.14] to the setting of the calculus for convex subsets introduced in Section B. To

ease the readability of the paper, the proof of this result is reported in the Appendix.

Theorem 3.5. Let x* € E be a solution to the following constrained optimization problem

ing J(x)  subject to G(x)=0. (3.47)
Te

Suppose that the inclusion x* + Xp C E holds, and that there exists some G'(x*) € DG(z*)
that is a surjective operator from X into Y. Then for any J'(z*) € DJ(x*), there exists a

non-zero covector p* € Y which satisfies

(J'(x*),2) + (G'(z*)z,p*) =0 forall z€ Xp. (3.48)

3.3.2 Preparation and verification of assumptions

Recall that in Theorem 223, we have shown that for every 6 € L?([0,7];R™), there exists a
unique solution u € C([0, T]; P.(R?%)) to the continuity equation I=2. In the sequel, we assume
that 6 € C(]0,T]; R™) so that the map ¢ — F(t,z,6;) is continuous on [0, T'], and that F satisfies

Assumption B.
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Under these working assumption we can further prove that the solution p is such that
Oep € C([0,T); (CL(R?D))"). Indeed for any ¢ € C}(R??), one has

10esst | e (r2ayy = sup  [(Frpur, ) (3.49)
(Cp (R29))
lpllcp=t
= H S”L1p<1 (F(t, - 00 e, Vap)| < H]:”Lw(supp p) S Crr(1+|Rr]).
Y cé,

Additionally, it holds for any s,t € [0,7]

[0 — Osps H(cl}(RZ’d))/ = sup |G — Ospts, ¢)| (3.50)
||<P||Cg§1
= Sup ‘<]:(tv * 91‘/)#1‘/ - ]:(57 " 98)#87 vx@”
||<PIIC;§1
< sup ’<(]—"(t, - 0t) — F(s, -,95))%,%@) (3.51)
||<P||CgS1
+ sup  [(F(s,05) (e — ps), Vaip)| (3.52)
Hs@llciél
<Clt—sl+ sup [(F(s,,0s) (e — ps), Vap)| (3.53)
||<PHcg§1

Observe that for every ¢ € C}(R??), there exists a sequence (¢")nen C CZ(R??) such that
" —¢ller = 0 as n — +oo. Thus, one has

sup |<~7:(5’ '795)(:“75 - Ms)avx@’

lellcy <1
< sup  [(F(s, - 05) (1 — ps), (Voo = Vo™ )|+ sup [(F(s, -, 00) (e — ps), Vo™
e llgp <1 e llgp <1
<Ol =@ ller +Lip(F(t, -, 01) - V™ ) Wi (g, 1) (3.54)
< Cll" = @ller + Cnlt — s, (3.55)

where we have used the Kantorovitch duality (28) and (E12). This further yields that

lim sup ‘(" (37 %y 98)(:“'15 - Ns)a VISOH S H(Pn - Hcl ) (356)
s—t b
I llgy <1

for every n € N. Therefore letting n — +oo in (8258), we can conclude

sup_ |[(F (s, 05) (1t = 1), Vaip)| — 0. (3.57)
e lley <t 5=

This combined with (850) and the fact that t — F(t,z,6;) € R is continuous implies that Oyu €
C([0, T; (CL(R??))"). In the sequel, we will therefore consider trajectory-control pairs (u*,6*) €
CL([0,T7; (CL(R?))) x C(]0, T]; R™) solution of the optimal control problem (I=7)-(ICR), where
we have used the notation p € C1([0,T); (C}(R??))’) to represent that u € C([0,T7; (C}(R?*?))")
and O € C([0,TY; (CL(R24))).

In order to apply the multiplier rule of Theorem BZ, we need following preparations.

22



o The setup of spaces and sets. Let us start by defining the spaces
V= C([0,T); My o(R*)) n ([0, T0; (Cy(R*))), @ :=C([0,T];R™), (3.58)
where

C([0, T); My o(R*)) := {u € C([0,T); Myo(R*)) | supp(us) C S, for all t € [0,
(3.59)
where S, C R is a compact Set} ,

and set
E:=V xQ = C([0,T]; My1(R*)) n ([0, T); (CL(R*H))") x C([0, T]);R™) . (3.60)

Clearly, (u*,0*) € E since P.(R?*?) C M .(R??). We also observe that E is a convex subset of

the Banach space
X :=U x Q =CY[0,T]; (CL(R*}))) x C([0, T|; R™). (3.61)

Due to this embedding, we shall from now on endow M .(R??) with the weak—* topology of
(C}(R2))'. In what follows, we denote by Uy := R(V — V), and we will use the identity

Uy := C([0,T]; Mo (R¥)) nCL([0,T7; (C}(R*%))) . (3.62)
For v € V', we shall define U, as the convex cone of directions
U, =R"(V -v) C Uy, (3.63)

in keeping with the notations introduced in Section B. In fact, one can easily check that U, = Uy,

since for any u € Uy, one has = p+ v — v with p+ v € V. Next we introduce
Xp=UyxQ = C([0,T]; Mo(R*)) nC ([0, T]; (CLR*))) x C([0,T);R™).  (3.64)
that is seen as a convex subset of X. It follows from the definitions of F and X that (u*, 6%) +

X C E, which is compatible with the assumptions of Theorem BZ3.

o The setup of maps. For any (u, ) € E, let us recall that

T
(1, 0) = / tary)dur(ry) + A / 02t (3.65)
R 0
which is a map from E into RT. We also denote by
G(p,0) == =0 — Vg - (F(t,z,0)p). (3.66)

Seeing G(p, ) as time-dependent quantity, it is easy to check that G(u, 6) € C([0,T7; (C}(R?*))")
for (u,0) € E, and that (G(u,0)t,1) = 0 for all t € [0,T]. Indeed for any ¢ € C} (R?9), it holds

1G (1, 0)e = G, 0)s [l 1y = sup [(G(p, 0)e — G, 0)s, 0)|

H@D”CgSI
= ||at,ut - asﬂs H(C’})/ + sup ‘<(f(t7 ) et) - ‘F(S7 " 98))Nt7 VS0>‘
lller=t
+ sup  |(F(s,-,05) (e — ps), Vo). -
lller=t
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Following similar density arguments as in (8252)-(8251) one can deduce

sup [{F(s,2,05) (e — ps), Vo) | < Cllpe — sl ery - (3.67)
lelley <1

This with together with the fact that u € C1([0,7; (C}(R??))’) and that ¢ € [0,T] — F(t,-,0;)
is continuous in time yields G(u,0) € C([0,T]; (C{(R?*?))"). Observe now that for any p €
C([0, T); M o(R2%)), there exists some compact set S,, C RY such that

supp(ue) € S, forallt € [0,T7]. (3.68)

This implies that G(u, #) is uniformly compactly supported in the sense of distribution, namely
G : E — Y, with

Yo : = C((0,7); (Cy (R*))p.)

= {g e C([0,T7; (C;}(Rw))/) } {gt,1) = 0 and supp(g;) C Sy € R, vt e [O,T}} )

This allows us to define the Banach space

Y =Y = C((0,T]; (C3 (R);.) (3.69)
which is a closed subspace of the Banach space C([0, T7; (CL(R??))").
Now let us verify that G € C}(E;Y) and J € C}(E;R). For any t € [0,7], it holds that

HG(Nla 01)75 - G(N2a 02)15 H(Cg(RM))’ = sup ‘ (G(:U’lv el)t - G(:U’27 92)t7 90> ‘

1 <1
”L‘DHCb(RQd)

= Hat/i% _at,ujt2 H(c}})/ + sup }(.F(t,a;,&,})(u% —N?)7VSO>|
llley <1

+ sup [(F(t2,0;) = Ft,2,00)ni, V)|
lely <1

< |Ousat = 3ot} || ey, + C Ik = 1 [l gy + C (R, 11O} = 671,

where we have again used density arguments similar to that of (854)-(8327). Thus, we have

proven that
GGt 6 - G, 6°

y <Ot

) Hcao,ﬂ;(cg(RZd))/ - w Hc%[o,T];cg(RQd))

+ C(Rr,T) (|6 — 02 HC([(LT];Rm) ) (3.70)
which implies that G € C(E;Y). Similarly we have
‘J(Nla 01) - J(H27 92)’

<

T
Ha )ik =)o) + [ (03 = 102 dt'

R2d

< C |k = 1 ey + € (T2 161 leqo ey 162 leqorymemy ) 161 = 02 lleqoirim -

where we used the fact that u%,, and ,u?p are compactly supported. This in turn implies that
J € C(E;R).
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Next, we use Lemma 271 to prove that both mappings are in fact C'-smooth. It follows from
the definition (2ZI8) of G-derivative that for all u € V, v € U, = Uy and ¢ € C}(R??), one has

O e ) .7
= lim <G(:u +ev, 9)7 QO> B <G(:U” 0)’ 90>
e—07t €
=(=0w — V- (F(t,z,0)v),p) < +00. (3.72)

Thus we have found a continuous operator u € V +— Lyo(p) € L(Uy,Y) such that Lg(u)(v) :=
—0w — V- (F(t,z,0)v) = d,G(p, 0)(v) for all p € V and v € U,. Applying Lemma 27T allows
us to conclude that Ly(u) € D,G(u,0) and G(-,0) € C1(V;Y). Additionally, remark that the
standard Fréchet differential Gj(y,0) : Q@ — Y with respect to the control curve satisfies

(Ch(1.0)(a), o) = tim (GULIT ) 0) =G0 0) _ (G (7 (1,2, 0)am), ) < +oo.

e—0t €
(3.73)
for all @ € Q. The continuity of § € R™ ++ Vo F(t,z,0) € R? implies that G(u,-) € CH(Q;Y)
for every u € V, and thus G € C}(E;Y). Similarly, we have

T
Two) )= [ fayder  and  Jju6)(a) = / N0, - vyt (3.74)
R2d 0

for all v € U, = Uy and a € Q. It is then easy to check that J € CY(E;R).

3.3.3 The mean-field PMP for continuous controls: a Lagrangian approach

We are now ready to present the derivation of the first order optimality condition (81)-(812)

in the class of continuous controls, by means of the Lagrange multiplier rule.

Theorem 3.6. Let (u*,0*) € E C X = U x Q be a solution to the optimal control problem
(=2)-(=8). Then there exists p* € Y’ such that

forallv € Uy, (3.75)

(G, 0")(v),p") + J(W", 07)(v) = 0,
0, forallaceq. (3.76)

(Go(u™,07) (), p") + Jp(u”, 07) ()

Remark 3.5. The solution 1* = p* € C'([0,T];C2(R??)) constructed in Proposition 23 is in
Y'. This is because for anyn € Y C C([0,T); (CL(R?®))"), one has (p*,n) < +o0.

Proof. In order to prove our set of optimality conditions, we will use Theorem BZ3 which applica-
tion has already been prepared above. Indeed we have shown that both the cost and constraint
functionals are continuously F-differentiable, and it follows directly from the definitions (860)
and (B®4) that (u*,0*) + Xg C E. Thus, there remains to prove that the linear operator
G'(pn*,0%) : Xgp = Uy x Q — Y is surjective. We split the proof of the surjectivity into two

steps below.
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e Surjectivity of the partial derivative G/, (1", 0") : Uy — Y. We first want to show that

for any given

n €Y = C([0,T]; (C;(R))g ),
there exists a v € Uy such that
G (u07)(v) =1, (3.77)
which is understood in the sense of

(Guy, ) (), 0) = () forall p € Gy (R™). (3.78)

To this end, it suffices to show that for a given (u*,0*, 1) € V x Q x Y, there exists some v € Uy

satisfying the following transport equation
Oy + Vg - (F(t,x, 00 1) = —my (3.79)

with the source term (—n) and the initial data vy € U,,. Notice that (Cb(RQd))(]’C is dense in
(c} (]RZd))()’C, namely for any n € Y = C([0, T); (C} (R2d))f ), there exists a sequence (7" )nen C
c([0,T7; (Cb(}RQd))g,c) such that for all ¢ € C}(R??), it holds

sup [(ng —ne,0)] — 0. (3.80)
tE[O,T] n—-+o00o
In particular, observe that  sup ”77?”((21)’ < +0o0 is uniformly bounded.
t€[0,T],neN b

Since 7" € (Cy(R*))g, C (Co(R??)). = Moc(R??), it then follows from [60, Theorem 1]
that there exists a unique measure solution p'™ € V to the following transport equation with

(—n}") as a source term
1,n *y  Lny n 1,n _ 1 2d
Orpy” + Vo - (F(t, 2,00, ") = =, e =0 = pp € Pe(R™), (3.81)

in a distributional sense analogous to 0(211), namely
/ o, y)dug" (2,y) — / pl@,y)dpg," (@, y)
R2d R2d
to 1 to
— [ e Foa s dut wads - [ [ ooy i) ds
t1 R2d t1 R2d

for all ¢ € C} (R24) and every t1,ts € [0,7]. Indeed, we can build a solution to above as a limit
of a sequence of approximated solutions satisfying the following Euler-explicit-type splitting
scheme. Fix k € N, and define At = 2% and set ,u(l)’n’(k) = po. Given ,uf}’Ant’(k) fori € {0,1,---,2F—
1}, denote by Fias = F(iAt, x,075,) and we set

1,n,(k i 1,n,(k . n . .
Hoy © = Ft}——%tﬁﬂim( ) (t —iAt)ning, € [iAL, (i 4+ 1)Ad], (3.82)

Fint )

where I, *2 Atjj,uil’gt’(k is the unique solution of the linear transport equation
8tft + V- (-FiAtft) = 0, t e (iAt, (Z =+ 1)At],

JR— 1?”7(k)
fine = pind™"

(3.83)
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which is is explicitly written as a pushforward through a characteristic flow. From (8382), we

7717(’6) )

know the sequence (ui ren has uniformly bounded support, since

supp(u ’(k)) C B(Rr) U Syn (3.84)

where supp(n') C S;n € R for all t € [0,7] and we denoted by B(Rr) the support of solutions
to the linear transport equation obtained in (EZI2). Intuitively, the support of ,ui k) s the
union of the support of the solution to the linear transport equation (883) and the support of
the source term. Similarly, it holds for ¢ € [iA¢, (i + 1)At]

n,(k) 1,n,(k)

17 ) k fl
™ Ny < T8RN eay + Atllnadllery < Ngas™ Ny + Atlniadley - (3.85)

This provides us with the following upper-bound

k)
swp ™y < Idllcyy +7 sup iy < +oo. (3.86)
t€[0,T] tel0,T

which is uniform with respect to n,k € N. By letting £ — +00, we recover the existence of a
solution p!™ to (B281) such that

sup W%’l(,ul’",ug"(k)) — 0. (3.87)

te[0,T] k—+00
Recall that the generalized Wasserstein metric introduced in [B0] is equivalent to the bounded-

Lipschitz norm || - || gL, so that the limit curves (u!"),cy satisfy
1 1
supp(u}™) € B(Rr)U Sy amd ||} ey < +oc (3.89)

for all ¢ € [0,7T]. This in turn implies that the sequence (u% ™) nen is uniformly equi-bounded in
C([0,T); (CE(R??))"). According to [60, Theorem 1], it follows that each curve t € [0, T] + pb" is
Lipschitz continuous with respect to the | - || pr-norm, and thus it is uniformly equi-continuous
with respect to the (Cf)-norm. By a direct application of the Arzela-Ascoli theorem, there
exists a subsequence of (u!™),en that converges uniformly in C([0, T; (C{ (R??))’) to some curve

pt, which then satisfies

[, elendu e - [ ety o) (3.8
R2d R2d
to 1)
:/ Vep(z,y) - F(s,z,00)dul(z,y) ds —/ / (z,y)dns(x,y) ds. (3.90)
t1 R2d

However, recall now that the optimal curve p* € V satisfies

Qupy + Vo (F(t,2,0))ui) =0, pflo = po € Pe(R*), (3.91)

1,n

Then, defining the curves (u"" — u*),eny C Uy and letting n — +oo, we can find a solution

vi=p' —p* = lim (ub" — p*) € Uy,

n—oo

to the transport equation with source term (8=79), with the initial datum vy = pd — po € Uy, .
This completes the proof of the surjectivity of GL(M*; 0*).
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e Surjectivity of the full derivative G'(u*,0*) : Xgp =Uy xQ — Y. Assume that v € Uy
is a curve obtained as above. Then for any 1 € Y, there exists (v,0) € Uy x @ such that

G'(",07)(r,0) = G (1", 0")(v) + Gy(u", 67)(0) = n. (3.92)

Thus, we have proven that G'(u*, 6*) is surjective. O

3.3.4 The mean-field PMP for measurable controls: an Hamiltonian approach

The goal of this subsection is to show that solutions (u*,6*) € C([0,T); P.(R%)) x L*([0, T]; R™)
the optimality condition (BT0)-(812) by using the Pontryagin Maximum Principle in Wasser-
stein spaces studied in [I5, 7, 20].

For any fixed 6 € L?([0,T],R™), we recall that (®? (*))rtejo,r is the characteristic flows

(7.t)
generated by the velocity field (t,z) € [0,T] x R — F(t,z,6;) € R?, defined by

815@?7,1&) (.’L‘) f(t> Q?Tyt) (.’L‘), Ht) )

0 (3.93)
e n () =,

for every x € R?. It is a well-known result in the theory of non-linear dynamical systems (see e.g.
[0, Theorem 2.3.2] that under Assumption B, the flow maps <I>? ) R? — R? are continuously

T,t

differentiable for every 7,¢ € [0, 7], and the application ¢ € [0,T] — qu)? )(;1:) € R4 is the

T,

unique solution of the forward linearised system
dw(t,z) = VL F(t, (I)?T,t) (), 0¢)w(t, z)
w(r,z) = 1d.

(3.94)

In the following lemma, we provide an explicit characterization of the adjoint of the differential
of a flow. While it is a folklore result in the theory of non-linear ODEs, its proof is provided in

very few references, and we include it in the Appendix for the sake of completeness.

Lemma 3.1. For every x € R?, the application t € [0,T] fob?t’T)Gb?T’t) (z))" € R s the
unique solution of the backward adjoint Cauchy problem
T
Opw(t, x) = =V F(t, ®(p (x),6:) w(t,z),
w(T,z)=1d.

In the sequel, we suppose that the optimal control problem (IZ7)-(I8) admits an optimal
trajectory-control pair (u*,0*) € Lip([0,T]; P(K)) x L?([0, T]; R™) where K := B(R7) C R?* is
a closed ball defined for some uniform Ry > 0. The Hamiltonian function H : [0, T] x P.(R*?) x
L%([0,T]; R™) — R associated to the optimal control problem is defined by

H(t10) = [0 F (0, 0)u(a,r,) — AOP (3.99)
R4d
for almost every ¢ € [0,7] and all (v,0) € P.(R*) x R™, and we denote by

0 Id
Jag := ,
ad <— Id 0)

the standard symplectic matrix of R*¢. In this context, the PMP of [I7] was adapted to

unbounded control sets in [I8], and can be written in context as follows.
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Theorem 3.7 (Pontryagin Maximum Principle). There ezists a radius R}, > 0 and a uniquely
determined state-costate curve v* € Lip([0,T], P(K' x K')) where K' :== B(R}) C R?? such that
the following holds.

(1) The curve v* solves the forward-backward Hamiltonian continuity equation

at]/t* + div(xryv,rvs) (J4deH(t7 Vt*7 Hr)l/t*) - 07
W#Vt* = for all times t € [0,T], (3.96)
vy = (Id, =Vol)ppur,

where the Wasserstein gradient of the Hamiltonian is given explicitly by

Vo F(t,2,07)r
0
V H(t, v, 05)(x,y,r,s) = ,
( t t)( Yy ) ]_.(twr’ezk)

0
for almost every t € [0,T] and all (z,y,r,s) € K' x K'.

(1i) The mazimization condition

H(t, 7, 67) = max H(t,7,0), (3.97)

holds for almost every t € [0,T].

Below, we provide a representation formula for the state-costate curve v*, based on the

disintegration theorem (see e.g. [G, Theorem 5.3.1]). The sufficient implication of this state-

ment was used as early as [20] to build solutions to (B™@), while the necessary part has been
established more recently in [[9]. Following the notations of the Appendix, we denote by
(<I>E‘T7t))77t€[07T] the characteristic flows such that u; = <I>zk07t)jju0 for all times ¢t € [0,7T]. Observe
that by construction, it holds

(I)z('r?t) (l', y) = (q)zir,t) (l’), y)’

for all times 7,t € [0,T] and every (x,y) € K', where (@7, 1 (-))r,tefo,r] is the characteristic flow
defined via (B93) with 6; := 0} being the optimal control.

Proposition 3.8 (Representation formula for state-costate curves). A state-costate curve v* &
Lip([0,T], P(K’ x K')) solves the forward-backward system (BR) if and only if it can be rep-
resented as v{ = (®{7 © 7l )l where the curve t € [0,T] — v € P(K' x K') is built via

the disintegration formula as

A= [ ot Odi(),
R2d

for all times t € [0,T]. Here for pwh-almost every (z,y) € R*?, the curve t € [0,T] Ot sy €

P(K') is chosen as the unique solution of the backward adjoint dynamics

*

{ata;y(t) + diV(r,s) (Wr,y(t7 T)J;,y(t)) =0,
Uz,y(T> = 6(7Vz£(az,y))7
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where

* * T
Wx,y(t,’l”, S) = <_vz~/_-.(t7 0t7¢(/]ﬂ7t)($)) ’r’) ’

0
for almost every t € [0,T] and all (r,s) € K.

It is easy to see that since the second marginal of p* is fixed, the matching part of the
costate measure is also independent of time. In the following Lemma, we provide a first-order

characterization of the maximization condition (8797).

Lemma 3.2 (Fixed-point expression for the optimal control). Let (u*,0*) be an optimal pair
for the problem (IZ0)-(IR), and v* be the corresponding state-costate curve given by Theorem
B2, Then for A > 0 large enough, it holds

1
0 = — VoF(t, 07, 2) rdvf(z,y,7,5), (3.98)
2A R4d

for almost every t € [0,T].

Proof. As a consequence of (4) in Assumptions B, the map 6 € R"™ — H(t,v},0) is twice
differentiable for almost every ¢ € [0,7]. Moreover since supp(vf) C B(R/), there exists a
constant C'(R/) > 0 such that

sup
fcR™

v / (r, F(t, 2,0))d0} (2, y, 7, 5)| < C(RY).
R4d

Hence for A > C'(R’.), the Hamiltonian is a concave function of #, and the optimal control 6*

satisfies the pointwise maximization condition (8797) if and only if
VoH(t,v},0;) =0 for a.e. t € (0,77, (3.99)
which is equivalent to the fixed-point equation (B™9R). O

For all times ¢ € [0,7], we shall denote by (x,y) € K’ + &*(t,z,y) € R? the d first
components of the barycentric projection (see e.g. [B, Definition 5.4.2]) of the measures v onto

their first marginal w#ytT = 7, namely

5 (b 2, y) = / rdo? (£)(r, 5).
R2d ’

Using this notation, one can easily check by linearity of the integral that the fixed-point equation

(BUR) can be rewritten as

1

0 = —
t 2)\ R2d

VoF(t,6; ) 7" (8, ®f, (), y) dui (2, ),
for pi-almost every (z,y) € R??.  Our goal now is to show that V,u*(t, @?T’t)(x),y) =
—5*(t, x,y) for all times t € [0,7] and pi-almost every (z,y) € R??, so that the adjoint variable

Y*(-,+) stemming from the Lagrangian method described throughout Section B satisfies

1

0 = ——
t 2A R2d

VoF (8,07 ,2) " Vo (t, x, y)dp; (z, y)
which is exactly (B3). This is the object of the following Proposition.
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Proposition 3.9 (Rigorous link between the Hamiltonian and Lagrangian adjoint states). Let
P* €Y' be the unique characteristic solution of the formal adjoint equation (B) associated to
an optimal pair (u*,0%) € C([0, T]; Pe(RY)) x L2([0,T);R™). Then, it holds that

R34 ng(t, 9:7 x>TV$¢*(tﬂ L, y)d/ﬁ;(xa y) - - R34 VG’F(L ‘9:7 x)TE* (t7 (I)?t,T) (x)v y) dru'j; (%, y)a

for L'-almost every t € [0,T]. In particular, the triple (u*,0*,4*) € C([0,T]; P.(R?*?)) x
Lip([0, T]; R™) x Y’ satisfies the mean-field PMP (810)-(3132).

In the following lemma, we prove that for p-almost every (z,y) € R?? the map t €
[0,T] — 7*(t,z,y) € R? solves the backward linearised adjoint dynamics associated to the
controlled velocity field F : [0, 7] x R? x R™ — R

Lemma 3.3. For pn-almost every (z,y) € R*, the map t € [0,T] — &*(t,z,y) € R? is the

unique solution of the backward Cauchy problem

—% * * T %
ata (t,:c,y) = _vxf(t39t7(b(T7t)(x)) g (tal‘ay)

(3.100)
" (T,x,y) = =V l(z,y).

Proof. By definition of the barycentric projection, it is clear from the fact that o}  (T) =
O(—Ve(zy)) that 7(T,z,y) = —Vl(z,y) for pr-almost every (r,y) € R?4. Moreover following

the construction detailed in Proposition B3, it holds for any £ € CgO(RQd) that

d
dt Jp2a

£(r, 5)do}, (1, s) = /

* * T *
» <VTf(r,s),—Vw]:(t,9t, o (@)) r>d0t7x,y(r,s) (3.101)

for almost every t € [0,7]. We can in particular choose test functions of the form £(r,s) =
C(r)¢(s) for some ¢, ¢ € C°(R?). Then given an arbitrary h € R?, consider ¢, ¢ to be smooth

functions such that

(h,r) if |r] < R/,
=" ,
0 if |r| > Rp + 1,

1 if |s| < R,

and o(s) =
0 if|s| >Ry +1,

for all (r,s) € R?4. Tt then holds that V,£(r,s) = ¢(s)V{(r) = h for every (r,s) € K’', which
upon recalling that supp(of, ) C K’ for all times ¢ € [0,T7] yields together with (BTO) that

d k * * —%
ST (b)) = (b =V (1,07, %77, () 7" (1, 2,9) ),

for almost every ¢t € [0,T]. Since h € R? is arbitrary, we can indeed conclude that the map
t € 10,T] + &*(t,x,y) € R is a solution of the Cauchy problem (B0d). The uniqueness follows

from Assumption B together with classical Gronwall estimates. 0

Proof of Proposition B9. Following Proposition B33, we recall that the adjoint variable ¢* of

the Lagrangian approach is defined via the method of characteristics, namely

w*(tv z, y) = g((I)z}’T) ('T’ y)) = g((bz(LT) (IE), y)a

for all (t,z,y) € [0,T] x R??. Differentiating with respect to x € R? in the previous expression,

further we obtain
Vot (t,2,y) = Va®{, 1y(2) Vil (D], 1)(2), ).
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Evaluating this expression at @E‘T 9 (x) for some (z,y) € supp(p’), the previous identity reads

Vot (£, g (1), 4) = V@1 (D7) () | Vall(a,y),

for all times ¢ € [0,7] and pi-almost every (z,y) € R?{. Observe now that by Lemma B,

the mapping t € [0,T] — VICI)Z‘t T)(QEQT 0 (x))TVmE(:C,y) € R? is the unique solution of the

backward Cauchy problem

atw(t7 x, y) = _vxf(tv 6;;7 q)?T,t) ($))Tw(t) xZ, y)7
w(T,z,y) = Val(z,y).

By standard Cauchy-Lipschitz uniqueness, this allows us to conclude that V* (t, QDZ‘T " (x), y) =
—5*(t,x,y) for all times ¢ € [0, 7] and pi-almost every (z,y) € R??, which in particular yields

0 = |, Vo (t: 2y (@).6 )15 (@, y)dps (2, y)
= |, VoF (b 2y (). 67 )TV (t, By (@), y) dup (2, )
= _ i VoF(t,z, Gf)TVm@ZJ* (t, x, y)d,uf (z,9)
for almost every t € [0,T], and concludes the proof of our claim. O

We can now conclude this section with the following summarizing result, Theorem I

Theorem 3.10. For any given T > 0, let F satisfy the Assumption B and B, the initial data
po € P(R??), and the terminal condition vy satisfy (BIR). Assume further that X > 0 is
large enough. Then, an admissible control * € L2([0,T],R™) fulfills the mean-field PMP
(BM)-(BX2) if and only if it is optimal. In addition, such an optimal control 6% is uniquely

determined and Lipschitz continuous.

Proof. The result follows by combining Theorem BTl and Theorem B. O

4 Numerical experiments

We conclude this paper with a few instructive numerical experiments, which highlight the
features of a shooting method for the mean-field maximum principle. Extensive discussions on
other numerical implementations and experiments are reported in [, 42, 650,57]. In these works,
impressive results in high dimensions have been presented and discussed, while in the present
work we would like to focus more simply on understanding the mechanism of the algorithm and
the interplay of its different parameters. Hence, we look at insightful examples in 1D and 2D,
in order to give a simple and immediate explanation of how our method can be employed for a
classification task, which is a typical application of deep learning methods. While we focus on
moderate dimensions, we believe that our findings are general enough to explain the functioning
of the algorithm also for higher dimensional data, such as images, and we refer to the above

mentioned papers for more details.
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4.1 General setting

Shooting techniques are often used to solve deterministic optimal control problems by reducing
them locally to finite dimensional equations, which are solved repeatedly for different initial
values that are iteratively updated. In our case, we start with an initial random guess of the
control parameter (6):c[o 77, we solve the optimality conditions (87I0),(B1) and (B12) in order
to update the control parameter to (9g)t€[o’ﬂ, and then use the latter as a datum for the second
iteration of the shooting method. This process, more formally written as the update policy
0?“ = A(0}), is repeated iteratively until convergence. In the proof of Theorem B, we showed
that such iterations are contractive as soon as they remain bounded, and provided that the
regularization parameter A > 0 is enough. Therefore by construction, the convergence of the
shooting scheme is readily guaranteed for bounded iterations. Moreover, Corollary B2 also
ensure the convergence of the empirical solutions obtained for NV particles/samples as N — oc.

We illustrate the numerical method in Algorithm 0.

Algorithm 1 Shooting Method

1: Initialize the layers 6° = (6):c(0.1]

2: for k = 0 ... number of iterations do

3. Find a curve t € [0, T] — puF which solves the forward equation

O + Vo (Ft,z,00)uf) =0, pfli—o = o (4.1)

4:  Find a curve t € [0, T] + 9f which solves the backward equation

Ol + Vo bk - F(t,x,08) =0,  F(@,y)l=r = |z —y|* . (4.2)

5. Find a new set of layers (Gfﬂ)te[o,r[] by solving

1
07+ oy [ Vet ) Vo 08 ik .0) = 0. (43)

6: end for

As already mentioned in the introduction, the dynamics (B=1) is a linear transport equation
that describes the forward pass of the initial data through the network. As such, it can be
solved, e.g., via a particle method: Given an initial distribution pg, we can sample N particles
and their corresponding labels and evolve them in time for ¢ € (0, 7] according to their governing
ODEs

dX;(t) dY;(t)
dt dt
where X;(t) € R? is the position of i-th sampled particle and Y;(t) € R? is its label at time — or

=0

= f(ta Xi(t)> 915)7

equivalently on the layer — ¢ € [0, 7.
The backward equation (B=2) is independent from the forward evolution (1) and, as such, it
can be solved simultaneously. Observe that (B2) is also a transport equation, but it is defined

backward in time since a boundary condition is prescribed at the final time ¢t = T. As the
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terminal condition is a continuous function, finite differences in space and an explicit time-
scheme can be used to solve this equation. In particular, the upwind method has been used to
perform the space discretization of the backward equation. Not only is this method suitable for
transport equations, but it is also ideal in this case where the flow velocity F depends on both
x and t, i.e., it can change at every point of the domain.

Finally, given the primal-dual solutions (u, ) of equations (E)-(E22) respectively, we can
solve (BZ3). To do so, we compute for each ¢ € [0, 7] the root of the following function

1

f(0:) =0y + 2N /R2d Vatbi(z,y) - VoF (t,z,0;)dp(z, y). (4.4)

The integral with respect to pu; is explicitly computed via the sum over the number of particles IV
as (¢ is an empirical /atomic distribution in the present context. Moreover, given all the discrete
values of ¢(z,y) that have been obtained by employing finite differences to solve the backward
equation (B2), the function ¥ (z,y) and its gradient V¢4 (x,y) can be interpolated, e.g., using
splines, in order to be able to evaluate these functions in whatever position X;(¢) the particles

may be located at in the domain. So, the fixed point equation (B=3) can be approximated by

N
F(8) % 00+ 5y > VX0, %(8) - VT (4, Xi(0).60). (45)

whose root can be found using any root-finding algorithm such as Newton-Raphson, Bisection,
or Brent’s method, depending on the particular test case we work on. Here, the exclusive source

of approximation is the interpolation error of ;.

4.2 Results

In this section, we will show how the three optimality conditions, namely forward, backward,
and parameter update ((E1), (E22), (B33) respectively) are used to solve a classification task:
we are given an initial distribution ug of data and labels, where any point with first coordinate
of positive sign is corresponding to a label in the corresponding orthant, while a negative
orthant label is assigned to all those points with first coordinate of negative sign (in 1D we
have one coordinate only). Then, our goal is to find the control parameter 6 that moves the
particles sampled from pg in a way such that, at the final time 7T, all the particles with positive
sign first coordinate are close to the positive orthant label and the particles with negative
sign first coordinate are close to the negative orthant one. This task is performed through a
neural network with L{%j layers, where dt is the time discretization step used to solve both
the forward (B=0) and the backward (B=2) equations. We will consider the layer forward map
F(t,z,0;) := tanh(f;z). In particular, we consider both the case in which §; € R™ := R?*¢ for
all t € [0, 7], and the one in which the control variable encodes the weights and the shifts of the
network, i.e. 6; = (Wy, 1), where W; € R™? and 7, € R?. This case corresponds to the layer
forward map F(t,x,0;) = tanh(Wx + 1) . The test cases for the initial distribution are the

followings.

e Bimodal Gaussian in 1D and 2D: in the monodimensional case, the initial distribution pg
is a bimodal Gaussian, the particles sampled from it are concentrated around the points

1 and —1 and are assigned to the label y = 2 if they have a positive sign, or to the label
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y = —2 if they have a negative sign. Similarly, in the bidimensional case the particles are
initially concentrated around (—1,—1) and (+1,41), but now their labels are assigned
according to the sign of their first coordinate, i.e. if X;(0) = (X}(0), X?(0)) is the initial
position of the i-th particle, then this will have label (—2,—2) if X}(0) < 0 and label
(+2, +2) if its coordinate X}!(0) is positive.

o Unimodal Gaussian in 1D and 2D: since in the previous case the initial particles are
already well-separated in the respective orthant, we also perform also the classification
of the particles sampled from an initial unimodal Gaussian centered in the origin that
have corresponding positive label +1 and negative label —1 in the monodimensional case.
Similarly as before, in the bidimensional case, the particles with positive first coordinate
are assigned to a positive label (+1,+1) and to a negative label (=1, —1) when their first

coordinate is negative.
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Figure 2: Left: Evolution in time of the particles from the monodimensional initial bimodal
distribution g to pr; Right: Plot of the initial bidimensional bimodal distribution po and the
final distribution p7.

Figure B shows the results obtained in the case of the bimodal distribution in 1D (on the left)
and its corresponding bidimensional case (on the right). In both cases, T'= 1 and dt = 0.05
which corresponds to a neural network with L = 20 layers, and both the layer forward maps
with or without biases are used. The initial guess of §° is §Y = 0 for all ¢t € [0,7] and the
parameter A is set to 0.1. The forward equation (B) is solved using N = 200 particles, and
the backward equation (B2) is solved in the same domain as the forward equation, namely
x € Rpr C R where Ryr is defined as in (212). The y variable is taken in a subset of R as
large as R and the same space discretization in the data dimension x and labels dimension
y is used, i.e. dr = dy = 0.1. The same holds for the bidimensional case, where y € R? and
hence the space discretization steps dz; = dxo = dy; = dyo = 0.1 are chosen. Finally, the root
of the function in equation (75) is found using Brent’s method and then the shooting method

is applied for a total of 15 (outer) iterations.

The results obtained in the case of an initial unimodal distribution in 1D and 2D are pre-
sented in Figure B, respectively, left and right plots. The same parameters (namely number
of layers, number of particles, space and time discretization, initial guess of %, and number

of iterations of the shooting method) can be used in the unimodal case. The only parameter
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that changes is A which is set to 0.001 in the monodimensional case, and to 0.0001 in the
bidimensional one. The case of unimodal Gaussian is more difficult than the bimodal one as
the particles are really close to the splitting point, i.e., the origin, and it might happen that
during an iteration of the shooting method some of the values of 8; that are obtained move the
particles to the other orthant, which will consequently lead these particles to be attracted to the
wrong label. We notice that this behavior sometimes happens, but the particles generally learn
to split into two groups and move to the proper labels, as depicted in Figure B. In particular,
some particles appear to be a bit isolated from the others, even if they go in the direction of
the labels: these are precisely those “confused” particles that were first moved to the opposite

orthant and then attracted to the wrong label.
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Figure 3: Left: Evolution in time of the particles from the monodimensional initial unimodal
distribution pg to pr; Right: Plot of the initial bidimensional unimodal distribution p¢ and the
final distribution ur.

Contribution of the number of iterations of the shooting method. We now test how
many iterations of the shooting method are necessary to obtain a good result by first starting
from the initial guess #Y = 0, and then from another initial guess #° = 1 , which is closer to
the optimal solution. In the case of zero initial guesses, our experiments show that after only
one iteration of the shooting method, a reasonable result for 6 is obtained, meaning that the
parameter is constant in ¢ but manages to move the particles in the location of the labels. At the
second iteration of the shooting method, the newly learned parameter 6 decreases in time and,
after the third iteration, it remains stable to the values previously found, i.e. it converges to a
control parameter that correctly moves the particles to the exact location of the labels. While
in the case of initial guess close to the optimal solution, i.e. # identically equal to one, already
at the first iteration the 6 that is obtained decreases in time and stabilises to the proper values.
Hence, from both two cases, it is clear that it is not necessary to perform many iterations of the
shooting method, even while starting from an initial guess (9?)t6[0,T} that is far away from the
optimal solution. On the left of Figure 8, the L? distance between shooting method solutions,
denoted by e(k) = HQfH —0F H2, is plotted for each k = 0, ...,number of iterations, starting from
different initial guesses 6Y. It appears that independently from the initial guess, the distance
between consecutive solutions goes to zero in a few iterations (which is also shown on the right

of Figure @ where, after the second iteration, it becomes impossible to distinguish between
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consecutive solutions) with different velocities depending on the initial guess. This seems to be
an advantage with respect to typical deep learning methods that require many more iterations
to find the minimum of the loss function.

Moreover, it is interesting to notice that 6 decreasing in time means that the particles at the
beginning are moving faster in the direction of the labels and then when they are close enough,
they slow down to precisely stop at labels’ position. The dynamics of the iterations, in the
monodimensional case in which an initial bimodal Gaussian is fed to a network with layer
forward map F(t,x,6;) = tanh(0;x), is depicted in the plot on the right of Figure @, where the
initial guess is 6; = 1 Vt.

Comparison of L? distances between shooting method solutions Evolution of theta over time, starting with guess 1s
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Figure 4: Left: L? distance between successive solutions of the shooting method over the
number of iterations, and starting from different initial guess, namely ) = 1, Y = 0, and
09 = ry, 7y ~ U(0,1) for all ¢; Right: values of §; over time, starting from initial guess 69 = 1
for all ¢.

On the effect of the parameter A\. A very fundamental factor that has to be taken into
consideration is that of the regularization parameter A, appearing in the fixed-point equation
(233) of the optimality conditions. The parameter A is a real positive number decided a priori,
that determines the influence of the regularization term in the loss function (IZ3), and hence
monitors how large the L?-norm of  is allowed to be. In particular, since the layer forward
map F depends on 6, its norm highly influences the velocity flow of the particles in the forward
equation. Hence, if the initial distribution pg of the particles is far away from the labels, A
needs to be set to a small value — e.g. 0.1 —, to allow [|f ||, to be large enough to reach the
labels, otherwise the particles will not have enough velocity to arrive to the correct location at
time 7" > 0. However, always choosing a small A is not a good technique either. Indeed, our
experiments show that small values of A\ cause the fixed point mapping f(6;) of (E=3) to have
many steep picks, which makes it impossible to use derivative-based methods such as Newton’s
algorithm to find its root. In case of exceedingly small A, this can even lead to a function
f(6;) with multiple roots, which may cause the algorithm to oscillate between solutions, also
reflecting the potential loss of uniqueness of optimal controls.

Let us now look at an instructive example, in which a unimodal monodimensional Gaussian
centered in zero is fed to a neural network that has layer forward map without biases. In Figure
B (left plot), A is set to 0.01, leading to a correct solution. But in Figure B, we notice that if A
is set to be too large, then [|# ||, is not large enough to move the particles to the location of the

labels and thus we obtain the behavior on the left of Figure B where the particles are moving
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Figure 5: Left: unimodal initial distribution, case with A = 0.1; Right: unimodal initial distri-
bution, case with A = 0.0001

in the correct direction but not quickly enough. On the contrary, if A is too small, the control
0; obtained at every iteration of the shooting method leads to an oscillating behavior between
the correct result and another solution, which is shown on the right of Figure B. In this case,
the particles arrive too quickly to the labels, i.e. for ¢t < T, due to the fact that small values of
A lead to large control magnitudes ||6 ||,, which influences the velocity of the particles. At this
point, the method should be able to learn a ;11 which stops the particles in order to remain
at the position of the labels, but again the small value of A does not push easily 6;,1 to be
zero and allows the norm of # to remain large. As a result, the particles, instead of remaining
in the location of the labels, start simply moving in the opposite direction. This behavior is
not surprising as it is in accordance with Remark (84), for which A needs to be set to a large
value, but the precise quantity that is needed depends on the initial distribution of g and the
domain CT in which the root can be found. Indeed, in the simpler case of a bimodal Gaussian
initial distribution A does not have to be too small (recall that it was set to 0.1 to produce the
plot on the left of Figure B), but in the more challenging case of a unimodal Gaussian initial
distribution, its value has to be small enough to give the necessary velocity to the particles in
order to let them split and reach the labels (indeed A = 0.001 in the case on the left of Figure
B). Moreover, these considerations still hold in case of activation function with bias: in this
case, the parameter can be split in two A = [Ag, A\1], set to different values in order to control
separately the norm of W and the one of 7, which is fundamental when the Gaussian is centered

in zero and the optimal W should be greater than 1, while the optimal 7 should be zero.

Influence of the time and space discretization. A first remark in connection with the
role of A regards the number of layers of the neural network, hence the time discretization dt
step. Figure B shows an experiments in 2D: starting from the bimodal distribution and the
same initial guess 6%, the shooting method is repeated 15 times with A = 0.1 and dz = 0.1. The
difference between the three plots in Figure B is that different numbers of layers are employed,
i.e., dt =0.2,0.1,0.05 respectively from left to right. Clearly, the case with dt = 0.05 is the one
that works best, because if dt is too large, the particles do not have enough time to reach the
labels (as in the case with d¢ = 0.2, i.e 5 layers) or they reach them, but not completely (as in
the case with dt = 0.1, i.e. 10 layers). These issues can clearly be overcome by using a smaller

A, but considering the difficulty in tuning ), it is more convenient to increase the number of
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layers instead. This is consistent with the common technique in the deep learning community

to increase the number of layers to obtain better results.
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Figure 6: Left: bimodal initial distribution in 2D with dt=0.2; Center: bimodal initial distri-
bution in 2D with dt=0.1; Right: bimodal initial distribution in 2D with dt=0.05

Moreover, we need to keep in mind that the time discretization has to be chosen in accor-
dance with the space discretization dz appearing in the backward equation, as the Courant
number has to be kept below 1 in order to guarantee convergence of the numerical scheme. It is
interesting to notice that in the case of unimodal distribution, increasing the space discretiza-
tion to dz = dy = 0.2 is surprisingly beneficial. This is because the Courant number that
needs to be set to a value between 0 and 1, but not too close to neither of them, depends on
the function F(¢,z, 6;) and, since all the particles X;(0) are initially close to zero, this number

tends to be too small. Hence, convergence is obtained when the space discretization is increased.

An implementation in Python of our algorithm, together with videos and code to reproduce
our results, can be found at the following repository https://github.com/CristinaCipriani/Mean-
fieldPMP-NeurODE-training.

Appendix
In this section, we collect the proof of auxiliary results of the paper.

Proof of Theorem 2Z3. Recall the associated characteristic system of ODEs

dX; dY;
— = F(t, X;,0 — =0. 4.6
dr f( s A3ty t)7 dr ( )

Since for any given 8 € L?([0,T];R™), the velocity field F satisfies the regularity and growth
conditions in Assumption 0, standard results for Carathéodory differential equations [34, Chap-
ter 1] ensure that for any initial condition (zo,yo) € B(R), the above system has a unique
solution (X¢,Y;) € Lip([0, 7]; R??) on [0, T]. Moreover following e.g. [37, Theorem A.2], it holds

t
| Xe| < <|ﬂfo! +/ h(s) dS) MO < (R4 Crp)e®™r and Y=gy, (47
0

for all t € [0,7]. We consider the underlying characteristic flow between times 7,t € [0,7],
defined by

Bl ROXRISROXRY  (0r,9,) o @ (@7, r) = (X777, (48)
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where (X7 Y%) is the solution to (E8) with the initial data (z,,y,) € R?? at time 7 € [0, T].
Setting 7 = 0 and given a datum o € P2(R??), we can use the characteristic flow to define the

following curve of measures
Ht = ‘i’-(%,t)ljlu(]a (4.9)

for all times ¢t € [0, 7], which equivalently means that
[ ottty = [ 06X, ¥ dpolan, ). (4.10)
R2d R2d

for all ¢ € C}([0,T] x R??). It is well known that i is a measure solution to the equation (IZ2).
Indeed, using the change of variables formula for the push-forward measure, the chain rule, and

once more the change of variables, one has

d d .
/ ¢(t,w,y)dut(w,y)=/ —(t, X0, Y )dpo (o, yo)
dt Jgr2a 24 dt

- /R (e, XG50 Y) + Vot X7, V) - F (X, 00) ) dpo o, o)

= /]RQd (Op(t,z,y) + Vau(t, x,y) - F(t,z,0;)) dpe(z, y) - (4.11)

Integrating in time leads to formula (210). Furthermore, it follows from [23, Lemma 3.11] that
for any s,t € [0, 7] it holds

Wi (e, i) = Wi (% b1, B H@ — &7 ‘ <Clt—s|, (412
12t phs) 1( (ovt)ﬁ,u (o,s)ﬁMO (0,¢) (0,5) oo (supp(uo)) — | | ( )
due to the fact that

19,1 (%0, y0) — R4 (0, 90)| = (X7 = X7°,0)| < CJt — s, (4.13)

for all (zo,yo) € supp(po), where C depends only on R and Cr . Thus y is continuous in time
with respect to Wi metric, and it has a compact support since (2=4). Moreover, supp u; € B(Rr)
for all t € [0, T, where Rr depends only on R and Cr .

Next we prove the stability estimate. Let !, i = 1,2 be measure solutions to the equation
(2) with initial data u} obtained above. Write (X7,Y)) = @£7t)(x6,y3) for i = 1,2 and
t € [0,T], and observe that

ot v = a2 = (e = ey + [ sk 00 - Fs. X200 ds o )|
< (b~ 30— u3)] + / [F(s, X21,0,) — Fl5, X2,6,)] ds
0

t
< I(eb ) = ()| + [ on(1+ 0.)Ix] - X2 ds.
Applying Gronwall’s inequality leads to

XY = (X2, V2] < (b ) — (o o) |efo om0 = |, ) — (o, wf) et
(4.14)
for all times t € [0, T]. Therefore, @g; ;) is Lipschitz on B (0, R) Cc R?? and

|(I,-(7E—),t)(x(1)7yé) - ¢£7t) (x(2)7y8>| < LT‘(‘T(I)a y(l)) o (x(%vyg)‘ for all ¢ € [O7T] ’ (415)
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where Ly = elPF TR0 Given an optimal transport plan 7 between u}) and u%, one can check

that the measure v = (<I>(FO B X <I>(f0 t))ﬁw has marginals <I>(f0 t)ﬁué and (I)Z(r) t)ﬁu%. Hence, it holds

F w1 &F 42
Wi (‘I’(o,t)ﬁﬂoaq’(o,t)ﬂﬂo < /R2d><R

= [ BT () = 9%y ) in(a)

<Ly / @ — yldn(z,y) = LyWa (ud, 13)
RQdXRQd

|z —yldvy(z,y)
2d

which leads to

Wi (Mt17 :u?) = Wl((ﬁ{(;,t) ﬁ:u(lb @g),t) ﬁ:u%) < LW (Néa /L(Z))v (416)
for all times t € [0, T]. Thus we have completed the proof. O

Proof of Proposition B-3. We shall use the standard characteristic method with backward prop-
agation. Thanks to Cauchy-Lipschitz theorem on ODE, we know that for any terminal condition
(X7,Yr) = (2,9) € B(Rr)
dX;
dt

av,

:f(taytvet)v dr

=0, (4.17)

admits a unique solution ¢ € [0,T] — (X, Y) = @Z;‘ft) (z,y) € R?? which can be written

<I>£i)t) <w—/ F(s,Xs,05)ds y)

for all (z,y) € B(Rr). Moreover, one has ‘<I>(:ﬁ’t)(a: y)’ < (Rr + CrrT)e“* 7T + Ry by
Gronwall’s inequality as in (EZ2). Namely one has ‘I’gﬁ t)( y)(B(Rr)) C B(Rp) with the
diameter R}, = R+ (R + CxrT)ecF T,

Furthermore, the functions <I>£? P : R?? — R24 are C? diffeomorphisms for any ¢ € [0, 7], and

explicitly as

the application (¢, z,y) — ‘i(T,t)(x,y) € R?? is globally Lipschitz. Now we construct solution

by using standard characteristic method, and we define
?l}e(t, Z, y) d}T( (l’ y)) (33‘, y) € R2d ) (418)

where ¢ € C2(R??) satisfies (BI8). This implies that ¢ (¢, <I>(fj§ t)( y)) = ¥r(z,y). Then we

deduce
= aqpe(tyta?t) B
a0 0 % v, 93Xt _ 0 0 i
=0’ (t, X1, Y1) + Voo (t, Xy, Yy) - T o’ + V¥ - F (t,<I>(07t)(x,y)).

for any t € [0,T) and (x,y) € R?’.  Since supp(¢y) = B(R7), one has supp(?(t)) =
@Z?t)(B(RT)) C B(R)) for all t € [0,7]. Thus we have constructed a function ¥(t,z,y) =
¢T(‘I’Z?T) (x,y)) of class C'([0, T]; C2(R?%)) satisfying (BI).
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Now for all (z,y) € <I>g? B (z,y)(B(Rr)) C B(R'), let us consider the following ODEs

X, dv,
= X87 s)s
ds F (s, 0s) ds

. = (,y). Then

=0, (4.19)

with the initial data (X, YS)|S:

T
®7w0) = (6r,¥) = (24 [ Fls. X005,

It follows from similar arguments as in (E14) that
&7 (o1,1) — B (2,10 | < (o1 =l + oy — et
(t,T) 1, Y1 (t,T) 2,Y2)| = 1 2 Y1 Y2 )

which combined with (1) in Assumption B, according to [6Y, Lemma 2.3], implies that

Hq)(t T) H52(<1>(T )( (R7))) < C(R/Ta T,Crp, C]—',T; LF,T,CF) . (4.20)
Thus we have for all t € [0, 7]
0 Fi
Hwt H(22 (R2d) — Hwt Hc? 79 B(Rr))) HI/JT ‘I’(teT HCQ(‘I’(T t)(B(RT)))
_F
<C <H‘I’(t9T ch 71, (B( > lUrllc2(B(Ry)) -
(4.21)
This concludes the proof of (B19). O
Proof of Theorem E4.
e Step 1. We first want to show that
G'(z*)h =0 implies DJ(z*)h =0, (4.22)

for all h € Xp. To this end, let h € X g be given such that G'(z*)h = 0. Here DJ(z*) is the

multivalued F-differential of J at x* as in Definition 2. Consider the operator
U(e,u) := G(z* +¢eh +u), (4.23)

where (g, u) is in some neighborhood of (0,0) in Rx X g, and G is the unique extension of G to E.
Indeed, for any h,u € X g, there exists sequences (h"),en, (U™)nen C Xg such that h™ — h and
u"™ — u. According to the assumption it necessarily holds that (z* +eh™ +u") € * + Xg C E,

so one can uniquely define

U(e,u) = G(z* +eh+u) := lim G(z* +eh™ +u"). (4.24)

n—o0

In the sequel we will not differentiate G from G.
Note that if 2* solves (B21), one has

7(0,0) = G(a*) = 0. (4.25)

By the definition of F-derivatives, we note that

_ _ / * * _ *\ / k
o W0,9) = W(0,0) = Gy ly _ | IGE" +y) = Ga) = Gy ly
s o Tx s Ty Tx

=0. (4.26)
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This means that G'(z*) € D¥,,(0,0). Thus there exists some ¥ (0,0) € DV, (0,0) such that
¥,(0,0) = G/(«), (4.27)

Moreover ¥/,(0,0) is surjective on X p — Y, since G'(z*) is surjective on Xp — Y.

o Step 1.1. From above, we know that W/ (0,0) is surjective on X g — Y. Thus, there exists a
number x > 0 such that, for each y € Y, there is a point w(y) € X g C X satisfying

,00,0w(y) =y and  [w()lx < «llylly, (4.28)
where the second inequality follows from Banach’s continuous inverse theorem. We define
fle,u) =W (0,0)u — ¥(e,u). (4.29)
Let € < p and ||u||x, ||v||x < r, and observe that for some f/,(¢,u) € Df,(g,u), it holds
fi(g,u) = V! (0,0) — W (g,u). (4.30)
Since f] (e, u) is continuous at (0,0) and f/,(0,0) = 0, Taylor’s theorem implies that

1f (g, u) = fle,0)] < JSu Ifu(esu+7(v = w))llllu = vlx = o(D)[]lu - vlx (4.31)

as p,r — 0. In addition since f(0,0) = 0 and f is continuous at (0,0), we also get

1f(e;w)lly < Wf(e;u) = £, 0)ly +[1£(e,0)]ly < o(D)l[ullx +[[f(e, 0y, (4.32)

as p,r — 0. For a given ¢ € RT with € < p, we consider following iterative method
\P;(O? O)Um-‘rl = f(6> Um), m = 07 17 2> ) (433)

where ug = 0 and um+1 = w(f(€,um)). Since ||[um+1l|x < &||f (g, um)|ly, it follows from (B=3T)
and (B=32) that for sufficiently small p and r, one has

luml|lx <o(l)r+o(1), p—0 and ||umt2—um+1lx < 1||um+1—umHX forallm=20,1,---,

(4.34)
which means that {um,}m>0 is a Cauchy sequence in the Banach space X g, and hence there
exists some u € X g such that

U —> U AS M —> 00 . (4.35)

Moreover we have that ||u|lx < and ¥/ (0,0)u = f(e,u) because of (E=33), and thus ¥(e,u) =

0. Lastly, we let m — oo in

[um-t2llx < &l (€ umsn)lly = & [[ 2,00, 0)umr1 — Te, umr) [|y (4.36)

then it follows that |jul|x < &[|¥},(0,0)uly.
o Step 1.2. It follows from Step 1.1 above that there exists numbers p > 0 and r > 0 such that
for any € € RT and € < p, there exists u(e) € X p with |lu(e) || x < r such that

U(e,u(e)) = G(z* +ech+u(e) =0 (4.37)
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and
lu(e) [ x < & || 9500,0)u(e) ||y = #[|G"(z")ule) ||, (4.38)

along with |lu(e) ||y — 0 as e — 0.

By the definition of F- derivative, one has
Gz*+k)—G*) =Gk =0o(k|y), k—0. (4.39)
Let k = ech + u(e), we have
G(z* +eh+u(e)) — G(z*) — eG'(z*)h — G'(@*)ule) = o(|leh + u(e) || x), —0. (4.40)

Therefore
G'(z*)u(e) = o(1) |leh +u(e) ||y, €—0. (4.41)

By (E3R), we obtain ||u(e) || x < o(1) ||[eh + u(e) || 5, which is
lu(e) || = o(e), e—0. (4.42)
Since z* is the minimizer of .J, one has
J(z* +eh+u(e)) > J(z¥), (4.43)

which yields
DJ(z*)(eh +u(e)) +o(]leh +ule) || x) >0, €—0. (4.44)

Dividing by ¢ and letting ¢ — +0, one has DJ(x*)h > 0 and DJ(x2*)h < 0. In other words

DJ(z*)h =0. (4.45)

e Step 2. In Step 1 we have proven that if G'(z*)h = 0 for some h € X g, then DJ(z*)h = 0.

This can be written in the more compact operator form
DJ(z*) C IN(G'(z*)]F = {:B’ €X' | (& h) =0 for all h € N(G'(z*)) C YE} . (4.46)
Then, it follows from the closed range theorem in Banach spaces that
(G @) = R(G (@)T). (4.47)

which implies that
DJ(z*) c N(G'(z*)t = R(G' (z*)7).

Therefore, there exists a covector p* € Y’ such that J'(z*) = G'(z*) " p* for any J'(z*) € DJ(z*).

In other words
(J'(x%),2) = (G'(z*) Tp*,2) = (p*,G'(z%)2) forall z€ Xp, (4.48)

which completes the proof of Theorem B3. O
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Proof of Lemma B, By construction of the semigroups (QJ(T’t))T’tG[()’T], it holds for all (¢,x) €
[0, 7] x R? that
D) 0 Piry (2) =, (4.49)

where “o” stands for the standard composition operation between functions. Thus by differen-
tiating with respect to x € R? in (229), we obtain

vac<I>(zt,T) (CD(T,t) (x))vxq)(T,t) (z) =1d,

for every y € R?. Thus, recalling that V@1 (z) is invertible by construction, one further has

vxq)(t,T)((I)(T,t) (m)) = qu)(T’t) (l‘)_l, (4.50)

for every (t,z) € [0,T] x RY. Differentiating with respect to ¢ € [0,7] in (E250) while recalling
the ODE characterization derived in (8%) for ¢ € [0,T] = V;® (74 () then yields

O (vxq)(t,T)((I)(T,t) (@)) = —Vo®ry ()0 (vx(l)(T,t) ($)>Vz‘1’(T,t) ()~
= =V Py (2) T Vau(t, ®(ry (z))
= —Vau@( 1) (P(1,0) (7)) Vv (t, (10 (2)),
where we used the classical characterization of the differential of the inverse mapping over

matrices. Taking the transpose in the previous expression while using the fact that the process

of adjoining a matrix is linear, we can conclude that

01 (V a1y (@ (@) ) = = Fa(t, @1 (2))TVa (o) (@) (@)
vxq)(T,T)((I)(T,T) (SC))T =1d,

which ends the proof of our claim. O
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