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Abstract

For a large class of stochastic processes, the evolution of the underlying probability
density function is prescribed by a forward Kolmogorov equation, also called Fokker-
Planck equation, a second-order parabolic partial differential equation. In this manner,
an optimal control problem subject to an It6 stochastic differential equation can be
rendered deterministic by recasting it as an optimal control problem for the Fokker-
Planck equation, which we study in this work.

In this setting, the control acts as a coefficient of the state variable in the advection
term, i.e., it is of bilinear type. This optimal control problem has been firstly studied by
Annunziato and Borzi (2010, 2013) for constant or time dependent controls. We extend
the analysis to the case of time and space dependent controls, which allows to consider
a wider variety of possible objectives. In order to deduce existence of nonnegative
solutions for the state equation we require suitable integrability assumptions on the
coefficients of the Fokker-Planck equation and thus on the control function. Therefore,
the optimization takes place in a Banach space. We develop a systematic analysis of the
existence of optimal controls and derive the system of first order necessary optimality
conditions.

Keywords Bilinear control - Fokker-Planck equation - Optimal control theory - Optimiza-
tion in Banach spaces - Probability density function - Stochastic process
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1 Introduction

Initiated by Kolmogorov’s work [20], the study of the Fokker-Planck (FP) equation, also
known as Kolmogorov forward equation, has received great and increasing attention, since
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it describes the time evolution of the probability density function (PDF) of the velocity of
a particle. After that, the FP equation has been applied to several problems in physics,
chemistry, and biology and a large amount of literature concerning the FP equation in
connection with the evolution of the transition PDF associated with stochastic processes
has been developed, see for example [15, 17]. In recent years, the well-posedness of the
FP under low regularity assumptions on the coefficients has been studied in connection
with existence, uniqueness and stability of martingale solutions to the related stochastic
differential equation [23, 11], and control properties of the FP has become of main interest
in mean field game theory, see [27] for further insight on this connection.

In a similar way, our main interest in the optimal control of the FP equation stems from
a statistical approach that allows to recast a stochastic optimal control problem into a
deterministic minimization problem, where the state is constrained to a FP equation. The
idea behind this approach is that the state of a stochastic process can be characterized by the
shape of its statistical distribution, which is represented by the PDF. Therefore, controlling
the PDF yields an accurate and flexible control strategy that can accommodate a wide class
of objectives, cf. also [8, Section 4]. In this direction, in [14, 18, 19, 34] PDF-control schemes
were proposed, where the cost functional depends on the PDF of the stochastic state variable.
In this way, a deterministic objective results and no averaging, which is usually considered
for stochastic optimal control problems, see, e.g., [13], is needed.

However, in these references, stochastic methods were still adopted in order to approximate
the state variable of the random process. Conversely, in [2, 3] the authors approach the
problem of tracking the PDF associated with the stochastic process directly. If the control
acts through the drift term, the evolution of the PDF is controlled through the advection
term of the FP equation. This is a rather weak action of the controller on the system,
usually called of bilinear type, since the control takes action as a coefficient of the state
variable. Indeed, only few controllability results are known for such kind of control systems,
for instance in connection with quantum control system and stochastic control [7] or in
relation to the planning problem for the mean field games system [26]. Concerning the
existence of bilinear optimal controls, a first result was given by [1] for a control function
that only depends on time. As we will explain in more details below, this choice significantly
simplifies the functional framework needed to ensure well-posedness of the FP equation and
the related optimal control problem. However, in certain situations it could be handier or
even required to act on the space variable as well. In general, the richer structure of a control
u = u(x,t) allows to substantially improve the tracking performance of a PDF, as shown
in [12].

Therefore, the aim of this work is to extend the theoretical study on the existence of bilinear
optimal controls of the FP equation by [1] to the case of more general control functions, i.e.,
to the case of a bilinear control that depends on both time and space. This feature requires
a careful analysis of the well-posedness of the FP equation. Indeed, suitable assumptions
are needed on the coefficient of the advection term in order to give meaning to the weak
formulation of the equation. For this reason, we will assume the functional framework
proposed in the work of Aronson [4] and Aronson-Serrin [5]. In this setting, the advection
coefficient belongs to the space L(0,T; LP(2)) for some p, g > 1 such that 1/¢+d/(2p) < 1/2.



This implies, in particular, that the space of controls cannot be chosen as L*(Q), but only
as an appropriate Lebesgue space that is not bounded and closed in L?*(Q). As a result, the
optimization problem is defined on a Banach space. This is in contrast with the usual setting
for most of the optimization problems, where one exploits the richer Hilbert structure of the
space of admissible controls. For example, the control function space always fulfills a Hilbert
structure in the linear-quadratic case [22, 25|, e.g., the cost functional penalizes the square
of the cost effort and the state is constrained to a linear partial differential equation (PDE)
with additive control through a source term acting on the boundary or in the interior of the
domain. On the other hand, optimization on Banach spaces is often considered whenever
the state variable is subject to a nonlinear PDE, see for example [9, 30]. Let us observe that,
in recent works [23, 27], the well-posedness of the FP equation has been established even
for drift coefficients b € L?(Q), in the context of renormalized solutions. These papers could
describe the right framework for studying the optimal control problem of the FP equation in
a Hilbert setting. A desirable feature of the functional framework adopted in this paper is
the fact that we do not require any differentiability property of the control function, which
is in accordance with the numerical simulations shown in [12].

In the sequel, after describing the setting in Section 2, in Section 3 we introduce the proper
assumptions from [4] on the functional framework to ensure existence of (nonnegative) so-
lutions to the state equation. Section 4 is devoted to recast the FP equation in an abstract
setting and to deduce useful a-priori estimates of its solution, which we use to prove our main
result on existence of solutions to the optimal control problem in Section 5. In Section 6,
we deduce the system of first order necessary optimality conditions that characterizes the
optimal solutions. Section 7 concludes.

2 Preliminaries

Given T' > 0, let us consider a controlled continuous-time stochastic process described by
the (Ito) stochastic differential equation

dXt = b(Xt,t,U) dt + O'(Xt,t) th, te (O,T) s (1>
X(t - O) - Xo,

where X, € R? is the initial condition, d > 1, W, € R™ is an m—dimensional Wiener
process, m > 1, b = (by,...,by) is a vector valued drift function, and the dispersion matrix
o(X;,t) € R™™ is assumed to have full rank. We postpone the analysis of the degenerate
diffusion case to a next paper. The control u acting on (1) through the drift term b has to
be chosen from a suitable class of admissible functions in a way to minimize a certain cost
functional.

Assuming for simplicity that the state variable X; evolves in a bounded domain € of R?
with smooth boundary 02, we set the notations @ :=Q x (0,7), ¥ := 9Q x (0,7, and
a; = 22:1 o0k /2, i,j = 1,...d. Notice that the matrix (aij>¢j is symmetric positive
semi-definite. We will denote by 0; and 0; the partial derivative with respect to x; and t,
respectively, where ¢ = 1,...,d.



Under suitable assumptions on the coefficients b and o, it is well known [28, p. 227], [29,
p. 297] that, given an initial distribution yo, the evolution of the PDF associated with the
stochastic process (1) satisfies the following FP equation

Oy — Y 95 (aiy) + Y i (bi(w)y) =0, inQ, (2)

ij=1 i=

y(l‘, 0) = y0<l‘) ) in €2, (3>

d
1

where the arguments (z,¢) are omitted here and in the following, whenever clear from the
context. We refer to [31] for an exhaustive theory and numerical methods on the FP equation.
A solution y to (2)-(3) shall furthermore satisfy the standard properties of a PDF, i.e.,

y(z,t) >0, (1) €Q, (positivity)

/ y(z,t)de =1, te€(0,7). (unitary mass)
0

Notice that, in general, equation (2) evolves in the space domain R rather than in Q.
However, if localized SDEs are under consideration or if the objective is to keep the PDF
within a given compact set of €2 and the probability to find X, outside of €2 is negligible, we
might focus on the description of the evolution of the PDF in the bounded domain © C R¢.
Thus, assuming that the physical structure of the problem ensures the confinement of the
stochastic process within €2, it is reasonable to employ homogeneous Dirichlet boundary
conditions
y(z,t) =0 on X,

also known as absorbing boundary conditions [28, p. 231] (see the work of Feller [10] for
a complete characterization of possible boundary conditions in one space dimension; in
the multidimensional case, usually either absorbing boundary conditions y(z,t) = 0 on X,
or reflecting boundary conditions n - J(z,t) =0 on X are adopted, where J denotes the
probability current and n the unit normal vector to the surface 0. See also [17, Chapter 5]
for a comparison between the Gihman-Skorohod [16] and the Feller classification of boundary
conditions).

3 Well-posedness of the Fokker—Planck Equation

In this section, we describe the functional framework that we will adopt to ensure the
existence of solutions to the FP equation including a source term f: @) — R.

d

Oy — Z 8@‘2j (aiy) + Zai (bi(u)y) =f InQ. (4)

ij=1 i=1



_ _ d
Assuming that a;; € CY(Q) for all 4,57 = 1,...,d, and setting b;(u) = > da;; — b;(u),
i=1
equation (4) can be recast in flux formulation
d d )
Oy — Z@'(Z%@y + bj(“)?J) =f, inQ. (5)
j=1 i=1

Furthermore, we have initial and boundary conditions

y(z,t) =0, (x,t) € 3, (6)
y(l’,O) - y()(l’) S L2(9>7 x €1, (7>

with the associated weak formulation

d

// fo dedt = //atyv dxdt—// (Zaj(iaijaiywj(u)y))vdxdt
Q o =1

Q =1

_ —//yatv dwdt — /y<.,o)v(.,o) dx+//i (iaijaiy%j(u)y)ajv dedt
Q Q @ =t =

for test functions v € Wy (Q) with vpq = 0 and v(-,T7) = 0. Here and in the following
sections we assume the following hypotheses on the data of equation (5), derived from [4]:

Assumption 1
1. a;; € CYQ) foralli,j=1,...,d.
2. V¢ € RY and almost all (z,t) € Q :

(a) “i1 aij(z,t)&E; > 0|€)? for some constant 0 < 6 < oo,
ig=
(b) |aij(x,t)] < M,i,j=1,....d for some constant 0 < M < oo.
3. f,bj(u) € LU0, T;L2(Q)),j = 1,...,d with 2 < q< co.
Remark 2

1. As far as well-posedness is concerned, Assumption 1(3) can be weakened to the less
demanding requirement [4]

/s Z;J(u) € LY0,T;L*(Q)),j =1, ....,d with 2 < p,q < 00 and Qip —i—% < %

However, we directly assume the additional reqularity of the coefficients l;j (u), which is
required in the following sections.



2. If the right-hand-side is of the form f = div(F) with F: Q — RY, it is enough to
assume F; € L*(Q),i = 1,...,d instead of requiring f as in Assumption 1(3), see [4].

The following theorem, a special case of [4, Thm. 1, p. 634], guarantees the existence and
uniqueness of (nonnegative) solutions.

Theorem 3
Suppose that Assumption 1 holds and let yo € L?(Q). Then there exists a unique y €
L2(0,T; HY () N L>(0,T; L*(2)) satisfying

d d
[ oo+ 3 (St + biw)ow - fodadt = [yt0yds(s)
G j=1 =1

Q

for every v € W' (Q) with vigo = 0 and v(-,T) = 0, i.e., y is the unique weak solution of
the Fokker-Planck initial boundary value problem defined by (4),(6), and (7).
Moreover, if f =0 and 0 < yo < m almost everywhere in §2, then

0 <y(z,t) <m(l+ Cppk) almost everywhere in @,

where d
k= Z ||5j (U)HLq(o,T;LOO(m)
j=1

and the constant C'rp > 0 depends only on T, €2, and the structure of the FP equation.

The solution obtained by Theorem 3 is more regular; indeed, it belongs to the W (0, T) space.
To this end, consider the Gelfand triple V. — H < V' with H := L*(Q), V := H}(Q),
and V' = H1(Q) the dual space of V, endowed with norms

2 2
IIyIIH::/defE, lylly ::/|Vy|2d$, 1Ly = sup  [{L,y)viv|,
Q

yeVilylly=1
O v

respectively, where |-| is the Euclidean norm and (-, -)y~ v represents the duality map between
V and V’. This notation and these spaces are used throughout the paper. We remind that

W(0,T) :={y € L*(0,T;V) : y € L*(0,T; V')} € C([0,T]; H),
1 denoting the time derivative of y.

Proposition 4
Under the assumptions of Theorem 3 the solution y in Theorem 3 belongs to W (0,T), possibly
after a modification on a set of measure zero.



Proof. The proof is analogous to the proof of [33, Theorem 3.12], the only change be-
ing a different functional. In our case, for any fixed ¢, the linear functional is given by
F(t): H}(Q) — R,

v =Y (Z ai; (£)9y(t) + b; (£ u(t)y(t), ajv)H +(F(),0),

F(t) is bounded and thus continuous for all ¢ € (0,7):

d

F == [ (S au®owo) + 6w s+ [ opar
SZ/XWMMMUWM®+/UHWM
3 [ a0l ds

< Z [lai;(t ||Loo ly(t )HH&(Q) ||U||H5(Q) + ca ||f(t)||L2(Q) ||U||H3(Q)

+ 185w ooy 19O 20y 103

where cq is such that [[v[| 2y < co ||v||H3(Q) for any v € Hy(f2). Therefore,

IE@)y < Co(0) lye ml+§ﬂbmtww®mwm@ o)

+eallf (Ol L2 -

Since Cl(t) € LOO(O7T)7 ||y(t)||H6(Q) € LQ(O’T)7 ||bj(t;u(t))HLoo(Q) € Lq(O7T)7 ||y(t)||L2(Q) <
L(0,T), and [|f ()| 12(q) € L%(0,T), ¢ > 2, the right-hand-side of (9) belongs to L?(0,7),

e., F € L*0,T;V’). Note that this result also holds if f is of the form mentioned in
Remark 2(2) due to the spatial derivatives being transferred to v. The remaining steps in
this case are again the same as in the proof of [33, Theorem 3.12]. O]

Note that for all v € H} () we have fQ Yovu dz = hm fQ y(-, t)v dz = fQ y(+,0)v dx, where the

first equality follows from equation (8) and the second holds because W (0, T) C C([0,T]; H).
Consequently, y(-,0) = yo(-) in €.



4 A-priori estimates

In this section we deduce a-priori estimates of solutions to the Fokker-Planck initial boundary
value problem defined by (4), (6), and (7) with f € L*(0,T;V’). For the sake of clarity, we
recast it in abstract form

y(t) + Ay(t) + B(u(t),y(t)) = f(t) in V', t€(0,T) (10)
y(0) = o,

where yg € H, A: V — V' is a linear and continuous operator such that

(Achvlv_/Za a;;2) 0j dz Vz,p €V,

i,j=1

and the operator B: L®(Q;R?) x H — V' is defined by

(B(u,y), o)y v = —/sz(u)y Oip do = —/yb(u). Vo dx

Q

for all u € L>®(Q;RY), y € H, ¢ € V. In the following, &(yo,u, f) refers to (10), whenever
we want to point out the data (yo,u, f). From this section on, we denote by M and C
generic positive constants that might change from line to line. Furthermore, we assume the
following properties.

Assumption 5

1. Besides Assumption 1(1)-(2), the coefficient functions a;; depend only on space, i.e.,
a;j € CHQ) with |ai;(x)|,|0ai;(z)| < M, i,j=1,...,d for all x € Q and some constant
0< M < oo.

2. The function b: R xU — RE (z,t;u) v bz, t;u(x,t)) satisfies the growth condition
d
D bz )P < M(1+ |2 + fu(z, 1)) Vo e RY, (11)
i=1
for everyi=1,...,d, t € [0,T], and u in a suitable space U.

We assume for simplicity the coefficients a;; to be independent of time in order to cope with
an autonomous operator A. In this setting, u(t) € L>(£2;RY) implies b(t; u(t)) € L>®(Q;R?),
which occurs, in particular, in the case

bi('ru tv U) = %(m) + ul(:c,t) for some Vi € Cl(Q) ) ui('u t) S LOO<Q) (12>
for any ¢t € (0,7) and i = 1,...,d. Furthermore, because of (11),

1B(u,y)lly < M(1+ HUHLOO(Q;Rd)) Yl g Vu e LY(GRY),y € H.

8



Given ¢ > 2, admissible controls are functions
w €U := L0, T; L>*(Q;RY) € L*(0,T; L=(Q;RY))
for which holds

a-2
lull 20, 7sn0 (rayy < T2 [Jully - (13)
To ease the notation, we will still denote by A and B the two operators A: L*(0,T;V) —
L*(0,T;V') and B: U x L>=(0,T; H) — L9(0,T; V") such that for all z, € L*(0,T;V), we
have Az = — Z” 1 0% (a;52) and
T
/(Az(t), Yoy dt = // Z d;(as;2) d;¢p dadt | (14)
0 2,7=1
and B(u,y) = 320, 9; (bi(u)y) = div(b(u)y) for all u € U and y € L>(0, T; H), such that
T
[ B, yo), o) at - / [ Zb )y dad (19

0

for all ¢ € L (0,T;V) with 1/q + 1/¢' = 1. Indeed, for every u € U and y € L>(0,T; H)
we have that div(b(u)y) € L%(0,T;V") and

1B (s )| oo vy = IV ooy < MO+ Nwlly) 1Yl oo o.m) -

Note that the integral on the r.h.s. in (14) is not symmetric in z and ¢, owing to the fact
that A is not self-adjoint.
Let us now consider the bilinear form a: (0,7) x V' x V — R such that

alt, v / (Za (aij) 0 Z <,u<t>>¢am> d

i,7=1
d
:/<Z ;01 O + Z 1?8190)
o \ij=1 j=1

forallt € (0,7) and ¥, ¢ € V. Thanks to the uniform ellipticity of A and Young’s inequality,
for every ¢ > 0, t € (0,7, and every ¢ € V we have that

d
/|V90|2 dm</2a,] O 0jp dx = alt, ¢, ¢)— /Z ))p0;p dx

Q’Lj].

< alt, . 0) + 506 ) iz | = [ 196 dot 5 / ol
Q



Thus, choosing & = 30/ (4||b(t; u(t))||s0) = 36/ (4]|b(t; u(t))|| oo (;ray), We conclude that

4 2 2
1 el < at, e, 0) + Ci@) Nl - (16)
- 2
where C(t) = Hb(tﬂ;#“*. We now derive some useful a-priori estimates on the solution
of (10).
Lemma 6

Letyo € H, f € L*(0,T; V") and w € U. Then a solution y of (10) satisfies the estimates

11 07y < M) (IO + 11070 (17)

920y < (4 [l2)22 () (IO + 1z ) (15)

1607 < (14 l2)24C) (RO + 1 sz ) + 217 gy (19)
where M (u) := CeeM D) for some positive constants ¢, C.

Proof. Let y a solution of (10) and ¢ € (0,7"). Multiplying equation (10) by y(t), we deduce
that

%% (ly @) + alt.y(t).y() = (FE).yE)vry, te(0,T),
and thus

S o)1) + 5 I < 5 (Ol + 2006, u(6),w(6)) +20400) Iy o)
= 270 9y + 26,0 )y < 22 Iy + 5 £ + 200 (o)

Fixing € = 6/8, we can apply Gronwall’s inequality and have that

t 4 [t
ly(t)| < efi 20 [||y<o>||§, 3 / Tl df] .

By the definition of C; and the assumptions (11) and (13) on b, we deduce that fOT 204 (t)dt <
M(1 + |Jul)},), and thus

2
1 00y < Ce1E [ (O) 3 + 1 W) -
Integrating in (0,7") the relation
d 0 4
3 (@) + 5 Iy < 5 17O + 20 [y @]l

10



we conclude that
2 2 2 2 2
Hy”LQ(O,T;V) <cC (Hy(O)HH + ||f||L2(0,T;V')> + C (1 + ||ull) ||y||Loo(0,T;H)
2\ ¢ ul|? 2 2
< O+ [l E)e 10 (y(O)1% + 112070

We remind that C' might change from line to line. Finally, multiplying (10) by ¢ €
L?(0,T;V) and integrating over (0,T),

T
[ 00O d < ol Telsora,
Yl Lo oy N0ll 20,7200 rayy 19 20,00y + 1 20,0 10l 2070y

where C, > 0 such that || A&, < Cq |||l for all £ € V. Thanks to relation (13),

HQHLQ(O,T;V') < Ca H?/HLZ’(O,T;V) +C Hy”Loo(o,T;H) Jully, + HfHLQ(O,T;V’) :

Using twice the estimate (a + b)* < 2a® + 2b?, we derive the relation (19) by the estimates

on Hy“LOO(O,T;H) and ||y||L2(0,T;v)' .

5 Existence of optimal control

In this section we consider the minimization problem of a cost functional J (y,u), where the
state y is subject to equation (10) with control w and source f = 0. We require Assumptions 1
and 5 to hold in this and the following sections.

Fixing yo € H, we introduce the control-to-state operator ©: U — C([0,T]; H) such that
u+— y € C([0,T]; H) solution of &(yo,u,0). Thus, the optimization problem turns into
minimizing the so-called reduced cost functional J: U — R such that J(u) := J(O(u),u),
which we assume to be bounded from below, over a suitable non-empty subset of admissible
controls U,q. Without loss of generality, we assume the existence of a control u € U,y such
that J(@) < oo. In the following, we consider box constraints for the space of admissible
controls, i.e.,

Upg = {u el :u, <ulx,t) <wu, foralmost all (x,t) € Q} (20)

where u,, 1, € R? and u, < uy is to be understood component-wise. In order to prove the
main theorem we will need the following compactness result (see [6], [24, Théoreme 5.1,
p. 58] or [32]).

Theorem 7
Let I be an open and bounded interval of R, and let X,Y,Z be three Banach spaces, with
dense and continuous inclusions

Y - X — Z,

11



the first one being compact. Then, for every p € [1,+00) and r > 1 we have the compact
mclusions

LP(LY)NWHY(I; Z) — LP(I; X)

and

L(LY)YNWY(I; Z) — O(T; X).

Theorem 8

Let yo € H and assume b(x;u) = (v;(x)
Consider the reduced cost functional J(u)
unique solution of the equation

y(t) + Ay(t) + B(u(t),y(t)) =0 m V', t € (0,T), (21)
y(0) = o,

ui(z,t)); for some v € C'(Q), i = 1,...,d.
J(O(u),u), where the function ©(u)(t) is the

I+

to be minimized over the controls u € U,q. Assume that J is bounded from below and
(sequentially) weakly-star lower semicontinuous.

Then there exists a pair (y,u) € C([0,T]; H) X Uyq such that § solves E(yo,u,0) and @
manimizes J in Uyg.

Proof. Let (uy,)n>1 be a minimizing sequence converging to I := inf, ¢, J(u). Since (u,)n>1 C
Uga, we have that ||u,|ly < c|lun||r=@) < C for some positive constants ¢ and C, for any
n > 1. Moreover, the pair (u,,y,) satisfies the state equation

Gn(t) + Ayn(t) + B(un(t),yn(t)) = 0, ya(0) = yo. (22)

The a-priori estimates of Lemma 6 ensure that there exists a positive constant, still denoted
by C, such that

||yn||Loo(0,T;H) 3 ||yn||L2(O,T;V) g ||yn||L2(O,T;V’) <C,
and so we deduce that
||Ayn||L2(o,T;v') < Ca ||yn||L2(O,T;V) <C,

| B (tn, yﬂ)HLQ(O,T;V’) <c HB(unvyn)”Lq(o,T;V’)
< M1+ [unlly) Nynll oo or.m < C-

Thus, there exist subsequences (still indexed with the subscript n) such that

Up — T weakly-star in U ,

Yp — 7 weakly-star in L>°(0,7; H),
Yn — T weakly in L?(0,T;V),

Up — 1 weakly in L?(0,T;V"),

Ay, — x weakly in L2(0,T; V"),
B(up, y,) = A weakly in L*(0,7;V").

12



Since the Banach-Alaoglu theorem ensures that U4 is weakly-star closed, we deduce that u €
U,q - We now want to pass to the limit in the state equation (22). First of all, we observe that
¥ = ¢y, thanks to the convergence in the o(D(0,T;V),D'(0,T; V")) topology, thus 7 belongs
to W(0,7) C C([0,T]; H). Moreover, since the operator A: L*(0,T;V) — L*(0,T;V’) is
strongly continuous, and therefore weakly continuous too, we deduce that Ay = x. Finally,
we claim that B(@,y) = A, which, because of the bilinear action of the control, is the most
difficult part of the proof. Note that, thanks to the first relation in Theorem 7 with Y := V|
X := H, and Z := V', the embedding W (0,T) C L?(0,T; H) is compact, thus (y,), admits
a subsequence strongly convergent to 3 in L?(0,T; H). Therefore, for every ¢ € L*(0,T;V),

T

= — // yb(u). Vo dedt — lim [ (B(un, yn), ©)vrv dt

n—o0

Q 0
=— // yb(u). Vi dxdt + lim // Ynb(uy,). Vo dzdt
Q Q

~  lim / / (Fb(7) — ynblun)) . Vo dadt
Q

n—oo

n—oo

~ _ lim / / 7 (b(@) — b(u,) . Vip dadt — lim / / (5 — ya) (). Vip dadt
Q Q

We observe that § € L>(0,T; H) and 0;p € L*(0,T; H) for all i = 1,...,d, thus § d;p €
L*(0,T; LY()) € LY(0,T; L'(Q)) with ¢’ such that 1/q +1/¢ = 1 and L9(0,T; L=()) =
[L7(0, T Ll(Q))]*, since the Lebesgue measure is o—finite. Moreover, the expression (12)
of b gives that b(u) —b(uy,) = (4 — Un)iz1,. a4, and u, 2 7 weakly-star in U ensures that the

.....

first integral goes to 0 as n — +o0o. Furthermore, using the fact that the sequence (b(uy)),,
is uniformly bounded and y, — ¥ strongly in L*(0,T; H),

| [ @ ) btun). 9 doct] < € = vl Iy 0
Q

as n — +00. Additionally, we observe that ¢(0) = yo, hence
y(t) + Ay(t) + B(u(t),y(t) =0, 7(0) = yo.
Finally, owing to the weakly-star lower semicontinuity of J, we conclude that

J(u) < liminf J(u,) = I.

n—o0

Thus, (g, u) is an optimal pair for the optimal control problem under consideration. O]
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Requiring box constraints as in (20) might seem a too restrictive choice. However, we note
that in case of bilinear action of the control into the system, even box constraints might not
suffice to ensure the existence of optimal controls in general, see for example [25, Section 15.3,
p. 237].

Theorem 8 clearly also holds for any U,,; that is a bounded weakly-star closed subset of U.
However, observe that in the unconstrained case U,q = U, asking only J(u) > A|lu|ly for
some A\ > 0 is not enough. Instead, for the arguments in the proof to hold, one would need
J(u) > M|u|| oo (g;ra), Which is not very practical. Therefore, we focus on the former case in
this paper.

Corollary 9

As a consequence of the previous proof, we have also proved that the control-to-state map
O: U,y CU— C([0,T); H) C L*(0,T; H) such that u > O(u) =y € L*(0,T; H) solution of
E(yo,u,0) is sequentially continuous from Uyq (with the weak-star topology induced by U ) to
L2(0,T; H) (with the strong topology).

Corollary 10

Assume that b(x, t;u) = (vi(x) +ui(z,t)); for somey; € CHQ),i=1,...,d, withu € Uyq as
in (20), and let yg € L*(0,T; H), yo € H, a, 3, X\ > 0 with max{a, 8} > 0. Then an optimal
pair (g,u) € C([0,T); H) X Upq exists for the reduced cost functional

Q 15} A
T(w) = 3 10() — yullPargy + 5 1O)T) ~ yolaey + 5 lulagmn - (23)

Proof. The cost functional (23) is bounded from below by zero and it is weakly lower semi-
continuous in L*(Q;R?). Moreover, a minimizing sequence (u,),>1 in Uyg converging to
I is uniformly bounded both in & and in L?(Q;RY). Since the weak-star convergence
in U implies the weak convergence in L?(Q;R%), we do not need to require weakly-star

lower semicontinuity of J and therefore we can conclude the existence of an optimal pair
(g,ﬂ) EC([OvT]aH) Xuad- ]

Remark 11

If one wants to use the cost functional (23) without imposing box constraints on the control,
e.qg., U,g = U, one shall require more reqularity on the state y and on the control u, in
order to gain the same level of compactness required in the proof of Theorem 8 to deduce that
B(u,y) = A. Indeed, further reqularity of y can be ensured by standard improved regularity
results, see for example [35, Theorems 27.2 and 27.5] and [21, Theorem 6.1 and Remark 6.3].
Howewver, these results come at the price of requiring more reqularity of the coefficients in
the PDE, which, in our case, translates to more reqularity of the control. In particular, one
would need to require differentiability of u both in time and space.

Remark 12
Corollary 10 applies analogously to the case of time-independent controls

U € Uy = {u e L(QRY) - uy <u(z) <wuy for almost every x € Q} (24)
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for some uq, up € R? such that u, < up (component-wise) and the reduced cost functional

Q 16 A
Jo(u) := 3 1©(u) — Z/dH2L2(Q) Ty [©(u)(T) — yQHi?(Q) Ty Hu”iQ(Q;Rd) :

6 Adjoint state and optimality conditions
From now on we consider b and B such that b(u) = u and
B(u,y) =div(uy) Yuel, ye L>™(0,T;H),

respectively. This choice does not affect the generality of the problem. Indeed, for b as in
Theorem 8, assuming max;{~;, 7} sufficiently small, we can include the contribution div (yy)
in the operator A, which becomes

A,z = Az + div(yz),
that still satisfies the assumptions required on A. We start with the following lemma.

Lemma 13

Let yo € H and consider the map ©: U — C([0,T]; H) such that w — y € C([0,T]; H)
solution of €(yo,u,0). Then O is differentiable in the Fréchet sense and, for every u, h € U,
the function ©'(u)h satisfies

{ 2(t) + Az(t) + B(u(t), z(t)) = —=B(h(t),y(t)) inV', te (0,T), (25)

2(0) =0,
where § = O(au).

We observe that, thanks to Remark 2(ii), Theorem 3 ensures the existence of a unique weak
solution of equation (25).

Proof. Thanks to the assumptions on b, the map L: U — C([0,T]; H) such that h — 2z €
C([0,T]; H) solution of (25) is linear. Moreover, L is continuous; indeed, the estimate (17)
yields
1212 0,500y < Ce WD B(R, 71720 7,11
c al|? —112 2 2
< Ce M G117 o sy 1PNl < C IRl -

Let us now introduce y, := ©(u + h) solution of &(yo, u + h,0), and set y := y, — y. Thus,
y satisfies

{ y(t) + Ay(t) + B(u(t), y(t)) = =B(h(t),yn(t)) in V', t€(0,T),
y(0) =0.

15



Moreover, B(h,yy) € L1(0,T;V’) C L?(0,T; V'), and relation (17) ensures

2 C u 2 2
||?/HL0°(0,T;H) < CectH el HB(hayh)”H(O,T;V’)
—112
< Qe Hth2L°°(O,T;H) ”hHZQJ ’

with Hthim(QT;H) < Ceetlathli) l[y0||3;, which is locally bounded in h. Finally, set w :=
y — z. Then w is solution of £(0,u, —B(h(t),y(t))) and satisfies

)13 o roary < Ce“ D B(h, )30 20
< eI [y |12 o gy Iy
that is,
10(@ + h) = O(@) — 2[|3 oz < C vl 100 ||,

Therefore, © is Fréchet differentiable, ©" € L (U, LU,C([0,T]; H))) and, for all v € U,
©'(u): U — C([0,T]; H) is defined by ©'(u)h = z for all h € U. O

We introduce the operators A* : L*(0,7;V) — L*(0,T; V") such that

d
Az==) aydiz  VzeL}0,T:V),

4,j=1

and B: L*(0,T;V) — L*(0,T; L*(Q;R%)) such that B(v) = Vv for all v € L*(0,T;V),
where V, denotes the gradient with respect to the space variable z € R%. Observe that, for
every v, € L2(0,T;V),

/0 (A%o(t), p(B))vry dt = / (Ap(t), v(t))vry dt (26)

and for every u € U,v € L*(0,T;V) and w € L>=(0,T; H),
T d
/ (b(w). B(v), w)y dt — / / S bu(w)w e dadt
4 g =l

= —/<B(u(t),w(t)),v>v/,v dt  (27)

and the above integrals are well-defined.

In the following, we derive the first order necessary optimality conditions for the cost func-
tional J as in (23). We start by proving an explicit representation formula for the derivative
of J, as stated in the following result. Incidentally, let us point out that J is one of the
objective functionals most commonly used in the numerical simulations, see, for example,

3, 12].
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Proposition 14
Let us consider the functional J of the form (23), with yq € LY(0,T; L>=(Q)),ya € L*(Q),
and yo € L>(Q). Then J is differentiable in U and, for all u,h € U,

A3k =Y [ [ 1O 00p(0) + Nus(e) dudt, (28)
i=1 Q

holds, where y € W (0,T)NL>®(Q) is a solution of E(yo,u,0) and p € W(0,T) is the solution
of the adjoint equation

p(T) = By(T) —yal - (29)

Let us observe that, for all ¢ = 1,...,d, the function h;(9;p,y)v+v: (0,T) — R belongs to
LY(0,T), owing to h; € L1(0,T; L=(Q)) with ¢ > 2, y € L*(0,T;V) and d;p € L>(0,T;V").
Moreover, the existence and uniqueness of solutions for equation (29) is ensured as in The-
orem 3. Indeed, yo € L>®(Q2) implies y € L>®(Q), thus y — yq € L1(0,T; L>°(Q2)) as required
by Assumption 1, and y(T) — yq € L*(Q). By the change of variable ¢(t) = p(T —t),
v(t) =u(T —t) and f(t) = aly(T —t) — ya(T — t)], equation (29) is recast in a form similar
to equation (10) such that Theorem 3 and Proposition 4 can be applied. In addition, if
yo € L>(9), then we conclude that p € W(0,7) N L=(Q), see [4, Thm. 1, p. 634].

{ —p(t) + A*p(t) — b(u(t)). Bp(t) = a[y(t) — ya(t)] n V', t€(0,T),

Proof. Thanks to Lemma 13, the functional J is differentiable in ¢/, and moreover, for all
u, h € U, setting z = ©'(u)h € C([0,T]; H) solution of (25), we derive that

dJ(u)h = (z,aly — yd]>L2(0,T;H) + (2(T), Bly(T) — yal)u + A(h, u>L2(O,T;L2(Q;Rd)) 5

where y is the solution of the state equation (21). We now exploit the adjoint state p in
order to figure out the dependence of dJ(u)h on h. Indeed, owing to relations (27) and (29),
we have that

[ 000 - 0
= [ b0+ 290 500 Boe) 2O
= A7) T 00O+ [0+ A1) + B0, (0), (0
= a1 [ B0 (D)
= —((T),p(T)) g + / / y()h(t). Vp(t) dadt.

Q
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Since (z(T), Bly(T) —yal)u = (z(T),p(T))u, we conclude that

Wwh =3 / R(®)y(£)0ip(t) dadt + XS (i, i) ()
=1 Q

i=1
d

=X / / hi(t) [y(t)Oip(t) + Au;(t)] dadt .
=1 Q
]

We observe that, a priori, dJ(u) is defined in U for every uw € U. However, thanks to
the representation formula (28), it admits an extension operator which is well defined on
L?(0,T; L*(Q; RY)).

As a consequence of Proposition 14 and the variational inequality d.J(u)(u — @) > 0 for
any u € U,qg and locally optimal solution u, we deduce the first order necessary optimality
conditions, our second main result. The local optimality comes from the control-to-state
operator being nonlinear, i.e., the reduced cost functional is non-convex even for standard
quadratic costs like (23).

Corollary 15

Let yo € L*(Q2), ya € L9(0,T; L>(RY)), and yo € H. Consider the cost functional J defined
by (23) with o, B,7 > 0 and max{a, } > 0. An optimal pair (y,u) € C([0,T]; H) X Uysq for
J with corresponding adjoint state p satisfies the following necessary conditions:

8ty_za<a2jy)+za( ) 0, ZTLQ,
i,j=1
d
—0p — ‘21 a;;055D — Zlﬂiaiﬁ =aly -y, inQ,
i,j= i=
?7: p =0 on X, (30)
)=yo, D(T)=pBYT)—yel, in
// y82p+ )\uz uz z) dzdt >0 Yu € Uy .

Proof. The necessary optimality conditions (30) are derived by combining equation (21) for
the state g, equation (29) for the adjoint p and the variational inequality dJ(a)(u —u) > 0
for all u € U,q for the optimal u. Thanks to relations (14), (15), and (27), which define the
operators A, B, and B, respectively, we deduce the desired system. O]

In case of time-independent control considered in Remark 12, the only modification needed
in the optimality system (30) is the variational inequality, which changes to

T
/ |:/ y@,pdt—l—)\ul} (uz—ﬂﬂ dZEZO ‘v’uel;{ad,

o LJo

where U, is given by (24).
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7 Conclusions

In this paper, we considered an optimal control problem subject to the Fokker-Planck equa-
tion. In our setting, the control u(z,t) takes action as a coefficient of the state variable,
resulting in a control of bilinear type. We proved existence of optimal controls associated
with a nonnegative state solution and derived the first order necessary optimality conditions
rigorously, thereby extending the results of [1]. Since the control-to-state operator is nonlin-
ear, the reduced cost functional is non-convex even for standard quadratic costs. Therefore,
only local optimality can be expected. Furthermore, the uniqueness of the optimal control
for a space-dependent controller is still an open question.
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