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Abstract

In this article, we study a finite horizon linear-quadratic stochastic control problem for
Brownian particles, where the cost functions depend on the state and the occupation measure
of the particles. To address this problem, we develop an It6 formula for the flow of occupation
measure, which enables us to derive the associated Hamilton-Jacobi-Bellman equation. Then,
thanks to a Feynman-Kac formula and the Boué-Dupuis formula [7], we construct an optimal
strategy and an optimal trajectory. Finally, we illustrate our result when the cost-function
is the volume of the sausage associated to the particles.
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1 Introduction

In this article, we consider n random particles (X;);>0 = (X},---, X/)i>0 living in R for
d,n > 1, and aim at controlling them through their occupation measure py =y ,_, fg 5X§ds.
The latter belongs to the set of finite measures on R? with compact support, which we denote
by MZ. The particles at stake are Brownian particles which only interacts through the control.
More precisely, let (B})i>0,: -+ , (Bf)t>0 be n independent d-dimensional Brownian motions on
some probability space (Q2,F,P). We denote B = (B!,---, B") and consider the (completed)
filtration F = (F;);>0 generated by (By)i>0. For an adapted process a = (af, -+ ,a)¢>0, we
consider the particle system (X®)>0 = (X%, , X"*);>0 as well as its occupation measure
(1§)e>0, defined for any ¢ > 0 and k € {1,--- ,n} by

¢ noot
Xpe = / ofds+ BF and pu = Z/ O yk.ads.
0 —_1J/0 7

Let A denote the class of progressively measurable processes. Consider some finite horizon
T > 0 and two measurable functions f, g : M? x (R*)™ — R. Our aim is to solve the following
minimization problem:

T n_ T
I) = int Blgu X7)+ [ fud X)ds+ 5> [ JakPas]. 1)
acA 0 2 = /o
To this end, we will add the occupation measure in the state space, and regard (uf', X{*);>0 as
a couple. In order to derive the Hamilton-Jacobi-Bellman (HJB) equation associated with our
control problem, we establish an It6 calculus for the flow ¢ — (uf*, Xf*). Let us stress that this
HJB equation is a PDE on R, x MZ x (R%)"™. The linear-quadratic framework in which we
place ourselves is quite convenient, for two main reasons : (i) it allows us to classically solve the
HJB equation to a Hopf-Cole transform and (i1) we can rely on the Boué-Dupuis formula [7],



which gives an expression of (1) as a log Laplace transform of some functional on the Wiener
space. In particular, we do not have to establish a Dynamic Programming Principle and a
verification theorem. This framework also enables us to identify the optimal control o* and to
define a process (u;, Xf)te[o,T] which is controlled in an optimal way. Although properly stated
in Theorem 20, our main result is, in essence, the following.

Result. Under some reqularity assumptions on the functions f and g, there exist a continuous
Junction o : [0,T) x M& x (RY)™ — R and a filtered probability space (2, G, (Gt)iepo.r], Q) sup-
porting a (Gt)ie(o,1)-adapted process (,u;‘,th’*, e aXf’*)te[o,T] such that for any t € [0,T] and
kEe{l,--- ,n},

t n t
va*:/ o** (s, 1t X2 )ds + BE, u:::Z/ 0 hnds
0 i—1 70

where (B} )ieor)s -+ » (Bi)iepor) are n independent (Gy)yejo 1)-Brownian motions in RY. More-
over, it holds that

T n T
* * * * 1 * * *
IT) = Bolaliup Xi) + [ 1t XDs+ 537 [ 1ab (s X P
k=1

Let us now comment on the related litterature. First, we stress that the Itd calculus for
occupation measures outlined in this article is not completely novel and closely resembles the
framework developed in Tissot-Daguette’s recent work [33]. Yet, this work mostly concerns
one-dimensional processes with an emphasis on local times for semimartingales and can not be
directly applied to our context. We also emphasize that this calculus involves functions on the
space of measures and functional calculus on M¢, which has seen numerous applications in the
last two decades with the study of stochastic control for McKean-Vlasov equations and Mean
Field games, see for instance [9,10]. In particular, we will see that the linear functional derivative,
also called the flat derivative, plays a crucial role in our analysis. In contrast with the McKean-
Vlasov framework where p; is deterministic and is the law of X;, the measure p; considered here
is random and can be seen as a process with finite variations (for any function ¢, ((u, ¥©))i>0
has finite variations). As such, the It6 formula obtained in Proposition 9 only differs from the
usual one by an additional term featuring a first order derivative.

Since the occupation measure j; is a functional of the whole path (Xj)se(o, one could
also treat the minimisation problem (1) with the recently developed path-dependent approach.
Initiated by the seminal work of Dupire [17], where the author introduces an It6 calculus for
functionals on the space of continuous functions, this theory has since seen numerous works on
the subject, see [22,27,29] for some path-dependent control problems and [12,13,19,20] for studies
of path-dependent HJB equations. However, this approach is often quite involved whereas the
approach with occupation measures turns out to be fairly simple, with the advantage that one
can compute the optimal control explicitly in our case. We refer to Tissot-Daguette [33] for a
link between the calculus for occupation measures and the path-dependent functional calculus.

Let us say a few words on a problem which partly motivates the study of (1), namely the
modeling of the evolution of filamentous fungus. In the work of Catellier, D’Angelo and Ricci [11],
the branching filaments which form the mycelium are modeled by branching kinetic diffusions
that interact with the entire network as well as with their environment. In the work of Tomase-
vi¢, Bansaye and Véber [34], these networks are modeled by multi-type growth fragmentation
processes. We would like to add the following postulate to the model: in a homogeneous en-
vironment, the fungal network optimizes the occupied space. If we see the network not through
the trace left by the processes, but through a slight thickening of this trace, we then aim at
maximizing the volume of the “sausage” of the branching structure, which is a function of the
occupation measure. We can treat here a similar problem for particles which do not branch.
This brings us to the main application of our result.

We illustrate our result with a particular example, outlined in Section 5, corresponding to
the case where the function f = 0 and the function g is the opposite of the volume of the sausage



defined by the particles. In other terms, we control n Brownian motions in order to maximize
their volume. Let us recall that, for p > 0, the p-sausage of the particles (X}, -, X*) at time

t > 0 is the set A defined by
A=J U B&xLp)
k=1s€[0,t]

where B(XF, p) is the closed ball of radius p, centered in X*. The function g is then defined by
—m(A) where m denotes the Lebesgue measure. If we reformulate this in terms of occupation
measure, we see that for any v € Mﬂ, we have

g(v) = —m({y € RY, d(y,supp(v)) < 1}).

Unfortunately, this function is not regular enough for us to apply directly our result. We exhibit
a sequence (gy)gen of smooth functions which approximates the function g as ¢ — oo. Thanks
to our main result, we get for each ¢ € N, n particles (Xf ’*’Z)tzo controlled in an optimal way.
Then, we show that the process (X:’z)tzo = (th’*’g, e ,th’*’g)tzo converges in law as £ — oo,
see Theorem 23. As we shall see, the law of the limiting process (X;"°)¢>¢ is given by a Gibbs
measure with respect to the Wiener measure where the energy is the function g. As such, it is
closely related to the polymer measure (in the case n = 1), also called Edward’s model, studied
by Varadhan [37] for d = 2 and by Westwater [38,39] for d = 3 (see also Bolthausen [6]). In this
model, the law of the polymer chain is given by a Gibbs measure with respect to the Wiener
measure where the energy is the self-intersection local time. Since maximizing the volume of
the sausage more or less amounts to penalize the self-intersection local time, we see that these
models should be closely related. This limiting process is yet another self-repelling process.

Let us also stress that, by construction, the dynamics of the optimal trajectory (X} );cjo,m =

(th’*, e ,Xﬁ*)te[O,T} is driven by its own occupation measure. Beyond the control problem
that interests us here, these kind of dynamics appears in a significant amount of works, starting
with the work of Durrett and Rogers [18] on the so-called Brownian polymers, and the works of
Benaim, Ledoux and Raimond [2] and Benaim and Raimond [3-5] on self-interacting diffusions.
On the other hand, dynamics and control problems driven by probability measures have been
at play in many works, for McKean-Vlasov equations or Mean Field games, see [9,10]. For
McKean-Vlasov dynamics driven by renormalized occupation measures and its applications, we
refer to the recent works of Du, Jiang and Li [15] and Du, Ren, Suciu and Wang [16].

Plan of the paper

The plan of the paper is as follows: in Section 2, we recall some important notions of calculus
in the space of finite measures with compact support. At the end of this section, we derive a
chain-rule formula for a flow of occupation-time measures (see Proposition 6) which, as stated,
is a generalization of the one obtained in Tissot-Daguette [33].

In Section 3, we first obtain an It6 formula for the process (ut, Xi, Hi)i>0 in a general case
where (X)¢>0 and (H¢)¢>0 are some continuous semimartingales. We then specify this formula
when (X¢)s>0 is a diffusion process and establish a Feynman-Kac formula for the associated PDE
on the space Ry x M? x (R%)"™.

In Section 4, we finally study the control problem (1) by solving the associated HJB equation
and relying extensively on the Boué-Dupuis formula. This leads us to state and prove our main
result, see Theorem 20.

Finally, in Section 5, we illustrate our result, controlling Brownian particles by the volume
of their sausage, see Theorem 23.

2 Calculus on the space of measures

As explained above, we first derive some general results concerning calculus on the space of
finite measures. In Section 2.1, we start by reminding the basics of spaces of finite measures.
Section 2.2 is devoted to the calculus rules.



2.1 Basics on the space of finite measures

In the following, we denote by M? the space of finite measures on (R?, B(R?)) with compact
support. This space is endowed with the weak topology, i.e. the weakest topology which makes
the maps p — [pa¢dp =: (i, ) continuous for any ¢ € Cy(R?), where C,(R?) is the space of
continuous and bounded functions from R? to R. As we shall see, this topology is metrizable.

It is a rather classical consequence of Tychonoff’s embedding theorem, see for instance [40, Th,
17.8] and [30, Chap. 1, page 9], that if p is an equivalent metric on R? which makes it a totally
bounded space, then the space Up(Rd) of bounded and uniformly continuous functions for the
metric p is separable. Let us consider such a metric p and a dense sequence (¢, )nen of U,(R?)
such that the constant function 1 belongs to this sequence. We introduce the distance d on M
defined for any p,v € M? as

(s v) =D 27" LA [, 0n) — (v, 0n)]-
n=0

This metric induces on M? the weak topology, see for instance [30, Th. 1.1.2] with some minor
adaptations to the space Mg.

Compact subsets of M?

The proofs in this work requires compactness arguments on the spaces Mg Therefore we first
describe some compact subsets of this space. For A, B > 0, we introduce the set

Kap ={neMZ p(R?) < A and supp(p) C [-B, B]}. (2)

We also introduce for A > C > 0 and B > 0 the set X4 pc = {1 € Xap, u(R?) > C}. To
show that K4 g ¢ is compact, we mainly paraphrase Ocello [25, Sec. 4.2]. The set K4 p ¢ is
homeomorphic to Pp x [C, A] where Pg = { € P(R?), supp(i) C [~B, B]?} and P(R?) is the
set of probability measures on R?. The corresponding homeomorphism is g — (1/p(R%), u(R?)).
The set Pp is obviously tight and therefore by Prokhorov’s theorem, it is relatively compact. It
is also closed and as a consequence, it is compact. At this point, we conclude that X4 g ¢ is a
compact set since it is homeomorphic to a product of compact spaces. Let us now prove that
K a p is also compact. Consider a sequence (p,)nen in K4 p. Then either

(i) there exists k1 > 2 such that #{n € N, u, € X4 p a/, } = 0o. In this case, we can extract
a subsequence which lies in K4 p A/, and since it is a compact space, we can further
extract a converging subsequence, whose limit belongs to K4 g a/x, -

(ii) for any k > 2, we have #{n € N, u, € K4 p a/} < oo. In this case, we can extract a
subsequence (in, )k>2 such that for any k& > 2, p,, (RY) < A/k. Then, this subsequence
converges to the null measure, which is a point of X4 p.

This proves that K4 p is indeed a compact set.

2.2 Chain-rule formula for the flow of finite measures

Let us define the derivability of functions defined on M?. First for 4 € MY, the space L'(u)
denotes the space of Borel functions which are integrable with respect to u.

Definition 1. A function u : M? — R is said to have a linear functional derivative if it is
continuous and if there exists a mapping 0,u : M? x R? — R satisfying the following properties

(1) 6,u is continuous for the product topology.

(i) For any u,v € M2, the function x supyeqoa [0pu(Av + (1 — A, )| is in Li(u) NLi(v).



(iii) For any p,v € M?, we have
1
u) =) = [ [+ (1= V) = p)(aar 3)

The set of such functions is denoted by C'(MY).

Proof. We quickly check here that the quantity fol Jra Spu(Av + (1 — Ny, ) (v — p)(dz)dA is
well-defined. First for any (1, z) € M¢ x R?, the map A — &, u(Av+ (1 —\)u, ) is continuous on
[0,1] since p — du(p, ) is continuous. Since supyepo 1y [dpu(Av + (1 = A)p, z)| € LY(u), it comes
that the map A — [ga 6 u(Av + (1 — Ay, z)v(dz) is continuous on [0,1] and thus, is integrable.
The same argument applies to the other term. ]

Remark 2. In our setting of compact support, the requirement (ii) in Definition 1 can be de-
duced from (i). However, in the more general context of finite measures (without compactness
assumption), this condition cannot be removed. Usually, authors assume that the linear deriva-
tive is bounded. In our work, we use integration by parts arguments which somehow requires
instead linear growth conditions. Although this extension is quite straightforward, it requires
some technicalities that we develop below.

Regarding the uniqueness of the linear derivative, we have the following result, which is more
or less known, see for instance Ren and Wang [28].

Proposition 3. Let u € CY(MZ), then for any (u,x) € M2 x R?, it holds that

u(p + €6z) — u(p)
e

— dpu(p, ) ase— 0.

As a consequence, if u € CY(MZ), then its linear derivative is uniquely defined.

Proof. Let u € CY(M?), then for any (i, z) € M¢ x R?, we have

1
o+ 0:) =) = [ [ 8,0\ 82)+ (1= V) -+ €8 — )y
=¢ /1 dpu(p + Aedy, x)dA.
0

Using the continuity of y +— d,u(p, x), we have the convergence of 6, u(u + Aedy, x) to d,u(pu, x)
for any A € [0,1]. Let R > 0 be large enough so that supp(u) U {z} C [~R, R]%. Then for any
Mg € (0,1], p+ Aedy € Kyymy41,r Where we recall that K, r)11,r defined by (2) is a compact
subset of M¢. As a consequence, there exists a positive constant C' such that for any A, e € (0, 1],
dpu(p + Aedy, ) < C and we can apply the dominated convergence theorem, which completes
the proof. O

We also have the following chain rule formula.

Proposition 4. Let n > 1, uy,...,u, be functions in C'(M?), h € CYR™) and define the
function g : M4 — R as g(p) = h(ui(u), - ,un(i)). Then g € C*(MY) and for any (u,x) €
M x R?, we have

The proof of this result can be found in Martini |24, Prop. 2.20| but it is assumed therein

that the linear derivatives are bounded as well as the derivative of h. Let us quickly give the
additional arguments needed when boundedness is not required.



Proof. We only treat the case n = 1 and let us first check that items (i) and (7) from Definition 1
are satisfied by (u,x) — h'(u(p))o,u(p, ). The first item is straightforward and regarding the
second, we see that for u, v € M¢ and any x € R?,

sup ]h'(u(éh))éuu(ehx)] < sup |A'(u(0y))| x sup |0, u(O0x, )]
A€[0,1] A€[0,1] A€[0,1]

where 0y = A+ (1 — A\)v. Since the map A — h/(u(f))) is continuous on [0, 1], the first term on
the right-hand-side is finite, and since u € C'(M?), 2 — supyefo, [0pu(0r, )| is in Li(u)nLi(v)
by definition, it comes that item (i) is satisfied by (u,z) — h/(u(p))d,u(p, ). Finally, for the
third item, we paraphrase the proof given in [24, Prop. 2.20]. For any u,v € M, we have

h(u(v)) — /(%\h (0x))dA\ = / u(6yx))0\u(fy)dA.

We show that d\u(0x) = [ga 0pu(Or,z)(v — p)(dz) for any A € (0,1) which will complete the
proof. For any € € (0,1 — X), we have

(0A+6) — u HA
19

/ g dpu(Ox + se(v — ), z)(v — p)(dx)ds
/Rdé u(@y +r(v—p),z)(v — p)(dz)dr

where we remark that s6y;.+ (1 — )0 = 0+ se(v — p) and make the change of variable es = 7.
Since u € CH(MY), the map r — d,u(fy + r(v — u),z) is continuous on [0,1] for any = € R%
Moreover, we see that 0y +r(v —p) = (A +r)v+ (1 — (A4 r))u so that for any A € (0,1), we
have
z—  sup |0u(fx +7(p—v),x)| €L (u)NLY(v)
r€l0,1-)]

from which we deduce that for any A € (0,1), the map r — [pq 6,u(0x +r(p—v), ) (n —v)(dx)
is continuous on [0,1 — A]. Hence we can make € — 0 and see that for any A € (0,1), (u(fr1c) —
u(6y))/e converges to [pa 0u(0x, ) (1 — v)(dz). O

Remark 5. Applying the above result with n =2 and h(x,y) = xy, we get that §,[g192](p, ) =
92(1)0,91 (1, ) + g1(1)0,92(p, ). Note that, if one requires the linear derivative in Definition 1
to be bounded, then one needs to require the derivatives of h in Proposition 4 to be bounded, which
is of course not the case for h(x,y) = xy. This partly motivates the more general definition of
linear derivative given here.

In the following proposition, we specify the chain rule (Proposition 4) to a time dependent
flow of occupation measures. This result is fundamental in our work. It generalizes [33, Prop.

3].

Proposition 6. Let u € C'(M%), v € M4, n > 1 and consider n continuous paths (z¥)i>o,
1 <k <n, valued in R%. If we set uy = v + Zk 1 fo yrds for any t >0, then we have

n t
0+ 3 [ bt at)is
k=1

Proof. Consider some ¢t > 0 and ¢ > 1 and the uniform subdivision 0,¢/q,--- ,¢t/q,--- ,t of [0,1].



We classically start by writing

q— 1
H(e+1)t/q —U(Wt/q)]

z:o
q—1

= / / S Aer1)y/q T (1= N tersqr ¥) (e 1yt/q — Heryq) (dy)dA
=0
-1l n (+1) t/q i

= Z/ / p (A1) /g + (1= Npigeyq, 75 )dsdA (4)
=0k t/a

= / s’qu
k=10

where for any s € [0,¢] and any k € {1,--- ,n}, Y5 i5 defined as

191
v = /0 > Lselee/a 1t/ SuttOtesayeq + (1= Nty 5)dA.
=0

For the second equality in (4), we used the definition of the linear derivative while in the third,

we used that tgi1)e/q = Hetjg = D pe1 f(f;q'l tag o+ds. By the continuity of (u,y) — d,u(u,y), it

is clear that for any s € [0,¢t], any k € {1,--- ,n}, and any A € [0, 1], we have

>_A

q9—

Liseiet/a e+1)t/) Oty /g + (1= Nptgr /g 25) — Spulps, a%)  as g — oo.
=0

Let A =nt+v(R?), B =maxye( ... o SUPgelo,4] |2¥|, and recall the definition (2) of the compact
set Ka,p. Since (u,y) — 6,u(u,y) is continuous and since X4 p x [—B,B]? is a compact
subset of M¢ x RY, there exists a constant C' > 0 such that for any (u,y) € Xap x [-B, B]%,
dupu(p,y) < C. Since for any s € [0,t], k € {1,---,n}, A € [0,1] and £ € {0,--- ,q — 1},
(Mes1)t/qg + (1= Npirsq: %) € Ka g x [-B, B4,

Suts(Miqesnyesg + (L= Nptegsq,2%) <€ and  yf7 < C.

Hence, we can apply the dominated convergence theorem twice to deduce that for any k €
{1,--- ,n}, fg yoids — fg S,u(s, %)ds, which completes the proof. O

Remark 7. The previous proof applies to the more general setting of weighted occupation mea-
sures, that is of the form py =v+> , aj fg 53:’;(15-

3 Stochastic calculus and occupation measures

In this Section, we aim at deriving an It6 type formula for occupation measures of diffusion
processes. In Subsection 3.1 we prove a general [td formula, that we specify in Subsection 3.2
for diffusion processes. This allows us to obtain a Feynman-Kac formula (Proposition 15) for a
class of PDEs on Ry x M? x (R)™.

3.1 A general It6 formula

In this subsection, we consider a filtered probability space (2, F,F,P) supporting two F-adapted
semimartingales (X;);>o and (H;);>o respectively valued in (R?)" and R? for some d,n,p > 1
and such that Xo = 2 and Hy = h for some (x,h) € (R%)™ x RP. The process (X;);>0 represents



a system of n particles (XF);>o0, k € {1,--- ,n}, living in R%, where we have X; = (X},--- , X}).
Next, we introduce the occupation process (ft)i>0 of the particles, valued in M?, and defined as

Cc
nooet
,utzu—l—Z/ dxrds
k=1"0

where v € MZ. Note that for any A € B(R?), we have u(A) = v(A) + > r_, fot 14(XF)ds. We
see that (u¢)¢>0 is F-adapted. Let us now give some definitions.

Definition 8. A function u : M? x RP? — R is said to be in CL2(MY x RP) if the following
assertions hold.

(i) w is jointly continuous for the product topology.

(i) For any v € M2, the function h +— u(v, h) is twice differentiable and the functions (v, h)
Viu(v, h) and (v, h) — Viu(v,h) are jointly continuous.

(11i) For any h € RP, the function p — u(u, h) possesses a linear derivative which we denote
duu(p, h)(y). Moreover, the map (w, h,y) — d,u(p, h)(y) is jointly continuous.

We have the following It6 formula.

Proposition 9 (It6 formula). Let u € C12(M? x RP). Then almost surely for any t > 0,

t 1 t n t
u(ut,Ht):u(y,h)—i—/ th(,us,HS)dHS—l—§/ viu(us,Hs)d<H>s+Z/ Su(pes, Hs)(XH)ds.
0 0 k=1 0

The proof is quite similar to the classical proof for It6 formula with an extra care for the
measure term.

Proof. Let t > 0 be fixed, and ¢ > 1. We again consider the uniform subdivision of [0,¢] with
mesh t/q. We write

q—1
u(pe, He) — u(v, h) = [U(M(£+1)57H(£+1)5) - U(M%,H(@rl)é)}

) — U(MzgaHzg)}

The second term I, converges to fot Viu(ps, Hs)dHg + %fot V32 (us, Hs)d(H)s as ¢ — oo. We
omit the proof as it is the same proof as the one of the classical It6 formula: perform a Taylor
expansion of u in the variable h, as the first variable is frozen and then let ¢ — co. Regarding
I,, we have thanks to Proposition 6 that

n t q—1
Iq = Z/O Y'Sk,qu where Y;kvq = Z6uu(:us’H(é+1)§)(X§)1(Z§,(Z+1)§}(5)‘
k=1 =0

Clearly, almost surely for any s € [0,], Y& — Suuls, Hs)(XF) as ¢ — oo. Moreover, if we let
X = supsepoq | Xs| and Hy = sup,c(o4 |Hsl, then for any sy, s2 € [0,¢] and any k € {1,--- ,n},
we have

(MSU H827 Xt ) S :Knt—l—u(]Rd),Xt* X [_Hz;k7 Hz;k]p X [_Xz;kv Xz;k]d

S1
where we recall that K4 p = {u € M4, u(R?) < A and supp(p) C [-B, B]?}. Since the set
Kotgv(may,xx X [-H{ Hf P x [ X, X;]¢is a compact subset of MZ x RP x R? and since (i, h, x) +
duu(p, h)(x) is jointly continuous, there exists a random constant C' such that almost surely, for

any s € [0,¢] and any k € {1,--- ,n}, |[Y&Y < C. By the dominated convergence theorem, we
get that almost surely I, converges to > }_, fg Suulps, Hy)(XF)ds as ¢ — oo, which establishes
the result. O



Remark 10. As usual, if some coordinates of (Hy)i>0 have finite variations, we do not need to
assume that u is C? in these coordinates, we can assume that it is only C' without restriction.
3.2 Related formulas for diffusion processes

In this subsection, we finally consider the process (u, X;)i>0 valued in E := M? x (R%)" and
defined by the following equation: for k € {1,--- ,n},

t ¢ noopt
XF=a" —|—/ b (XF)ds —i—/ oF(XFdB* and i =v+ Z/ dxrds (5)

0 0 = /o
where (By)i>0 = (B}, -+, B')i>0 is an dx n-dimensional Brownian motion and (v, z) € E. Again,
X, = (X}, , X}]) represents the system of n particles living in R? and = = (z!,--- ,2") €

(RH)™. We assume that v* : R? — R? and oF : R? — R are smooth enough to ensure
pathwise uniqueness for the SDE satisfied by (X¢):>0. We denote by £ the generator of the full
vector X defined for functions f € C2((R9)") as

1
Lf=b-Vf+ 5tr(v%faaT), (6)
where b = (b',--- ,b") and o is the block diagonal matrix formed with the matrices o*, k €
{1,--- ,n}. For a function u : R, x E — R, we say that u € CbV2(R, x E) if it is differentiable

in the variables t,v, twice differentiable in the variable x and all the derivatives are jointly
continuous. We have the following formula which is a direct corollary of Proposition 9 and
Remark 10.

Corollary 11. Let u € CYV2(R, x E). Then almost surely, for any t > 0,
t
U(taﬂtth) :’U,(O,V,I') + / |:8tu+£u:| (87,LL87X8)d8
0
n t n t
+ Z/ Suu(s, s, Xs)(XF)ds + Z/ Veu(s, ps, Xs) - oF(XF)dBE.
k=10 k=1"0

In the following, we will denote by P, ;) the law of the process (u, X¢)i>0 solution of (5) started
at (v,x) € E. We also need the following definitions.

Definition 12. We say that a function h : E — R is Cp(E) if the following assertions hold.

(i) The function h is twice differentiable in the variable x and ¥V h possesses a linear derivative
0,V ah such that for all (v,x) € E, y — 6,V h(v,x)(y) is differentiable.

(ii) The function h possesses a linear derivative such that (x,y) — 6,h(v,x)(y) is twice differen-
tiable, and v — 6,h(v,x)(y) possesses a linear derivative such that (y,y') — (ﬁuh(’/’ ) (y,y')
is also twice differentiable.

(iii) All the derivatives are bounded and jointly continuous.

Definition 13. We say that a function h : E — R is L(B) if for any A, B, M, T > 0, it holds
that
IE{ sup |h(v + 07,z + Bt)|] < 00

(t,v,x)eK
where K = [0, T|x XK apx[~M, M]", (By)i>0 = (B}, -+ , B)i>0 is an nd dimensional Brownian
motion, x = (z',--- ,2") and 67 = 1_, fg Oz g prds.

We also introduce the following notation.

Notation 14. For a function u € CH12(Ry x E), we denote by D,u the function from Ry x E
to R defined for any (t,v,z) as Dyu(t,v,z) = > 1_, S,ult,v,z)(z").



We have the following Feynman-Kac formula.

Proposition 15 (Feynman-Kac formula). Assume that the coefficient o is bounded. Let f €
C%E) bounded from below, h € C°(E) and let u € CLY2(Ry x E) such that V,u is bounded. If
u s a solution to the PDE

{atu(t, v,x) + f(v,x)u(t,v,z) = [Lu+ Dyul(t,v,z) t>0,(v,z) € E )

u(0,v,z) = h(v,x) (v,z) € E

where L is given by (6), then, for any T > 0 and any (v,z) € E, we have

w(T,v,7) = ) | exp (= /0 e X G, X (8)

where (g, X¢)i>o0 s solution of (5). Moreover whenever f € Cp(E), h € Cp(E)NL(B), bk =0
and o* = Id, the function defined by (8) is CVM2(Ry x E) and is the unique classical solution
to (7).

Proof. Let us prove the first statement. Consider some 7' > 0 fixed and, applying Corollary 11
with the function (¢t,v,z) — w(T — t,v,x), we get for any t € [0, 7]

t
w(T —t, pg, X¢) = u(T, v, x) —i—/ [— Ou + Lu + Duu] (T — s, s, Xs)ds + M,
0

where (M;)¢>0 is a local martingale (given in Corollary 11). Then, applying again Itd’s formula
to the process exp(— fg fps, Xs)ds)u(T — t, pug, Xt), we get

t
e Jo Fluss Xs)dsy (P — ¢y, Xy) =u(T, v, ) + / e Jo Slun X)drq
0

t
+ / e Jo S XA [_ gy — fu+ Lu+ Dyul(T — s, s, Xs)ds
0

t
:u(T7 1/7.%') + / e_ f() f(MTvxr)dT‘dMS
0

where we used that u is a solution to (7). Since f is bounded from below and o and V,u are
bounded the local martingale fg e~ Jo Sl Xn)drqpr s a true martingale and we can pass to the
expectation and deduce that

t
E( 2 [exp < — /0 I (s, Xs)ds>u(T —tyue, X¢)| = uw(T, v, ).

Letting t = T shows the result.

We now move to the second part of the statement and will therefore assume that f,h € Cp(E)
and that the coefficients are given by b = 0 and ¢ = 1. In this case, the function « is such that
for any ¢t > 0 and any (u,z) € E,

t
u(t,ma:)zE[exp(—/ f(y—l—Hf,x+Bs)ds>h(y+9f,x—|—Bt)]
0

where (By)i>0 = (B}, ,B))i>0 is an nd dimensional Brownian motion starting at 0 and
07 = >0, fg 0k prds. The function u is well-defined since f is bounded from below and
h € L(B). Let us show that it is also jointly continuous. First it is clear that a.s., the function

(t,v,x) — e~ Jo f(”+9?7$+35)d5h(1/ + 07,z + By) is jointly continuous. Next, we consider some
fixed (t,v,z) € Ry x E, we let R > 0 such that supp(v) C [-R, R]? and we introduce the set

K = [0,¢ + 1] x K, gy o x [~2la], 2fa]"

10



Since h € L(B), the quantity Elsup, ,, ,)ex [2(v + 0F,2 + By)|] is finite and we deduce that u is
continuous at (¢,v,x). Since this holds for any (t,v,z) € Ry X E; u is jointly continuous. This
argument will be applied many times below to show that the various derivatives of u are jointly
continuous.

Step 1: we show that for any (t,z) € Ry x (RY)", v+ u(t,v,z) possesses a linear derivative
§,u(t,v,z)(y) which is continuous in all the variables. First, we fix (t,7) € Ry x (RY)" and we
show that a.s., v — fot f(v+4 6%, 24 B,)ds possesses a linear derivative. For any vy, vy € MY, we
have

t t
/ fln —|—9§,x—|—Bs)ds—/ f(va+ 6%,z + Bs)ds
0 0

t 1
= /0 /0 /]Rd 5uf(9§+)\l/1 + (1 = XNvo, x + Bs)(y)(v1 — vo)(dy)dds.

Since f € Cp(E), its linear derivative is bounded and since v and s have a finite mass, we can
exchange the above integrals and check that a.s., the linear derivative of v — f(f f(v+6%, x+Bs)ds

is f(f Ouf(v+ 07,2 + Bs)(y)ds. We now define the random function ® : Ry x E — R by

¢
O(t,v,x) = exp <— / flv+65,x+ Bs)d8> h(v + 6f,x + By). 9)
0
We apply Proposition 4 and deduce that ® possesses a linear derivative and for any (v,y) € E
t
8,0 (t,v,2)(y) = 6uh(v+6f w+ By)(y)e™ Jo S0H050+BIds gy, V,w)/ Ouf(v+0f, 2+ Bs)(y)ds.
0

Reminding that h € L(B), é,f and d,h are bounded and f is bounded from below, we obtain
E[|6,®(t, v, x)(y)|] is finite. Finally, for any v1,vs € MY, we have

1
u(t, vy, x) — u(t, v, ) = E[/O y 0, @(t, Ay + (1 — Mo, x)(y)(v1 — v2)(dy)dA|.

Since vy and v» have finite mass, we can exchange the above integrals which shows that v +—
u(t, v, x) possesses a linear derivative: 6,u(t,v,x)(y) = E[6,P(t,v,z)(y)]. Since the linear deriva-
tives of f and h are bounded, since f is bounded from below and since h € L(B), this derivative
is jointly continuous.

Step 2: we show that for (t,v) € Ry x MY, the function x +— u(t,v,z) is twice differentiable.
Without loss of generality, we write the proof in the case d = 1 and n > 1. We consider some
e > 0 and for k € {1,--- ,n}, we denote by e the vector cep where e is the usual kth unit
vector. We start by writing for any (¢,v,z) € Ry x E that

T+e
O(t,v,x+er) — P(t,v,x) =P(t, v,z + 1) — e Jo F(r+03 k7$+Bs)d5h(y + 071 x + By)

x+sk

1o Jo F+0s wtB)dsp (4 97T 2+ By) — &(t, v, 1)
=Lt v @) + e (t, v, 2).

We start with I, ;. In order to simplify the notations, we decouple in the function ® the initial
conditions with respect to the occupation measure and to the Brownian motion. We therefore
introduce for any (t,v,z,2) € Ry x E x (RY)™ the random function

¢
A(t,v,x, z) := exp(— / flv+0Z,x+ Bs)ds)h(v + 07,z + By)
0
It should be clear that A is differentiable in the variable x and that for any k € {1,--- ,n},

O A(t,v,x,2) =0

xT

t
kh(v+07, 0+ By)e™ Jo F+63 .04 Ba)ds _ At v, z,2) / Ok f(v+ 0%, 2+ Bg)ds.
0

11



Since z — 6% is continuous, we see that 0, A is jointly continuous. Moreover, we have
€
L ix(t,v,x) = / O At v, x + u,x + €)du.
0
It is clear that lim. o L. x(t, v, z) /e = O A(t, v, x, x).

We proceed in a similar manner for II, ;. First, we consider for any (¢,v,x,z) the random
function 4(t,v,x, z) := h(v + 07,2 + B;). Then for any € > 0, we have

1
f(t,v,w,z+ek)—€(t,v,w,z)z/ / S, h(v 4 N7k (1= N7, + By) (y) (07 7°F — 67) (dy)d .
0 Rd

Recalling that 6;"°*(dy) = fg Ok perpr(dy)ds + D04 fot 0, pi(dy)ds, the above quantity is
equal to

1 t
/ / 8, h(VAN0;TE 4 (1 — N\)0F, 2 + By)(2F + ¢ + BF)dsd
0 JO
1 t
— / / S h(v 4+ X07 e + (1 — N)0;, x4+ By) (2" + BF)dsd.
0 JO

Using the joint continuity and the boundedness of §,,h, it should be clear that the above quantity,
divided by €, converges to

t
/ 8,6,h(v + 07, + B))(=* + B)ds.
0

This shows that the function ¢ is differentiable in the variable z and that its derivative is jointly
continuous. Now we introduce m(t,v, x, z) := fg f(v+ 6% 2+ Bs)ds. For any € > 0, we have

t 1
m(t,v,z, z+eg)—m(t,v,z, z) = / / Suf (VANOZTEE+(1=N)67, 2+ Bs) (y) (0275 —07) (dy)dA
0o Jo JRrd

which is in turn equal to
t 1 s
/ / / S f (VHNOZTER 4 (1 — N)OZ, 2 + By)(2* + ¢ + BF)dud)ds
0 JOo JO

t 1 s
- / / / 8, f (v 4 A7 4 (1 — N)0Z, 2 + By)(2" + BF)dudds.
0 JOo JO

Again, using the joint continuity and boundedness of §,, f, we see that the above quantity dividing
by € converges to

t s
/ / 0y0uf(v+ 02,z + By) (2" + Bf)duds
0 JO

as € — 0. This shows that m is differentiable in the variable z and that its derivative is jointly
continuous. All in all, this shows that the random function A(t,v,x, z) is differentiable in the
variable z and that its derivative is jointly continuous in the variable z. Moreover, we have

t 2 t
0Nt v, 3, 2) =e Jo FvH05,e+B)ds / Oy0,h(v + 07,z + By)(2" + BF)ds
0
t s
— At vz, 2) / / OO, f (v + 0%,z + By)(2" + BY)duds.
0 JO

Finally, we see that
€
IL (t,v,2) = / DA (t, v, 7,7 + u)du
0

12



from which we deduce that I, j (¢, v, z)/e converges to 0,k A(t, v, z, ) as € — 0. This shows that
the function ®(t,v,x) is differentiable in the variable z and that for any k& € {1,--- ,n}

t T t
O ®(t, v, 1) =0 h(v + 0F, x + By)e™ Jo F0H050+BIds _ g1 4 ) / O f(v+ 0% x + By)ds
0

x x

t
+ o Jo 054 Bs)d / 9y0uh(v + 07,z + By)(a* + BF)ds (10)
0

t rs
— d(t, l/,ﬂ:)/ / 00, f (v + 0% x4+ By)(z" + BF)duds.
0 JO

Since all the derivatives of h and f are bounded, f is bounded from below and h € L(B), we see
that E[|0,®(¢, v, x)|] is finite and therefore O u(t,v,x) = E[0,P(t,v, x)], which is by the usual
arguments continuous. Regarding the second derivative, we can repeat the above arguments to
show that w is indeed twice differentiable in the variable z. We see that in all generality, the
second derivative would involve 21 terms and as the proof is already involved, we only treat the
case where f = 0. Let us fix some k € {1,--- ,n} and set ji,(t,v,z) = O ch(v + 67,2 + By), we
see that we can repeat the arguments of this step to deduce that for any i € {1,--- ,n}

t . .
Oyigi(t,v, @) = Opigkh(v + 07, x + By) + / 0y, 0 h(v + 07, x 4+ By)(a' 4+ By)ds.
0

Regarding the function pg(t,v,z) = fg Oybuh(v + 07, x + By)(z* + BF¥)ds, we can also apply the
above arguments and see that for any i € {1,--- ,n}

t
Oyipi(t, v, ) =Lgi_py / Oyy0uh(v + 07,z + By) (" + Bf)ds
/ 01 0y0,h(v + 07 x4 By) (2" + B¥)ds
+ / / 0y 0,0y0,h(v + 07, x + By)(z* + BY 2" + B!)duds.
0 JO

Repeating the usual arguments involving the boundedness of the derivatives of f and h as well
as the fact that f is bounded from below and h € L(B), we see that u is twice differentiable and
that Opu(t,v,x) = E[0,j(t, v, x) + Oxp(t, v, x)] = E[04:P(t, v, x)].

Step 3: Finally, for any (v,z) € E, we show that ¢t — wu(t,v,x) is differentiable and that is
satisfies (7). For any £ > 0, we have

u(t +e,v,7) —u(t,v,z) =Eq 4 [e* 1 FlussXo)dspy (o Xy o) (e —Jo flps, Xs)ds _ 1)]
T E {e_ 5 Hosn X)dspy (g, o Xy )| — ult, v, 2)
=:L(tv,x)+11.(¢t, v, x)
Regarding the first term, it is clear that e 'I.(¢,v, 2) converges to
~Ev) e_fgf(“s’Xs)dSh(ut,Xt)f(umXo)] = —f(v,z)ult,v,).
Regarding the second, we have by the strong Markov property that
I (t,v,7) = E(,4) [u(t, L, Xe)] —u(t,v, ).

Remember here that ¢ is fixed. By the first steps, the function (v, z) — u(t,7, z) € CY?(E) and
therefore we can apply Ito’s formula. For p > 1 and 7, = inf{t > 0,sup,¢[o 4 |Xs| > p}, we have

ENTp ENTp
u(t, flenry, Xenr,) = u(t,v,x) + / [Lu + Du)(t, s, Xs)ds + / Vau(t, ps, Xs)dBs.
0 0

13



Let M > 0 such that supp(v) C [-M, M]?, a = v(R?) and recall that for A, B > 0, the set
Kap = {p € M4, p(RY < Aand supp(p) C [-B,B]?} is a compact subset of M. Since
(v, 2) = Vyu(t,v,z) is jointly continuous, there exists a positive constant C' such that for any
(7,2) € Knetapim X [=p, 0™, |Veu(t,v,2)] < C. Since for any s € [0,e A 7, (is, Xs) €

Kneraptm X [—p,p]", we conclude that (for/\a/wp Vau(t, ps, Xs)dBs)r>0 is a martingale, so that

ENTp
By ) [tlts Henrys Xenr,)| = ult,v, @) + B | /0 [Lu+ Dyl (t s, X,)ds]
Since f is bounded from above and h € L(B), it holds that

E(zx,x) [sup ‘u(t7 ﬂe/\*rana/\Tp)‘] < E(zx,x) [ Sup u(t, s, Xs)] <0
peN s€[0,e]

Therefore, we can let p — oo and deduce that
&€
IL.(t,v,x) = E(, 4 [/ [Lu + Dul(t, s, Xs)ds}.
0

Finally, we see that e 'IL.(¢,,z) converges to Lu(t,v,z) + D,u(t,v,z) which completes the
proof. O

Remark 16. We emphasize that the previous results, in particular Proposition 15, does not
depend on the diagonal structure of the generator L and could be extended to much more general
coefficients b and o, possibly depending on the time, the occupation measure and the full space.

4 The control problem

Let (€2, F,P) be a probability space supporting some n x d-dimensional Brownian motion (W;)s>o,
where n,d > 1. Let also F = (F;):>0 be the filtration generated by (W;):>o after the usual
completions. Let a = (at)s>0 be some progressively measurable process w.r.t. F. For (v,x) € E,
we introduce the process (uf', X{*)i>0 valued in E, starting at (v,x) defined for any ¢ > 0 by

t noopt
Xk = gk +/ aFds+ W, pe=v+ Z/ Jyhads (11)
0 k=170
and (X{')i>0 = (th’a, <o, X{")>0. Consider now a finite horizon 7' > 0 and let A denotes the

class of progressively measurable processes. Consider also two measurable functions f,g : E — R.
Our aim is to solve, for any (v, x) € E, the following minimization problem:

T n T
1
inf E T, X T > XHd —g k124s]. 12
olzIel.A (v,z) g(:uT’ T)+/O f(:us, s) 5+2k0/0 |Oés| S} ( )

Remark 17. In this work, we do not consider the general stochastic optimal control problem with
occupation measures, in particular the associated theory of viscosity solutions and the verification
theorems. QOur specific choice of the control structure (linear / quadratic) allows us to consider
HJB equations in a simple setting. We rely on the Boué-Dupuis formula and a Hopf-Cole trans-
form to solve the HJB equation, to identify the value function and the optimal strategy. This
gives us an explicit expression for the law of an optimal trajectory.

The Boué-Dupuis formula. To solve this minimization problem, we will first solve the
Hamilton-Jacobi-Bellman equation associated with (12) and then define a process which is con-
trolled in an optimal way. To show that the corresponding control is indeed optimal, we will
rely on the Boué-Dupuis formula introduced by Boué and Dupuis [7], see also Budhiraja [8| for
a recent review of the extensions of this formula. Let us denote by Cr the space of continuous

14



functions from [0, 7] to (R?)" endowed with the uniform distance. The formula says that for any
F : Cr — R which is bounded from above, we have

t
—1OgE[e_F((Wt)tE[O’T])} = inf E[ ((Wt—|—/ ozsds teOT Z/ |ak| ds (13)
0

acA

This equality was later extended to functionals F which are not necessarily bounded from above,
see for instance [35]. For our purposes, we will assume the following on the functions f and g.

Assumption 18. The function g : E — R is bounded from above and the function f:E — R is
bounded.

We can now apply (13) to our context. In the following, we always identify (e;);co.r) € Cr as
(e}, s et )ielo,)- For a fixed 2 = (v,r) € E, we define the function ¥, : Cr — E by

n T T n s
V= ((et)teo,r)) = 9(7/ + Z/ O(areryds, T+ 6T> + / f <V + Z/ O(ate,)du, T+ €s> ds
k=1 0 0 =1 0

which is measurable (it is even continuous). By Assumption 18, it is bounded from below and
we can therefore apply (13) with the function ¥,, which tells us that

_logE[e—‘Ifz((Wt)te[O,T])] = inf E|: ((Wt+/t Oést tEOT Z/ ‘ak‘ dS

acA

or in a more explicit way in our context,
T 1 [T
- 1ogE[e*%<<Wt>te[o,T1>} = inf B,y [g(ﬂ%,x%) +/ F(ue, X)ds + = Z/ |o/;|2ds] (14)
acA ’ 0 2 =0 0

However, this formula does not give any information on a minimizing control o*, which will be
our main objective in the rest of this note.

The HJB equation. Let us now solve the HJB equation associated with (12) by deriving
a semi-explicit solution. As explain above, this is only possible because we place ourselves in
the linear / quadratic framework. This solution is a Hopf-Cole transform of the solution to the
associated Heat equation. Let us define for any (¢,v,z) € [0,T] x E the function

T—t
u(t,v, x) :E[exp (—g(l/—l—@%ft,x—kBT,t) —/ f(l/—l—Hg,x—FBs)ds)} (15)
0

where (By)i>0 is an n X d-dimensional Brownian motion and 6f = >}, fg O,k prds. We also
define the function

c(t,v,z) = —log(u(t, v, )). (16)
We have the following result.

Proposition 19. Let f € Cp(E) and g € Cp(E) such that exp(—g) € L(B). The function c
defined by (16) is a CYV2(Ry x E) function which is a solution to the following HJB equation
1 1
atc(t’y’x)+ |:§A:BC+D,LLC (t,y,x)—l—f(u,:c) = §|ch|2(t,l/,$) te [O,T),(V,CC) GE
co(T,v,x) = g(v,z,v) (v,z) € E

(17)

Proof. Since g is a Cp(E) function and the exponential is smooth, the function hA(v,x) =
exp(—g(v,z)) is also a Cp(E) function, see for instance Proposition 4. Since h € L(B), we
can apply Proposition 15, which tells us that the function

t
v(t,v,z) = E[exp(—/ flv 463, x4+ Bs)ds —g(u—i—ﬂf,x—kBt))]
0

15



is a CHL2(Ry x E) function which is a solution

o(t,v,x) + f(v,x)v(t,v,z) = [%Aggv + Duv] (t,v,z) t>0,(v,z) €E
v(0,v,x) = exp(—g(v,x)) (v,z) € E.

Of course, for any t € [0, 7], we have u(t,z,v) = v(T —t,z,v) and we see that v is a solution to

Owu(t,v,x) + %Amu + Dﬂu} (t,v,z) = f(r,x)u(t,v,z) t€][0,T),(v,z) €E
w(T,v,z) = exp(—g(v,x)) (v,z) € E.

Since u is a CH12(R, x E) function which is positive, c is also a C»12(R, x E) function and we
have u = exp(—c) so that

Ou = —ude, Dyu=—uDyc and Aju= u(|Vel?e — Age).
Inserting these relations into the above PDE completes the proof. ]

Let us emphasize that our application of the Boué-Dupuis formula given in (14) gives us
directly that for ¢ defined by (16) we have

T n T
— o o o e 1 k|2
c(0..2) = it B o0, X8) + [ (8, X205+ 5 > | obas)

We can now define the optimal control, and we set for any (t,v,z) € Ry x E and any k €

{17... ’n}7

P (tv,x) = =V ee(t, v, x). (18)
We have the following theorem.

Theorem 20. Let f,g : E — R satisfying Assumption 18 such that f € Cp(E), g € Cp(E)
and exp(—g) € L(B). Let also (v,x) € E be fized. There exists a filtered probability space
(2, G, (Gt)ielo,m), Q) supporting a (Gi)ieo,r)-adapted process (uf, X{ )iepo,r] such that for any t €
[0,T] and any k € {1,--- ,n},

t noot
XF =24 /0 o (s, put, X)ds + W, i =v+ Z/O §yrnds (19)
k=1
where (Wiieor), -+ s W)iepo,r) are n independent (Gy)iejo 11-Brownian motions in RY and o

is defined in Equation (18). Moreover, for any bounded and measurable functional F : Cp — R,

Eo[F((X{ )efor1)]

T
— 2 B[P+ Boepm)eww (- [ 10+ 050+ Bt glv + 00+ Br) )| 20
0
where Z = Ele™ Jo' Fot05 24 Bs)ds—g(w 07,24+ B1)] - Finally, it holds that
T 1 n T . )
(0, 2) = Boa(ui Xi) + [ 703, X+ 53 [0 it X2) P
k=1

Remark 21. Remark that Equation 20 gives us directly uniqueness of the law for optimal tra-
jectories. Using a Girsanov transform one could show uniqueness in law for the associated SDE
given in Equation (19).
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Proof. Step 1: Let us show that the coefficient o* is bounded. First, we see that o/* = V xu/u
where we recall that

t
uw(T —t,v,x) = E[exp ( —/ flv+03, x +Bs)ds)h(y+9f,x—|—Bt)],
0

h = exp(—g), (Bt)i>0 is a Brownian motion and 6f =Y, fot 6,k prds. Let us also recall from
(10) that for any k € {1,--- ,n}, we have

Vru(T —t,v,z) =E [kah(y 0%, + Bye o f(v+0§,x+Bs)ds]
- rt

- / Vo f(v + 02,2+ By)ds x o=l S0t By 1 g7 o 4 )|
-J0
- rt

tE / Vy0uh(v + 67, @ + By)(«* + BE)ds x ™o f<V+9§,:v+Bs>ds]
-J0

t

—E_//Vy6ﬂf(1/—|—9§,x—|—Bs)(xk+B§)duds
-J0 JO

x e do Fd0s et Ba)ds ) 4 g7 2 4 Bt)] .

Since h = exp(—g), we have V_ xh = —hV xg and V,0,h = —hV, 0,9 and as a consequence, we
have for any k € {1,--- ,n}

V(T —t,v,z) = -k [G(t, v, a)e Jo 0T e+Bdsy (), | g oy Bt)}
where
t
G(t,v, ) =Vg(v + 07,2+ By) + / Vyoug(v + 07,2 + By) (2" + BE)ds
0

t t s
+ / Vo f(v+ 0% 2+ B,) + / / Vy0uf (v + 0%z + By)(«* + BY)duds.
0 0 JO

By assumption, all the derivatives of g and f are bounded and therefore, we see that there is a
positive constant C7 such that |V ru| < Cru on [0, T] x E which shows that o** is bounded on
[0,T] x E.

Step 2: Consider a filtered probability space (92,3, (Gt)i>0,P) supporting some independent
Brownian motions (B} )i>0, -+ , (Bf)i>0 and let (v,z) € E be fixed. We define for any ¢ € [0, 77,
the process puf =v+> ;1 fg 0,64 prds. Let us define the local martingales

1

nooat
L= [ @ (spta+ BJABE and £(L) = exp (Lo (L))
k=170

Since the o®* are bounded, the quadratic variation of (Lt)te[O,T] is bounded and we can apply

Girsanov Theorem, which tells us that the measure Q = £(L)r - P is a probability measure on
(Q,Gr) and that the processes

t
Wk =nBr - / of* (s, uk, x + Bs)ds = BF — (B* L),
0

are n independent (Gt);e[o,rj-Brownian motions under Q. Hence, if we define Xf’* = zF + Bf,
we have

t n_ ot
va* = b+ / o (s, X2)ds + W and  pf = v+ Z/ Ok »ds.
0 _170 77
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Girsanov Theorem also tells us that for any bounded functional F, we have

EgF (X} )refor))] = E[F((z + Bilieory)et™ 7] (21)

We now apply the It6 formula to the C'12(R, x E) function ¢. Remembering that of* = —V k¢,
we see that

co(T,v+ 0%,z + Br) =c(0,v,z) — Z/ *(s,v+ 6%,z + B,)dB*

T
—i—/o [8tc+§A$c+Duc](s,u+9§,m—i—Bs)ds.

Using that c is a solution to (17), the above equality gives

1 T
Lt — §<L>T =c(0,v,x) — g(v + 0F, 2 + Br) —/ f(v+ 07,2+ B)ds.
0

Inserting this equality in (21) completes this step.

Step 3: applying again the Ito formula with the CL12(R, x E) function ¢, remembering that ¢
is a solution to (17), we see that

T n T
1
T, wp, X7) =c(0,v, ) + /0 [Orc + §Amc +D,cl(s, ps, X5 )ds — E /0 o (s, ik, X |2ds + My

1 T * * yok T * yok
:C(O, I/,.%') o 5 ZA ’ak7 (87/’L87X8)’2d8 - A f(ﬂs?Xs)dS + Mr.
k=1

where M; =Y 1f0 (s, u%, X¥)dWE. Since the o®* are bounded, (Mt)te[OT is a (Gt)eefo,1)-
martingale under Q. Since ¢(T, uh, X7) = g(ph, X)), we see that, passing to the expectation
(under Q), we have

T n_ T
" 1
c(0.v,0) = Bo gl X7) + [ F(u5 X045 D [ Jab st X))
0 i1 /0
which completes the proof. U

5 Application: controlling the volume of Brownian particles

In this section, we apply our result to control Brownian particles by the volume of their sausage.
For n continuous paths (zF);>0 valued in R k € {1,--- ,n}, and a radius p > 0, the p-sausage
of these paths at time ¢ > 0 is the set

U U 6t

k=1s€[0,4]

where B(z%,p) is the closed ball of radius p, centered in z¥. When n = 1 and (z);>0 is a

Brownian path, this set is the Wiener sausage and has been widely studied, see for instance
the early works of Donsker and Varadhan [14] or Le Gall [23|. It is a simple example of a
non-Markovian functional of the Brownian motion and plays a key role in various stochastic
phenomena, see for instance Snitzman [32]. For recent advances on the study of Wiener sausages,
one can consult [1] and the references therein. For the sausage of many particles, and in particular
branching Brownian particles, we refer to the work of Englinder [21] and Oz [26].
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In the following, we assume without loss of generality that p = 1. If we denote by (u¢)i>0 =
Oy fg Ok ds)¢>0 the occupation measure of the paths, volume of the sausage can be written
as

m({y € R, d(y,supp(iu)) < 1})

where m denotes the Lebesgue measure and we recall that for a measure v € M? the support is

defined as

supp(v) = {z € RY, for any € > 0, v(B(z,¢€)) > 0}.

For a measure v € M?, we also use the following notation for its associated sausage:

8, = {y € R, d(y,supp(v)) < 1}

Unfortunately, the function v +— m(8,) from M? to R, is not regular enough for us to apply our
results. We instead use smooth approximations of this function and solve the approximated con-
trol problems. Before stating the main result of this subsection, let us introduce some notations.
Let (f7)een be a sequence of functions from R, to R, that satisfies the following assumptions:

Assumption 22. The sequence (fy)een is a sequence of decreasing functions from Ry to Ry
which are twice continuously differentiable, having the following properties:

(i) For any x € [0,1), fo(x) — 00 as £ — oo and for any x € (1,00), fo(x) — 0 as £ — oo.
Moreover, for any ¢ € N, fo(1) = 1.

(ii) There exists R > 0 such that for any ¢ € N and any x > R, fe(x) = 0.

For such a sequence, we define for any ¢ € N, the family (f;'),era of functions from R? to
R, defined for any u,v € R? as f&(v) = fy(Ju —v|?). Finally, let us define for any ¢ € N, the
function g, : M% — R, such that for any v € MZ,

) == [ (1= exp(=n 7)) (22)

This function is well-defined since (i) u +— 1—exp(—(v, f;)) is measurable and (iz) f, has compact
support so that for any v € M?, there exists some M > 0 such that for any v € B(0, M)¢,
supp(v) Nsupp(f;) = 0, implying that for any u € B(0, M)°, 1 — exp(—(v, f})) = 0. Our main
result is the following:

Theorem 23. Let (fy)een be a sequence of functions satisfying Assumption 22. Then for any
¢ € N, the function gy defined by (22), seen as a function from E to R, is such that gy € Cp(E)
and exp(—ge) € L(B). Moreover, for any £ € N and any k € {1,--- ,n}, let (Xf’*’e)te[oﬂ be the
process from Theorem 20 defined by (19) with the functions f = 0 and g; and initial conditions
x=0and v =0.

The sequence of processes (Xt*l)te[O,T] = (th’*’e, e ,Xf’*’e)te[oﬂ converges in law in the
space of continuous functions endowed with the uniform topology as £ — oo to a limiting process
(Xt*’oo)te[oﬂ which is such that for any bounded and measurable functional F, we have

E[F((X;*)icro1)] = 27 EF((Bo)sepo.r1)e™ 7]

where (By)ejo,r) s an n X d-dimensional Brownian motion, 0y = Y| fg dprds and the nor-
malizing constant Z = Elexp(m(8p,.))].

We divide the proof of this result into several intermediate results. We first prove the following
result:

Proposition 24. Let (fy)en be a sequence of functions satisfying Assumption 22. For any
¢ € N, the function gy defined by (22), seen as a function from E to R, is such that gy € Cp(E)
and exp(—ge) € L(B).
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Proof. Throughout the proof, we fix some ¢ € N. Let us first show that g, possesses a lin-
ear derivative. We first note that for any u € R? the function v — 1 — exp(—(v, f&)) is a
cylindrical function and therefore it possesses a linear derivative which is given by (v,y) —
exp(—(v, f1)) fi(y), see for instance Martini [24, Example 2.11]. Hence for any p,v € MY, we

cH
have

1
) =) == [ [ [ exp(oan 1) = (1= N SN = ) d)ird

Since u, v and f, have compact support, we can exchange the above integrals which implies that
g has a linear derivative and that

Saev)) == | expl={v. )7 ()

Moreover, we see that for any v,y € E, [6,9(v)(y)| < [ga fe(lu — y[*)du = [a fe(]2*)dz and
therefore, it is bounded. Since f; and f; have compact supports, the map y — 0,9,(v)(y) is
twice differentiable and we have

ViAuar)) = =2 | (= wyexpl(={o. F1) 1y~ ufau

and

Vau)(w) =~ 2[ [ exp(—n 5y — u)au]

Rd
~4 [ =)= 0 exp(~(w, )7 1y — )
where I; is the d-dimensional identity matrix. Again, for any v,y € E, we see that we have
Vbuar))| <2 [ 1y =alfilly —olP)lde <2 [ |=N(eP)
and
V30| <2 [ 150y = uP)ldu4 [y =PIy - uPldu

< [ Pz +4 [ PR

so that both derivatives are bounded. Let us now show that for any y € R?, v 0uge(v)(y)
possesses a linear derivative. For any y € R? and any u, € M, we have

1
S0t ~,a0)w) = [ 1) [ [ espoAwn £ =0=N) )10 =y A

Again, since u, v and f; have compact supports, we can exchange the above integrals which
implies that d,g¢ has a linear derivative and that

Rt )9) = [ exp(—n 1) F 0 )
Moreover, by Cauchy-Schwarz inequality, we have
2
o))< [ i [ gpwrde=( [ nepraz)
Rd Rd Rd
so that it is bounded. With similar arguments, one can easily show that (y,y’) — 62Mgg(u) (y,y)
is twice differentiable and that the corresponding derivatives are bounded. This shows that

gr € Cr(E).
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Let us now show that exp(—gs) € L(B). We consider some a,b, M,T > 0 and we set
K=[0,T] x Xqp x [-M, M]™. Let us show that for any £ € N,

E| sup exp(—gelv +07))| < oo (23)
(t,v,x)eK
where as usual 67 = ") f(f Ophqprdr, T = (zt,--- ,2") and (By)iso = (B, -+, B )i>0 is a

n X d-dimensional Brownian motion. In the following, we first fix some (¢,v,z) € K. Since for
any u € R?, the map ¢ — (67, f) is non-decreasing, it comes that

exp(—ge(v + 0F)) < exp(—ge(v + 07)).

Let us now introduce some notation: for any v € M?% and any R > 0, we set

8,5 ={y € R, d(y,supp(v)) < R}.

Consider now some R > 0 such that for any M > R, f(M) = 0. We first remark that for any
u € R?, we have

1 - exp(—(u, fly> - <6§:7 f;>) < ]‘SL/,RUSGZC,R(U)'
Indeed, if u ¢ 8, r U 8¢z g, then (v, fi') = (0F, f') = 0 so that 1 — exp(—(v, ;') — (0¢, f;')) = 0.
Otherwise, it is smaller than 1. As a consequence, we see that

—ge(v +07) < m(Sy r) +m(Sez Rr)

where m denotes the Lebesgue measure. Moreover, it is straightforward to see that
n
x < =
m(8pr g) < kzl m(Sge )

where for any k € {1,--- ,n}, Hf’k = fg k4 prds. By translation invariance of the Lebesgue
measure, it is also clear that for any k € {1,--- ,n}, m(8zer ) = Mm(Syor ). Finally, since
t ’ t

v € Kop, we have m(8, g) < (b+ R)?. All in all, we showed that

E| sup e*gf(”*@f)] < OHR)'E exp(m(8 o1 R))]n, (24)
(t,v,x)eX r>
where we used the independence between the n Brownian motions. Finally, E[exp(m(8,0.1 ))]
T »

is the exponential moment of the volume of the Wiener sausage of radius R and it is finite, see
for instance |31, Theorem 4.2] or [36]. O

Proposition 25. Let (f¢)sen be a sequence of functions satisfying Assumption 22 and let v € MZ.
If m({y € R, d(y,supp(v)) = 1}) = 0, then g,(v) — —m(8,) as £ — oo, where the functions
(ge)een are defined by (22).

Proof. Let u € {y € R d(y,supp(r)) < 1} be fixed. Therefore, there exists y € supp(v)

such that r := |u —y| < 1. Let ' = (1 — r)/2 < 1, then for any z € B(y,r’), we have
|lu—z| <(1+7r)/2=:7<1. As a consequence, we have for any ¢ € N,

NS u—zH)v(dz u—zHr(dz ) r
Wty = [ o owtas) 2 [ gl o) 2 5 B0,0)

where we used in the last inequality that f is decreasing. Since y € supp(v), we have v(B(y,r')) >
0 and we see that (v, ) — oo as £ — co. We showed that, if u € {y € R?, d(y,supp(v)) < 1},
then 1 —exp(—(v, f}*)) = 1 as £ — occ.

Consider now some u € {y € R% d(y,supp(r)) > 1}. We have
Wty = [ fullu = oP(a),
supp(v)

21



For any z € supp(v), we have |u— z| > 1 and therefore f;(Ju—z|?) — 0 as £ — oo by assumption.
Also, since f; is decreasing, we have fy(|u — z|?) < fo(1) = 1 for any z € supp(v) and since v has
finite mass, we can apply the dominated convergence theorem, which tells us that (v, fi*) — 0
as £ — oo.

Since m({y € R%, d(y,supp(v)) = 1}) = 0, we conclude that for a.e. u € R? we have
1- exp(—(y, f;>) — 1{y€Rd,d(y,supp(l/))<1}(u) as £ — oo.

It remains to dominate 1 —exp(—(v, f§*)) in order to apply the dominated convergence theorem.
Since there exists R > 0, such that for any ¢ € N and any M > R, f,(M) = 0, we see that for
any u € {y € R%, d(y,supp(v)) > R}, (v, f#) = 0. Hence, for any u € R? and any ¢ € N, we
have

1—- exp(—(u, fl}t>) < l{yERd,d(y,supp(u))SR} (u)7

and the right-hand-side is integrable since v has compact support. All in all, we get the conver-
gence go(v) — —m({y € R%, d(y,supp(v)) < 1}) = —m(8,) as £ — oc. O

In order to apply the previous result, one needs to prove that the boundary of the Wiener
sausage has zero Lebesgue measure. This result is of common knowledge, nevertheless, in order
to be as self-contained as possible, we give an extended proof of it.

Proposition 26. For any x € R? and any t > 0, it holds that a.s.

m({y € R?, d(y,supp(6})) = 1}) =0

where 0F =31, fg Ozk 4 prds and (B})i>0,-++ , (BM)i>0 are n independent d-dimensional Brow-
nian motions.

Proof. Tt is enough to consider the case n = 1 and by translation invariance, we only need to
consider the case = 0. For any R > 0, we denote by 8; r the set {y € R9, d(y,supp(67) < R}.
Using the scale invariance of the Brownian motion, it is easy to see that

E[m(Sth)] = RdE[m(St/R,l)]'
For any ¢ > 2, let ay = 1 — 1/¢. By the monotone convergence theorem, we see that
Efm(Sta,)] — Elm({y € R%, d(y,supp(67) < 1)})] as £ — oo,

On the other hand, we also see by the monotone convergence theorem that

Em(St/a,1)] — E[m( () Sy ) | = Elm(S:1)] as £ — o,
£>2

where we used in the last equality that Mg>28;/4,1 = St1. Indeed, if y € Ng>28;/4,,1, then
for any ¢ > 2, there exists s; < t/a, such that |y — Bs,| < 1. Since the sequence (s/)¢>2 is
bounded, we can extract a subsequence which converges to some s. Plainly, we have s < ¢t and
by continuity of the Brownian motion, |y — Bg| < 1, which shows that y € 8;;. The other
inclusion is straightforward. All in all, we conclude that

E[m({y € R, d(y,supp(6}) = 1)})] = 0
which completes the proof. U

We can finally give the proof of the main result of this section.
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Proof of Theorem 23. Let us fix some T' > 0 and some £ € N. By Proposition 24, we can apply
Theorem 20 with the functions f = 0 and gy, and consider the process (X; ’é)te[o,T] defined by (19)
on some filtered probability space (£, Gy, (Qt,z)te[o,:r],@z). For any continuous and bounded
functional F : Cr — R, it holds that

Eq, [F((Xt*’g)tG[O,T])] - Zé_lE[F((Bt)te[O,T})efgl(eT)]

where B; = (B}, -+, Bl') is a Brownian motion on (RH)", 6, = >"7_, fg dprds is the occupation
measure and the normalization constant is defined as Z, = E[e~9¢(°7)]. By Propositions 25 and
26, it holds that a.s., exp(—g¢(07)) — exp(m(8p,)) as £ — oco. Moreover, we get from (24) that

E [e_gz(GT)] <E [exp(m(sng’R))] n’
where R is the constant from Assumption 22, 6} = fg dp1ds and

81,1 = {y € RY, d(y,supp(6})) < R}.
Again, the quantity E[exp(m(SG% r))] is finite and we can apply the dominated convergence
theorem, which completes the proof. ]
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