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OPTIMAL CONTROL OF BRANCHING DIFFUSION PROCESSES:
A FINITE HORIZON PROBLEM

BY JULIEN CLAISSE!
Ecole Polytechnique

In this paper, we aim to develop the stochastic control theory of branch-
ing diffusion processes where both the movement and the reproduction of
the particles depend on the control. More precisely, we study the problem
of minimizing the expected value of the product of individual costs penal-
izing the final position of each particle. In this setting, we show that the
value function is the unique viscosity solution of a nonlinear parabolic PDE,
that is, the Hamilton—Jacobi—Bellman equation corresponding to the prob-
lem. To this end, we extend the dynamic programming approach initiated by
Nisio [J. Math. Kyoto Univ. 25 (1985) 549-575] to deal with the lack of in-
dependence between the particles as well as between the reproduction and
the movement of each particle. In particular, we exploit the particular form of
the optimization criterion to derive a weak form of the branching property. In
addition, we provide a precise formulation and a detailed justification of the
adequate dynamic programming principle.

1. Introduction. Since its onset in the late 1950s, the stochastic control the-
ory and its applications have developed extensively. In particular, the control of dif-
fusion processes has been a very fruitful area of research (see, e.g., [13, 21, 28]).
Stimulated by numerous and various applications, it has given rise to challeng-
ing mathematical problems, leading for instance to the development of viscos-
ity solutions for second-order partial differential equations (PDEs) [24]. Besides,
an advanced theory has developed to deal with optimal control of other classes
of processes such as Markov chains in discrete and continuous time, piecewise
deterministic Markov processes or Lévy processes (see, e.g., [10, 14, 27, 29]).
Their applications lie in a wide variety of domains including finance, operation
research, computer science and epidemiology. In this paper, we aim at developing
the stochastic control theory of branching diffusion processes and its applications.

The branching diffusion processes describe the evolution of a population of
identical and independent particles in which each particle has a feature, for exam-
ple, its spatial position, whose dynamic is given by a diffusion. They were first
introduced by Skorohod [33] and Ikeda et al. [16—18]. In particular, these authors
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provided new stochastic representations for semilinear parabolic PDEs as func-
tionals of branching diffusion processes. Since these pioneering works, the study
of branching diffusion processes has developed extensively. Nowadays they are
commonly seen as simple examples of measure-valued processes and were used in
particular to prove existence and to approximate the so-called Dawson—Watanabe
superprocesses (see, e.g., [11, 31]). They also proved valuable for numerical appli-
cations. For instance, Henry-Labordere, Tan and Touzi [15] developed recently an
algorithm based on a Monte-Carlo method with branching diffusion processes to
solve semilinear parabolic PDEs and to simulate solutions of backward stochastic
differential equations.

As mentioned before, the theory of controlled diffusion processes has gener-
ated important literature. Similarly, many authors have studied optimal control
of branching processes (see, e.g., [6, 7, 14]). However, regarding the control of
branching diffusion processes, only two articles have been published so far to the
best of our knowledge. On the one hand, Ustiinel [35] proposed a new construc-
tion of branching diffusion processes based on martingale problems. It allows to
introduce interdependence between the particles. As an application, he studied a
finite horizon problem where the controls are Markovian and act solely on the drift
coefficient. He proved existence of optimal controls under rather weak conditions
by using a method based on the Girsanov theorem developed in [4]. On the other
hand, Nisio [26] considered a finite horizon problem where the control acts on
both the drift and diffusion components of the movement, and the cost function
is expressed as the product of individual cost penalizing the final position of each
particle. She identified the Hamilton—Jacobi—Bellman (HJB) equation associated
to this problem in the form of a nonlinear parabolic PDE and characterized the
value function as its unique (viscosity) solution.

Here, we intend to generalize Nisio’s work, especially to allow the lifespan and
the progeny distribution to depend on the position of the particle as well as on
the control. In addition, we do not restrict to control processes that preserves in-
dependence and identicalness of particles. Our generalization gives rise to various
and profound difficulties. In particular, we have to introduce a new construction
of controlled branching diffusion processes to deal with position-dependent and
control-dependent reproduction. Besides, new arguments are needed to handle the
lack of independence between the particles as well as between the reproduction
and the movement of each particle. One of the critical steps to achieve this in-
volves establishing a weak form of the branching property satisfied by the value
function.

Our study is based on the dynamic programming approach which originates
from the celebrated Bellman principle of optimality [3]. The key step in this ap-
proach is to derive a dynamic programming principle (DPP). Although it is in-
tuitive and simple in its formulation, it is very hard to give a rigourous proof in
the stochastic control framework. Among hundreds of references see, for exam-
ple, Krylov [21], El Karoui [12], Borkar [5], Fleming and Soner [13], and the
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more recent monographs of Pham [28] and Touzi [34] for various formulations
and approaches to the DPP in the context of controlled diffusion processes. Our
proof is based on the approach of Fleming and Soner [13]. It relies on a result
due to Krylov [22] regarding existence of smooth solutions to fully nonlinear PDE
and an approximation procedure allowing to approximate the value function by a
sequence of smooth value functions corresponding to small perturbations of the
initial problem. In the present study, we extend the results therein to deal with
controlled branching diffusion processes.

The branching diffusion processes are relevant for various applications in nat-
ural science and medicine. For instance, Sawyer [32] developed applications to
population genetics in order to describe the dispersion, mutation and geographical
selection of the descendants of a new gene in a population of rare mutant genes.
More recently, Bansaye and Tran [1] created a model based on such processes to
investigate the development of a parasite inside a population of dividing cells. In
view of the above, the control of branching diffusions processes is interesting not
only from a theoretical point of view but also for its applications. For instance,
it could help to improve therapeutic strategies to eliminate a virus, or at least re-
duce its burden, while preserving the pool of healthy cells. Other applications such
as genetic selection, management of species in danger or pest control might be
promising as well.

This paper is organized as follows. In the next section, we introduce the con-
trolled branching diffusion processes and formulate the optimal control problem.
We also state the main result of this work, that is, the characterization of the value
function as the unique viscosity solution of the corresponding HIB equation. The
rest of the paper is devoted to the proof of this result. In Section 3, we collect some
properties of controlled branching diffusion processes. In particular, we establish
the semimartingale decomposition for a class of functionals of these processes. We
also study the dependence of these processes w.r.t. the parameters characterizing
their dynamic. Then we prove in Section 4 that, under stringent assumptions, the
value function satisfies the DPP and the HIB equation in the classical sense. In
Section 5, we complete the proof of the main result by using an approximation
procedure. We also provide a strong comparison principle for the HIB equation,
which yields the uniqueness property. Finally, we establish the DPP satisfied by
the value function in Section 6.

2. Formulation of the problem.

2.1. Controlled branching diffusions. Let A be the control space that is as-
sumed to be Polish. Denote by R4*™ the set of matrices of order d x m.

Consider a population of particles such that each of them moves according to
a controlled diffusion characterized by a drift b : R¢ x A — R? and a diffusion
coefficient o : R? x A — R4*™_Moreover, each particle dies atrate y : RY x A —
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R, and gives birth to k € N particle(s) at the time and position of its death with
probability p; : R? x A — [0, 1]. By definition, we have

o0
Y opx,a)=1  V(x,a)eR? x A.
k=0

To describe the genealogy of the population, we give a label to each particle
using the Ulam—Harris—Neveu notation (see, e.g., [1]). Let us introduce the set of
labels

o0
I:={o}u|JN"

n=1
Foralli =iyir---i, and j = j1j2--- jm in Z, we define their concatenation ij by
i1ip -+ inj1j2- - jm- The mother of all the particle is labeled by & and when the
particle i gives birth to k offspring, they bear the labels i0,i1,...,i(k — 1). We
also define a partial order relation on Z as follows: we write j <i (resp., j < i) if
and only if there exists j € Z (resp., j' € Z \ {&}) such that i = jj’.

Let (€2, (F5)s=0, P) be a filtered probability space satisfying the usual condi-
tions embedded with (B?, Q%);c7 a family of independent random variables such
that B! is a m-dimensional Brownian motion and Q'(ds, dz) is a Poisson ran-
dom measure on Ry x Ry with intensity measure ds dz, adapted to the filtration
(]: s)szO- ) )

We say that o = (a');c7 is a control if and only if each «' is a predictable
process valued in A. Namely, each process o' is dedicated to control the movement
and the reproduction of the particle of label i. Denote by A the collection of all
controls.

Following the inspiration of [1, 8], we represent the population Z controlled by
o € A as a measure-valued process

ZS:ZS(Z,XZY)’ SZO,

ieVy

where V; contains the labels of all the particles alive at time s, and X fv denotes the
position of the particle i at time s. Provided that the particle i is alive, its dynamic
can be roughly described as follows:

e its position X' is given by
(2.1) dX! =b(X!, al)ds +o (X!, al)dBl;

e its reproduction is driven by Q' and the probability that it gives birth to k parti-
cle(s) in [s, s + h] given F; is equal to

y (X%, ob) pr(X§. b + o(h).
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Let E be the state space of the process given by
E:= {Z(S(i,xi); 1% CIﬁnite,xi eR? and i A jforalli,je V}.
ieV

We embed E with the weak topology. It is then a Polish space as a closed set of the
space of finite measures on Z x R4 (see, e.g., [11], Section 3.1.1). Denote also, for

all u=Y;cy 8.y €Band f = (fiez, [ R > R,
=) f1)
ieV
Let £ be the infinitesimal generator of the (Markovian) diffusion given by
SDE (2.1) with o’ = a € A, that is, for all f € C2(RY),

LYf(x)= %tr(aa*(x, a)D)%f(x)) +b(x,a)- Dy f(x),

where D2 f and D, f denote respectively the Hessian matrix and the gradient of f.

To characterize the dynamic of a population Z controlled by o = (a)jer € A
starting at time ¢ > O from initial state u € E, we consider the following SDE: for
all f=(f)ier € C12[Ry x R,

<ZS’ f(s7 ))
=(u, f(t,-))
+/ Y Do f (0. Xp)o (Xp. ) dB)
2.2) ieVy
+f S @ f 4+ £% f1) (0, X5) do
zeVG
+/ zzzw N0, X1, 0 o0 (06, d2),
(ts]x}RJrlev k>0 k{Adg,g
Vs >t,P-a.s.,

where, for all (x,a) € RY x A,

k—1
I(x,a) = [y(x a)Y  pi(x,a),y(x,a) sz(x a))
1=0 1=0
with the value of an empty sum being zero by convention. Notice that (fx (x, a))reN
forms a partition of the interval [0, y (x, a)).
In SDE (2.2), the first two integrals describe the movement of the particles. In
particular, one can recognize It6’s formula applied to f "(X;', oaé) for each i € V;.
The last integral w.r.t. the Poisson random measures characterizes the jumps of the
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process due to death and reproduction of the particles. Note also that the stochastic
integral w.r.t. the Brownian motions is defined as follows:

s . . o .

2/ Licv, Do f1(0, Xb)or (X5, o) d B,

ier”’!

where the latter is well defined under the appropriate assumptions given below.
Let us give a first set of assumptions to ensure that the population process is

well defined as stated in the proposition below.

ASSUMPTION 2.1. (i) b and o are measurable, bounded and there exists L >
0 such that for all (x, y,a) € (RY)? x A,

|b(x,a) —b(y,a)|+ |o(x,a) —o(y,a)| < L|x — yl;
(ii) y is measurable and there exists y > 0 such that
yra)<y  Vx,a) eRIx A;

(iii) (pr)ren are measurable and there exists M > O such that

oo
Y kpi(x,a) <M V(x,a) eR? x A.
k=0

PROPOSITION 2.1. Lett € Ry, p=3";cy 8 i) € E and o € A. Under As-
sumption 2.1, there exists a unique (up to indistinguishability) cadlag and adapted
process (Zé’u’a)szt valued in E satisfying SDE (2.2). In addition, we have

(2.3) E[ sup {Ng*“’“}] < |V[e"MG6=D  yg >

1<6<s

where Né’“ "% and |V | denote the number of particles alive at time 0 and the car-
dinal of V, respectively.

The proof of the proposition above is postponed to Section 3.1. It relies essen-
tially on two arguments which follow from Assumption 2.1. First, the point (i)
ensures that there exists a unique solution to SDE (2.1). Second, the assertions (ii)
and (iii) rule out explosion, that is, there is almost surely finitely many jumps in
finite time.

We conclude this section with some notation. Unless otherwise mentioned, we
denote

Z;’M’O{ = Z 8(l,X§) Vs >1.

. tu,
zeVS”“a

In the important case 1 = 8z ) with x € R, we simply write Z"%% and V¢
instead of Z"#*“ and V"¢,
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2.2. A finite horizon problem. Let T > 0 be the finite horizon, g : R¢ — [0, 1]
and ¢ : R — R, be measurable maps. For all (¢, 1, ) € Ry x E x A, we denote

s . .
e .=exp <_./z > (X, aé)d&).

. t o
ieVy

As before, if u = (g x) with x € R?, we simply write "¢ instead of I""*¢.
Define the cost function J : [0, T] x E x A — [0, 1] by

J(t, 1, 0) := E[F}’“’“ I1 g(X"T)}

.t
ieVy

with the value of an empty product being one by convention. Define also both the
value functions ¥ : [0, T] x E— [0, 1]and v: [0, T] x R? — [0, 1] by

l_)(l"/-’L) ‘:()}Ielgj(t’u’a) and U(t,x) = l_)(ta(s(g,)c))'

The multiplicative form of the cost function is essential for the present study
(see Remark 2.1 below). Even though it is restrictive, some relevant control prob-
lems can be expressed in such a form. For instance, if ¢ =0 and g = 0, the goal
is to minimize the probability of extinction before time 7. It is of interest in con-
servation biology for instance, where the controller tries to favor the survival of
an endangered species (see, e.g., [25]). Similarly, if c =0 and g : x > e~ *], the
goal is to maximize the sum of the final states of the particles. Such problems ap-
pear naturally in harvesting management, where the controller wants to increase
the yield of a farming business (see, e.g., [23]). In addition, the map ¢ allows to
take into account a running cost, for example, to penalize undesirable population
or control states before time 7.

REMARK 2.1. (i) In the uncontrolled setting, the branching property yields
forall € R+, m = Ziev 8(1'7)61') eEandae A,

Tt pa) =[] I8y a).
ieV
In addition, under suitable conditions, the map u : (¢, x) J (t,d(i,x), a) satisfies
the following PDE:

ou(t, x)+G%((t, x) — " (Xu@,x)=0 Y(t,x) €[0,T) x R,

where ¢ = c(-, a) and G¢ is given by (2.4) below. We refer the reader to [18, 33]
for more details.

(ii) If g > 0, we have at our disposal another significant expression for the cost
function:

T
Tt =E|exp (- [ [z, s — (25, ~mn(0)) |

t

where ¢% = (c(-, a!))iez.
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2.3. Main result. The aim of this section is to state the main result of this pa-
per, namely, the characterization of the value function as the unique viscosity solu-
tion of a nonlinear parabolic PDE. This is the so-called Hamilton—-Jacobi—Bellman
(HJB) equation corresponding to the optimal control problem under consideration.
Another important result in this paper is the corresponding dynamic programming
principle (DPP); see Section 6.

Given a € A, we denote by G the operator acting on the space of functions
f € C2(R%) bounded by 1 as follows:

G F(x) 1= L tr(o0™ (v, @) D2 £ () + b(x. a) - Dy £ (x)
2.4) 2
oy, a><Z pr(x.a) foF — f(x)).

k=0

In the uncontrolled case, that is, & = a, G characterizes the cumulant semigroup,
and hence the law of the branching diffusion process (see, e.g., [11, 30]).

Before giving the main result, we make a new assumption regarding the regu-
larity of the various parameters involved in the definition of the problem.

ASSUMPTION 2.2. The maps (px(-, a))keN, ¥ (-,a), c(-,a) and g are uni-
formly continuous in R?, uniformly w.r.t. a € A.

THEOREM 2.2. Under Assumptions 2.1 and 2.2, it holds for all t € [0, T] and
m=>ev 8 €E,

(2.5) o(t, ) = [ v(t, x").
ieV
In addition, the value function v is the unique viscosity solution valued in [0, 1] of

(2.6) O;u(t,x)+ in£ {Gu(t, x) — c*(Xut,x)} =0 Y(t,x) €[0,T) x R,
ae
satisfying the terminal condition u(T,-) = g.

The proof of this result is postponed to Section 5. Using a result due to
Krylov [22], we show that, under stringent conditions on the parameters of the
problem, the value function is the unique smooth solution to the HIB equation and
satisfies the DPP. Then we use an approximation argument to approach the origi-
nal value function by a sequence of smooth value functions corresponding to small
perturbations of the parameters. Finally, we recover the desired results by passing
to the limit, using in particular the stability property of viscosity solutions. In ad-
dition, the uniqueness property in Theorem 2.2 results from a strong comparison
principle.

We conclude this section by making some comments on Theorem 2.2. First, the
identity (2.5) can be interpreted as a branching property satisfied by the value func-
tion. It suggests that the optimal control, if any, preserves the independence and the
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identicalness of the particles. In other words, the best output is achieved when the
controllers optimizes the dynamic of each particle regardless of the evolution of
the others. This is a remarkable feature of the control problem under consideration,
which relies on the multiplicative form of the cost function.

In addition, Theorem 2.2 characterized the value function as the unique solution
to the HIB equation. As a consequence, it provides a mean to compute the value
function by using numerical methods for PDE such as the monotone scheme intro-
duced by Barles and Souganidis [2]. Further, under additional assumptions, among
which smoothness of v, it leads to the existence of an optimal (Markov) control,
which consists of applying at any time # the control &(#, X!) to the particle i where

Gyt x) — A (), x) = ing {Gv(t, x) — ¢ (x)v(t, x)}.

See Remark 4.1 below for more details. This confirms and strengthens our inter-
pretation of the branching property above.

Finally, Theorem 2.2 provides an extension of a classical result from the theory
of controlled diffusion processes, namely, the value function of the finite hori-
zon problem with no running cost, terminal cost g and exponential decay c is the
unique bounded viscosity solution of

qu(t,x) + in£ {L%(t, x) — *(Xu(t, x)} =0 Y(t,x) €[0,T) x R,
ae
satisfying the terminal condition u(T, -) = g (see, e.g., [13, 24, 28, 34]).

REMARK 2.2. The ideas of this paper can be extended to deal with more
general cost functions such as, given 4 : N x R? x A — [0, 1],

E[F}’“’“ M sxi) [T A x;i,a;i)},

ievyh® ievphe
where V;’“’a = User.m Ve \ V}’“’a, T' and K’ denote the death time and the
number of offspring of the particle i, respectively. In the uncontrolled setting, the
connection between this expected value and PDEs has been investigated in [15].

3. Some properties of controlled branching diffusion processes.

3.1. Existence and pathwise uniqueness. Throughout this section, we fix ¢ €
[0, T], w=73cy S(i’xi) €E, o = (a!);er € A and omit the indices (¢, i, o) in the
notation to maintain readability. For instance, we simply write Z instead of Z"-#*¢.

We are going to construct Z by induction on the sequence of potential jumping
times. More precisely, we are going to define an increasing sequence of stopping
times (Sk)reN, a sequence of random variables (Vi)xen valued in the set of finite
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subsets of Z and a sequence of R4-valued continuous processes (X i€ Vi)ken

such that
= Z ]lSk71§S<Sk Z S(i’Xé)'
k>1 ieVr_q

First, we set (Sp, Vo) := (¢, V) and X; :=x' for all i € V. Then, for the inductive
step, let S be given by
Sk :=inf{s > Sg_1;3i € Vi1, Q" ((Sk—1, 51 x [0, 7]) = 1}.

Further, for all i € Vj_, we define X’ on (Sk_1, Sk] as the unique (up to indistin-
guishability) continuous and adapted process satisfying

S 1+/ b(X5, o) d9+/ o (X5, ab)dBY, P-a.s.

Finally, we describe the branchlng event, if any, at time Sy. Let J; € Vx_1 be the
(almost surely) unique label such that

0% ((Sk=1, Sk1 x [0, 71) = 1.

Further, let ¢ be the [0, y]-valued random variable such that (Sg, ¢x) belongs to
the support of Q7. Then we set

Vi1 if & € [V(ng “sk)737]
V=1 Viei \ (I} ifckelo(Xék aék)
Vict U0, ... k@ = DIN (Y if G e (X ad) 1> 1.

In the last case, we also set X f?k =X gﬁ for all i € Vi \ Vi—1. This ends the con-
struction of the population controlled by « initialized at time ¢ in state p.

To ensure that the process is well defined on R, it remains to show that there
is no explosion, that is,

IP’(kl_iIr;O S = oo) —1.

Since the jump rate per particle y is bounded, it is enough to show that (almost
surely) the population remains finite in finite time. This is a straightforward conse-
quence of the moment inequality (2.3) of Proposition 2.1, which we prove below.

PROOF OF PROPOSITION 2.1. Throughout this proof, we use the notation
introduced above. Let us prove first that Z satisfies SDE (2.2) for every f =
(fYier € Cl’Z(R+ x RHL. Assume that it holds up to time S;_;. One clearly
has

(ZS/\Ska fr= ]lssSk_l (Zs, f) + ﬂSk_1<s<Sk Z fi (Sa X;)
ieVi_1

L=, Y f (Sks ng).

i€V
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We deal with the first term on the right-hand side by induction. Let us turn now to
the second one. It6’s formula yields, for all s € (Sx—1, Sk),

> fix)= X (15X )
ieVr_q i€Vi—1
s . . . . .
+ | Dof'(0, Xp)o (Xp, ap) d By
Sk—1

N . i .
[ @+ % )6, X de).
Sk—1

It remains to treat the third term. One has
i iy _ i iy Tk Jx
2SS Xs)= D IS Xs) =1y ook ot (S Xs)
ieVy i€V kT Ok

-1

4 Tl
+ II. Jp Ik fjk (Sk, XS )
; gke[l(XSk’aSk) IE(:) k

The first term on the right-hand side is handled by It6’s formula while the sec-
ond and third terms coincide with the integral w.r.t. the Poisson random measures
over (Sk—1, Sk] in (2.2). We deduce that SDE (2.2) is satisfied up to time Sy and
conclude this proof by induction.

Let us turn now to the proof of the moment inequality (2.3). Let (t,),enN be an
increasing sequence of stopping times given by

T, ;= inf{s > t; Ny > n}.

The previous discussion ensures that the process Z is well defined and satis-
fies (2.2) up to time 7,,. Applying this relation with f = 11, ga, We obtain

Nyp, = Ni + > 2 k=Dl i i (2)0'(d6, d2).

(t,sA Ty ]xR4 icVy_ k=0

It yields that

Nine, <N+ Do > k= D1y i i) (20 (0, d2),

(t,sAT xRy iV k=1

where N :=sup, g {Ng} for all s > 7. It follows that

SAT, R . . ,
BING <N+ E[ [ % v(Xhad) X k= el do |
ieVy k>1

N
<N, + ?ME[/ Nine d@].
t
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Applying Gronwall’s lemma, we obtain

E[N¥,, ] < Ne?Me=0,

SATy

Since the right-hand side does not depend on n, we deduce that 7, converges al-
most surely to infinity. By Fatou’s lemma, we conclude that the inequality (2.3)
holds.

Finally, the pathwise uniqueness for the solution of (2.2) follows from the path-
wise uniqueness of SDE (2.1). Indeed it suffices to apply (2.2) with f = 1y, pa
to characterize the dynamic of the particle ;. [

3.2. Semimartingale decomposition. The aim of this section is to derive the
semimartingale decomposition of a specific class of functionals of the population
process.

Fix (1, 4, @) € Ry x E x A. It follows from (2.2) that, for all f € C;* (R x
RY),

(Z51%, f(s,)

(3.1) +ft‘ S Do f(6, Xi)o (Xp, o) dB)
iev
H[X e X+ £ 0. X)) do
ieVé’“‘a
+f Y Y k= DO, X)Ly i o) (2 Q(@0, d2).
(I,S]XRJrievetﬁt,a k>0 70

LEMMA 3.1. With the notation above, the process
s ‘ o .
ML ::/ > Dof(0. Xj)o (X, ap)dBy, s>,
I e
i€V,

is a continuous square integrable martingale. In addition, its quadratic variation
is given by

s ; 1 i
prrey = [ 5 |Dero. o () do.

. [N
i€Vy

PROOF. For the sake of clarity, we omit the indices (¢, i, ) in the notation.
By definition, one has M =} ;. M* with

. s . . . .
M ;:/ Liey, Dy f(6, Xi)o (Xi, o) dB),  s>1.
t
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Since D, f and o are bounded, it is clear that M’ is a continuous square integrable
martingale. Besides, we recall that the space of continuous square integrable mar-
tingale is complete (see, e.g., [20], Proposition 1.5.23). Hence, if we show that
> 7 M' is absolutely convergent, it implies that M is a continuous square inte-
grable martingale. The former holds true as, for all s > ¢,

S B(()') = 8| [ ticulDos (6. X)o (). o) a6

< CIE[ sup {N@}:I < +o00.

1<0<s
Finally, the expression for the quadratic variation follows from the independence

of the Brownian motions (B')jcz. O

For F € C7(R) and f € C2(RY), we define Fy: E — R by
Fr(p) == F((u, f)).

Given a = (a');er € A, we denote by H? the operator acting on the class of
functions Fy given by, forall =3 ";cy 8 yiys

HAF ()
1 o .
= EF}/([L) > 1D, f(x))o (x', a')|* + Fr(u) Y L% f(x')
ieV ieV
+ 2 r i a) (P )+ = DA @) = )
ieV k>0

PROPOSITION 3.2. For F € Ci(R) and f € Cll;z(RJ,_ x R?), the process
Frs ) (Z5"%) = Fra ()
— [ (Fo (525", 00 0.0) + HE Frea.s(257)) db.
s>t

is a cadlag martingale.

PROOF. Once again, we omit the indices (¢, i, @) in the notation. We set
Q(w,ds,dz,di) =) Q' (w,ds, d2)8 (di).
iel
It is clear that Q is a Poisson random measure on Ry x Ry x Z with intensity
measure dsdz ) ;.7 8i(di). Applying the generalized It6 formula (see, e.g., [19],
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Theorem 2.5.1) to (3.1), we obtain

s . . . .
Frs)(Zg) = Fre,» (1) +ft Fro.3(Zg) Y- Dif (0, Xp)o (X, ap) d By

ieVy
S
b [0 #0120, 010.9) + 3 Fyo (2) do
+/ G©.2,i)0(d6, dz, di),
(t,s]xRy xT

where Q(d6,dz, di) = Q(d6,dz,di) — db dz Y ier 6i(di) is the compensated
Poisson random measure and

G@0,z,i) =1Licy,_

k-1
XY (Ff(G.-) (Ze— +) ‘S(iz,xg)) - Ff(e,-)(ze—)>ﬂlk(xg,ag)(z)-
1=0

k>0

Following the arguments of Lemma 3.1, one easily checks that the second term on
the right-hand side is a continuous square integrable martingale. Besides, since

/ G (0. 2.1)|d0 dz Y 8:(di) < C sup (Np).
(t,s]xRy xT

ieT t<6<s
it follows from Proposition 2.1 that
EU ]G(Q,z,i)]d@dzZ(Si(di)] < o0
(t,s]xRy xT iel
Hence, the last term is a cadlag martingale (see, e.g., [19], Section 11.3). [J

The proposition above leads to the following result, which is a key ingredient
for the proof of our main result. Indeed it plays the role of It6’s formula in the
study of optimal control of diffusion processes.

COROLLARY 3.3. Lett € Ry, u=3;cyd; i) €E and a € A. Given u €
C,l,’z(]RJr X Rd) valued in [0, 1], the process

rHee l_[ u(s,Xé)—Hu(t,xi)

ievite eV
§ i i . ;
—/ ry™ 3" (Qu+G%u—c*u)©,xp) [ @, Xx})de,
! eVt Jevy iy
s>t,

is a cadlag martingale.
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PROOF. We start by assuming that ¢ = 0. If there exists ¢ > 0 such that
& <u <1, then the result is a straightforward application of Proposition 3.2
with F(x) =exp(—x) and f(s,x) = —In(u(s, x)), which belongs to Ci(RJr) and
C}”z(RJ’_ x RY), respectively. Else we consider the sequence (u,),en given by
u+%
144
its partial derivatives converge uniformly to # and its partial derivatives. Hence,
the result follows by applying the first step of the proof to u, and taking the limit
n — 00. In the general case ¢ > 0, we conclude by the integration by part formula
since

Uy . Clearly, u, € C;>(Ry x RY) and 45 <u, < 1. In addition, u, and

s . .
=1 [T Y (X o) de.
eVt O

3.3. Dependence on parameters. To the best of our knowledge, even in the
uncontrolled setting, there is no result in the literature concerning the regularity of
branching diffusion processes w.r.t. the parameters characterizing their dynamic.
The proposition below fills this gap.

Let b, 6, y and (pi)ken be a drift, diffusion coefficient, death rate and progeny
distribution respectively satisfying Assumption 2.1. Givent e Ry, u € E and « €
A, we denote

Zght = Y Sigy. s,

PReY N VN
ieVy o

the solution of (2.2) where b, o, ¥ and (px)ren are replaced by b, &, y and
(Pr)keN-

PROPOSITION 3.4. Given ng € N and § > 0, there exists p : Ry — R that
satisfies p(0+) = 0 such that for all t € [0, T, u € E satisfying u(Z x Rd) <nop
and a € A,

P(Vs elr, T), Vi = Ve, sup {|x] - Xi|} <)
jevine
| prc — ﬁkll)

z1—p(||b—15||+||o—6||+||y—f||+z -

keN
where || - || denotes the supremum norm.

PROOF. Once again, we omit the indices (¢, i, @) in the notation. We start by
observing that for any n > ng and k > 1,

P(Vs e[t, T1, Vs = Vs, sup {| X} — X[} 55)

ieVs

>P(¥s €[, T1, Vy = Vs, sup {|X] — Xi|} <8, 8, > T, Nj <n),

i€Vs
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where N7 = sup, ;7 {Ns} and Sy is the kth potential jumping time defined in
Section 3.1. Further, we have
P(Vs elr, T1, Vo = Vs, sup {| X! — Xi|} <6, 8 > T, Nj <n)
ieVy
=1—-P(Nj >n)—P(Sk <T,Nj <n)
(3.2) .
—PQ3selr,T], Vs # Vi, Sk >T,Nj <n)

—IP’(VS €[t,T], Vs =V, sup sup {|X’Y — )~(’,|} >8,8>T,Nj Sn).
t<s<TieV,

By Proposition 2.1, the second term on the right-hand side satisfies
C
P(N7 >n) < —,
n

where C = noefM T As for the third term, we first notice that, on the event
{N7 < n}, S is bounded from below by a sum of k independent exponen-
tially distributed random variables with identical parameter ny. It follows
that

P(Sx < T, N7 <n) < F x(T),

where Fj, i is the cumulative distribution of the gamma distribution with shape
parameter k and rate parameter ny. Let us turn now to the last term on the
right-hand side of (3.2). On the event {Sx > T, Nj < n}, it is clear that for all
set,T],

Ve VUil ---iieV,0<iy,...,i<n—-1,1<l<k—1}.

Since the cardinal of the set on the right-hand side is C, x = ng Z;‘:—Ol n!, we deduce
that

P(Vs €1, T1, Vs =V, sup sup {|X} = X[} > 8,8 >T,Nj <n)

t<s<TieVy

< Cyk Sup sup IP’( sup {|x00e — x|l > 8),

aeA xecRd t<s<T

where X"*¢ and X"*-¢ are respectively the solution of

s s
x?**a:x+/t b(Xé”“’“,a?)dGJr/, o(Xg" % ag)dBg, sz,

~ S .o~ $ v
xé’x*a:x+/, b(Xé”“’“,a?)deJr/, 6(Xg"* ag)dB?, szt

Under Assumption 2.1, it follows by classical arguments from the theory of (con-
trolled) diffusions that

- C’ - ~
P( sup {|IXi = X0} > 8) < —(Ib = Bl + llo = 51).

t<s<T
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where the constant C’ does not depend on 7, x and «. Hence, we deduce
that

]P(Vs €lt,T), Vs=Vy, sup sup {|le — )~(;|} >8,8%>T,Nj< n)
t<s<TieV, ’
/
< C Cn’k
- 4

(16— bl + llo —&1).

It remains to deal with the fourth term on the right-hand side of (3.2). First, we
observe that

P(3s € [t, T, Vs # Vs, Sk > T, Nj <n)

3.3)
k—1

=Y P(VI' <1, Vs, =Vs,, Vs, # Vs, S > T, Nj <n).
=1

In addition, we have forall 1 </ <k —1
P(VI' <1, Vs, = Vs,, Vs, # Vs, Sc > T, Nf <n)

= ]P)<V5171 = ‘75171’ Vs, # VSzv sup {‘Xg] - ~f§;|} = 8)

i€eVs,_,

—|—]P’(Vl/ <I,Vs, = \751,, sup {\Xgl — f(’sl]} > 8,8k >T,Nj fn).

lGVS]_l

Further, by the same arguments used to deal with the last term on the right-hand
side of (3.2), it holds

]P’(Vl’<l,VS[/=\~/Sl/, sup {|X§l— ~fgl|}>8,Sk>T,N;§n>

i€Vs;_,

C/Cnl ~ ~
=— =(lb = bl + llo —&1).

In addition, we denote for all x, y e R? and a € A

G4 Iy = o N Ly, @) U ([y (x.a). 7] N [7(. ), 7]).
k>0

where

k—1 k
L(y.a):= [f(w) > by, a), ?(y,a)Zﬁz(y,a))

=0 =0
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With the notation of Section 3.1, we have

P(VSl_l = ‘751—1’ Vs, # VSI’ _sup {}XS; |} = 8)

IEVSI_I

]P)<VSI I_VSI l’§l¢1asl( NE g[)’.sup {’ngl_i.l§1|}§8>

i€Vs_,

J . .
y — 11751 (X,, X))
v

Tiyi _%i s |»
[T sy 1

< ~
- EI:]lVS/—l =Vs_1
ieVs_,

where the last inequality follows from the fact that ¢; is a random variable uni-
formly distributed on [0, ], independent of the others. Using Lemma 3.5 be-
low, we deduce that there exists p’ : Ry — R, satisfying p’(0+) = 0 such
that

P(‘/Slfl = ‘75171’ Vs, # VSI’ sup {‘ng - ~f§,|} = 8)

i€Vs_,

Il P — Pl
(a+ ly =71+ 27)

keN
By (3.3), we deduce that

P(3s €[t, T1, Vs # Vi, S > T, Ni <n)

Gk 1ok — i
< = (1b - b||+||0—<7||)+k,0<8+||y y||+227)’
keN

where C,/l’ —1 = c’ Zf:]l C,.;- We are now in a position to conclude the proof. In
view of the above, it follows from (3.2) that, for any 8’ <6,

P(¥s € (¢, T1, Vy = Vs, sup {|X! - Xi|} <)
ieVy

P(Vs €1, T1, Vy = Vs, sup {|X{ — Xi|} <)
ieVy
/

c ) i
;;" (Ib =Bl +llo —&1)

Pk — Pill
— ! (5l = 71+ PP,
keN

C
21— == F (T
n

The conclusion follows by sending successively [|b — bll, llo =&, Iy = 71,
ZkeN”pkz;kpk”toO,S’toO,ktoooandntooo. O
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LEMMA 3.5. There exists p : Ry — Ry that satisfies p(0+) = 0 such that for
allx,yeRanda € A,

11%(x, y)| 5 Il px — Pl
— = >1—p(lx—yl+ly =7+ > ——).
v 2K
keN

where [%(x, y) is given by (3.4) and |19(x, y)| denotes its Lebesgue measure.
PrOOF. First, we observe that
H:y(x’a)’ )7] N [)7()’,61), J7]| Z )7 - V(x’ CZ) - ‘V(x»a) - V()’aa)‘ - ||V - )7”
In addition, we have

\Ie(x, @) N Ik (v, a)| > y(x, @) pe(x,a) = 2(ly (x,a@) — y (v, @)| + Iy — 71I)
k
=27 > (Ipex. @) — pe(y, @)| + e — prll).-
=0
Notice also that, for all K > 1,
y(x,a)—y(x,a) Y px,a)=y(x,a) Y pr(x,a) < —,
k=0 k=K K

where M comes from Assumption 2.1(iii). We deduce that for all K > 1,

K-1
G, )| = [y ), 71N [7 (v, @), 711+ D [Ik(x, @) N Ii(y, @)
k=0
. yM -
27— — QK+ D(ly(x,a) =y . @)+ ly = 71l)
K—1
-2y Y (K —k)(|pk(x.a) — pr(y. @)| + l px — prll)-
k=0

The conclusion follows immediately from Assumption 2.2. [

4. Dynamic programming: The smooth case. The aim of this section is to
show that, under stringent conditions, the value function satisfies the DPP and
the HIB equation in the classical sense. More precisely, using a result due to
Krylov [22], we prove in Section 4.1 that there exists a classical solution to the
HJB equation. Then, extending the approach of Fleming and Soner [13], we show
that this solution satisfies the DPP in Section 4.2. As a consequence, we deduce
that this solution coincides with the value function.
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4.1. Hamilton—Jacobi—Bellman equation. The proposition below ensures that,
under the following assumptions, there exists a smooth solution to the HIB equa-
tion (2.6).

ASSUMPTION 4.1. (i) g € C3(RY);

(ii) for ¢ =b,0,y, px,c, ¢(-,a) € C2(RY) such that ¢ and its partial deriva-
tives are bounded on R x A;

(iii) there exists K € N such that py =0 forall k > K + 1;

(iv) there exists ¢ > 0 such that

c(x,a)>c V(x,a)GRd X A;
(v) there exists A > 0 such that

oo*(x,a)>A;  V(x,a)eR? x A.

PROPOSITION 4.1. Under Assumption 4.1, there exists u € C;’Z([O, T]1 x R9)
valued in [0, 1] such that

oru(t,x)+ in£ {Gu(t, x) — c“(Xu(t,x)} =0 V(t,x)e[0,T) x R,

satisfying the terminal condition u(T, -) = g. In addition, u and its partial deriva-
tives are Holder continuous on [0, T x R<.

PROOF. This result is an application of Theorem 6.4.4 in Krylov [22], which
provides existence of smooth solutions for a class of fully nonlinear PDE. The
property that the HIB equation (2.6) belongs to this class follows from Exam-
ple 6.1.8 in [22]. Indeed, under Assumption 4.1, the only issue is to find 59 > O
and My > 0 such that, for all (x, a) € RY x A,

K
y(x, a)(Z pi(x, @) M — Mo) — c(x,a)My < =3y,
k=0

K
y(x, a)(Z pr(x,a)(—Mo)* + Mo) + c(x,a)Mo = do.
k=0

Taking Mo = 1, both these inequalities hold with §o = ¢. Hence, Theorem 6.4.4
in [22] ensures that there exists u € Cll)’z([O, T] x R?) solution to the HIB equa-
tion such that ||u|| < 1. It also ensures that the partial derivatives of u are Holder

continuous. Finally, the fact that u > 0 is a straightforward consequence of the
comparison principle stated in Proposition 5.1 below. [
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4.2. Dynamic programming principle. The next proposition ensures that the
solution to the HIB equation given in Proposition 4.1 satisfies the DPP. Denote by
T:.7 the collection of all stopping times taking value in [z, T'].

PROPOSITION 4.2. Under Assumption 4.1, let u be given as in Proposi-
tion4.1. Forallt € [0, T]and p=73_;cy ; ,iy € E, it holds that:
(i) foralla e Aandt € T; 1,

.1 ]‘[u(z,xi)gE[rgw [ u(r,Xi)];

] . tu,
ieV ievime

(ii) for all € > 0, there exists a € A such that, forall t € T; T,

@ [Jute.x) e[ ] aext)]

j oyt
ieV jevhbme

COROLLARY 4.3. Under Assumption 4.1, the map u given in Proposition 4.1
coincides with the value function v and the branching property (2.5) is satisfied. In
particular, the value function is a classical solution to the HJB equation (2.6) and
satisfies the DPP (4.1)—(4.2).

PROOF. By applying Proposition 4.2 with t = T', we deduce that
v(t, u) = H u(t, x°).
ieV
Taking u = §(z,x), we conclude that u = v and so the identity above turns out to
be the branching property (2.5). [

PROOF OF PROPOSITION 4.2. Once again, we omit the indices (¢, 4, a) in
the notation. Let us start by proving (i). Applying Corollary 3.3, we obtain

E[n 7 ulx. xg)]

ieVy

= l_[ u(t,xi)

ieV
T i i . .
+E|:/ (Fs D (O +G%u—c®u)(s, X)) ] u(sX§)> ds]
! ieVs jevi\li}

Since u is a nonnegative solution to the HIB equation, we deduce that (i) is sat-
isfied. Let us turn now to the proof of (ii). The idea is to construct a near-optimal
control. Fix & > 0. In view of Proposition 4.1, the map u and its partial derivatives
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are uniformly continuous in [0, T'] x R4, Hence, there exists § > 0 such that for
all [s —s'| <8, |y—y/|<8anda € A,

|(u + G%u — c*u) (s, y) — (Qu + G%u — cu)(s', y')| <

N ™

Let (B,)men be a partition of R¢ in Borel sets of diameter less than % We choose
an element y,, in each B,,. Similarly, let r =s9 <51 <--- <sy =T be a sub-
division of [0, T'] such that 5,41 — 5, = % < 4. Then, for each (n, m), we take
an,m € A such that

e
(01t 4+ G u — ™ u) (sp, ym) < 3

Hence, it holds for all s € [s;,, sp+1] and |y — yp| <9,
(4.3) (8pu + G mu — ™ mu) (s, y) <e.
We define a near-optimal control process as follows:
ai(w) =au.m if s € (s, Spr1], X";n € B,

where we extend the trajectory of the particle i before its birth by the trajectory
of its ancestors, that is, we set X! := X/ whenever i > j € V,. Applying Corol-
lary 3.3, we get

E[r, [T u(. Xi)}
ieVy
= H u(t, xi)
ieV
T i i . .
—HE[/ (Fs Z (0 + G%u — c%u)(s, Xy) l_[ u(s, Xg)) ds].
fYev jeva\i)
It remains to show that the second term on the right-hand side is bounded from
above by a quantity that can be made arbitrary small. Denote

. . )
Fs ::{|X;—X;n|55,1'EVs,se(sn,sn+1],n:O,...,N—1 .

By (4.3), it holds

IE[/;I}(Z(atu—}—gaiu—co‘iu)(s,Xé) I u(s,X!))ds

i€V JjeVi\li} -

< C(e + sup{|8;u + G%u — c“uJP(2\ Fa)),
acA
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where C = (T — t)e?MT =1 Tt remains to evaluate P(Q2 \ Fs):

: ~ 8
IP(Q\F(g):IP( sup sup sup {|X; — X{ |} > 5)
0<n<N—1Sp<S§=Sp+1i€Vy
. . )
SIP’( sup sup  sup {| X} — X |}>—,Sk>T>
0<n<N—18y<S<Spi1i€V; " 2
+P(S<T),

where Sy is the kth potential jumping time defined in Section 3.1. In view of As-
sumption 4.1(iii), it holds for all s € [¢, T'],

Ve VU{iiy---iieV,0<iy,..., i <K—-1,1<l<k-1}

Since the cardinal of the set on the right-hand side is Cy = | V| Z;‘:_OI K', we deduce
that

: ~ 1)
IP’( sup sup sup{|X;—X;n|}>§,Sk>T>

0<n<N—1Sp=S=Sp+1i€Vy

i i )
<NC; sup supsup ]P’( sup  {| X5 = X} > —),

0<n<N-—-1lieV acA Sp <S8 =<Sp+1 2

where X% is the solution of
N S
XL = x +/ b(Xé’x’a, ozéa) de +/ U(Xé’x’a, (x?) dBéa, s>t
t t

Under Assumption 2.1, it follows by classical arguments from the theory of (con-
trolled) diffusions that

b C'(Sps1 —sn)>  CU(T —1)?
IP) Xt,x,a _ X[,X,O{ _) < n n — ,
(s x: >3 ) = =l o

Sn
Sn<S<Spy1

where the constant C’ does not depend on x and «. Hence, we deduce that

/

Ci
P(2\ Fs) =< Vi T P(Sk=T),

where C; = C C'(T — 1)?. In addition, Sy — ¢ is bounded from below by the
sum of k independent exponentially distributed random variables with parame-
ters (Y (|V| +[K))o<i<k—1. It follows that P(Sy < T') converges to 0, uniformly
w.I.t. &, as k goes to 0o. Hence, P(2\ Fs) vanishes, uniformly w.r.t. &, as N tends
to co. This completes the proof. [J

REMARK 4.1. Suppose Assumption 4.1 holds. If we assume further that the
parameters are continuous in a and that there exists a solution to

dXs =b(Xs,a(s, Xy))ds 4+ o (X, &(s, Xs)) dBs,
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where & : [0, T] x R? — A is given by
GYEy (s, x) — A (x)u(s, x) = inf {G4v(s. x) — ¢ ()5, 1)}
ae

Then we can show by a classical verification argument that an optimal control
consists in applying at any time s the control &(s, X i,) to each particle i. We refer
the reader to Fleming and Soner [13] for conditions to ensure the existence of a
(weak) solution to the SDE above.

5. Proof of Theorems 2.2. The aim of this section is to show that the value
function is the unique viscosity solution of the corresponding HIB equation. First,
we derive the uniqueness property from a strong comparison principle stated in
Section 5.1. Then we prove in Section 5.2 that the value function satisfies (2.6) in
the viscosity sense by approximation using smooth value functions corresponding
to small perturbations of the initial problem. In Section 6, we derive the DPP by
using the same approximation procedure.

5.1. Comparison principle. In this section, we give a strong comparison prin-
ciple for the HIB equation. To the best of our knowledge, the comparison principle
for a parabolic PDE such as (2.6) appears solely in [36]. However, for the sake of
completeness, we provide another proof, which is based on an extension of the
arguments in [28].

PROPOSITION 5.1. Under Assumptions 2.1 and 2.2, let uy and uy be respec-
tively viscosity subsolution and supersolution valued in [—1, 1] of the HIB equa-
tion (2.6). If u\(T,-) <ux(T,-) in RY, then u; <us in [0,T] x RY. In particu-
lar, there exists at most one viscosity solution valued in [—1, 1] to the HIB equa-
tion (2.6).

PROOF. First step. Let H : R? x R x R? x R4*¢ — R be the Hamiltonian of
the HJB equation, that is,

H(x,r,p,X):= ing{b(x, a)-p—+ %tr(o*a*(x,a)X)
(5.1) “c
+G%x,r) —c(x, a)r},

where G : R? x R — R is given by
G“(x,r):=y(x,a)(2pk<x,a)rk—r) Vr e [1.1],

k>0
and G%(x,r) =G% x,1) forallr > 1, G*x,r) = G%(x, —1) for all r < —1. Let
us show first that there exists K > 0 such that for all x € R¢, pE R4, X e Rixd
and r; <rp,

H(x,r2, p, X)—H(x,r1,p,X) < K(rp —r1).
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We start by observing that, for all x € Ri acAandr),rme [—1, 1],
(5.2) Y pr(x,a)(rs —rf)| < Ml —ry),
k>0

where the constant M appears in Assumption 2.1(iii). Since ¢ and y are nonnega-
tive, it follows that for all | < r,

H(x,r2, p,X)— H(x,ri, p, X) <sup {G(x,r) — G*(x,r))} < K(ra — r1),

acA

where K = 7 M. Now let it := e u; and it := e*uy with A = K + 1. One easily
checks that i1 and i, are respectively viscosity subsolution and supersolution of

(5.3) du(t, x)+ H(t,x,u(t, x), Dyu(t, x), D2u(t, x)) =0,
where H : [0, T] x R? x R x R? x R¥*4 _ R is given by

H(t,x,r, p, X):i=—Aar +e"H(x,e Mr,e ™ p, e " X).
From the calculation above, it follows that, for all » < s,
(5.4) H(t,x,s,p, X)— H(t,x,r,p,X) < —(s —r).

In the rest of the proof, we are going to prove the comparison principle for (5.3),
that is, i1 < iip, which clearly yields u < us.

Second step. Now we prove that we can assume w.l.o.g. that it| — i1, reaches its
maximum in a compact subset of [0, T'] x R?. Indeed, if it is not the case, we can
replace iio by i :=iio +e¢ withe > 0 and ¢ (¢, x) :=e P/ (1 + |x[2). Let us show
that 5 is a viscosity supersolution of (5.3) if p is sufficiently large.

Fix (r,x) € [0, T) x R? and let ¢ € C2([0, T] x R?) be such that (¢, x) is a
minimum point of &5 — v and #5(¢, x) = ¥ (¢, x). We want to prove that, for p
sufficiently large,

(e, x)+ ﬁ(t,x, v, x), Dy (t, x), D%l//(t,x)) <0.
First, since u5 is a viscosity supersolution of (5.3), one has
Oy (1, x) + H (1, x,%° (1, %), Dy (¢, %), DIy (2, %)) <0,
with ¢ := ¥ — e¢. Further, it follows from (5.4) that
H(t,x, ¥ (t, x), Dy (t, x), D2y (t, x))
— H(t,x, y* (1,), Dy (1,%), D3Y* (1, x)) < (C — Deg,
for some constant C > 0. We deduce that
o (t, x)+ I:I(t,x, vt x), Dy (t, x), th//(t, x)) <(C—1—p)ed.

Hence, if p > C — 1, it5 is a viscosity supersolution of (5.3).
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Third step. To conclude, we argue by contradiction to show that it| < it5, which
yields the desired result by sending ¢ to zero. Assume that

M*:= sup {a;—ua5}>0.
[0, T]1xR4

Since i1 (T, -) < a5(T, -) and lim|y|— oo SUP[o 7 {#1 (-, X) — #5(-, x)} = —00, there
exists an open bounded set O of R? such that the supremum above is attained in
[0, T) x O and supyg 7.y {1 — 5} < M*. Now we use the classical dedoubling
variable technique. Consider, for any § > 0, the function

1
Gs(t,5,%,y) 1= (It — s+ x = yP),
and denote

M§ = max_{a(r,x)—a5(s,y) — ¢s(t,s,x, y)}.
[0,T1?xO?

Let (¢5, s5, x5, ys) be an argument of the maximum above. It is well known (see,
e.g., [9], Lemma 3.1) that

limMgkzM* and lim ¢5 (25, Ss, X5, ¥s) = 0.
§—0 §—0

In particular, it follows that (¢35, ss, x5, y5) € [0, T)? x O? for § small enough. In
view of the celebrated Ishii lemma (see, e.g., [9], Theorem 8.3), there exist X, Y €
R4*4 guch that

X 0 301, -1
©-5) (0 —Y> =3 <—1d 1y )

and

1 ~ 5 1
g(ts —55) + H(ls,xs, ui(ts, xs), g(xa —¥s), X) >0,

1 ~ 5 1
E(ls —s5) + H(Sa, Vs, U5(8s, Vs)s g(xa —¥s), Y) <0.

From (5.4) and the two inequalities above, it follows that

M* < Mg <ii(ts, xs) — i5(ss, ¥s)
N B 1
< H(Ls,x(s, a5(ss, ¥s), g(xs —¥5), X)

- B 1
- H(Sa, Ve, U5(55, Vs)s g(xa —¥s), Y>.

In view of Lemma 5.2 below, it yields that

* 1 2 ~g
0<M Sp<|t5 — 531+ b3 = 3ol + 515 = 3ol )(1 2555, 19),
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where p : Ry — Ry satisfies p(0+) = 0. Since i5 is bounded on [0, T] x O,
the term on the right-hand side tends to zero as § goes to infinity, which leads
to a contradiction. It follows that i1 < it5. By sending ¢ to zero, we deduce that
Uy <upandsou; <up. O

LEMMA 5.2. With the notation of the proof above, there exists p : Ry — R,
that satisfies p(0+) = 0 such that

~ 1 ~ 1
H(t,x,r, g(x -y, X) — H<s, V.1, E(X —y), Y)
1 2
<p It—SI+|x—y|+§|x—y| (I+r),
forallt,s €0, T], x,y € RY reR, X,Y e RIxd satisfying (5.5).

PROOF. Recall the well-known calculation, for every U, V € Rdxm

ey vuosw . ((UUT UVF (X 0
w(UU*X —VV Y)_tr<(VU* vve o _y

C((UUT UV (i I
vur vve )\, -1y

(U — V)(U = V)*).

=<

SH | W | W

=

It follows that there exists C > O such that for all ¢, s € [0, T], x, y € RY, X,Y €
R4*4 satisfying (5.5),

- 1 ~ 1
H(r,x,r, S y),X) _ H(s,y,r, =), Y)

C 2
< — J—
_8|x yl

+ sup {(c(y,a) — c(x,a))r + eM G (x, refm) —eMGe (v, refks)}.

acA

Further, by using (5.2) and ||G|| <2y, a straightforward calculation yields
|ektGa (x’ re—kt) _ eks G* (y’ re—ks)}
S 2)7|C)Lt _ e)»s| + ')7(M + l)eZ)LT|e—)\Z‘ _ e—)»s‘

+2eM )y (x,a) =y @) + 7 Y | pe(x,a) — pe(y. a).
k>0

The conclusion follows immediately by Assumption 2.2. []
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5.2. Approximation procedure. In this section, we show that the value func-
tion satisfies the branching property (2.5) and the HIB equation (2.6) in the vis-
cosity sense. The idea of the proof is to approximate the value function v by a
sequence of smooth value functions (v,),eN corresponding to small perturbations
of the original problem.

Let (0,)nen be a family of mollifiers, for example, p, (x) = n¢ p(nx) where

1
(5.6) p(x) =exp <—m>1|x|<1.

We construct smooth approximations of the parameters as follows: b, (-, a) =
b(-,a) * pn, on(-,a) =0 (-, a) % pp, Yn(-,a) =y (-, ) * P, n = & * Pn, Cn(+, @) =
c(,@) % pn + s Pu k(@) = pi(-,a) % py forall k < n and

n—1

Pnn = 1- Z DPn k-
k=0

Clearly, these parameters satisfy Assumption 4.1(i)—(iv). The uniform ellipticity
condition (v) is more delicate to obtain. To this end, we start by enlarging the
probability space.

Let (Q, (ﬁg)szo, I@) be a filtered probability space embedded with (éi )ieT a
family of independent d-dimensional Brownian motions. Define the enlarged prob-
ability space (2 x Q, (Fs ® .7:})520, P® ]13’) and, by abuse of notation, for all
(w,®) € 2 x Q, B (w,d) = B (w), Q' (w,®) = Q' (w) and B'(w, ®) = B (®).
Clearly, (B!, B!, 0)ier is a family of independent Brownian motions and Pois-
son random measures in the enlarged probability space. Denote also by A the
collection of o = (a')ier where o' : Ry x 2 x Q — A is a predictable process
Ww.I.L. (‘Fs X J—-'S)SZO'

Fix 1 € [0, T] and p =3 ;cy (; »iy € E. For the sake of clarity, we omit the
indices (¢, w) in the notation. Given « € A, we define

n,o __ 3
=y 8 xmiys s>,
ievi®
as the population process on the enlarged probability space corresponding to the
branching parameters y,, and (pp x)o<k<n, and the diffusion

. o R
dX0' =Dy (X0, al)ds + 0, (X0, ) dB; + ﬁdB;.

In addition, we define the cost function J, : [0, T] x E x A— [0, 1] by

fn(t,u,a):zJE[F}”“ 1_[ gn(X’;’i)},

. n,o
ieVy
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where E denotes the expectation w.r.t. P ® P and

"a'—exp< / Z en(XM ds)

ieVh®

Similarly, we define both the value functions v, : [0,7] x E — [0, 1] and v, :
[0, T] x RY — [0, 1] by

1_)n(tle) = lngjn(t’ ,bL,Cl) and Un(t,.x) = ﬁn(t’a(ﬁ,x))-
ac

In view of Corollary 4.3, the value function v, satisfies in the classical sense
A vn (£, X) + Hy (x, va(t, %), Dxva(t, x), D3vg(t, x)) =
where H, : RY x [0, 1] x R? x R¥*4 5 R js given by

1 1
H,(x,r,p,X) = ggg{bn(x, a)-p+ Etr(<crna,’f(x, a) + ;M)X)

n
+ Vn(x, Cl)(Z pl’l,k(xs a)rk - r) - Cn(x, a)r}.
k=0
By Lemma 5.3 below, v, converges uniformly to v. In addition, since ||b, — b||,
lon —all, lvn — VIl | Pn.k — Prlls len — ¢l and ||g, — g|| vanishes as n goes to 0o,
one easily checks that H,, converges locally uniformly to H given by (5.1). Hence,
it follows from the stability of viscosity solutions (see, e.g., Lemma I1.6.2 in [13])
that v is a viscosity solution of the HIB equation (2.6).
Similarly, in view of Corollary 4.3, it holds that

Ot 1) = [T vt x")
ieV
Taking the limit n — oo, it follows from Lemma 5.3 below that the branching
property (2.5) is satisfied.

LEMMA 5.3. With the notation above, it holds that

lim  sup  sup |Un(f, ) —0(t, )| =0

00 JieRd jev te[0,T]

PROOF. By abuse of notation, given « € A, we denote once again by z% =
Y ieve 8 xiy the solution of (2.2) in the enlarged probability space. Let Ju :

[0, T] x E x A — [0, 1] be given by

Joo(t, o) :=F [FTngXl]

IGVT
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First, we observe that for all @ € A,
J(t, “w, a){
<P@P(Qx Q\F})

+E[|Irg - Iy +IE[

1—[ g(Xl l_[ gn

Yr ]

icvg ievine
where
Ff={v¥= XL —Xx"|<8,ieV selt, T}
Using e —e¢™| < |x — y| for all x, y > 0, the second term on the right-hand

side can be bounded as follows:
Bl g — i) <E[/ > fe(Xhvad) (X2 ) s |
ieV¥

Regarding the third term, we start by observing that for £ > 0, (xy, ..., xx) and
01, -+, ) in [0, 175,
k

<Y lxi =yl
[Te(xr) = ] an(x

]14
ieVy zeVT

sfa[z 6(X0) = (X2 1 |

leVT

k k
[Tx—T]w
=1 =1

Then it follows that

il

Given ¢ > 0, we take § > O such that |c(y,a) —c(y',a)| <eand |g(y)—g(y)| <¢
forall |y — y'| <8 and a € A. We deduce that

| Joo(t, @) — Jn(t, )| <PQP(Q x Q\ FY)
+CT(llen —cll +€) + C(llign — gl + &),

where C = |V |e"MT  Further, Proposition 3.4 ensures that the quantity P ® P(Q x
Q \ Fy') vanishes, uniformly w.r.t. 7, (x');ey and o, as n tends to infinity. We
deduce that

lim  sup  sup sup |Joo(t, p, @) — Ju(t, u, )| =

"0 vieRd jev tel0,T] e A

It follows that

lim  sup  sup |Uso(f, ) — Un(t, )| =0
"0 yieRd jey t€[0,T]
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where

Uoo (1, ) = inf Joo (2, @, ).
acA
To conclude, it remains to show that v coincide with vs. Given o € A andﬁ) e,
we define o” : Ry x Q@ — A by af(w) :=a(s, w, ®). It is clear that, ® € Q2 being
fixed, a® € A. Since d B’ appears with coefficient 0 in (2.1) for all i € Z, it follows
that

J‘oo(t,u,a)=/Qj(t,u,a‘5)1?>(da))zﬁ(z,u).

We deduce that v > v. The other inequality is obvious by natural injection of A
into A. 0

6. Dynamic programming principle. The aim of this section is to derive
the DPP satisfied by the value function. Recall that, under Assumption 4.1, the
DPP (4.1)—(4.2) holds by Corollary 4.3. For the general case, we use the same ap-
proximation procedure described in Section 5.2. Note that the formulation of the
DPP differs from Proposition 4.2 as we need to work in the enlarged probabil-
ity space. Denote by 7~?,T the collection of all stopping times w.r.t. (F; ® ]:"s) $>0
valued in [¢, T'].

THEOREM 6.1. With the notation of Section 5.2, for all t € [0, T] and n =
ZiEV S(i,xi) € E, it holds that:
() forall a € Aandt € ’7}1,

Hv(t,xi)flﬁl[f}t’“’“ H v(‘L’,Xi)}

7 . tu,
ieV iev! 12303

(ii) for all € > 0, there exists o € A such that, for all T € ’7~;,T,

T o) +e > fa[r;’ﬂv“ M v xi)]

ieV jevime
REMARK 6.1. In view of the branching property (2.5), the formulation of the
DPP above is equivalent to
0(t, p) = inf inf E[o(z, Z0#)] = inf sup E[o(r, Z-H9)].

acAteT T O‘eAreﬁT

PROOF. Once again, we omit the indices (¢, ) in the notation. We start by
proving (i). By Corollary 4.3, we have foralla« € Aand 7 € 7; 7,

(6.1) an(t,xi)flﬁ[l“r"’“ I1 vn(r,X;”i):|.

eV ievlh®
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Further, it holds that

B T wteox = 12 [ et

ieVy¥ ievih®

]

]_[ v(r,Xi)— H vn(t,Xﬁ’i)

ieV¥ ievih®

<PQP(QxQ\F})

+E[|r* - i) +IE[

ﬂFg},

where

Fl={V¥=V" X - X" <8,ieV* selt, T}

Using the same arguments as in the proof of Lemma 5.3, we derive that
Jtim B T e e[ =2 [T ote 0]
ievy® ievy

Notice that these arguments allow to prove that the convergence is uniform w.r.t.
TE 7~;’T. To conclude, it remains to take the limit » — oo in (6.1). Let us turn now
to the proof of (ii). Fix & > 0. In view of the above, we choose n € N sufficiently
large to ensure that, for all T € 7; r,

‘E[rg T v(-. xg)} _fa[r,w IT wnle. x*;i)]\ <
i€V ievih® 3

Then, by Corollary 4.3, we take « € A such that for all 7 € TiT,

- 2
nv(t,x’)>nvn(t,x’)—sz rme H vn(r,XQ”)]——g
3 I 3
ieV ieV ieVy
= B[ [T wle x| -
icve O
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