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Asymptotic Control for a Class of Piecewise Deterministic
Markov Processes Associated to Temperate Viruses

Dan Goreac ¥

Abstract

We aim at characterizing the asymptotic behavior of value functions in the control of piece-
wise deterministic Markov processes (PDMP) of switch type under nonexpansive assumptions.
For a particular class of processes inspired by temperate viruses, we show that uniform limits of
discounted problems as the discount decreases to zero and time-averaged problems as the time
horizon increases to infinity exist and coincide. The arguments allow the limit value to depend
on initial configuration of the system and do not require dissipative properties on the dynam-
ics. The approach strongly relies on viscosity techniques, linear programming arguments and
coupling via random measures associated to PDMP. As an intermediate step in our approach,
we present the approximation of discounted value functions when using piecewise constant (in
time) open-loop policies.
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1 Introduction

We focus on the study of some asymptotic properties in the control of a particular family of piecewise
deterministic Markov processes (abbreviated PDMP), non diffusive, jump processes introduced in
the seminal paper [24]. Namely, we are concerned with the existence of a limit of the value functions
minimizing the Cesaro-type averages of some cost functional as the time increases to infinity for
controlled switch processes. The main theoretical contribution of the paper is that the arguments
in our proofs are entirely independent on dissipativity properties of the PDMP and they apply
under mild nonexpansivity assumptions. Concerning the potential applications, our systems are
derived from the theory of stochastic gene networks (and, in particular, genetic applets modelling
temperate viruses). Readers wishing to get acquainted to biological or mathematical aspects in
these models are referred to [16], [37], [23], [22], [33]).

Switch processes can be described by a couple (70" X7 " where the first component is
a pure jump process called mode and taking its values in some finite set M. The couple process
is governed by a jump rate and a transition measure, both depending on the current state of the
system. Between consecutive jumps, X.*"*" evolves according to some mode-dependent flow.
Finally, these characteristics (rate, measure, flow) depend on an external control parameter wu.
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Precise assumptions and construction make the object of Section 2. In connection to these jump
systems, we consider the Abel-type (resp. Cesaro-type) average

v (Y0, 20) 1= irulféE [J7 €70 (0, X070 ) dt]
Vr (’70, 3;0) = iI&f%E {foT h (’Y;YO’IO’H,X;YO’mO’u,ut) dt} ’

and investigate the existence of limits as the discount parameter § — 0, respectively the time
horizon T' — oo.

In the context of sequences of real numbers, the first result connecting asymptotic behavior of
Abel and Cesaro means goes back to Hardy and Littlewood in [36]. Their result has known several
generalizations: to uncontrolled deterministic dynamics in [29, XIIL.5], to controlled deterministic
systems in [2], [3], etc.

Ergodic behavior of systems and asymptotic of Cesaro-type averages have made the object of
several papers dealing with either deterministic or stochastic control systems. The partial differ-
ential system approach originating in [42] relies on coercitivity of the associated Hamiltonian (see
also [5] for explicit criteria). Although the method generalizes to deterministic (resp. Brownian)
control systems in [3] (resp. [4]), the main drawback resides in the fact that, due to the ergodic
setting, the limit is independent of the initial condition of the control system. Another approach
to the asymptotic behavior relies on estimations on trajectories available under controllability and
dissipativity assumptions. The reader is referred to [5], [10] for the deterministic setting or [8], [11],
[15], [46] for Brownian systems. Although the method is different, it presents the same drawback
as the PDE one: it fails to give general limit value functions that depend on the initial data.

In the context of piecewise deterministic Markov processes, the infinite-horizon optimal control
literature is quite extensive ([25], [48], [27], [1], [30], etc.). To our best knowledge, average control
problems have first been considered in an impulsive control framework in [17] and [31]. The first
papers dealing with long time average costs in the framework of continuous control policies are
[19] and [18] (see also [21]). The problem studied in the latter papers is somewhat different, since

it concerns inf lim sup%E UOT B (0 0 X0 0 ) dt] , thus leading to an inf/sup formulation,

U T oo
while, in our case, we deal with a sup/inf formulation. Moreover, the methods employed are

substantially different. Our work should be regarded as a complement to the studies developed in
the cited papers.

A nonexpansivity condition has been employed in [44] in connection to deterministic control
systems allowing to obtain the existence of a general (uniform) limit value function. This method
has been (partially) extended to Brownian control systems in [14]. In both these papers, convenient
estimates on the trajectories in finite horizon allow to prove the uniform continuity of Cesaro
averages Vp and an intuition coming from repeated games theory (inspired by [45]) gives the
candidate for the limit value function. If the convergence to this limit value function is uniform,
the results of [43] for deterministic systems yield the equivalence between Abel and Cesaro long-time
averages. This latter assertion is still valid for controlled Brownian diffusions (see [14, Theorems
10 and 13]) and (to some extent) for piecewise deterministic Markov processes (see [32, Theorem
4.1]).

In the present paper, we generalize the results of [44] and [14] to the framework of switch
piecewise deterministic Markov processes. The methods are based on viscosity solutions arguments.
We deal with two specific problems. The key point is, as for Brownian systems, a uniform continuity
of average value functions with respect to the average parameter (§ or 7). However, the approach
in [14] benefits from dynamic programming principles, which, within the framework of PDMP, are
easier obtained for Abel means (discounted functions v%). This is why, results like [14, Proposition
7 and Theorem 8] are not directly applicable and we cannot make use of the already mentioned
intuition on repeated games. To overcome this problem, we proceed as follows : if the system

admits an invariant compact set, we prove the uniform continuity of (Ué) 50 and use the results



in [32, Theorem 4.1] to show (in Theorem 4) that this family admits a unique adherent point with
respect to the topology of continuous functions and, hence, it converges uniformly. This implies
the existence of Tlim Vr (70, o) and the limit is uniform with respect to the initial data.

— 00

The second problem is proving the uniform continuity of (v‘s) 550 under explicit noxexpansivity
conditions. In the Brownian setting, this follows from estimates on the trajectories and a natural
coupling with respect to the same Brownian motion in [14, Lemma 3]. For switch PDMP, we obtain
similar results (in a convenient setting) by using some reference random measure generated by the
process. Although the second marginal of this coupling might not come from a controlled PDMP,
it is shown to belong to a convenient class of measures by using linear programming techniques
(developed in [33], [34] and inspired by Krylov [41]).

Let us now explain how the paper is organized. We begin with fixing some notations employed
throughout the paper (in Subsection 2.1). We proceed by recalling the construction of controlled
PDMP of switch type and present the main assumptions on the characteristics in Subsection 2.2.
In Subsection 2.3, we introduce the concept of invariance with respect to PDMP dynamics, the
value functions (Cesaro and Abel averages) and the occupation measures associated to controlled
dynamics (taken from [34]). The main contributions of our paper are stated in Section 3. We begin
with introducing a very general, yet abstract nonexpansivity condition in Subsection 3.1, Condition
2. The first main result of the paper (Theorem 4) is given in Subsection 3.2. This result states
that whenever the nonexpansivity Condition 2 is satisfied, there exists a unique limit value function

71im Vr = %in%v‘s independent of the average considered (Abel/ Cesaro). In subsection 3.3, we give
—00 —

explicit nonexpansive conditions on the dynamics and the cost functional implying Condition 2.
The second main result of the paper (Subsection 3.4, Theorem 7) provides an explicit construction
of (pseudo-)couplings.

We proceed with a biological framework justifying our models in Section 4. We present the
foundations of Hasty’s model for Phage A inspired by [37] in Subsection 4.1. In order to give a hint
to our readers less familiarized with mathematical models in systems biology, we briefly explain
how a PDMP can be associated to Hasty’s genetic applet in Subsection 4.2. Finally, the aim of
Subsection 4.3 is to give an extensive choice of characteristics satisfying all the assumptions of the
main Theorem 7.

Section 5 gives the proof of the first main result (Theorem 4). First, we prove that Condition
2 implies the equicontinuity of the family of Abel-average value functions (v5) 5=0 - Next, we recall
the results in [32] on Abel-type theorems to conclude. The results of this section work in all the
generality of [48] (see also [33], [34]).

The proof of the second main result (Theorem 7) is given in Section 6. The proof is based on
constructing explicit couplings satisfying Condition 2 and it relies on four steps. The first step
is showing that the value functions v° can be suitably approximated by using piecewise constant
open-loop policies. This is done in Subsection 6.2. The proof combines the approach in [41] with
the dynamic programming principles in [48]. We think that neither the result, nor the method are
surprising but, for reader’s sake, we have provided the key elements in the Appendix. The second
step is to interpret the system as a stochastic differential equation (SDE) with respect to some
random measure (Subsection 6.3). The third step (Subsection 6.4) is to embed the solutions of
these SDE in a space of measures satisfying a suitable linear constraint via the linear programming
approach. To conclude, the fourth step (given in Subsection 6.5) provides a constructive (pseudo-)
coupling using SDE estimates.

2 Preliminaries

2.1 Notations

Throughout the paper, we will use the following notations.



Unless stated otherwise, the Euclidian spaces RY, for some N > 1 are endowed with the usual
Euclidian inner product (x,y) = (yt) x, where 3! stands for the transposed, row vector and with
the associated norm |z| = \/(z, z), for all z,y € RY.

For every r > 0, the set B (0,7) denotes the closed r-radius ball of RY.

The set M will denote some finite set. Whenever needed, the set M is endowed with the discrete
topology.

Unless stated otherwise, U is a compact metric space referred to as the control space. We let
Ao (U) denote the space of U-valued Borel measurable functions defined on MxRY x R,. The
sequence u = (uy,ug,...), where up € Ay (U), for all £ > 1 is said to be an admissible control.
The class of such sequences is denoted by A4 (U) (or simply 4,4 whenever no confusion is at risk
concerning U). We introduce, for every n > 1, the spaces of piecewise constant policies

Ap (U) = {U € Ao (U) : u(vy,zt) =ul(v,2) Loy (t) + > ub (v, 2) Lk w1y (t)} ;

k>0
aq (U) = {(um)m21 € Awi (U) : upy € A7 (U), m > 1} .

As before, we may drop the dependency on U.
For every bounded function ¢ : MxRY x U — R*, for some N,k > 1 which is Lipschitz-
continuous with respect to the RN component, we let

|<P7 (z,u) — Py (y,u)|

Pmax = sup loy (z,u)|, Lip(p) = sup ) )
(v,2,u) EM xRN xU (v,z,y,u) EMxR2N xU |.%' - y‘
TFY

lol; = Pmax + Lip () .

This is the Lipschitz norm of ¢.

Whenever K C R is a closed set, we denote by C' (M x K;R) the set of continuous real-valued
functions defined on Ml x K. The set BUC (M x K;R) stands for the family of real-valued bounded,
uniformly continuous functions defined on M x K.

The real-valued function ¢ : RY — R is said to be of class C’b1 if it has continuous, bounded,
first-order derivatives. The gradient of such functions is denoted by J,¢.

The real-valued function ¢ : MxRY — R is said to be of class C} if ¢ (7, ) is of class C}, for
all v € M.

Given a generic metric space A, we let B(A) denote the Borel subsets of A. We also let
P (A) denote the family of probability measures on A. The distance W is the usual Wasserstein
distance on P (A) and W1 mausdorfs is the usual Pompeiu-Hausdorff distance between subsets of
P (A) constructed with respect to Wj.

For a generic real vector space A, we let ¢o denote the closed convex hull operator.

2.2 Construction of Controlled Piecewise Deterministic Processes of Switch
Type

Piecewise deterministic Markov processes have been introduced in [24] and extensively studied for
the last thirty years in connection to various phenomena in biology (see [16], [23], [49], [22], [33]),
reliability or storage modelling (in [12], [28]), finance (in [47]), communication networks ([35]), etc.
The optimal control of these processes makes the object of several papers (e.g. [25], [48], [20], etc.).
For reader’s sake we will briefly recall the construction of these processes, the assumptions, as well
as the type of controls we are going to employ throughout the paper.

The switch PDMP is constructed on a space (€2, F,P) allowing to consider a sequence of inde-
pendent, [0, 1] uniformly distributed random variables (e.g. the Hilbert cube starting from [0, 1]
endowed with its Lebesgue measurable sets and the Lebesgue measure for coordinate, see [26, Sec-
tion 23]). We consider a compact metric space U referred to as the control space. The process is



given by a couple (v, X), where 7 is the discrete mode component and takes its values in some
finite set M and the state component X takes its values in some Euclidian state space RY (N > 1).
The process is governed by a characteristic triple :

- a family of bounded, uniformly continuous vector fields f, : RY x U — R such that
|fy (z,u) = fy (y,u)| < Clz —y|, for some C > 0 and all z,y € RV, v € M and all u € U,

- a family of bounded, uniformly continuous jump rates A, : RN x U — R, such that
Ay (z,u) — Ay (y,u)| < Clz —yl, for some C >0 and all z,y € RN, v € M and all u € U,

- a transition measure Q : M xRN xU — P (MXRN ) We assume that this transition measure
has the particular form

Q (77 Z,u, dady) = 5x+ga,(0,x,u) (dy) QO (77 u, d@) >

for all (y,z,u) € M x RNV x U. The bounded, uniformly continuous jump functions gy + M x
RY x U — R are such that |g, (0,z,u) — g, (0,y,u)] < C|z—y|, for some C > 0 and all
z,y € RV, all (6,7) € M? and all u € U. The transition measure for the mode component is given
by Q°: M x U — P (M). For every A C M, the function (v, u) — QY (v, u, A) is assumed to be
measurable and, for every (v,u) € M x U, Q° (v,u, {v}) = 0.

These assumptions are needed in order to guarantee smoothness of value functions in this
context (see also [33] for further comments). Of course, more general transition measures () can
be considered under the assumptions of [33], [34] and the results of Subsection 3.2 still hold true.
However, the approach in Section 6 only holds true for these particular dynamics and it is the
reason why we have chosen to work under these conditions. Whenever u € Ay (U) and (to, 70, x0) €
R, x MxRY, we consider the ordinary differential equation

(I)to,mo,U;’YO

to

dq)io,wo,u;’vo — f'yo ((I)io,wo,u;’m’ " (’707$07t o to)) dt, t > to,
= To.

Given some sequence u := (uy,us,...) C Ag(U), the first jump time 7 has a jump rate
>"YO <(I)?,mo,u1;’70’ul (’70,1'0>t))a ie. P(TI > t) = exp <_ fg )"Vo ((I)g,wo,m;’vo’ul (70’1,0’ S)) d8> . The
controlled PDMP is defined by setting (I7%"0" X0"0") = (70, @?’xo’u“'yo) ,if t € [0,T1). The

0,x0,u1;70

post-jump location (Y1,Y7) has @ (70, o ,u1 (Y0, o, T) ) as conditional distribution given
Ty = 7. Starting from (Y1,Y7) at time T3, we select the inter-jump time 75 — T3 such that

Th+t
P(TQ — T1 >t / Tl, Tl,Yl) = exp <—/ >‘T1 ((I)Z’l,Y1,u2;T1,u2 (Tl,Yl,S — Tl)) d3> .
T

We set (D050, X0%0%) — (T1,<I>tT1’Y1’“2;T1), if t € [T1,T»). The post-jump location (Ta,Y3)
satisfies

P((Ye,Y2) € A/ T5,1T1,Y1,Y1) =Q (Th ‘I’%’Yw?;n,m (Y1, Y1, 15 — Ty) 7A) ;
for all Borel set A € MxRY. And so on. For simplicity purposes, we set (Tp, Yo, Yo) = (0,70, %o)-

2.3 Definitions

Before stating the main assumptions and results of our paper we will need to recall some concepts :
invariance with respect to PDMP dynamics, the Abel and Cesaro value functions and the embedding
of trajectories into occupation measures.



2.3.1 Invariance

In order to get convenient estimates on the trajectories, we assume, whenever necessary, that the
switch system admits some invariant compact set K. For the applications we have in mind, this
is not a drawback since, for biological systems, we deal either with discrete components or with
normalized concentrations (hence not exceeding given limits). We recall the notion of invariance.

Definition 1 The closed set K is said to be invariant with respect to the controlled PDMP with
characteristics (f,\,Q) if, for every (v,z) € M x K and every u € Ayq, one has X" € K, for
allt >0, P—a.s.

Explicit geometric conditions on the coefficients and the normal cone to K equivalent to the
property of invariance are given in [33, Theorem 2.8]. Roughly speaking, these properties are derived
from the sub/superjet formulation of the condition on dk being a viscosity supersolution of some
associated Hamilton-Jacobi integrodifferential system. This invariance condition is natural even
for purely deterministic nonexpansive systems (cf. [44]). It can be avoided either by localization
procedures or by imposing some relative compactness on reachable sets (or, equivalently, occupation
measures). We prefer to work under this condition in order to focus on specific details of our method,
rather than localization technicalities.

2.3.2 Value Functions

We investigate the asymptotic behavior of discounted value functions (also known as Abel-averages)

[e.e]
Ué (,% .’1:) = ué&fd OE |:/0 6—6th (Fz,m,u’ X,?’I’u) dt:|

Ty
|3 [ e (g (T X = T .
T'n,fl

u:(un)n21 eAad TLZ].

vyeM, z € RN, § >0, as the discount parameter § — 0 and Cesaro-average values

1 t
Vi (v,x) := uér}tfd EE [/0 h (D754 X5 ug) ds}

1 TNt
—mt GBS [ (e g, (DX s = T ) ) s

uz(”n)nzle*Aad t n>1 T_1 At

v €M, 2 € RV, ¢t >0, as the time horizon ¢t — oco. The cost function h: M x RY x U — R is
assumed to be bounded, uniformly continuous and Lipschitz continuous w.r.t. the state component,
uniformly in control and mode (i.e. |h(v,z,u) — h(v,y,u)| < C|x —y|, for some C > 0 and all
vy €M, z,y € RN and all u € U).

2.3.3 The Infinitesimal Generator and Occupation Measures
We recall that, for regular functions ¢ (for example of class Cl}), the generator of the control process

is given by

£ (1,2) = (fy (2,0) ,8ap (71,2)) + Ay (2, 0) /M (0 (0.2 + gy (0,2,w)) — @ (7,2)) Q° (7, u, dB)

for all (v,x) € MxRY and any u € Auq (U). A complete description of the domain of this operator
can be found, for instance, in [26, Theorem 26.14].



To any (7,z) € MxRY and any u € A,q (U), we associate the discounted occupation measure
o0
(1) /ﬁhx’u (A) = E [/ e M4 (TP, X5 ) dt} ,
0

for all Borel subsets A € MxRY x U. The set of all discounted occupation measures is denoted by
0} (7, ). We also define

O (n. ) = peP (MxRYN xU) s.t.Vo: M —Cp (RY),
2 0= { Juixrn <y (£40 (0, y) + 6 (¢(v,2) — ¢ (0,9))) ﬂb(d(g’ dy, du) = 0 } :

Links between 69 (v,z) and 67 (7, z) will be given in Theorem 9. For further details, the reader is
referred to [34].

3 Assumptions and Main Results

In this section, we present the main assumptions and results of our paper.

We begin with giving an abstract nonexpansivity condition under which the Abel means (v‘s) 550
and the Cesaro means (V;),., converge uniformly and to a common limit. It is a very general one
and, in a less general form, it reads "a coupling i can be found between a fixed controlled trajectory
starting from z and another one starting from gy such that the difference of costs evaluated on the
two trajectories be controlled by the distance |z — y|". This is essential in proving ergodic behavior.
In the uncontrolled dissipative case (see, for example [9]), the couplings are such that the distance
between the law of X and the one of X} decreases exponentially (is upper-bounded by some term
e |z —y|). In particular, this implies that %i_}r%vé (x) is constant (independent of z). Unlike the

classical dissipative approach, our framework allows the limit to depend on the initial data. The
first main result of the paper states that, under the nonexpansivity Condition 2, the Abel means
(v°) s-0 and the Cesaro means (V). converge uniformly and to a common limit.

The main drawback of this Condition 2 is that it is abstract (theoretical). In a setting inspired
by gene networks, we give an explicit condition (Condition 5) on the characteristics of the PDMP
implying the abstract nonexpansivity condition. The second main result of the paper allows to link
the explicit Condition 5 and the abstract one given before. This is done by constructing suitable
(pseudo-)couplings and the proof requires several steps.

3.1 An Abstract Nonexpansivity Condition

Throughout the section, we assume the following nonexpansivity condition

R2N

Condition 2 For every § > 0, every ¢ > 0, every (v,z,y) € M x and every u € Auq (U),

there exists p € P ((I\\/JI x RN x U)Q) such that

i p(MxRN xU)=p ., €60 (y,2);

i. p(MxRN xTU,-) € @g(%y);

i1i. / |h (0, z,w) — h (0,2, w)|p(db,dz, dw,dd ,dz',dw') < Lip (h) |x — y| +¢.
(MxRN xU)?

Remark 3 Whenever h only depends on the x component (but not on the mode 7y, nor on the
control u), one can impose

W, (@8 (v,z),0° (%y)) <l|z -y,

7



where O (resp. ©) denote the marginals 1 (M, -, U) of measures pu € O (resp. ©). One can impose
the slightly stronger conditions

Wl (ég (77 $) 768 (77 y)) < ’$ - y’ or Wl,Hausdorff <é§ (’77 QT) ) 66 (77 y)) < ’f]? - y’

and the notion of nonexpansivity is transparent in this setting.

3.2 First Main Result (Existence of Limit Values and Abel-Tauberian Results)

The first main result of the paper states that, under the nonexpansivity Condition 2, the Abel
means (1)5) s5-0 and the Cesaro means (Vi)y>o converge uniformly and to a common limit.

Theorem 4 Let us assume that there exists a compact set K C RY invariant with respect to
the piecewise deterministic dynamics. Moreover, we assume Condition 2 to hold true for every
(v,7,y) € M x K2. Then, (05)6>0 admits a unique limit v* € C (M x K;R) and (V;),-, converges
to v* uniformly.

The proof is postponed to Section 5. In order to prove Theorem 4, we proceed as follows. First,
we prove that Condition 2 implies the equicontinuity of the family of Abel-average value functions
(v°) s=0 - Next, we recall the results in [32] on Abel-type theorems to conclude.

3.3 An Explicit Nonexpansive Framework

For the remaining of the section, we assume that the control is given by a couple (u,v) € U:=UxV
acting as follows : the jump rate (and the measure Q° giving the new mode) only depend on the
mode component and is controlled by the parameter u. The component X is controlled both by u
and by v and it behaves as in the general case. One has a vector field f : MxRY x U x V — RY,
a jump rate A : M x RNV x U x V — R given by

Ay (z,u,v) = Ay (u),
and the transition measure Q : M x RN x U x V — P (M x RN ) having the particular form
Q (('77 .’B) y Uy U,y dady) = 5x+g—y(9,x,u,v) (dy) QO (’77 u, d@) )

where Q° governs the post-jump position of the mode component. In this case, the extended
generator of (7, X) has the form

(3)
LY (v, ) = (fy (2, u,0), 0up (v, 7)) + A (7, 1) /M (¢ (0,2 + gy (0,2, u,v)) = ¢ (7,2)) Q° (v,u,db) .

We will show that the results on convergence of the discounted value functions hold true under
the following explicit condition on the dynamics.

Condition 5 For every v € M, every u € U and every x,y € RN, the following holds true

(f’Y (ZE,U,U) - f’Y (y,u,w) ,l’—y>,
sup inf max Sup|$+97 (07$7u7v)_y_gv(evy7u7w)’_’x_y|7 <0.
veV weV oeM
b (v, @,u,0) = h (v, y,u,w)| = Lip (h) [z — y|
Remark 6 1. Whenever h does not depend on the control, the latter condition naturally follows
from the Lipschitz-continuity of h.
2. If, moreover, the post-jump position is given by a (state and control free) translation x —
x + gy (0) , this condition is the usual deterministic nonexpansive one (i.e.

sup inf (£, (,1,0) — fy (g, u,w) 2 — y) <0 ).
veV weV

This kind of jump (up to a slight modification guaranteeing that protein concentrations do not
become negative) fits the general theory described in [23].



3.4 Second Main Result (Explicit Coupling)

The second main result of the paper allows to link the explicit Condition 5 and the abstract
Condition 2 in the framework described in Subsection 3.3.

Theorem 7 We assume Condition 5 to hold true. Moreover, we assume that there exists a compact
set K invariant with respect to the PDMP governed by (f,\, Q). Then the conclusion of Theorem /
holds true (i.e. the family (v5)5>0 admits a unique limit v* € C (M x K;R) and (V};), converges
to v* uniformly).

The proof of this result is postponed to Section 6. It is based on constructing explicit couplings
satisfying Condition 2 and it relies on four steps. The first step is showing that the value functions
v® can be suitably approximated by using piecewise constant open-loop policies. The second step
is to interpret the system as a stochastic differential equation (SDE) with respect to some random
measure. The third step is to embed the solutions of these SDE in a space of measures satisfying
a suitable linear constraint via the linear programming approach. To conclude, the fourth step

provides a constructive (pseudo-) coupling using SDE estimates.

4 Example of Application

4.1 Some Considerations on a Biological Model

We consider the model introduced in [37] to describe the regulation of gene expression. The model
is derived from the promoter region of bacteriophage A. The simplification proposed by the authors
of [37] consists in considering a mutant system in which only two operator sites (known as OR2
and OR3) are present. The gene cl expresses repressor (CI), which dimerizes and binds to the
DNA as a transcription factor in one of the two available sites. The site OR2 leads to enhanced
transcription, while OR3 represses transcription. Using the notations in [37], we let X; stand for
the repressor, Xy for the dimer, D for the DNA promoter site, DXs for the binding to the OR2
site, DX for the binding to the OR3 site and D X3 X5 for the binding to both sites. We also denote
by P the RNA polymerase concentration and by n the number of proteins per mRNA transcript.
The dimerization, binding, transcription and degradation reactions are summarized by

K (u,v)

2X1 = X,
Ko (u)

D+ X5 = DX,
K3(u)

D+ X5 = DXj5,
Ka(u)

DXy +Xs =2 DXs5Xo,

DXy +P Y Dpx,+ Pinx,
Kd(uvy)

X1 — .

\

The capital letters K;, 1 <14 < 4 for the reversible reactions correspond to couples of direct/reverse
speed functions k;, k_;, while K; and K4 only to direct speed functions k; and kg. Host DNA gyrase
puts negative supercoils in the circular chromosome, causing A-T-rich regions to unwind and drive
transcription. This is why, in the model written here, the binding speeds ko (to the promoter
of the lysogenic cycle Prys) , ks (to OR3), respectively k4 and the reverse speeds as well as the
transcription speed k; are assumed to depend only on a control on the host E-coli (denoted by u).
This control also acts on the prophage and, hence, we find it, together with some additional control
v, in the dimerization speed k; and the degradation speed k.



4.2 The Associated Mathematical Model

Let us briefly explain how a mathematical model can be associated to the previous system.

(A) Discrete/continuous components

We distinguish between components that are discrete (only affected by jumps) and components
that also have piecewise continuous dynamics. For the host (E-Coli), we can have the following
modes: either unoccupied DNA (D = 1, DXy = DX; = DX3Xy = 0), or binding to OR2
(D =DX; = DX3Xy =0, DXy = 1), or to OR3 (D = DX5 = DX3Xy =0, DX; = 1) or to
both sites (D = DX; = DXo =0, DX2X5 = 1). It is obvious that these components are discrete
and they belong to M = {'y € {0, 1}4 : Z?Zl v = 1} . Every reaction involving at least one discrete
component will be of jump-type. We then have the four jump reactions

Ko (u) K3(u)
D+Xy = DXo,D+Xy = DX}

Ka(u) Y
DXo+Xo = DXXs, DXo+ P "8 DXy+ P+ nXy,

IS

The couple repressor/dimer (X7, X3) has a different scale and is averaged (has a deterministic
evolution) between jumps. Hence, we deal with a hybrid model on M x R?,

(B) Jump mechanism

Let us take an example. We assume that the current mode is unoccupied DNA (v = (1,0, 0,0)).
The only jump reactions possible are

p+x: "Wpx,oeD+x, "W pDxs

The reaction D + Xo kQ—(qf) D X5 means that free DNA will be occupied by one dimer at OR2
position. Therefore, we have a DNA and a dimer "consumed" and an OR2 binding "created". The
system jumps

from (1,0,0,0,z1,22) to (0,1,0,0, 21,22 — 1).

Of course, for a consistent mathematical model, since concentrations cannot be negative, to (x1, x2)
we actually add (0, — min (1, z2)).
The parameter A is chosen as the "propensity" function (i.e. the sum of all possible reaction
speeds)
A1,0,0,0) (W v) = A1,0,0,0) (u) = k2 (v) + ks (u) ,

k
The probability for the reaction D + Xo 2—(3) DX to take place is proportional to its reaction

speed (i.e. #@2},(@)

To summarize, one constructs

Q" ((1,0,0,0), (u,v) ,dd)
=Q°((1,0,0,0),u,df) = %5(0,10,0) (do) + ,\(12#5(0,0,1,0) (do),

0,0)(“)
Q ((17 0,0, 0) ) (3317 :BQ) y Uy dady) = 5(;t1,:cg)—&-g»y(e,(xl,:vg),u,v) (dy) QO ((1a 0,0, 0) y Uy d@) , where
9(1,0,0,0) (0, (x1,22) ,u,v) = (0, —min (1, z2)) 196{(0,1,0,0),(0,0,1,0)}-

Remark 8 A special part is played by the transcription reaction

DXo+P M px, 1 Pinx,

which is a slow reaction. Details on a possible construction will be given in Subsection 4.3.

(C) Deterministic flow

10



The deterministic behavior is governed by the (three) reactions

K (uv)
2X1 = X2 and X1 Kd(u,v)

For example, the reaction 2.X; kl(—ufv) X9 needs two molecules of reactant X; and has kq (u,v)
as speed and produces one Xy. Then, following the approach in [37], its contribution to the vector
field is proportional to the product of reactants at the power molecules needed (i.e. x?) and the
speed Ky (u,v). We get —2x2k; (u,v) for the reactant and +1x%k; (u,v) for the product. Adding
the three contributions, we get

fy ((@1,22) ,u,v) = (2K (u,v) 23 + 2k_1 (u,v) T2 — kq (u,v) 21, k1 (u,v) 25 — k_1 (u,v) 22) .
For further details on constructions related to systems of chemical reactions in gene networks, the
reader is referred to [23], [22], [33], etc.

4.3 A Toy Nondissipative Model

Let us exhibit a simple choice of coefficients in the study of phage A\. We consider U =V = [0, 1]
(worst conditions, best conditions for chemical reactions). For the reaction speed, we take

ki (u) = ki (u+up), for i € {£2,43,44,¢} for the jump reactions determined by host,
1
k1 (u,v) = —uw, ko (u,v) = uv, kg (u,v) = uv to reflect a certain competition,
a

for all u,v € [0,1]. Here, ug > 0 corresponds to the slowest reaction speed, k; > 0 are real constants
and « is some maximal concentration level for repressor and dimer. We assume P to toggle between
0 and 1 and, as soon as P toggles to 1 a transcription burst takes place. To take into account the
slow aspect of the transcription reaction (see [37]), we actually take

M = {(1,0,0,0,0),(0,1,0,0,0),(0,1,0,0,1),(0,0,1,0,0),(0,0,0,1,0)} .

This means that binding to OR2 corresponds to two states (0, 1,0, 0, 0) (allowing transcription), (0,1,0,0,1)
(when transcription has just taken place and is no longer allowed). We set

(ko + k3) (w4 uo), if v=1(1,0,0,0,0),
(k 2+k4+kt>(u+u0)’ if ’YZ(O?LOaOaO)?
Ay (u,v) = Ay (u) = (k— 2+k4)(u+ug), if v=1(0,1,0,0,1), ,
3(u+u0)a if 7:(070,1,0,0),
k_4(u+wug), if v=(0,0,0,1,0).

QO (7’ u) =

k k .
. 5 :0(0,1,000) T 5475900100, if v=(1,0,0,0,0),
_ ke et . _

et 9(1,0000) T 75177 9(0,00,1,0) + 7 2+k4+k‘t5 0,1,00,1), if v=1(0,1,0,0,0),

( ) ( )
( ) ( )
k_lz+k4 0(1,0,00,0) k_2+k4 60,0010, if 7v=1(0,1,0,0,1),
(1,0,0,0,0) ( )
( ( )

5100005 if v =1(0,0,1,0,0),
S01000) i 7 =1(0,0,0,1,0).
(0, —min (1,z2)), if v=(1,0,0,0,0),
(0,min (1, — x9)), if v=(0,1,0,0,75), 75 € {0,1}, 6 = (1,0,0,0,0),
0 o)) =3 O =min(Lw), i ¥ =(0,1,0,0,5%), 75 € {0,1}, #=(0,0,0,1,0),
Gy 175 (%1, 22 (min (n,a — 21),0), if v =(0,1,0,0,0), 6 = (0,1,0,0,1),
(0,min (1, — x9)), if ~v=(0,0,1,0,0), 6 =(1,0,0,0,0),
(0, mln(l a—xg)), if ~v=(0,0,0,1,0),
Iy (1, 22), (7 :Ul,:cQ , Uy V) f2 ((z1,22) ,u, v))

( 2uw .2 1+ 2uvzy — wvzy, Mm% — uv:L'Q)
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The reader is invited to note that Mx [0, a]2 is invariant with respect to the previous dynamics.
One can either note that for z,zs € [0, q]

2
x
fvl ((0,z2) ,u,v) = 2z9uv > 0, ]"72 ((z1,0) ,u,v) = Eluv >0,

fi (e, x2) ,u,v) = (229 — 3a) uv < 0, f72 (z1,a) ,u,v) = (aj — a) uv <0,

or, alternatively, compute the normal cone to the frontier of [0, a]? (see [33, Theorem 2.8]) to deduce
that [0, a] is invariant with respect to the deterministic dynamics. Moreover, the definition of g,
guarantees that (X1, X») does not leave [0,]*. Let us also note that, whenever & = (x1,29) €

[0’ 05]23 y= (y1,y2) € [Ov 04]2,
<f’y (.’L‘,U,U) - f’y (yauvv) y L — y>
— <[Z (e + 1) + 1] (21— )? — [2 T yl)} (o1 — 1) (22— o) + (2 — y2>2) <0

This is a simple consequence of the fact that

[2+;(a:1+y1)r—4[2 (a:1+y1)+1] [2—;(x1+y1)]2—4§0.

We deduce that

sup ll’lf <f’Y (J,‘ u ’U) f’Y (yau)w)ax_y> S O
veV wev

Moreover, for all (z,) € [0,a]?,

su‘g 1nf (fy (x,0,v) = fy (y,0,w) ,x —y) = 0.
veV We

It follows that one is not able to find any positive constant ¢ > 0 such that

sSup lnf <f’7(x OU) ffy(y,O,ZU),fL'—y>§—C|l'—y|2,
veV

for all (z,y) € [0,a)® and we deal with a non-dissipative system (unlike, for instance, [9]).
Finally, the function ¢ +— ¢ — min (1,¢), ¢ — ¢ + min (k,« — t) are Lipschitz continuous with

Lipschitz constant 1 on [0, o for all £ > 0. It follows that sup |z + gy (0,2) —y — g, (0,y)| < | —y].
0eM

5 Proof of the First Main Result (Theorem 4)

In order to prove Theorem 4, we proceed as follows. First, we recall the link between the set
of occupation measures ©9 (v, ) and the family ©° (,z) (taken from [34]). Next, we prove that
Condition 2 implies the equicontinuity of the family of Abel-average value functions (v5) 5>0 - Finally,
we recall the results in [32] on Abel-type theorems to conclude.

5.1 Step 1 : Equicontinuity of Abel-average Values

The following result corresponds to [34, Theorem 7 and Corollary 8] for this (less general) setting.
It gives the link between the set of occupation measures @g (v, ) and the family ©° (v, z).

Theorem 9 i) For every x € RY and every § > 0,

Ona)= it (6, u(dd.dysdu).
peO(v,2) JMxRN xU

ii) For every (v,x) € MxRYN and every § > 0, ©° (y,z) = @0 (0} (v, ).

12



We are now able to prove the following equicontinuity result.

Proposition 10 We assume Condition 2 to hold true. Then, for every § > 0 and every (vy,z,y) €
M x R?YN | one has

v’ (y,2) =v° (7, 9)| < Lip(h) |z -y .
Proof. Let us fix 6 > 0 and (7, z,y) € M x R?N. We only need to prove that, for every £ > 0,

v° (v,9) <° (v,2) + Lip (h) |z — y| +&.

By definition of v?, for a fixed € > 0, there exists some u € Ayq (U) such that

00 (v, z) + S >E {/ et h (D)™, X7 ) dt} = / h(6,z,w) ,ufsw . (d,dz, dw) .
2 0 MxRN xU ”

If 11 is the coupling measure given by Condition 2 and associated to 5, we deduce, using Theorem
9.1 that

0 (v,y) < / , h (9” 2, w/) L (d@, dz,dw,dod’, dz’, dw/)
(MxRN xU)

<[ ROz W) @0z ) + Lip () -]+
MxRN xU ™ 2
<v° (y,2) + Lip (h) |z — y| +e.

The proof of our Proposition follows by recalling that € > 0 is arbitrary. m

5.2 Step 2 : Proof of Theorem 4

The previous results on existence of a continuity modulus uniform with respect to the discount
parameter § > 0 allows us to prove the existence of a limit value function as § — 0. Before going
to the proof of Theorem 4, we recall the following.

Lemma 11 (i) [32, Step 1 of Theorem 4.1] Let us assume that (v5)5>0 is a relatively compact
subset of C (MXRN;R). Then, for every v € C (MX]RN;]R), every sequence (Om),,~; such that
limy, 00 0 = 0 and (v‘sm)
T > 0 such that

> converges uniformly to v on MxRY and every € > 0, there exists

Vi (v,2) > v (y,2) —¢, forall (v,z) € MxRY and all t > T.

(ii) [32, Theorem 4.1] Let us assume that (v5)5>0 is a relatively compact subset of C (MxRY;R).
Then, for every v € C (I\\/JIX]RN;]R) and every sequence (5m)m21 such that limy,—oo 0, = 0 and
(v5m)m>1 converges uniformly to v on MxRYN, the following equality holds true

liminf  sup |Vi(y,2) —v(y,2)| =0.
t—o0 ~EM, zeRN

(iii) [32, Remark 4.2] Let us assume that (U6)6>0
as 6 — 0. Then the functions (Vi) converge uniformly on MxRYN to v*

converges uniformly to some v* € C (MXRN; R)

lim  sup |Vi(y,2) —v* (y,2)| = 0.
t—=00 L eM, zeRN
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Remark 12 In the proof of [32, Theorem 4.1], one gives the condition (i) in Step 1. Howewver,
in all generality, the converse is only partial. Indeed, Step 2 (see [32, Page 174, Eq. (10)] reads
: For every € > 0, there exists mg > 1 such that

V;S;Ll (’7733) S (’771') +¢,

for all m > mg and all (y,x) € MxRY. Thus, the index t of the subfamily (Vi), converging to v
depends directly on the sequence (5m)m21- Of course, whenever the limit v is independent on the
choice of 6, so is t and one gets (iii).

We are now able to complete the proof of Theorem 4.
Proof of Theorem 4. Let us denote by

(4) v* (7, ) := limsup v° (v, 2),
6—0
for every (v,z) € M x K (the pointwise lim sup). We fix, for the time being, some (y,z) € M x K.

Then, there exists some sequence (0,),,~; such that lim §,, = 0 and lim v (y,2) = v* (7, ).
= m— o0 m—0o0

Due to Condition 2, the sequence (v5m)m>1 is equicontinuous (see Proposition 10) and, by definition,
it is also bounded. Then, using Arzela-Ascoli Theorem, it follows that some subsequence (still
denoted (v‘sm)mx) converges uniformly on M x K to some limit function v € C' (M x K;R). In
particular, w (v, x) = v* (v,2) . Using Lemma 11 (i), one gets that

(5) lign infV; (v, z) > v* (y,x).

Obviously, this argument can be repeated for every (v,z) € M x K. Let us now consider w €
C (M x K;R) to be an adherence point of the relatively compact family (v‘s) 550" Then, using
Lemma 11 (ii), one establishes the existence of some increasing sequence (t5),,», such that nh_)rgo th =
oo and

lim sup |V, (v,2) —w(y,z)] =0.

N0 yeM,zeRN

In particular, it follows that
(6) w (’Ya CL‘) > htIIl infV; (’77 $) )
— 00

for all (v,z) € M x K. Combining (4),(5) and (6), one deduces that the unique adherence point of
(v°) 5>0 18 v*. The convergence of (), follows by invoking Lemma 11 (iii). Our Theorem is now
complete. m

6 Proof of the Second Main Result (Theorem 7)

The proof of Theorem 7 is constructive and relies on four steps. We begin with recalling the
Hamilton-Jacobi integrodifferential systems satisfied by the Abel-average functions and Krylov’s
shaking the coefficient method. The first step is showing that the value functions v can be suitably
approximated by using piecewise constant open-loop policies. The proof in this part strongly rely
on the tools presented before. The second step is to interpret the system as a stochastic differential
equation (SDE) with respect to some random measure. The third step is to embed the solutions of
these SDE in a space of measures satisfying a suitable linear constraint via the linear programming
approach. To conclude, the fourth step provides a constructive (pseudo-) coupling using SDE
estimates.
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6.1 Krylov’s Shaking the Coefficients

For every 6 > 0, the value function v’ is known to be the unique bounded, uniformly continuous
viscosity solution of the Hamilton-Jacobi integro-differential system

(7) 5 (v,x) + H ('771'78:!:7)5 (7, ) ,v5> =0,

where the Hamiltonian is defined by setting

H (v,z,p,¢)
= sup [ () = {f, (@), 5) = Ny (2,0) [ (00,04 g5 (6,2,0)) = 9 (7,2) Q° (. )|
uelU M

for all z,p € RY and all bounded function ¢ : M x RY — R. For further details on the subject,
the reader is referred to [48].

Although uniformly continuous, the value functions v° are, in general, not of class C{. However,
adapting the method introduced in [41] (see also [7]), v® can be seen as the supremum over regular
subsolutions of the system (7). Alternatively, one can give a variational formulation of v? with
respect to an explicit set of constraints. We recall the following basic elements taken from [34].

)

We begin by perturbing the coefficients and consider an extended characteristic triple

- [ RV xUxB(0,1) — RN, £ (z,u!,u?) = fy (z + v ul), us € Uyug € B(0,1), v € M,

- & (RN x UXE(O, 1) — RN, )\, (:Eitl,’lﬂ) =)\ (m+u2,u1) ,ur € Uyug € B(0,1), v € M,

-Q :RY xUxB(0,1) — P (RY), Q (v,z,u', v A) = Q (v,z +u? ul, A+ (0,u?)), where
A+ (0,u2) = {(al,ag + u2) : (a1,a2) € A} ,forall z € RN, u! € U, u? € B(0,1) and all Borel set
A C MxRV.

One can easily construct the process (F"’vf"“l’“2 , X77x7“17“2> with u = (ul, u2) € Aud (U x B (0, 1))
The initial process associated to (f,\,Q) can be obtained by imposing u? = 0. Let us note that,
with this construction,

@ ('77 z, 'U,l, 'U,2, d@dy) = Oz+g4(0,x+u?,ul) (dy) QO (77 ul) dﬁ) .

6.2 Step 1: Piecewise Constant Open-loop Policies

The aim of this subsection is to show that the value functions v? can be approximated by functions

in which the control processes are piecewise (in time) constant. For Brownian diffusions, this type
of result has been proven in [40]. In this section we adapt the method of [40] to our setting by
hinting to the modifications whenever necessary. Following [40], for all n > 1, we introduce the
value function
o0
W (v,0) = inf OB [ / e~ (1770, X0 ) dt} ,
uE.AZd 0
for all (y,z) € MxRY.
The main result of the subsection is the following.

Theorem 13 Let us assume that there exists a compact, convex set K which is invariant with
respect to the controlled PDMP with characteristics (f,\,Q). Then, for every § > 0, the value
functions v®" converge uniformly to v° as the discretization step n increases to infinity

lim  sup |0 (y,2) —0*" (v, )| = 0.
O NeM, zeK
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The proof relies on the same arguments as those developed in [40] combined with dynamic
programming principles. Let us briefly explain the approach. For every m > 1, one begins by
proving a dynamic programming principle for v>" and involving 7' A T} as intermediate time, for
T € n~'N. The arguments are essentially the same as those in [48] and we only specify when the

structure of A7, intervenes. Next, one takes a sequence of smooth functions <v?§> converging
e>0

uniformly to v>" by adapting to the present framework Krylov’s shaking of coefficients method
introduced in [41] (see also [7] or [33] for the PDMP case). Then, one proceeds by writing the

Hamilton-Jacobi integrodifferential system satisfied by v?g. This equation is e—close to the one

satisfied by v® (with a uniform behavior w.r.t. n > 1). Our assertion follows by integrating this
subsolution condition with respect to the law of the piecewise deterministic Markov process then
allowing ¢ — 0. For our reader’s convenience, we have indicated the main modifications and
arguments in the Appendix.

Remark 14 If the invariance condition holds true, then, by applying this result, one only needs
to check that the nonexpansive Condition 2 holds true for all u € A, (U) for all n large enough
(larger than some n. ).

6.3 Step 2 : Associated Random Measures and Stochastic Differential Equa-
tions

Let us fix v9 € M, 29 € RY and (u,v) € Aqq (U x V). The following construction is quite standard
and makes the object of [26, Section 26| for more general PDMP (without control) and [26, Section
41] (when control is present). We let Sg = Top = 0, S, = T, — Tp,—1, for all n > 1 and &, =
(Sn7,7%27$07u,v,X%z&o,“ﬂ) . We look at the process (v, X) under P70:%0:%V (which depends on both
the initial state (70, z¢) and the control couple (u,v), but, having fixed these elements and for
notation purposes, this dependency will be dropped). By abuse of notation, we let

us = u1 (70, %0, 5) lo<s<m + Z unt1 (Y7 "0 XY s — T) 1, o<
n>1
(and similar for v). We denote by I the filtration (Fjo 1= o {(3/°""", X07") 1 r € [0,1]}) o -
The predictable o-algebra will be denoted by P and the progressive o-algebra by Prog. For the
general structure of predictable processes, the reader is referred to [26, Section 26|, [39, Proposition
4.2.1] or [13, Appendix A2, Theorem T34]. In particular, due to the previous notations, it follows
that u and v are predictable.
As usual, we introduce the random measure 7 on  x (0,00) x M x RY by setting

Plw,A) =Y 1<Tk (@, (3300 X070 () e for all w € Q, A€ B(0,00) x B(M x RY).
k>1 k k

The compensator of p is

B (dsdyd) = A (7770 ) Syoweam g (om0 (49) Q° (107 g, dB) d
s— Voo “rs— 1Sy

and the compensated martingale measure (see [26, Proposition 26.7]) is given by g :=p — P.

By construction, for our model, on [T},—1,T},) , X;/*"*"" is a deterministic function of X%O’xlo’“’v,
n,
~0,Z0,U,V 70,%0,U,V 7Y0,20,U,V 70,%0,U,V 70,%0,U,V 3 :
Yo Un <XTn—l A n_1> and vy, (XTn—l A n_1>. In this partic-

ular framework,

Y0,TQ U,V Y05TQ UV 3rV0 T UV Y0>T05UY 5 V0T UV )L V0 HTQUSY
X'YO,-TOauv'U . ®O’XTn71 yUn <’yTn71 7XT s )a'Un (’yTnfl 7XT ) )7’7T
Tn - Tn*Tnfl

n—1 n—1 n—1
70,T0,U,V 70,Z0,U,V 70,20,U,V Y0,L0,U,V Y0,Z0,U,V
+ Grj0:20:u0 (fyT s Uy (’yTnfl 7XTn,1 , T — Tn71> » Un <’YT"71 ’XTnfl s T — Tnfl)) ’
n—1

n
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hence being a a deterministic function of Sy, X", 4% Tt follows that the filtration F

70,%0,U,V

is actually generated by the marked point process (Tk,fka >k>0' As a consequence, v,y =

Uni1 (X%Z’IO’“’U,fy%i’xo’u’v, ) is a deterministic function of T, oo Ty P00 PO sl de-

70,Z0,U,V 70,Z0,U,V

noted by vp11 (Tl, O s VT ,-) . In the case when (u,v) € A7, (U x V) for some

m > 1 are piecewise constant, v, is of type
k 70,Z0,U,V 70,Z0,UsV
Zvn+1 (Tla---aTna’YTl 7"'77Tn ) ]-(ﬁ ﬂ] (t)
k>0

Similar assertion hold true for w.
We now define the random measure p on €2 x (0,00) x M by setting

p(w,A) =7 (w,AxRY), forallwe Q, 4€B(0,00) x B(M).
The properties of p imply that the compensator of p is
ﬁ(dsd@) =\ (,Y’Yg,wo,u,fu’ Us) QO (,ng,xo,u,v’ Uus, d@) ds

S S

and
q (dsdf) = p (dsdf) — X (7]07"" ) Q0 (v]00"Y uy, df) ds

is its martingale measure. Following the general theory of integration with respect to random
measures (see, for example [38]), the second state component can be identified with the unique
solution of the stochastic differential equation (SDE)

X’Yo,ﬂloﬂtﬂi
t

dX;YO’mO’u’U = fﬂo’zo’“’” (X;YO’IO’U’U, Ug, ’Ut) dt + fM g,yzg,zo,u,v (9, X;yf’wo’u’v, U, ’Ut) P (dtd&) 5 t> 0,
= xg, P —a.s.

6.4 Step 3 : Measure Embedding of Solutions

More general, whenever w is an F-predictable process, we can consider the equation

dny()’w = ffy:o,zo,u,v (}/tyO’w’ Ut’ ’LUt) dt —I— fM gfyzg,zo,u,’v (9, n@’w, Ut, Wt) p (dtd@) ,t 2 0’
Y0 = yo, P — a.s.

The assumptions on the coefficients f and g guarantee that, for every yo € RY and every predictable,
V —valued process w, this equation admits a unique solution Y¥%-*. We fix § > 0 and consider some
(arbitrary) regular test function ¢ € Cj (MxRY;R). Ito’s formula (see [38, Chapter II, Theorem
5.1]) applied to de ¢ (710707 YY) on [0, T] yields

5676TE [¢ (7%07550»117”7 Y/]Z{va)]

= 6¢ (’)/07 y())

T
—ot _6¢ (’7151 Y;f) + <f t (Y;%ubwt) 78:B¢ (’7151 Y;f)>
= |:/0 e < +A (Vtvut) fM (qs (971@ +g’Yt (g’}/hut?wt)) - ¢(’7tvyt)) QO (’Yt’ut)de) > dt:| ’

where we have denoted by (v, Y:) = (7/0""", Y/*"). By letting T — oo, it follows that the
occupation measure p¥o% € P (MXRN x U x V) given by

por (A) =E {/ 570 4 (7070 YO g, wy) dt |, for A € B(MxRY x U x V)
0

satisfies

/ (Eu,v¢ (0, y) +0 ((ﬁ(’}’, :IZ) - (07 y))) 2 (dﬁ, dy, du, d'U) = 0.
MxRN xU
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We recall that £*" is the generator given by (3).

There is no reason for the couple (y70-%0:%? Y¥0.%) to be associated to a U x V-valued piecewise
open-loop control couple. Nevertheless, the previous arguments show that the occupation measure
p¥o belongs to ©° (Yo, y0) (see (2)).

Remark 15 Let us note that if there exists a set K invariant with respect to the PDMP driven by
(£, A\, Q), then, for all vo € M, yo € K, the occupation measures i € @g (70, Y0) satisfy the support
condition (M x KxU x V) = 1. Then, by Theorem 9, the same holds true for ©° (yo,y0) and,
hence, YY0 takes its values in K. Alternatively, one can use [33, Theorem 2.8 (ii)].

6.5 Step 4 : Coupling via the Random Measure

As in the previous arguments, one can define a measure y € P ((M x RN x U x V)Q) by setting
o0
m (A % B) . o) |:/ 56_6t1A (,y;yo,xo,u,v’ X;yo,xo,u,v’uhvt) 1 (,y;yo,xo,u,v’ Ytyo’w,ut,wt) dt:| ’
0
whenever A € B ((M x RN x U x V)2> . It is clear that

/ |h (0,z,w) —h (9', 2, w/) | 1 (d@, dz,dw,dd’, d? dw’)

(MxRN xU)?

o0

_ —ot Y0,20,U,V Y0,20,U,V 70,20,U,V Yo,w

—E[/ 5B [l (A0OWY, XIOTOUY g )y (000 Y0 g ) ]
0

p(Ax (MxRY xU xV)) =, 1ouw € 0§ (Y0,20,) and p (M x RN x U x V) x B) = p¥* €
e’ (70,%0) , where p¥" given in the previous arguments. Convenient estimates for this integral
term imply the condition (2) and, hence, the results on existence of a limit value function. In
fact (see Remark 14), in order to prove Theorem 7, it suffices to provide good estimates when the
process is constructed with piecewise constant (in time) policies (u,v) € A2, (U x V). This is done
by the following.

Lemma 16 We assume Condition 5 to hold true. Moreover, we assume that there exists a compact
set K invariant with respect to the PDMP governed by (f, A\, Q). Then, there exists w : Ry — Ry
such that lim._ow (¢) = 0 and, for every n > 1 and every (u,v) € A%, (U x V), there exists w
predictable with respect to the filtration F70-*0%Y sych that

oo
E [/ Se 0t |h (,y;ro,mo,u,v’Xzowoyuw’ Utﬂft) —h (,ﬂo,xo,uﬂ)’ Ytyo’w,ut,wtﬂ dt| < w (n—l) )
0

Proof. Step 0.
Let us define a set-valued function

MxK?2xUxV > (v, z,y,u,v) ~ E(7v,x,y,u,v)
weV: VoeM,
<f'y (LU,U,'U)-f»Y (y,u,w),x—y) SO;
’x+g’7(97$7uav)_y_g’Y(eﬂyau?w)‘ S ’.’B—y’,
|h(%x,u,v) _h‘(’y’y’uvw” S sz(h)|m_y|’

One easily checks that the function has compact values and is upper semicontinuous. Hence, there
exists some measurable selection

B :MxK2xUXV —V, @(y,zy,uv) €E(,zy,u0),
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for all (v, z,y,u,v) € M x K2 x U x V. For further details, the reader is referred to [6, Subsection
9.2].

We construct an F-predictable V-valued control process w as follows. We begin by fixing T' > 0
(depending on n) and m > 1 (depending on n). The choice of T' and m will be made explicit later
on. Moreover, we assume that K CB (0, ko), for some kg > 0.

Step 1. We consider

w;p =W (707x07y0>u1 (O) , U1 (0)) = w(1)70? sz 0)

where we have denoted, by abuse of notation,
u1 (s) = u1 (70, %o, 8), v1(s) = v1 (70, %0, 5) -

We recall that if s < %, one has uj (s) = ug (0,70, o) and similar assertions hold true for v;. By
recalling that K is invariant with respect to the controlled piecewise deterministic dynamics, one
gets

0,20,u,v;70 0,y0,u,wl %70 1,0 0,z0,u,v;70 0,y0,u,wl %0
<f’YO ((I)s B ’u57v5)_f’YO ((I)sy B y Us, Wg 7(1)5 B _(I)sy B
<

. 1,0.
<f’)/o (CEO, Us, US) - f’yo (yOa Usg, w;’o) , Lo — y0> +c (|LU(] - (I)S@OM’UJO‘ + ‘?/0 - ¢2’y07u’w 0

C
)S*a
n

)

8) <e¢ (‘mo — (I.g,xo,u,v;vt)‘ + }y _ ‘1’2’3*/0’“7“’1‘0;70

forall0 <s < % Similarly,
(9)

1.

Slo

ny 7u7/l}; 07y 7U7w1’0; 170
> ‘h (’YD(IDS 0 PYO: Us;”s) —h (’)’Oq)s 0 ’Yo?us’ws

(h) ‘(I)gwom,vwo . @g7yo,u7w1’0;”/o

— Lip
0,0,u,v;70 0,%0,u,;70 0,y0,u,wh %0 0,50,u,wh %70 1,0
> ‘(I)S + 9o <97 s T U, vs | — Py’ — 9 0, Dy y Us, Ws’

. 1,0.
@0’:20’“)”570 _ (1)072,!0,“,111 ’0770
S S

)

3o

I

forall 0 < s < % The constant ¢ > 1 is generic, independent of § > 0,n, s, x,y,u and is allowed to
change from one line to another. We define the control process w'! by setting

1,1 _ 1,0 ~ 0,20,u,370  &0,50,u,wh %0 1 1
wy' = 1Ss;+“’(”°v¢1 0% i\ ) vin ) e

n n

Then the estimates in (8) hold true for s € [O, %] if substituting w'! to w!Y. We set

1,2 _ 1,1 3 0,z0,u,v;70 0,?40:“71”1’1?70 2 2
W™ = Wy’ 1s§% tw <’707(I)2 ?(1)2 » Ul ﬁ » U1 ﬁ 1s>%a

n n

1
and so on, to define w3, wl?, ..., wb T+ We fix some w® € V and let w! = w," s<T +

w%14~7, where [] denotes the floor function. As consequence, by recalling that, prior to 77, both
1,0.
X70:20,uV and YY0¥ are deterministic and can be identified with ®%¥0:4v70 (resp. Plvouw 0),

we use (8) to get

(IT14+1)

1|2 ct
(10) g~y < g — ol +
forall t < T on t < T7. It follows that
t
(11) Xy~ ypo | < g — gl + o= +

2v/n Vi’
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orall t <T ont < Ty. Moreover, on T} < T, using (9.ii) and (10) and recalling that K C B (0, ko)
is invariant (see also Remark 15) one has

1
Y0,20,U,V yo,w™ | _ | &0,20,u,v570 70,%0,U,0 & 0,20,%,v570
Xp -Yp ‘ = "I’Tr * o (’YT1 » @7 ,UTy, VT

0,y0,u,w"%0 70,20,u,0  F0,90,u,w" %50 1,0
_q)Tl— ~ 9v \ Ty , (I)Tl » UTy, Wy

0,20,u,v;70 0,y0,u,w' %o €
< fofm - o n
. cT} c
< min <\/|x0 — y0|2 + n1,2k:0> + .
c+ 1T
(12) < |zo — yo| +

R

for all n > 4. (The reader is invited to recall that up, is still u; (71,70, o) and that u; € Ay is left
continuous). One gets, on 77 < T,

2
2 T T 2
xgpron —ypor' | < <min <\/ya:o—yo!2+c 1,2k0> +C> < lzo — ol + L+ 55 + 4k
n n n n n
o (Ty + ko + 1
(13) §|950—yo|2ﬂL (i " 0 ),

whenever n > c. Finally, using (9.i) and (11), we get

0,20,u,v; 0,y0,u,w%; 1 ; 0,20,u,v; 0,y0,u,wh?; ¢
‘h(Van)s ’ ’YO’US’US) —h<70,(1)5y0 Vo’us7w5>‘ SLZp(h)‘(I)S O — O 70 +H

(Lip (h) + 1) ¢+ Lip (h) t‘

< Lip (h) |zo — yo| + I

for all s <T ATj.
Step 2. We continue the construction on [11,72). By abuse of notation, we let ug(s) :=

U (7%(1)"’”0’“’”, X oo, s), for s > 0 and similar for vo. We set

21 . .1 ~ ¥0,T0,UY 1 Y0,0,UsV Y0, W
Wy = Wy 10§5§T1 +w <'yT1 7XT1 ’YTl , U2 (0) , U9 (0)) lesy.

It is clear that this control process is predictable. We apply the same method as in Step 1 (w-
wise) on the (stochastic) time interval [Tl, (T1 + %) A Tg] , then on [Tl, (T1 + %) A Tg], etc. We

construct a sequence of control processes (wQ’m) and, by choosing m large enough, we establish

m>0
the existence of some w? such that
(14)

22 12
V0,0,V Yo,w Y0530,UV Yo,w c(t=T1) 2 | c(tt4ko+1)
X, ~Y, < ‘XTI — v ) + 55 Slro— ol + 77

2 1
70,20,U,V Y0, W Y0,20,U,V Y0, W c
XT2 YT2 S XTQ— YTQ— ‘ + n

< min <\/|900 —yol” + C(Tﬁikoma?ko) + £ <|xo —yo| + %7

2
70,20,U,V Yo, w 2 c(Ta+4ko+1 2 2 c(Ta+2(4ko+1
XJeotst — Y| < g — ol + LR 4 & 4 gk £ < g — g + SR,

2
h (,Y;YnyOWI:U’ X?O:xO:uv'U’ Ug, ,Ut) _ h (,}/2/075007’“"”’ }/tyﬂvw , Ut th ‘

< Lip (h) | X" — Ytyf”wl( + £ < Lip (k) |wo — yo| + <Lip(h)+1>c+f:fi5(h>(t+4ko+1)’
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forall Ty <t < Ty AT , P—a.s. if n > max (4,c). We continue our construction on [0,75 AT,
[0, 74 A T] and so on to finally get a predictable process w™ such that

( m 12 .
Y0,T0,U,V yo,w™ 2 | c[t+(i—1)(4ko+1
sty | < g — gt 4 AL 1)

)

X%?,:po,u,v . Yf]y'mwm S min (\/|$0 o y0|2 + C[Ti+(i_}l)(4k0+1)] 7 2k0> + c

7 n

c+T;4(i—1)(4ko+1)
(15) < ’xo_y()’—l_ N . ’

2 .
Y0,%0,U,V yo,w™ 2 c[T;+i(4ko+1
Xr, -Yr < |zo — yo|” + elfiti(Ako+1)] (n )],

m
h (,)/2?/07550771«7'”7 Xt’YOyZ'OWwU’ Uug, Ut) _ h (,Y'YOJOﬂM'U YyOaw U, Uj%n

< Lip (h) |0 — yo| + L2t )+1)C+LiP21)[t+(i—1)(4k0+1)]

\/ﬁ I

foralli <m, T;_1 <t <T; AT, P—a.s.
Let us note that in the same way as [48, Inequality 3.27], one has

m )\ m
E 76Tm 1 _ 5+)\max) — max
{e ( 1) / dt P - ,

where Amax = sup |Ay (z,u,v)|. Then, using the estimates (15), one gets
(7,2,u,0) EM xRN xUxV

o0
—6t Y0,Z0,U,V 0,20,V 0,20,UyV Yo, W™ m
E[&/ e ‘h(’yt , X, ,ut,vt)—h('y? Y, , Uty Wy )‘dt]
0

T AT - Lip(h)+1)c+Lip(h) [t +i(4ko+1
52 T/J\rilﬂ/\ &(L’Lp( )\xo—y0|+( p( )+)+f?§)[t+( o+ )})dt

+2hmax 1T, <T f;:n Se—0tdt 4 thaxeféT

Lip (h 1 Lip (h) (4k 1 Li
< Lip (h) [zo — yo| + LR W + D et mlip(h) Uko +1) | Lip (h / Se~Otdt + 2hpmaxe T

vn
4+ 2hmaxE [(e_‘m” — _6T> 1Tm<T]
1 1
< Lip (h) |zo — vo| + zpi/%Jr (c +m (4ko + 1) + 5) 4 e T 42k [e—éij|
. Lip (h) +1 1 _§T Amax "

< Lip(h — _— 4k, 1 - 2hmax 2hmax | ———— .
< Lip (h) |zo — yo| + Jn (C—I—m( 0+ )+5>+ e % + .

The proof of our Lemma is now complete by picking T'=m = ni. m

7 Appendix

We provide, in this appendix, the key elements of proof leading to Theorem 13. As we have already
hinted before, the proof relies on the same arguments as those developed in [40] combined with
dynamic programming principles developed in [48].

If one assumes that K CB (0, ko) is convex and invariant w.r.t. the PDMP governed by (f, A, Q),
then one modifies the dynamics such that for p € {f,A}, py(z,u) = 0, if z ¢ B(0,kg+1),
Py (x,u) = py (z,u), if x € K and setting, for example, gy (0, z,u) =k (z) —z + g (0,1Ix (x) ,u),
for all z € RYN. Here, IIg stands for the projector onto K. In this way, all jumps = — z +
g0, z,u) =g (z)+ 90,k (z),u) take the trajectory in K (by invariance of this set) and, if the
trajectory reaches B (0, kg + 1), it stays constant. For the extended dynamics (constructed from
this modification as in Subsection 6.1), one gets

?7 (w,ul,uz) = fv (:c + u2,u1) =0, for all z € R such that |z| > ko + 2,
T+, (0,:B,u1,u2) = [$+u2+§7 (0,x+u2,u1)] —u? e K—u? Cc B(0,ko+1), forall z € RV,
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for all u! € U and all ‘uQ‘ <1.

It follows that the set K+ := B (0, ko + 2) is invariant w.r.t the extended dynamics. In fact all
sets B (0, ko +n), n > 2 are invariant. Let us emphasize that this construction is the only point in
which the convexity of K plays a part and it can be avoided by further assumptions.

Let us fix, for the time being, d > 0 and n > 1.

7.1 Dynamic Programming Principle(s) for (Time) Piecewise Constant Policies

The first ingredient is to provide dynamic programming principles and uniform continuity for the
value functions given with respect to piecewise constant policies with respect to the initial and
auxiliary systems (cf. Subsection 6.1). In addition to Aj = Af (U) and A7, := A”,(U), one
introduces Bf = A (UxB (0,1)) and B, = A", (UxB (0,1)) and

o0
Ug,n(% $) _ inf SE / e~ 0ty (F;/,Z'7u1’5u27 X?7ac7u1,eu2 n auf, u%> me
(ul,uz)EB;’d 0
for all initial data v € M, z € B (0, ko + 3).
One begins with proving the dynamic programming principles.

Tl/\T —ot ’Y,ZB,’U,,O ’Y,%,’U‘,O —0 Tl/\T (S,TL ’YCIT,U,O 'Y'T/U':O
o aeT Ot (TR XS g ) dt + e 0T (D700 X007 ) | and

Ty AT _ 1 2 1 2
S 0 A Seoth, | D ¢l th —l—eu,&u% dt
ve' (v,xz) = inf E 1
X T Eu )
TiNT

uEBy e O(TIAT)5in (F%’ajﬁl’au
1
The arguments are similar to those employed in [48]. We will only emphasize what changes when
using controls from A7, (or B;) instead of the (more) classical A,q.
Following [48], we introduce

2
)

WM (y,z) == inf JM"(y,2,0),
uc Ay

where
M s 0 0 8Ty, M—1 0 0
; L ot T,y T,y — -1, Ty Uy » LU,y
JY (v, zu) =K [5/0 e h(FZ , X, ,ut) dt + e 11y n (F%l ,X%l )} )

whenever M > 1. The initial value w®" is given with respect to the deterministic control problem

(with no jump) and it is standard to check that it is Holder continuous (the Holder exponent
)

may be chosen i) where Lip (f) is the Lipschitz constant for f, for all v € M and the Holder

constant only depends on the Lipschitz constants and supremum norm of f and k). In particular,
the continuity modulus of w%" (resp. w?™ defined w.r.t. By) is independent of n (resp. n and €).
Step 1. If wM—bn ¢ BUC (MXRN; R) , then the dynamic programming principle holds true for

w™™ and all (y,2) e M x RV, T € n™IN :

TINT 1,0 1,0 - 0,z,u;
i . 5f0 1 e 5th (szu 7AX;/:qu ,Ut) dt +e 5TwM,n (,y’q)Txu'Y) 1T1>T
w"(y,z) = inf E

_ _ ,z,u,0 ,Z,u,0
uEAg +e 5T1U]M Ln (F%l 7X%1 ) ]'7'1§T

The proof is identical with the proof of [48, Lemma 3.1]. The reader needs only note that the
control policy given by [48, Eq. (3.5)] of the form

u (07 Y, t) =u (97 Y, t) 1[0,T} (t) +u* (07 (I)(j)“’y’u;ea t— T) 115>T

belongs to Af if v and u* belong to Af.
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Step 2. Since B (0, ko + 3) is invariant with respect to the extended PDMP, one has w™" ¢
BUC (MXE(O, ko + 3)) and, for every a > 0, there exists a a—optimal control policy u* € Ay
such that

JMmn (v,z,u") < wMn (v, z) + «,

for all z € B(0,ko + 3).

Again, the proof is identical with the proof of the analogous Lemma 3.3 in [48] and based on
recurrence. The reader needs only note that, for » > 0, there exists a finite family {zy : k = 1, m}
such that

E(O, ko+3) C knng (zk, 7).

Then, the control policy u defined after (3.18) in [48] belongs to Ay if uy belong to Af, for all
k =1, m. We also wish to point out that the estimates leading to the continuity modulus of w™/"
only depend on the Lipschitz constants and the supremum of h, f, g and A but are independent
of the control policies. In particular, this allows one to work with a common continuity modulus
WM for allm > 1 and € > 0.

One concludes using the same arguments (no particular changes needed) as those in [48, Theo-
rem 3.4]. Due to [48, Inequality 3.27], one gets

s [oh (y,2) — 0 (3,2)| < cal,
(v,2)eMx B(0,ko+3)

where ¢ > 0 and 0 < o < 1 are independent of n (¢ can be chosen as in [48] equal to 2fmax and
a as in [48, Page 1120, last line] to be 1 — § [ e~ (OFAmadldp = Amax < 1) The same is true for

>\max

02" — wM™ for e > 0. In particular,

A M
o2 () = o2 ()] < W (o =)+ 20 (52
max

i.e. the continuity modulus of vg’" can also be chosen independent of n > 1 and € > 0 (we identify
vg’” with v5’"). This common continuity modulus will be denoted by w?, i.e.

(16) W (r)= sup  sup
n>1,e>0 ~eM
|z—y|<r

v (y, ) — 02" (’y,x)’ , >0, W’ (0):= }i_r)r(l)w‘; (r)=0.
>0

The reader will note that w® (r) > er, for some ¢ > 0, where the equality corresponds to the
Lipschitz case.

7.2 Estimates and Proof of Theorem 13
We begin with the following convergence result.

Proposition 17 For every § > 0 there exists a decreasing function n° : Ry — R, that satisfies
lim. .o n° (¢) = 0 and such that

(17) sup (02" (v, z) — ™" (v,2)| < 7’ (),
reK+

foralln >1 and all € > 0.

Proof. The proof is similar to the one of [33, Theorem 3.6]. However, we present the arguments
for reader’s sake. Let us fix v € M, z € K™ and € > 0. The definition of the value functions implies
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that vg’n('y, z) < v (v,2). Standard estimates yield the existence of some positive constant C' > 0
which is independent of v, x, of n > 1 and € > 0 such that

1 2. 1.
(18) ‘@SJHU EUTY @SJ:fU“ 05y S CE:,

for all ¢t € [0,1], and all (u',u?) € Bf. We recall that @77 ig the unique solution of the
deterministic equation

{ d(I)Omu wly ffy <‘I)Omu eu?sy u%,ut> dt — f'y (®g7m,u17u2w —|—u?,u%) dt’

@8755711/ ,’LL Y = T.

The constant C' in (18) is generic and may change from one line to another. We emphasize that
throughout the proof, C' may be chosen independent of x € RV, n > 1, € > 0 and of (ul, uz) € By
(it only depends on Lipschitz constants and bounds of f, A, g and h). The dynamic programming
principle written for v yields

(19)

Ty N1
Ué,n(,y’ 33) < E I:/ 5676th (F;/,a:,ul,(),X;y,ac,u ,0 >dt+€ (T1/\1) an <P%1ﬂi\1lt ,0 X’}I‘j\qli 0):| ’
0

for all u! € Af. We consider an arbitrary admissible control couple (ul, u2) € By. For simplicity,
we introduce the following notations:

up = u' (z,t), i=1,2,

t
AL(t) = A, (cp?vxﬂulvoﬂ,ug), AL(t) = exp <— / AL (s) ds)
0
1,2 0,z,ul eu;y 1,2 ! 1,2
AL (t):)w<<1>t” : ’—l—aut,ut) A2 () =exp (— [ AM2(s)ds),
0

for all £ > 0. We denote the right-hand member of the inequality (19) by I. Then, I is explicitly
given by

1 t
I= / AL)AL (1) / Je=%h <7,<I>g’x’“1’0?"’,u;) dsdt
0 0
1
+/ AL AL (t)e_5t/ 5"(0 QYT g (9 om0 t))QO (v, ul, d6) dt
0 RN

1
+ Al (1)/0 Je 0, (7, @g’z’ul’ow, u%) dt + A (1) e Opyom (7, @?’x’ul’ow)

:[14-[24-]34-[4.

Using the inequality (18), one gets

1 t
(20) I < / AB2() AL (1) / Se%h (% POt ety 2 g )dsdt + Ce,
0 0

1
(21) I3 < AL2 (1)/ 56—5th (7’ (Dg,x,ul,suZ;’Y + 5u?, u%) dt + Ce.
0
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For the term I3, with the notation (16), one has

I
1

< / AB2(H) A2 (1) e‘”/ (0 RN (0 pOmut et +€ut,ut>> Q° (v, ug,do) dt
0 RN

+C (5 +u? (C’s))

1
g/ AL2(1)AL2 (¢) e_&/ (9 Tt Et g (9 Pt e ’usut,ut)) Q" (v, ul, do) dt
0 RN

(2
1
+ (/ AB2(#) A2 (t) e‘”dt) sup
0 0eM,zeK+

Finally,
I < AY2(1) e Oyon (fy, @?’m’ul’€u2w> +C (a +uf (C’a))

(23)

< A1,2(1)675,Ug,n (77 (I)(1)7x7U17SUZW> + Al,?(l)efé sup
0eM,zeK+t

o(2) = of(2)| + € (2 + 0 (Ce)).

00, z) — 2" (0, z)‘ +C <w5 (Ce) + a) .

We substitute (20)-(23) in (19). We take the infimum over the family of (u',u?) € Bj and use the
dynamic programming principle to have

o (7,2) < 0(7,2) + C (£ + 7 (Ce))

1
+ </ ALZ()AL2 (8) e Otdt + A1’2(1)6_5> sup
0 0eM,zeK+

0O (z) — vg’"(z)‘ .

We notice that

1 A Ozu eu? Wul u? )ds
/ )\I’Z(t)Am() *&dt—i—A”( 1—6/ b 7 . ) e Otdt
0
Amax —(Amax+0)
= M t 0 Amax+5e
Thus,
7 (y,2) — o8 (7, ) < O(sw (C2))
max J —(A +6)> ‘ 1) 6
max O, z) — v (0, .
( max+5 maX"“se Bel\?lggRN ! ( Z) . ( Z)

Here, Amax := sup {)\7 (z,u):yeM,z € RN u € U} < o0. The conclusion follows by taking the
supremum over § € M and z € K* and recalling that C' is independent of z and £ > 0 (and n > 1).
[ |

We consider (p:) a sequence of standard mollifiers i.e. p. (y) = ELN p(Y),ye RN, & > 0, where
peC® (]RN ) is a positive function such that

Supp(p) € B(0,1) and /RN p(z)dr = 1.

We introduce the convoluted functions
0,
(7;(77) s (77)*/)8

In analogy to [40, Lemma 3.5], one gets
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Proposition 18 The value functions v?;; are such that

sup (‘v?;)l (”y,x)’ + 6931-1)?;7)7’ (v, ) ) < 091 (8 + W (5)) ,

zeK

0,0 (1:2)=0,500 (1.9)]

sup [z—y] <%l (o —y))
z,y€k, yFz
67
sup |o(5 (1,2) — v (3,2)| <& (&) +17 (0),
Te

for all v € M. Here, C? is a positive constant independent of € >0, n > 1 and v € M.

Proof. To prove the first inequality, one recalls the definition of v?g)l. Then, due to Proposition 17
and using the notation (16), one gets

Dyiv ) (3?)’ = e} / 2" (= ey) Byip (y) dy

B(0,1)

—lt [ (e - o @) dup ) dy

y€B(0,1)

< %10 (e).

Similarly,

< O (fe — y)).

O (@) = o) ()] = |1 / (007 (2 = 22) = 2" (y — £2)) Dp (2) dy
B(0,1)

Moreover, again with the notation (16) and the help of Proposition 17, one gets

sup |l (@) — 0% ()| = / (227 (2 = 2y) = v (@) + 02" () = 0" (2)) p () dy
xrERN A
y€B(0,1)

<w’(e)+1° ().
The proof of our proposition is now complete. m

We now come to the proof of the main convergence result.
Proof. (of Theorem 13). Let us fix (ul, uz) € U x B(0,1).The dynamic programming principle

written for vg’” yields

T A1 . _ 12 1,2
LA §eO0tp (T 5 XS e ) dt

0
—6(T1/\n*1) o,n v,z,ul eu? ~yx,ul eu? )
+€ Ve :[1T1/\TL_1 ’ XT1/\n_1

0" (v,2) <E

where (u',u?) € B} and « € K. In particular, if (uf,u?) = (u,y) € Ux B(0,1), for ¢t € [0,n7!),
one notices that on [O, T N nil) ,

X’Y7x7€y7u175u2 — X’%xfu'l?o _ Ey and ]-—\’)/,CL’,U,I,E’LLQ j— I"Y7x7u170
t e # t -t .

As consequence, the (law of the) first jump time starting from (y,x — ey) when the trajectory is

controlled by the couple (ul, 5u2) given above only depends on u and z (but not on &, nor on y).
1 2 1 2
To emphasize this dependence, we denote it by 77°"“. Similarly, (F%’;fA;‘fﬂ , X%?i&fﬁﬁ) has the

eul0 gyl

same law as < TP A—10 gt g1

— 5y>. On gets

T5%An~t o _ 1o 1o
SR gemoty (Tmt0 ety 1) gy

-4 Tl’u/\n71 67” 77x7u170 ,x,ul,O
+€ ( 1 >U5 ].—‘le,u/\n71 9 X;/—,lz,u/\n71 - €y

Ugm (77 T — {;‘y) < E

26



It follows that
on
Yee) (v, z)

T’I‘ “/\’I’L L o 1
<E / Se _5th (F;y,gc,u ,07X;y,m,u,07ut1> dt + efé(Tl An ) (5) (F’Ymu() X%Iuo ) ]
0

T An=1 2T An—1t

Applying It6’s formula to v 7)1 (I‘WE w0 X 0) on [0,77"" An~!'] and recalling that uj = u prior
to n~1, it follows that

T,u . 1 i ¥,,u,0 ¥,z,u,0 o o,n ,z,u,0 yx,u,0
s /T1 S 6 (B (770, X750 0 ) = o (170, X770 ) »
0

+£UUEZT)L (Fz,x U, 07 X;y,x,u,())

T — i 0,x,u,0; on 0,x,u,0;
- K /Tl Anle*‘” 5<h<%¢ KL _”<)(7’(I)t 7)) dt
0

1L ?7; 0! 70;”/>

B '/OTf’“Anl e—‘”dt] (6 (h (v, x,u) ) +L ))
))
|

[ TEUAp—1 (|h|1+0{S - (5+W ) 1fli t+|f‘1750(S - (5+W (€ ))
wB| [T e Ot (B 210y 3, 7 i
- + 1Al OO (e 4w () (1 + lgly) £y ¢
<E[TP" An~Y] ([6 (h (v, T, u) — vf;; (7,$)> + LY ? (v ,m)])
-1,.6
+E [Tf’u/\nfl] c? (1 e (e) +e 1w <’fn’1>) .

n

/-\\_/

VS

The generic constant 9 is independent of x € K,v € M,u € U,e > 0 and n > 1 and may change
from one line to another. As consequence,

n w, 0,n =~ 1+ e~ 10 (e _ f
3 () = () ) + £7405 (50) 2 =C° (n() re <|n|1)> '

We fix (for the time being), the initial configuration (y9,x0) € M x K and an arbitrary control

F’Yoywo,ul,o Xzoywo,ul70>
)

ul € Aug. We apply the previous inequality for (v,z) = ( / , integrate the

inequality with respect to e~%dt on [0, T] for T > 0 and use It&’s formula to get

()

o8 <1+5_1w5(5) Y (‘f|1)> _
n n

One lets T'— oo and takes the infimum over u! € A,4 to get

n ~ 1+ —1,,0 _
v° (70, 20) > vé) (0, m0) — C° (5“’(5) 4elyd <|f|1>) ‘

n n

T
—5t v0,o,ut,0 yy0,0,ut,0 1 a,n -7, 6n (y0,mo,ut,0 yy0,20,ut,0
E {/0 de "h (Ft ¢ ,ut) dt] > Ui (v0,20) —e T vy (T , X}

Finally, using the third estimate in Proposition 18, one gets

v (70, 20) > v*" (70, 20) — C° (14_51&,5(5) + e w0 (‘];'1> + w0 () +7° (¢) ) .

n

1-n
The conclusion follows by taking ¢ = (w5 (If\1)> , for some 1 >n >0 (e.g. n = %) Our result

n

is now complete. m
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