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INTEGRATION BY PARTS FORMULA FOR KILLED PROCESSES: A POINT OF
VIEW FROM APPROXIMATION THEORY

NOUFEL FRIKHA, ARTURO KOHATSU-HIGA, AND LIBO LI

ABSTRACT. In this paper, we establish a probabilistic representation for two integration by parts formu-
las, one being of Bismut-Elworthy-Li’s type, for the marginal law of a one-dimensional diffusion process
killed at a given level. These formulas are established by combining a Markovian perturbation argument
with a tailor-made Malliavin calculus for the underlying Markov chain structure involved in the proba-
bilistic representation of the original marginal law. Among other applications, an unbiased Monte Carlo
path simulation method for both integration by parts formula stems from the previous probabilistic
representations.

1. INTRODUCTION

In this article, we consider the following one-dimensional stochastic differential equation (SDE in short)

t t
(1) X :x+J- b(XS)ds—FJ o(Xs)dWs, x € R
0 0
where the coefficients b, ¢ : R — R are smooth and bounded functions and (W;):>o stands for a one-
dimensional Brownian motion on a given filtered probability space (Q, F, (Ft)t=0, P).

The aim of this paper is to provide a probabilistic representation for two integration by parts (IBP)
formulas for the marginal law of the process X killed at a fixed given level L. To be more specific, for
a starting point > L, let 7 = inf {¢t > 0 : X; < L} be the first hitting time of the level L by the one-
dimensional process X. For a given finite horizon T' > 0, we are interested in establishing probabilistic
representations for IBP formulae related to the following quantities

(2) Elf (X7)lz=my] and  O.E[f(X1)1liro1y]

where f is a real-valued smooth function defined on [L,o0). Extensions to non-smooth functions or to
the transition density of the killed process are also obtained.

In the recent past, IBP formulae have raised a lot of interest as these explicit formulae can be further
analyzed to obtain properties of densities or for Monte Carlo simulation among other applications, see
Nualart [27] or Malliavin and Thalmaier [25]. The former quantity in (2) is commonly considered in the
literature on Malliavin calculus, while the latter quantity is referred in the literature to as the Bismut-
Elworthy-Li (BEL for short) formula. The BEL formula is of interest for many practical applications
such as the numerical computation of price sensitivities in finance for Delta hedging purpose. For a more
detailed discussion on this topic, we refer the interested reader to Fournié and al. [I3], Fournié and al.
[12], Gobet et al. [I8] [8] for a short sample.

In particular, in Section 2.6 of [25], the authors propose a continuous time version of the IBP formula
for d-dimensional diffusion process X killed when it exits an open sub-domain D of R%. Denoting by 7
the first exit time of X from D, the formula writes 0,E[f(X7)1{r>1y] = E[f(X1)1(z>7)H] where H
has an explicit expression using stochastic integrals. Extensions have also been proposed by Arnaudon
and Thalmaier [5], [6]. At this stage, it is important to observe that, from a numerical perspective, these
formulae will inevitably involve a time discretization, thus introducing a bias, in order to devise a Monte
Carlo simulation method, as it is already the case for the quantity E[f(X7)1{;~1], see e.g. Gobet [17],
Gobet and Menozzi [19]. As observed in [6], it may also require to compute the solution of a control
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problem which can be done off-line. One may thus claim as stated at the beginning of Section 2.6 in
[25]: “Its Monte-Carlo implementation, which has not yet been done, seems to be relatively expensive in
computing time”.

Our approach is probabilistic and relies on a perturbation argument of Markov semigroups to derive
a probabilistic representation for the marginal law of the killed process based on a simple Markov chain
approximation scheme for which we develop an appropriate Malliavin calculus machinery.

The main novelty in comparison with the aforementioned previous works lies in the fact that an
unbiased Monte Carlo simulation method directly stems from the integration by parts formulae derived
here. One may thus devise an estimator which does not involve any bias but only a statistical error.
To the best of our knowledge, this feature appears to be new. As a by product of our analysis, we
propose a probabilistic representation for the two derivatives 0,p(T, z, z) and 0,p(T, x, z) where (0, 0) x
[L,0)% 5 (T,x,z2) — p(T,z,2) stands for the transition density evaluated at terminal point z at time T
of the process X starting from z and killed at level L. We also point out that devising a Monte Carlo
estimator for IBP formulae without introducing a bias from the exact simulation methods of Jenkins [23]
or Herrmann and Zucca [21I] does not seem to be apparent. An extension of the exact simulation method
introduced by Beskos and al. [9] to compute the two first derivatives with respect to the starting point
x of the quantity E[f(X7%)], X being a one-dimensional diffusion with constant diffusion coefficient, has
been recently proposed by Tanré and Reutenauer [28]. However, it seems difficult to implement from
this method a Monte Carlo estimator for the aforementioned derivatives of the transition density of the
diffusion without introducing any bias.

The first step towards obtaining an IBP formula is to prove a probabilistic representation for the
marginal law of the killed diffusion process, in the spirit of Bally and Kohatsu-Higa [7] which developed
such a formula for multi-dimensional diffusion processes (without stopping) and some Lévy driven SDEs
by means of a probabilistic perturbation argument for Markov semigroups. We also refer the reader
to Labordére et al. [20] and Agarwal and Gobet [I] for some recent contributions in that direction for
multi-dimensional diffusion processes.

Such representation involves a simple Markov chain structure evolving along a time grid given by the
jump times of an independent renewal process. A similar representation was derived by the same authors
in [T4] by means of analytic arguments. However, the representation obtained here is different and more
amenable for the implementation of Monte Carlo simulation methods or to establish IBP formulae.

Once such representation is established, we then want to prove suitable IBP formulae using the un-
derlying Markov chain structure and eventually the noise provided by the jump times. For this purpose,
we set up a tailor-made Malliavin calculus for this new approximation process and perform a careful
propagation argument of spatial derivatives, backward in time for the first quantity in and forward
in time for the second quantity in .

These developments are not free of mathematical hurdles. In fact, the proposed methodology leads to
the appearance of boundary terms which have to be treated carefully. The key idea that we develop to
deal with this issue consists in using the noise provided by the jump times. Contrary to the IBP formulae
developed here, we point out that in most cases the explicitness of the IBP formulae for diffusions killed at
a boundary demands a number of simplifications and approximations. A technical argument commonly
used consists in performing a localisation of the underlying process in order to ensure that it is not close
to the boundary. This technique is successful but has some theoretical and practical limitations as shown
in Delarue [11]], [18] and Nakatsu [26]. This is one of the main reasons for the previously quoted statement
in Section 2.6 of [25].

We finally emphasize that the variance of the Monte Carlo estimators associated to the IBP formulae
established here tends to be large and even infinite. This feature is not new and appears to be reminiscent
of the probabilistic representation originally obtained in [7]. Importance sampling or higher order methods
have been proposed to circumvent this issue in the case of multi-dimensional diffusions, see Andersson
and Kohatsu-Higa [3] and more recently Andersson et al. [4]. Following the ideas developed in [4],
we show how to achieve finite variance for the Monte Carlo estimators obtained from the probabilistic
representation formulas of the marginal law of the killed process and of both IBP formulas by employing
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an importance sampling scheme on the jump times of the renewal process. We finally provide some
numerical tests illustrating our previous analysis.

The article is organized as follows. In Section [2] we provide some basic definitions, assumptions and
present a reflection principle based on a simple one step Markov chain that will play a central role in
our probabilistic representations for the marginal law of the killed process and for our IBP formulae. In
addition, we also construct the adequate Malliavin calculus machinery related to the underlying Markov
chain upon which both IBP formulae are made. In Section [3| the probabilistic representation for the
marginal law of the killed process, based on the Markov chain of Section 2} is established. The change from
the process X to the Markov chain coming from the reflection principle of Section [2[simplifies our analysis
as all the irregularities of the process appear as indicator functions. Section [4] is devoted to the main
ingredients to obtain our first IBP formula, that is, the IBP formula for the quantity E[f'(X7)1{r>13].

These ingredients are put to work in Section Theorem [5] is the main result of this section. As a
by product, we obtain a probabilistic representation for the first derivative of the transition density of
the killed process with respect to its terminal point in Corollary [} In Section [6] we establish the BEL
formula for the law of the killed process. The main result of this section is Theorem [7] and, as a by
product, we obtain a probabilistic representation for the first derivative of the transition density of the
killed process with respect to the initial condition = in Corollary |2} Many of the proofs of Sections [3| and
are technical and postponed to the appendix in Section In Section |7} we show how to achieve finite
variance for our unbiased Monte Carlo estimators by an importance sampling technique that we briefly
present. Some numerical results are presented in Section |8} Clearly, one needs to study numerical issues
in more detail and these are left for later studies.

Notations. For a fixed given point z € R, the Dirac measure is denoted by . (dx). Derivatives may
be denoted by f/(z) in the one-dimensional case or by 0;f(z) in the multi-dimensional case for the
partial derivative with respect to the i-th variable appearing in the multivariate function f or also by
0% f(z) = f@(x) where the latest is used in functions of one variable and the former is used mostly for
multivariate functions.

We will often work with continuous or smooth functions defined on [L, o). In order to shorten notation,
we will consider their extensionsE| on R. This is done just in order to shorten the length of equations and
notation. Therefore all statements can be rewritten using the same assumptions but restricted to the
domain [L, o).

The space of functions which are k-times continuously differentiable on a closed domain D is denoted
by €*(D). At the boundary points of D, all derivatives are considered as limits taken from the interior
of D only. In the case that the derivatives are bounded, the space of corresponding functions is denoted
by €F(D), k € Nu {0,00}. In particular, note that functions in %;! may not be bounded but are at
most linearly growing. Finally, %;(D) denote the class of k-times differentiable functions with at most
polynomial growth at infinity. The space of p-integrable random variables (r.v.’s) is denoted by LP with
its extension L*° for p = o0.

Given a measure space .S, the space of real valued Borel measurable functions on .S will be denoted by
M(S). We also introduce the simplex A, := {t € (0,70 <t; <--- <t, < T}, n € N where T is fixed
throughout the paper.

The transition density function at x of the standard Brownian motion at time ¢ is denoted by g(¢,x) =
(2mt) =12 exp(—x?/(2t)). Tts associated Hermite polynomials of order i, i € N, are defined by H,(t,z) =
(9(t,2)) o9t @).

In order to simplify lengthy equation, we may use the symbol £ o mean that two quantities are equal
in expectation. Sometimes the same symbol maybe used for equality on conditional expectation. This
will be clearly indicated at the point where it is used.

Generic constants are usually denoted by C and are independent of all variables unless otherwise
explicitly stated. As usual they may change value from one line to the next.

As we will be using discrete Markov chains in this article, we will often have indexes whose range may
be the set of integers. In order to shorten the length of statements, we will use the following notation for

n most cases, unless explicitly said we assume that functions are extended using e.g. Whitney’s extension theorem.
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the most common set of indexes N,, = {1,...,n} or N,, = {0, ...,n} with n € N=Nu {0}. In the case that
n < 0, then N, := .

2. PRELIMINARIES

2.1. Assumptions and basic definitions. Throughout the article, we work on a probability space
(Q, F,P) which is assumed to be rich enough to support all r.v’s considered in what follows. In addition,
we will work under the following assumptions on the coefficients:

Assumption (H).
(1) The coefficients of the SDE (|1)) are smooth and bounded, in particular, b € €°(R) and a € €°(R).
(ii) The function o is bounded and uniformly elliptic, that is, there exist a,@ > 0 such that for any
r e R, a < a(x) = 0?(x) < @. Therefore, without loss of generality, we will assume that o(x) > 0.

2.2. A reflection principle. Our probabilistic representation involves the following approximation pro-
cess

3) Xp® = X (p) = pa + (1 - p)(2L — 2) + o) (W, — W),

where p is a r.v. distributed according to a Bernoulli(1/2) law, independent of W, namely P(p = 1) =
P(p = 0) = 1/2. Under our assumption on the coefficients, the flow derivatives of X;"* exist. In particular,
one has

(4) 0. X" =2p — 14+ 0/ (2)(Wy — W), 2X)" = o (z)(W, — Wy).

In the particular case that s = 0, we may use the simplified form X; = X'to ¥, At this point, we give
a brief explanation about how the approximation process X appears in the forthcoming probabilistic
representation. The proof of the following lemma is straightforward by using the reflection principle, see
e.g. Karatzas and Shreve [24].

Lemma 1. Define the following approximation process:
Vi=z+o(x)W,, z>=L,

together with its associated exit time T := inf {t,Yt = L}. Then, for any bounded measurable function f,
the following property is satisfied:

(5) E[f(Y0)lizsry]| =E[f(YD)lvpory| —E[f2L = Yr)1y, oy ] = 2E[(20 — 1) f(X0)1ix,51] -

2.3. Basic Markov chain framework. We also consider a Poisson process with parameter A > 0,
independent of the one-dimensional Brownian motion W with jump times 73, i € N and we set (; := T; AT,
i € N with the convention that (o = Ty = 0.

Define 7 to be the partition of [0,T] given by m := {0 =: {p < -+ < (N, < T'}. Associated with this
set, we recall the definition of the simplex A4,, := {t € (0,7]™;0 < t; < --- < t, < T}. For instance, on
the set {Nr = n}, n € N, we have ((1,...,(,) € A, and (41 = T. In particular, for the set {Np = 0}
(i.e. n =0), we let m:={0,7} and Ay = J. In this sense, we will use throughout the rest of the paper
the index n € N without any further mention of its range of values.

As it is the case in the previous observation, many proofs and definitions will be carried out conditioning
on the set {Ny =n}, ne N.

Let X := (X;);eq be the discrete time Markov chain starting at time 0 from X, = x and evolving
according to

(6) Xi+1 5:pi+1Xi + (1 — pi+1)(2L — Xl) +0iZit1, 1€ NNT,

where for simplicity we set o; := o(X;), Zi 11 := Weor =W, = 0;1 ()_(Hl —pit1Xi — (1= piy1)(2L — )_(l))
and {p;;i € N} is an i.i.d. sequence of Bernoulli(1/2) r.v.’s such that W, N and {p;;i € N} are mutually

independent. In what follows we use the notation h; = h(X;), i € N,;; for any function h : R — R.

In particular, the reader may have noticed that we already used this notation in the above formula for

h = 0. We also associate to the Markov chain X the following sets

(7) Di,n = {Xl = L,NT = ’I’L}, for i e Nn+1~
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It is important to point out that given Ny = n, the conditional distribution of X, ;1 given X,, is not
the same as the conditional distribution of X;;1 given X; for i € N,,_;. This is due to the fact that the
length of the last interval is T'— (,,, rather than the waiting time between two consecutive Poisson jumps.
This remark applies to various definitions and results to be stated through the rest of the article.

We define the filtration G := (G;),cy Where G; := o(Z%, (%, p*) with the notation a® := (ay,...,a;) for
a=2, (, p,ieNand Gy defined as the trivial o-field. We assume that the filtration G satisfies the usual
conditions.

2.4. Simplified Malliavin Calculus for the underlying Markov chain. In this section we introduce
the required material for our Malliavin calculus computations. Instead of using an infinite dimensional
calculus as it is usually done in the literature, the approach developed below is based on a finite dimen-
sional calculus for which the dimension is given by the number of jumps of the underlying Poisson process
involved in the Markov chain X. In what follows, n € N unless stated otherwise.

We start by defining the following space of smooth r.v.’s.

Definition 1. For i € N,,, we define the set Si+1,n()_() as the subset of r.v.’s H € L° such that there
exists a measurable function h: R? x {0,1} x Ay — R satisfying

(1) H = h(X;, Xit1,pit1,Cir Gig1) on the set {Np = n}.

(2) For any r € {0,1} and any (s,t) € Ay, h(-,-,r,5,t) € €,°(R?).

Forarwv. He Siﬂ,n()_(), i € N,,, we may sometimes abuse the notation and write
(8) H = H(Xi7X’i+1api+17<ia<i+l)7

that is the same symbol H may denote the r.v. or the function in the set Si+1,n()_()- One can easily
define the flow derivatives for H € S;+1 ,(X) as follows:

0%, H :=020(Xi, Xit1, pis1, Gis Giv),
(9) Ox, H :=010(Xi, Xiy1, pi1s Gis Gir) + O2h( Xy, Xigr, pint, Giy Gin1) 0, X1,

aXiXH-l Z=<2pi+1 - ].) + O';ZH_l.
We now define the derivative and integral operators for H € SH—l,n(X ), i€ Ny, as
Z;
= ek S
oi(Gi+1 — Gi)
Note that due to the above definitions and Assumption (H), we also have that Z;.1(H),D;41H €
Si+1.n(X) so that we can define iterations of the above operators, namely Ifill (H) = Z;+1(Z}{,1(H)) and
similarly Dfill (H) = Di1(D{, 1 H), { € N, with the convention Z?, , (H) = DY, , (H) = H.
Through this article, we will use the following notation for a certain type of conditional expectation
that will appear frequently. For any X € L' and any i € N,,,

Ein[X] = E[X |G, T"", p" !, Ny = n].

(10) IH—l(H) = - Di_;,_lH, Di+1H = QXHIH.

With the above definitions, the following dualityﬂ is satisfied for any f € CKZ}(R) and any (4,£) € N,, x N:
(11) Eip [Dfy1 f(Xiv1)H] =Ein [f(Xi1)Z{ o (H)] .

In order to obtain explicit norm estimates for r.v.’s in SiJrl,n(X) it is useful to define for H € Si+1,n(X)7
ieNy,andp>1
[ H 550 =B [[H[P].

pyi,n

2This duality is obtained using the Gaussian density of X, while in classical Malliavin calculus it is based on the
density of the Wiener process. Therefore the derivative and integral, D; 11 and Z;11, i € N;, defined in the formula (11
are renormalizations of the usual duality principle in Malliavin calculus. In our case this notation simplifies greatly many
equations.
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Another useful formula that is used at several places later on is the following extraction formula for
Hy,Hs € SiJrl,n(X) :

?
(12) () = Y (1) (f)zfd(Hl)DmHz

The proof of the above statement is done by induction. Then, by iteration, one obtains that If(l) €
Sin(X) and it satisfies Z71(1) = ZH(1)Z;(1) — £Z¢(1) which, in particular, implies:

(13) Zi (1) = (=) Helai1 (G = Gi1), 001 20).-
Using for Hy =1 and Hy = H as well as , the following norm bound for stochastic integrals
is clearly satisfied for ¢ € N and any measurable set A € F
¢

(14) HlAI Hpﬂ"n <C Z (CZ+1 - CZ) H1AD1+1HH;DJ,H'
7=0

The following Holder like inequality for smooth r.v.’s Hy, Ha € S;41.,(X) is also frequently used in our

computations without any further mentioning for any i € N, for any p, p1, p2 > 1 satisfying p~! = pfl +py !
and any A € F:

(15) |1aH,Ho

pin SCILaH[p, 4,

lp2.i.n-

We will also frequently manipulate quantities such as E; ,[61(X;11)H] for H € Si+1,n(X)~ The
previous expression has a clear meaning due to the IBP formula (see the theory in [22], Chapter
V.9. for a much more general framework) or in the sense of conditional laws

Ein[0n(Xiz1)H] =E; n[1p,,, . Ziv1(H)] = Ei »[H|Xi41 = Llg(ai(Civ1 — G), L — X5).
We finally introduce the following space of r.v.’s with certain time (ir)regularity estimates.

Definition 2. For (€ Z, i € N,,, we define the space M 11,,(X,€/2) as the set of r.v.’s H € L°, satisfying
the property (1) in Deﬁnition and such that

Hlpin < C(Ci1 — G)?

for some deterministic constant C' independent of (p,i,n).

]'Di,n ”]'Di+1,n

We again remark that since the definition of the space M 11,,(X,£/2) uses the conditional norm E; ,,[.]
and property (1) in Deﬁnition when we say that ar.v. H € M;1,(X,£/2), this statement is understood
on the set {Np =n}, ne N.

A straightforward consequence of equation and is the following property.

Lemma 2. For j € {0,1}, ie N, and ke N, if H; € Mj41,,(X,/2) 0 Sis1,0(X) with |DF  Hi|pin < C
then IﬁLl(Hl) € Mi1.0(X,(j — k)/2). Purthermore, if Hy € My 1.,(X,k/2) then the product HyHs €
Mis1,0 (X, (5 +K)/2).

Lemma 3. Let h = h(X;, Xit1,pit1,Ci, Civ1) € Siz1.n(X) with i € N, then the following chain rule type
formula holds

ol

0%, Ziv1(h) = Lit1(0x,h) — —ZLita(h).

(2

Proof. From the extraction formula (12, the usual chain rule and the fact that 0, Z;1(1) = —Z—ELH(I),

/

6XiIi+1(h) —% 1_;,_1( )h + Ii+1(1)85(ih — aXiDi+1h

Ziy1(0x,h) = Ziv1(1)dx,h — Diy10x,h
Note that 0g, and D;;1 do not commute. Indeed, by the usual chain rule, one has
0Xit1 0Xit1 ol

0x,Dit1h — Dit10x,h = 0102k + 03h X —Di11(01h + doh 3X, ):—azh;:
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where in the last equality we used the fact that D; 1 6;()"—';1 = g—/ By combining the above computations
we obtain ' '
o, o,
0xZiv1(h) = Lis1(0x,h) = = —* (Zis1(1) = Divrh) = —=—Tir1(h).
1 1

Remark 1. Heuristically, the result of Lemma[3 can be viewed as a chain rule formula of the type

0%, (Ziv1(h)) = (Ziv1)(0x,h) + (0%, Ziv1) (h).

3. MARKOV CHAIN REPRESENTATION FOR KILLED PROCESSES

In this section, we establish a probabilistic representation for the marginal law of the killed process,
that is, for the law of X7 on the set {r > T} based on the Markov chain X introduced in the previous
section. The proof of the following result is postponed to Appendix [I0]

Theorem 2. Let f : R — R be a measurable function with at most polynomial growth at infinity such
that f(L) = 0. Then, one has

Nr+1
(16) E[f(X7)1zomy] :]E[f(XNTH) 1 1D1~,NT9_¢]~
=1

Here, forie N,11, we let
(17) 0; :=1inp=i-1)2(2p; — DA (Zi(ch) + T2 (ch)) + Lnpmio112¢™T (2pnpg1 — 1).
In the above definitions, we have used c; €Sin(X),i=1,2,i€ N1, ne N where

(18) Cli = Ci(Xi_l,Xi)IZbi = b(Xl),

, L 1 1, =
cy = cy(Xio1, X;) 1= E(ai —aj-1) = §(G(Xi) —a(Xi-1)).
Furthermore, we have 6; € Sin(X), i € Nyp1, n € N and the following time degeneracy estimate is
satisfied: for all p = 1, there exists some positive constant C := C (T, a,b,p) such that for i e N,,

(19)  Lyenp(G —G1)"1p, ., Eicia [1p,,10i7] + Licniny1n,  Bun (10,4, 10041 P] < C.

As a consequence, for all p € [0,2), one has E [| 1—[£V=T1+1 1p; v, 0i|p] <.

We importantly observe that the above probabilistic representation allows to implement an unbiased
Monte-Carlo simulation method since one just has to simulate the Poisson process N, then the Markov
chain X along the jump times of N and finally to compute the explicit product of weights. Contrary to
our previous work [14], the Markov chain X is defined from the reflection principle introduced in Lemma
thus reducing further the number of variables in the problem. This probabilistic representation is thus
more workable for the forthcoming IBP formulae.

Remark 3. We make several remarks before moving on:

(i) The assumption f(L) = 0 can be avoided at the cost of longer formulae as one can obtain a proba-
bilistic representation based on the same Markov chain for the probability P(t = T') using the results in
Section 3 of [14], but we do not pursue this goal here.

(ii) In the proof of the above result, one uses the following crucial property: For i € N,, the ran-
dom wariables 1p,,, ¢t 1p,., 0%,¢5™" € Mip1,,(X,0) and 1p,,, 5" € Miy1,(X,1/2) so that
1p,., Zivi (™), 1p,,, T2 (5TY) € Mg 0 (X, —1/2) and therefore 1p,,, , 0i11 € Miy1,,(X,—1/2).
(iii) The power p/2 appearing in the time degeneracy estimates in 18 cructal in order to determine
the integrability of the r.v. appearing on the right hand side of . This motivates the definition below.
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Xo 0, X1 X, X1 0, X 0, -
ot el e e = e, f(Xn11) Space evolution
o——CG—C G Cn T Continuous time evolution

FIGURE 1. The time evolution of the Markov chain and its weights

Definition 3. We say that a weight r.v. H € S; ,, satisfies the time degeneracy estimate if for all p > 1
(20) 1p <C(G—Ga)72

1Dn+17”HHp,n7n < C in the case that i =n + 1.

[1o:,. H]

i—1,n

pi—1n

in the case that © € N,, and 1p, .

At this stage, we find it useful to show graphically the dynamic structure of the Markov chain and the
random weights 6;, i € Ny, 41 for the probabilistic representation . This will be important in order
to understand the structure of the IBP formula.

In the above figure, one observes the evolution of the Markov chain X;, i € N, 1, together with its
associated weight sequence appearing in the probabilistic representation. We also note that at the end of
the Markov chain evolution which always happens at time 7', the test function f is evaluated at X, 4.
Furthermore, the right hand side of is the product of all elements on top of the arrows on the first
line of the above figure and the corresponding indicator functions of the sets D; ,, defined by , with
f(X,41). The second line gives the time evolution followed by the jump times of the Poisson process N
which coincide with the times at which transitions of the Markov chain X happen.

In other figures that appear later on, we will use the general symbol %, k € N,,.1 defined in Figure
which stands for product *; := Hle 1p,,0;. We remark here that as stated in (L7), on the set

{Nr = n}, the definition of (X,,41,0,,1) differs from all other (X;,0;), i € N,,.

4. INGREDIENTS FOR AN IBP FORMULA

In this section we give the main ingredients in order to establish an integration by parts formula for
the marginal law taken at time T of the killed process.

In order to understand the main ingredients to be introduced in this section, one starts by supposing
that the problem is to find an IBP formula for E [f’(XT)l{,.ZT}]. The BEL formula will be easier to
handle and is tackled in Section [6l

4.1. Some Heuristics. The following heuristic arguments may help the reader to understand the strat-
egy developed in the next sections to prove our IBP formulae.

Step 1: The first step was performed with the probabilistic representation established in Theorem
involving the Markov chain X evolving on a time grid governed by the set of jump times of the Poisson
process N.

Step 2: As already explained in the introduction, the central idea is to reduce the infinite dimensional
problem of finding an IBP formula for E[f'(X7)1,~7}] to a finite dimensional problem, namely finding

an IBP formula for the quantity E[ F(Xnps1) H?\ZH 1D, ., §i], for which the dimension is random and

3
given by the number of jumps of the Poisson process at time T'.

At this stage, unfortunately, one cannot perform a standard integration by parts formula as in [27] on
the whole time interval [0, 7] for various reasons. For example, the Skorokhod integral of the product of
weights ]_[i\flﬂ 1p, v, 0; will inevitably involve the Malliavin derivatives of §; and the indicator function
1p, nps which in turn will raise integrability problems of the resulting Malliavin weight.

The key idea that we use consists in performing IBP formulae locally on each random intervals [¢;, (;+1],
for i € N,, on the set {Ny = n}, that is, by using the noise of the Markov chain on this specific time
interval and then by combining them in an suitable way. The case ¢ = n is easy to consider because, by
taking the conditional expectation E,, ,,[.] in the original probabilistic representation on the set { Ny = n},
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the IBP reduces to E, n[f'(XNp+1)1D,01,.0n] = Ennf (XNp+1)1D,0 40w Zns1(Ons1)] by and the fact
that f(L) = 0. However, performing the IBP formula on a random interval [(;,(i11] for 0 < i < n is
more challenging.

In order to do it, our first ingredient consists in transferring the derivative operator appearing on the
test function f backward in time from the last interval to the interval on which we perform the local
IBP, say [(;,Ci+1]- This operation will unfortunately generate a boundary term each time a transfer
is performed, i.e. one for each time interval [(;,(jt1], 7 = 4,---,n. As previously mentioned, the
boundary terms will induce integrability problems. In order to circumvent this issue, we then introduce
our second ingredient which consists in performing a boundary merging procedure of this term using the
time randomness provided by the Poisson process. We refer the reader to Section [£.3] for a more detailed
discussion of this issue. Then, an additional ingredient that we use is a time merging lemma about the
reduction of jump times of the Poisson process. It is described in Lemma and directly employed in
the proof of our main result, namely Theorem

As already explained above, the last ingredient consists in combining these various local IBP formulae
in a suitable way. Roughly speaking, we consider a weighted sum of each integral operator, the weight
being the length of the corresponding time interval.

4.2. The transfer of derivative lemma.

Lemma 4. Let f € ‘gpl (R) and n € N. The following transfer of derivative formula holds forie N, _; :

(21) Ein[0x,,, f(Xi+1)1Disr 0 0ia1] =0, Ein[f(Xix1)1piry, 0141 ]

«—c 0

+ Ein[f(Xis1)(Apsr, 050 +00(Xig1) 0 44) ]

e «c <0

where the r.v.’s (?H_l, 0,41, 0;11) €Siz1,n(X) are defined by

€

041 =227" (Iiz-ﬁ-l(dé-H) + Iz‘+1(dli+1)) )

(22) 7;1 =Ti1 <§i+1 — (2pi41 — 1><§:+1> - a)‘(,;?jﬂ —0iTis1 (Zi+1(§j+1) ;
<0 _
0 i1 :=2(2pip1 — A (d/(L) — b(L))Zi+1(1),

(23) dit i=cTt — (2pi1 — 1)og, 5,

(24) ditt =cith.

Assume additionally that f(L) = 0. Then, one has

— — — «—e
(25) ]En,n[aXnHf(X7L+1)1Dn+1m,9n+1] = a}?nEn,n [f( 7l+1)1Dn+1,n 0 n+1]

<«—C

+ E"’"[f(Xn+1)1Dn+1,n 0 n+1]
with 05,1 =0, G, = 2eM andz:lH = —2e*(0'0) (T — Cn)IZH({) € Spi1n. With the above
definitions, x — Ein[f(Xiz1)1p,,,, 0141 |Xi = 2] € €,(R), a.s. forie N,. Moreover, one has that

?jﬂ, for a € {e,c, 0} satisfies the time degeneracy estimates for i € N,,.

The proof of Lemma [4]is postponed to Appendix [10.2] The transfer of derivatives procedure starts on
the last time interval [(,,T] according to formula . It expresses the fact that the derivative operator
Ok, ., on the left hand side of the equation is transferred to a flow derivative dg of the conditional
expectation on the right hand side of . Remark that the derivative of f has been written ubiquitously
as 0x, ., f (X,+1) and that exceptionally in the last time interval there is no boundary term due to the
assumption f(L) = 0.

Then, by the Markov property, the first conditional expectation appearing on the right hand side of
[21)) can be expressed as a function of X,, which will be the new test function that will be used in
for the case i =n — 1 > 0 and so on.
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The transfer of derivatives for other time intervals is obtained in (21f). This formula in comparison

2
with (25) has a boundary term which is denoted by (52 +1- In this fashion, various transfer of deriva-
tives formulae can be obtained by transferring successively the derivative operator through all intervals

backward in time. The left pointing arrow appearing on the top of the notation (gj 41, for a € {e,c, 0}
expresses the fact that we are performing a transfer of derivatives argument backward in time.

FIGURE 2. The dynamics of the transfer of derivatives formula

As explained with the transfer of derivatives for the last time interval, we also see that the derivative
Ox,,, is transferred (this is the meaning of the left pointing red arrow in the above figure) to become

the derivative dg, changing the weight ;11 into (gf 41 (e for exchange) but at the expense of creating

extra terms denoted by ?f 41 (c for correction) and a boundary term ?f +1 coming from the boundary
(denoted by 0 in what follows). All these weights satisfy the same moment estimates as .

In the above figure, we can see the structure of the transfer of derivatives will generate two branches of
a tree at each time Lemmald]is applied. The blue arrow means that the corresponding term generated by
the transfer of derivative is a degenerate boundary term that needs to be addressed because the weight

r.v. ?Z +1 is multiplied by a Dirac delta distribution. This will be solved using the second ingredient to
be introduced in the next section: the boundary merging lemmas. The term %; standing for the product
*; :=[[;_, 1p,,.0¢ means that no more transfer of derivatives is required for these two terms because

the derivative operator no longer appears on the test function f for the terms associated to (yf +1 and
<0 .
0 ;41 in .

We remark that the last term in is singular but well defined if the time variables are fixed which is
the case here as there is a conditioning with respect to the Poisson process expressed with the conditional

expectations E; ,, in (21). Since the boundary weight 9 ;| is multiplied by d7,(X, 1) the time degeneracy

. 2
estimate for the product ér, (Xm)‘ﬁi +1 deteriorates so that the resulting probabilistic representation will
not be exploitable without the extra ingredient of the boundary merging lemmas. A further study is thus
required before proving moment estimates. We will discuss this matter in detail in the next section.

4.3. The boundary merging lemmas. The second ingredient that we need in order to establish our

first IBP formula is the boundary merging lemma. Though the sequence of weights {?f ,i € Ny, }
satisfies the time degeneracy estimate stated in Lemma |4 which is similar to the one satisfied by the
sequence {§i7i eN NT} in , the fact that it is multiplied by &7 (X;) increases its time degeneracy by
a factor of (¢; — (1)~ V2.

The key idea in order to circumvent this issue consists in using the time randomness provided by
the Poisson process in order to smooth this singularity. This will eventually allow us to retrieve a time
degeneracy estimate similar to . We call this ingredient the boundary merging lemmas.

To be more specific, in order to circumvent the time degeneracy problem related to the boundary term
on the right hand side of 7 one needs to consider two successive random time intervals, say [(;—1, (]
and [¢;, Ci+1], and take expectations with respect to the intermediate time (; in order to regularize the
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term &7, (X;) that appears when one transfers the derivative using on the time interval [(;_1, (;]. This
operation will remove the time singularity induced by the Dirac delta distribution but will also reduce
the number of jumps by one unit.

An important remark is that the boundary merging lemmas are not needed in the case that there are
no jumps in the interval [0, T], that is, on the set { Nt = 0}, because of the condition f(L) = 0.

From the application of the boundary merging lemmas, a new Markov chain structure appears which
we call the merged boundary (one-step) Markov chain X whose transition on the time interval [y Gittls
for j =i —1, i, is given by

i+1
(26) X{ip1 =X (X)) =L (1= (X)) + X;(X;) + 0(D) Zjinrs  Zjawri= ), Zn,
k=j+1
with p(z) := —o(L)/o(x).

In the above one-step dynamics and in what follows, the index j = i — 1 will be used to indicate the
boundary merging of the underlying Markov chain X on the two consecutive time intervals [¢;_1, ;] and
[Cis Gir1] while the index j = ¢ will be used in a second stage once the reduction of jumps (a.k.a. time
merging) is performed in Section As the proof of time degeneration estimates are similar and in order
to simplify the presentation, we will deal with both cases at the same time in the next two Lemmas.

In the same way as it was done in Section we define the associated space of smooth r.v.’s.

Definition 4. ForieN,, and j € {i — 1,i}, we define the set S;;1.,(X?) as the subset of r.v.’s H € L.
such that there exists a measurable functions h : R? x {0,1} x A;41—; — R satisfying
(1) the random variable H can be written as H = h(X;, XJ it1 Pit1,Cjs Gy Gip1) on the set {Np = n}.
(2) For any r € {0,1} and any s € A;jy1_;, one has h(-,-,r,s) € € (R?).
Similarly to the operators D and Z, defined in Sectlon | related to the Markov chain X, we introduce

the operators D and T associated to the merged boundary process X¢ defined above. For any (smooth)
rv. He Sg,z+1,n(X )and £ =1, we let
_ Z:ii1 _ _ _
Zii(H :=H—”+ — Dy H, T8 (H):=T',,,(Zjin(H
75 +1( ) ( )(<i+17<j) +1 ]'L+1( ) 7, +1( Js +1( ))
D1 H i=02h(Xj, X5, 1, pis1,G Gi Giw1), Dy H :=Di 1 (Diy1 H).
Observe that since Zj ;41 = o H(L)(X7, — (L (1 — p(X;)) + X;u(X;))) € Sjip1.n(X), it is clear
that the r.v.’s Z; ;41 (1) and IJZPr1
variables X XJ it1s Pi+1, Gjy G and Ciq1.

<
In the following result, we will also use new weights 6 j:il, for j = i — 1,4, obtained by a merging

(1) also belong to S, i+1,.,(X?) so that they are explicit functions of the

<0 <« —
procedure of the two weights 6, and 0 f+1 on the boundary set {X; = L}

7o = T g @y 4 7 @)
with J
(27) Ji“ =(b— a/)(Xf,iH)a @H = %(Q(Xja,i-&-l) —a(L))
fori =0,---,n—1. For the last interval, on { N; = n}, we have ?jfﬂ = 4eATM, for j = n—1,n.
The cases j = i — 1 for and j = n—1 for ?: 1.nt1 are used in the followmg result where we

0
perform the boundary merging procedure. The remaining cases j = ¢ for b i _,_1 and j = n for 0 n*z 41

will be used once time merging is performed in Section [5] For this reason, some properties that we will
employ later appear in the next lemma for these cases.

The definition of the time degeneracy estimate in the sense of Definition [3| is naturally extended to
this case if we define

Jerln' { jz+1 L7NT:n}, j:’L—LZ
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and replace for H € Sjﬂ-+17n(X‘9) by

pa
2

(28) Vp=1, 1p, E [1Da L HP ieNy_1, j=i—1,i

Gj, Giv1, N1 = n] < C(Giy1 —G)~

and 1p, E [lDa o |H\P‘gj,NT = n] <Cforj=n—1,n.
’ J,m \n
We are now in position to provide the second ingredient in order to establish our first IBP formula,
namely the boundary merging lemma. Its proof is postponed to Section [10.3.2

Lemma 5. Let f € ‘KS(R) and n € N. The following property is satisfied for any i € N,,_;

_ —e = <0
(29) E[f(Xi+1)1D,1,0 0 14100(X) 05 | Gim1, Givr, Nr = n]
)\_1 50 <« 0O%e
= WEU(XFMH)1D§7H+m i—1,i+11Gi-1, i1, Nr = n].

Similarly, for the last time interval, one has

— <«~—€ e 0
(30) E[f(Xn+1)1Dn+1,n 0 n+15L(Xn) 0 n |gn717 Np = n]
)\71 -0 < 0O%e
= mE[f(X7L—1,n+1)1Di_1yn+1_’n ¢ n—1,n+1 | gYL—hNT = n’]

< 0%e . X L <« 0%e —
Here, |0 ;11| < C as. for j = n—1,n. Moreover, with the above definitions 0 ;. ; € Sjit1.n(X9),

2
j=1—1,i and ?]til satisfies the time degeneracy estimates in the sense of ,

0
The above lemma can be illustrated using Figure 3| below. The boundary weight r.v. 6, marked in
blue is merged together with the weight (gf 41 appearing in the next time interval, by taking expectations
with respect to (; in . This operation leads to a new transition on the time interval [(;_1, (;41] for

the underlying Markov chain. More precisely, the new r.v. XffLHh and the new weight, (gjjiiﬂ, both

a
marked in red in the above figure, will replace the symbols in blue: ?Z and (yf +1- In this sense, we call

2 B
?:;Hl the boundary merging of weights (yi and ?fﬂ.

Remark that for the branch corresponding to the pair (?f, ?f +1), 1o merging procedure is required
so that the respective Markov chain elements X; and X;,; remain unchanged. For this reason, we have
chosen to leave the weights (gf and ?Ze 41 in black on the left hand side.

On the right hand side of Figure [3| we see the result of the boundary merging procedure. Clearly the
transition for the merged term has changed from X;_; to X7, ,,, and then, for the next time interval
[Cit+1, Ci+2], the transition of the underlying Markov chain remains unchanged and is given by

Yipo :==Xia(i + 17Xf—1,i+1)
=pia X 1ip1 + (1= pisa) 2L = X7y 1) + 0(X 1 i11) Ziva,s

«—e

and where (E§+2 = 0 i+2()f(fflyi+1,Yi+2,pi+2,Ci+1,Ci+2) stands for the same weight formula as ?;2
but whose starting point is Xffl’i +1 and its end point is Y; 2. We remind the reader that we freely use
function notation for smooth r.v.’s on the spaces S,»Jrg,n()_() as in .
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FIGURE 3. Markov chain structure before merging of boundary terms on the left and
after merging on the right.

So far, we have explained how to transfer the derivatives and how to deal with boundary terms. The
last step consists in performing a local IBP formula on a fixed time interval, say [(;, (;+1]. This operation
will involve the integral operator applied to corresponding weight, namely Z;(1 D/L.,"éi), and thus will
inevitably increase the time singularity in the estimate as stated in . Moreover, by the extraction
formula, the Malliavin derivative of 1p,, will also generate a boundary term that has to be carefully
treated by a merging procedure. This is the purpose of the following second boundary merging Lemma
that we now describe.

The proof of the following result is postponed to Section As the resulting boundary merging
weight is different, the notation for the boundary merged weight changes from ¢ e to d®e. The merged
boundary process does not change.

Lemma 6. Let f € ‘5]9(&) and n € N. The following property is satisfied for any i € N,_;

(31) E | £(Xi)1bin, T a00(K)(G = Gon)0i | Gimt G, Np = ]
)\_1 — «—0®e
= mE[ﬂX? 1 z+1)1Dg Litin =L+l |Gi1,Gi1, N7 = ”]
where we define the boundary merged weight ?;%?_il forj=i—1,i as
cose L a(L) = b(L) e
0o =N (K = L) (T (d5™) + Ty (4

a0 (L)

a;
with coefficients given by

A =dit x (g ) (alL) (Gt — &)y Zyana)s  k=1,2,

O(t, 2) := JOT 9(t,y)dy.

Similarly, for the last time interval, one has

(32) E[f(Xnt1)1Dyir 0 0 0s102(X0)(Cn = Co1)8n | Gror, N = 1]

A_l v O —®e
=T,7<TL_1E[JC(XZ 1n+1)1D;M+M n1mt1 | Gne 1,NT—n]
where 03n+1 = 4e /\T%(Z)L()L)(X —L)d"t, dn = (D) (a(L) (G — Cj)y Zjn+t1) so that| Gjn+1|

C as., forj=n—1n.
_ <a
Moreover, for anyi € N, foranyj=1i—1,7, 0 f?j_l € Sjit1, #(X?) and it satisfies the time degeneracy

estimates in the sense of .

Remark 4. (i) We again emphasize the role of the two indexes j =i — 1,1, for i € N,, in the definition

B a
of the boundary merged weights ?]Til and ?J(?il of Lemmas |5 and |6l The index j =i — 1 is used for
the boundary merging operation while the index j = i will be used once the reduction of jumps operation
(a.k.a. time merging) is performed in Section[5.1]



14 NOUFEL FRIKHA, ARTURO KOHATSU-HIGA, AND LIBO LI
(ii) The reason why the terms ®g~' appear in the definitions of the coefficients (fi+1, contrary to the
previous Lemma E[, 18 due to the time increments (; — (;_1 and (, — Cn1 on the left hand side of

equalities and .

(iii) An important technical remark which follows from the definitions of the merged weights ?j:j_l and
«—0®e

0;it1,7=1—1Li1n Lemmas@ and@ is that they do not depend neither on p; or p;+1.

5. A FIRST IBP FORMULA: PUTTING THE INGREDIENTS TO WORK

As explained at the beginning of Section[d] in order to obtain an IBP formula, one first has to take the

conditional expectation w.r.t the Poisson process N inside E [8)?NT+1f(XNT+1) Hﬁ\fl“ 1p, y, 91-]. Once

the jump times are fixed, one observes that there is a Markov chain structure to which one may apply
the transfer of derivatives procedure described in Lemma[d] This leads to a tree structure of terms which
are combined up to the time interval where we decide to stop the transfer of derivatives and to perform
a local IBP formula using only the noise on this specific interval. Throughout this section we will often
denote this interval by the general index k. For example, the tree structure is illustrated in Figure [4]
where the IBP is performed on the time interval [(;—1,(x] for k = 2. The application of the IBP formula
on the time interval [(x_1, (x] will give after using the extraction formula the new weight

Ik(le,ngk) = 6L(Xk)§k + 1Dk,nIk(§k)~

We thus see that a boundary term appears which is treated by the boundary merging procedure described
in Lemma [ and thus gives rise to the new weight associated to the symbol 0® e.

The terms which contain boundary weights due to the successive application of the transfer of deriva-
tives formula are treated by the boundary merging procedure of Lemma Figure [4| shows these
terms before the boundary merging procedure in a simplified algebraic notation that will be introduced
in this section.

This boundary merging operation will lead to the recovery of an integrable time degeneracy estimate
and to the reduction of one jump unit (after an application of the so-called time merging procedure) in
the underlying Poisson process. Finally, a local IBP formula is performed on the interval [(_1, (x] where
we have stopped the transfer of derivatives. As described above, after using the extraction formula, the
new weight given by Zy(1 D,mék) will also generate a boundary term to which we apply the boundary
merging procedure described by Lemma[6] As before, this will in turn reduce the number of jump times
by one unit.

We importantly note that when one stops the (backward) transfer of derivatives procedure and decide
to perform a local IBP formula on the time interval [(x_1, (x|, the weights 1Dj,néj for the preceding time
intervals, namely [(j_1,(;], for j = 1,--- ,k — 1, correspond to the original probabilistic representation
in Theorem [2] and thus remain unchanged. A similar remark applies when a time merging of weights or
a correction weight appears on one branch of the tree structure below.

The overall tree diagram before carrying out the boundary merging procedure can be schematically
described as follows in the case of Ny = 4 jumps of the Poisson process

0 T e e e
0=20o G G2 (3 Ca T
0=20o 0 C1 0 C— ¢3 0 Ca

FIGURE 4. A tree in the case of Ny = 4 jump times with an IBP performed on the time
interval [(1, (2] before any merging.
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An important remark in order to understand the tree notation to be introduced in the next section is
that the blue curved arrows will lead to the application of the boundary merging Lemma [5| Therefore,
as the number of jumps will be reduced by the time merging procedure, those time merged weights will
no longer be considered as weights associated to the set {Np = 4} but {Nyp = 3}. A similar remark
applies when applying Lemma [6] to the boundary term generated by Zy(1p, k) which is denoted by the
straight blue arrow in Figure

We believe that the above explanations given before the proof of our main result are important for the
reader because they are necessary to understand the following section where the various symbols for the
above tree structure are introduced.

5.1. The tree structure in the IBP formula. In this section, we start by describing all the branches
of the tree that are generated after performing transfer of derivatives and the two types of boundary
merging previously described.

We denote by S, 11, the set of all symbol sequences of length n + 1 described by the following vectors
of length n + 1. More explicitly, when n = 0, we define Sy := {I{,B}} with I} := (Z) and B := (0 ®e)
and for n e N,

Spi1 = ( U {IIQL+1,BZ+1}> U ( U {C’,?+1,B£+1}) ]
1<k<n+1 2<k<n+1

Therefore in Sy, 11 there are in total 2(n+1)+2n vectors. The above vectors give the description of a branch
in the IBP formula and are defined as follows. On the one hand, we let C,?H = (0,...,0,¢,e,...,e) and
I,?H :=(0,...,0,Z,e,...,e) where the component ¢ or Z appears in the k-th coordinate for k = 2,...,n+1
and we allow & = 1 only for the vectors I,?H. On the other hand, we denote by B,?H = (0,...,0,0 =
e e, ..,e), k=2 ...,n+1and BZH :=(0,...,0,0®e,e,...,e), k=1,...,n+ 1, where the element 0 * e
or 0@ e appears in the k-th coordinate for k =2,...,nand k=1,...,n respectivelyﬂ

As mentioned previously, the index k corresponds to the time interval on which we perform the local
IBP formula. In other words, if the symbol 0 appears at the j-th coordinate of a vector, for 1 < j < k,
this means that the weight corresponding to that time interval, namely [(;_1,(;], remains the same as
given in the probabilistic representation of Theorem (2 i.e. 1 Dj,néj- The symbol ¢ appearing at the
k-th coordinate of the vector C]:”'l means that the new weight (associated to this vector and to the
interval [Cx—1,Ck]) is 1p,, ?Z The symbol Z appearing at the k-th coordinate of I,?H stands for the
IBP weight, i.e. 1 kaIk(ka). The symbol 0 * e corresponds to the merging between exchange (denoted
by e) and boundary (denoted by 0) r.v.’s according to Lemma [5| while the symbol ¢ ® e corresponds to
the same merging but occurring on the same interval as the one where we perform the IBP formula and
is computed according to Lemma [6]

We remark here that in the last interval there is no boundary term because we always assume that
the test function f vanishes at the boundary.

If we fix our attention on all the branches that are generated with the objective of carrying out the
local IBP formula on the interval [(x—1,(x], we find the two following subsets of S,,+1 which correspond
to the branches that finish with a correction weight 0 and the branches that finish with a time merging
of two time intervals, before leaving unchanged the remaining weights on remaining intervals. For k =
1,...,n+ 1, we define

stam U ) S iU U )

k<j<n+1 k<j<n+1

and in the special case n = 0, we let S} := {B}}.
For example, the following figure describes the situation in the case when originally there were n = 4
jump times. Observe that, on the one hand, due to the merging procedure, all sequences of arrows

31n order to keep index notation short, so as not to have to always consider two cases when k takes as lowest value 1 or
2, we include C’f+1 and BILJrl as symbols but any statement in this case should be taken as an empty statement or that
the symbol corresponds to the zero (empty) element.
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starting at time 0 and finishing at time 7" which contain time merged weights are thus considered on the
set S7,i.e. for n = 3. On the other hand, the sequences of arrows that contain a correction term c are
part of the set SZ.

0=20o G1

OZCO 0 Cl

FIGURE 5. A tree in the case of Ny = 4 jump times with an IBP on the interval [¢1, (2]
after time merging. All branches that contain a merged terms are associated to the set
{Np = 3}.

5.2. The Markov chain and weights associated to the IBP tree branches. For the corresponding
time partition 7 := {0 = {y < ... < (n+1 = T} of the underlying Poisson process on the set { Ny = n}, we
now need to define the underlying Markov chain X®, for s € S,,;1 or s € SfL +1, that will be used in the
probabilistic representation of our first IBP formula.

It will be defined as the same process as the original Markov chain X except that on a certain time
interval it may use the one-step transition of the merged boundary Markov chain X¢ given by . To
be more specific, in the case that s = BZH or BZ“, k=1,...,n+ 1, the Markov chain X3 is defined by

X, if0<j<k-1,
X5 =14 X (Xpoa) forj =k,
)

j
Xj(k,)?g_lﬁk forj=k+1,...,n+1.
Here X,ffl),c()?k_l) stands for the one-step transition defined in . Similarly, for j = k+1,--- ,n+1,

X'j (k, Xl?—l,k) is the flow notation for the scheme @ taken at step j starting from the point )_(,f_l,k at

step k. For any other s € Sy, 41 of length n + 1, the process X3 corresponds to the original Markov chain
dynamics, that is, we let X° = X. We also define the associated set

D3, :={X} > L,Nr =n}.

We now introduce the weights corresponding to the Markov chain X*® to be used in the IBP formula.
s s
For each s € S,,41, we will define its associated weights (60 {,..., 6 ,,,,) and its produc as

+

n+1
S «—Ss
0 = 0 ..
J

1

<.
Il

We now proceed to define the weights for each element s = (s1, ..., $p4+1) € Sp+1 as follows for ¢ € Ny, 41:

(1) If 5; = 0, then 7, := 1ps 0;(X5 1, X5, piyGio1,Gi) = 1p,,06(Xi1, Xi, piy Gim1, Gi)-
(2) If s; € {c, e}, with the notation introduced in

;= 1D;n(§ji (X7_1, X3, i, Cim1, Gi)-

As remarked at the beginning of Section the weight (gf is an explicit function of the underlying
Markov chain and we will make use of such property in what follows.

4Recall the standard convention ] =1
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(3) Similarly, if s; € {0* e,0® e, T}, then using (22)), Lemmas [5 and [f]

<« 0O%e — —

0 (Ko X5 Gon G) s, i s, = e,
<«~—S L _ —0®e — — ’ .
0:=930G—G-1)""0 i1, (X5, XF, i, Gim1, G)1ps i s = 0@,

Iz(gz)]-Df n? if S; = T.

In the case of time merging, we importantly refer the reader to Remark [4 Due to this, we know
that the reduction of one jump does not affect the sequence p;, i € N,, 11 as the boundary merged
weight does not depend on it.

5.3. The IBP formula.

Theorem 5. Let f € ¢} (R) such that f(L) = 0. Under assumption (H), the following IBP formula is
satisfied:

Nr+1 B T+ B s
TE[f (X1)1lrsry] =E | >0 (G = Geo1) § F(Xnps) 0 5+ > f(XRp41) 0
k=1 seSk, 41088,

Moreover, the r.v. appearing inside the expectation of the right-hand side of the above equality belongs to
L?(P) for pe [0,2).

Proof. We start from the Markov chain representation given by Theorem [2] namely

Nr+1 n+1
E[f' (Xr)1rsry] = BIf' (Xnpi1) [ ] 1w, 0l = D) E[]E[f/(Xn+1) [11p..0:7] 1{NT:n}]~
i=1 n=0 i=1

where we notice that {Np = n} = {T,,11 > T} n {T,, <T}. We remind the reader that E;,[X] is the
expectation of X conditional on {G;, T"*!, p"*1 Np = n} and therefore for the rest of the proof we will
work on the set {Np = n}.

Step 1: IBP on the last interval. We start by proving the IBP for the last time interval. That
is, by the tower property of conditional expectation and the integration by parts formula, on the
(deterministic) time interval [{,,T], noting that f(L) = 0, one has

E[f (Xnt1) 1D,y Ont1 | [ 10000, 05 T 1] = E[Bp o [Drsr f(Xn1)1p, 0 Onia] [ [ 100,05 T
im1 i1

(33) = E[f(Xn-kl)anJrl,nIn-H(éTL-H) 1_[ 1Di,n gl‘ Tn+1]'

i=1

Step 2: The transfer of derivatives. In this step, we will perform the transfer of derivatives from the
last time interval [(n,.,T] to the time interval [(x—1,Cx]. In order to carry this step, using the Markov

property of the process X, we define for k£ € N,, the functions:

n+1 n+1
Fk(Xk) = Ek,n[f(XnJrl) H 1Di,n 0 ’L] = E[f(XnJrl) H 1Di,n 0 7 |X]€7Tn+1a pn+17 NT = n]7
i=k+1 i=k+1
with the convention that Fj,41(X,.1) = f(X,41) and [Ig - = 1. Note that the following recursive

relation is satisfied for k£ € N,,

(34) F(Xi) = En[Frs1(Xit1)1pg s 0 0 sl
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From the transfer of derivatives formula of Lemma |4} we obtain

n+1 n+1

E[dx, ,,f(Xnt1) H 1p,,0:| T"*"] = E[0x, ,, Fo+1(Xns1) H 1p,,0:| "]
i=1 i=1
= E[ox, Fu(Xa) [ [1p,,.0: 7]
1=1

n
+ E[f(Xn)an,+1,n 0 ?:L+1 1_[ 1Di,n0i | Tn+1].
i=1

Next, we proceed using a backward induction argument by combining successive applications of the
transfer of derivative formula of Lemma [4] with the tower property of conditional expectation. To be
more specific, from Lemma [@ one has for k € N,

(35) Eronl0%,, Fist (Xt 1) 1000 On01] =0, Fi(Xn) + Ernl Fist (Xis1) 1041 0 ]

+ ]Ek,n[Fk-&-l(Xk-&-l)dL(Xk-H)?Z-;—l]

which directly implies by iteration

n+1 k n Jj—1
Elf (Xns1) [ | 10,06 T"] = Blog, Fe(Xi) [ [ 10,6 T+ Y EB[F;(Xj)1p,, 0, | [ 6: 7]
=1 i=1 j=k+1 i=1
n B B ﬁj—l
(36) + > E[F;(X)00(X;)0; [ [1p,,0: "]
j=k+1 i=1

for k =1,...,n, with the convention } - = 0.

Step 8: The local IBP on the interval [Cx_1,(x]. To proceed, we first notice that 6y € Sy, (X), for
k € Nyy1, is a smooth r.v.. Then from the tower property of conditional expectation (using Ex_1.,[‘]),
the integration by parts formula , the extraction formula and one obtains

E[0x, Fi(Xe)0k | Gro1, T™] = E[Fi(Xp)1p, , Ze(Ok) | Go—1, T" ] — E[Fre(X5)SL(Xk)0k | Grmr1, T,
= E[F(Xi)1p,  Tr(0r) | Gr1, T" '] + E[Fk(Xk)éL(Xk)(yz | Gr—1, T,

Now, plugging the previous identity into and using the recursive formula yield for k € N,,:

n+1
E[f (Xnt1) [ [ 1p,,.0: T
i=1
k—1 n j—1
= E[Fu(Xi)1p,  Zr(0k) [ [ 10,0 T+ . E[F;(X)1p,, 9, [ [ 10, .0 7"
i=1 j=k+1 =1
(37) + D E[F(Xje1)1p,,,, 0,5100(X) 0, [ [ 10,00 T
=k i=1

+ E[f(Xn+l)1D7L+l,'rL 9 n+l n 1Di,néi| Tn+1]
i=1
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Step 4: Combining all the local IBP formulae. Multiplying by (T — (), by ((x — Ck—1) and
summing from k£ = 1 to n the resulting equalities, we obtain

B n+1 ~ n+1 B n+1l B
TE[f' (Xn1) [ [ 1,00 "] = 30 (G = Gm1)ElOx, ,, /(X)) [ [ 1o, 06 T,
i=1 k=1 i=1
=E[f(Xns1)1D, 1 (T = () T2 (Ong1) [ [ 10,05 T
i=1
n B n+1 —e _ k-1 _
+ DB (K1) | 10,05 x 1o, (G — Go1)Ta(0k) x [ [ 1p,,.6: T
k=1 imk+1 i=1
n n n+1 Jj—1
+ 3 (G —Ce1) D E[f(Xnsr) [] 10,05 x1p,, 9, x [ [ 10,6 "]
k=1 Jj=k+1 i=j+1 i=1
n n n+1 <—e _ <D j—1 _
Z G — Cr—1 Z Xni1) n 1p,, 0; x0L(X;) 0 ; x n 1p,,.0:| T"]
k=1 j=k i=j+1 i=1
n — —c n ~
Z (Ck - Ck 1) [f(Xn+1)1Dn+1,n 0 n+1 H 1Di,nai| Tn+1]
1 i=1

where we used the fact that T'— ¢, + >0, (Ck — Cs—1) = T — (o = T in the first equality. The final
argument starts by multiplying the above identity by 1y,—,} and taking the expectation of both hand
sides with respect to the Poisson process.

Step 5: The merging procedure. Now, we perform the boundary and time merging procedures for the
fourth term appearing in the right-hand side of the above equality. This is done by first conditioning with
respect to Gj_1,(j+1, Nr = n in the inside sum and then by applying Lemma [5} for j > & and Lemma [6}
More specifically, for any n > 1, ke N,, and k < j < n,

n+1
_ «—e — (<0
E[f(XnJrl) [T 10,07 x 60(X;) 0 (Gj-1,¢j41, Nr = n]
i=j+1
= E[Fj+1(Xj+1)1D.7’+1,n 0 ;41 x0L(X P i1Gj-1,Cj+1, N = n]
)\_1 — A <« 0O%e
B mE[Fj+l( ';7 ’]+1)1D$ 1,j+1,n  J—Lj+1 |g] 1s CJ+1’NT - n]
and for j = k,
— nl —e — 0
E[f(Xns1) [] 100, 7 % 00(X0)(G = Go) T Gk1, Cosr, Nr = 1]
i=k+1
— «—e — (—(7
= E[Fkﬂ(XkH)leﬂ,n 0 o1 X 0L(X) 0 4 |Gk—1,Chy1, Nr = n]
)\71 S0 —®e
= mE[Fk-H(Xk—l,k-i—l)]-Di_l’k*_L k—1,k+1 |gk 1a<k+laNT = n]
so that
n n n+1 (_0 Jj—1 B
E[ Z (Ck — Q1 Z E[f(Xnt1) H 1p,,0; x 6.(X; i) 0, x H 1p, 0 TnH]l{NT:n}]
k=1 i=k i=j+1 i=1
n " >0 1 1 «—O%e izl —
= [ Z (Ck — Ch— 1) Z Fj+1(Xj71,j+1))\ (CJH - ijl) 1D; 1i+1,m 0 j—1,4+1 % H 1Di,n9i1{NT:n}:|
k=1 G=ktl i=1
n —o®e k—1 B
+ [ Z (Ce = Ce-1)Frr 1 (X1 DA (G — Ck—l)flng_lkam 0 k—1+1 X H 1Di,n91'1{NT=n}]
k=1 i=1
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We then apply Lemma to the above identity. In order to do it, we make use of the following
decomposition

n n n+1 —

E[ DGk = G Z Xni1) [] 10,05 x 60(X H D 01 T 1 v, n}]
k=1 j=k i=7+1 i=1
E[Z Z (<j+1 _Cj—l)ilGl(Cla"' 7<j—1’<j+1,"' 7CNT+1)1{NT=n}]

k=1j=k+1
[Z Cho1 — Cr1) ' Ga(Cr oy Gt Gty aCNT-H)]-{NT:n}]

where G; and G5 are the measurable functions defined for j > k + 1 by

i1
— <« O%e — n
Gr(C 5 Gty Gty s Cpr) 3= AT (G = Gem1)E [ g+1(Xf_1,j+1)1D5 viein D141 X []1p..0:T +1]7
im1
«~—O0®e kol —
GGy Gty vty 5 Cvppn) 7= A (G = Ge1)E [Fk+1(Xk Le+)Ipg 0 X [11p..6] Tn+1]~
i=1

—0®
Now observe that the welghts 0 j— 1 g1 Ok i k1 satisfy the time degeneracy estimates in the sense

of ( and so do the weights Gi, 0;, so that from the tower property of conditional expectation and
Lemma with p = 1, the following estimates hold

n+1
Gl <C"A G —Gm1) [ G=Gm) 2 (G — G1) 72,
i=1,i#5,5+1
n+1 L L
|Ga| < C™"A7H (G — Gi1) n (G = Gi—1)" 2 (Chs1 — Ce—1) 2
i=1,i#k,k+1
with the convention (g = 0, (41 = T on {Np = n}.
Using that conditional on the event {Nr =n,(1, - ,{j-1,(+1, - ,{ng}, the distribution of (; is
uniform on [j_1,{j41], we get
E[(¢1 = G-1) MG npmny]
5 n+1 L
CmJ J Sk — Sp—1)(Sj41 — Sj—1)" 2 H (s; —si—1)"2dsy---dsy
0 i=1,#5,j+1
T 1 ntl 1
OnJ J (Sk *Sk_l)(Sj.q.l *Sj_1)75 H (Si*Si_1)7§ dSl"'de_1d5j+1"'dSn
0 0 i=1,i#j,j+1

The same argument yields E[(C41 — Co—1) " |G2|1{np—n}] < 0. From Lemma we thus obtain

n+1

[Ck*(k 1 Z Xni1) H 1p,, 0 x6r(X fxne Ling= n}]

j=k i=7+1

E[(Ck_gk 1 Z f H ].DB"9 B x 1 Bn(—(?*eB HQ 1{NT n— 1}]

j=k+1 i=7+1 i
B o®e, B} kol
B <—e - owe,
[ lc H ]_DBZ ]_ B” 0 k H 91 l{NT:n_l}].
i=k+1 o o i=1

Step 6: Integrability properties. The proof of the LP(P)-integrability, p € [0, 2), follows from the time
degeneracy estimates for each weight in the Lemmas [4] [B] [6] and [§] combined with a similar argument to
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the one employed at the end of the proof in Section [L0| (see the discussion following Lemma . This also
implies that the infinite sum over n converges absolutely and therefore after a re-ordering of the different
terms one obtains the claimed formula. This concludes the proof. O

Remark 6. (i) The right hand side of the IBP formula may alternatively be written in a longer but
maybe more appealing format as

B Nr+1 VTt Nr+1 VTl
TE[f(X1)l(z=y] = E [f(XNT+1) Z (Ck — Ck—1) { 6" + Z 0 H

k=1 j=k+1

Nr+1 Nr+1 Np+1 Np+1 Nr+1 Np41 Np+1
_B.'T <—B7.T _pNTtl BT
+E[2 (G = Ce1) Dy f(Xniyy )E 1+El2 F(Xnb )0 ]
k=1 j=k+1 k=1

(ii) The restriction f(L) = 0, can be easily removed if one considers the test function f(x) = f(z)— f(L)
instead of f.

Note that, the previous theorem not only yields an IBP formula which is suitable for Monte Carlo
simulation, it also provides a probabilistic representation for the derivative, with respect to the terminal
point, of the transition density of the killed process at time 7. To be more specific, under assumption
(H), for any bounded measurable f defined on [L, ), one deduces E[ f(X7)1{r>1y] = Sf f@p(T,z,2)dz
where (0,00) x [L,0)? 5 (T,x,z) — p(T,z,2) is the transition density of the killed process at time T
starting from z at time 0. Moreover, from Theorem [f] by a standard approximation argument that we
omit, one deduces that z — p(T, z, z) is differentiable on [L, OO)E' The next result provides a probabilistic
representation of this derivative from which directly stems an unbiased Monte Carlo simulation method.

Corollary 1. Under assumption (H), the transition density of the killed process at time T is differentiable
with respect to its terminal point. Moreover, for all (T, x,z) € (0,00) x [L,0)? the following probabilistic
representation holds

Nr+1 _ B VT
Tazp(T"T7 Z) =E Z (Ck - Ckfl)g(a<XNT)<T - CNT)7Z - XNT) 6"
k=1
Nr+1 B s
+E| Y (G — Ge1) D ps(T = (g, Xy y 2) 0
k=1 seS’]’i,THuS‘]’i,TH

Here ps denotes the transition density of the Markov chain X5, that is, z — ps(T — (., T, 2) i the density

of the r.v. XISVTH conditional on {X’ZSVT = x} In particular, for s = B%gi% or B%;ﬂ, the dynamics

readily gives ps(T — (g, X3,,2) = 9(a(L)({Npt1 — Cng)s 2 — (L(1 — (X ny)) + X (X vy ) simce
X3, = Xy

6. BisMUT-ELWORTHY-LI TYPE FORMULA

In this section, we briefly derive the IBP formula for 0, E[f(X7)1{;>7;] commonly referred in the
literature as the Bismut-Elworthy-Li formula. As we will see, obtaining this formula is simpler than the
IBP formula derived in Theorem [5| as it does not involve boundary weights. Therefore the proof of this
formula will not require any merging procedure contrary to the one of Theorem

First, we give the transfer of derivatives lemma which is carried out forward in time in comparison
with Lemma [4] where it is done backward in time. The proof is similar to the one of Lemma [ given in
Section [10.2 and therefore we omit it. Note that due to the change of time direction some changes of
notation and sign occur among other changes in the formulae for the weights.

5We refer the interested reader to [14] for an alternative proof based on analytic arguments.
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Lemma 7. Let f € ‘KPI(R) and n € N. Then, the following transfer of derivative formula holds for
1€ Nn—l N

—>€

0% Einlf(Xix1)1p,,, 0i1] = Bin[0x,,, f(Xix1)1Dy 0 414]
— —c — —0
+ Ei,n[f(Xi+1) (1Di+1,n g i+1 + 5L(Xi+1) ¢ i-‘rl)]?

—e —c —0 _
where the 1.v.7s (0,1, 0,1, 6 ;41) € Siy1,.n(X) are defined by
?’fﬂ =207 (22, (d5Y) + T (d5FY))
70 i1 ((2,01+1 0;r1— ?:H) + 0x,0i41 + 0/ Liv1 (Zis10i11)
7 i1 =040,

At i=ci"t + (2pig1 — 1)og, 5
dytt =cith.
In a similar way, let f € €} (R) such that f(L) = 0. Then, the following transfer of derivative formula
is satisfied

€

aXn]En,n [f(Xn+])1D7L+1'7L§n+1] = ]En’n [aXn+1f(Xn+1)1Dn+l,ng)n+1]

with G, na1 = 2T (1 + (2pp41 — 1)0, Zy11) so that Vp > 1, H?ZH lpnn < C. We also set WZH =0

for notational convenience. - - -
With the above definitions, for any i € N,,_1, we have Ei,n[f(Xi-q—l)lDiH,noi-q—l]‘X:_ € ‘gpl(R) a.s.

Moreover, the weights ??H, a€{e,c,d}, ieN,, satisfy the time degeneracy estimates.

As we did before the statement of Theorem [5, we need to define the weights that will be used in
the BEL formula. It will be apparent in what follows that no boundary terms will appear so that no
merging operation is needed. Similarly to Section we consider the vectors of length n + 1 defined
by CA‘,’:H = (e,...,e,¢,0,...,0) where the symbol ¢ appears in the k-th coordinate for k¥ € N, ;; and
f,:,”l = (e,...,€,Z,0,...,0) where the symbol Z appears in the k-th coordinate for k € N,, 1. Again in
order to keep index notation short, we included C’g:{ll as a symbol but any statement in this case should
be taken as an empty statement or that the symbol corresponds to an empty element. We then define
the set §7’§+1 = U1<j<k{6'"+1} for k € N,,11. Note that since there are no merging terms, the weights
9 and 9 are glven by Lemma 7| applied on the set {N7 = n}. Again, we consider the mapping, which
to a vector SE Sn +1, provides the associated product of weights denoted by 0 , namely for i € N,, 1

+1
_)ch+1 n
0 H9g><1D”9 XH].DJ,L It
l=i+1
+1
—>I7"+1 n
0" HGZX]-anI i Xl_[]_D]n
{=i+1

Theorem 7. Let f € €} (R) such that f(L) = 0. Using the weights defined above, the following Bismut-
Elworthy-Li formula is satisfied for any initial point x € [L, 0):

Nr+1

TOEf(Xr) o] = | f[(Xnpen) Y (G -G T+ )

k=1 SESNT+1

Moreover, the r.v. appearing inside the expectation in the right-hand side of the above equality belongs to
L?(P), for any p € [0,2).
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Proof. As in the proof of Theorem [5] we have

n+1

E[f(XT 1{T>T} Z E[ n+1) H 1Di,n9_i|Tn+l] ]-{NT:n}]‘

n=0 i=1

In most of the arguments below, we will work on the set {Ny = n}. In order to perform a forward
induction argument through the Markov chain structure, we define for k € N, 1 the functions

n+l n+1
Fo(Xy) == Egn[f(Xns1) 1_[ 1p,,.0:;] = E[f(Xn+1) 1_[ 1p, ,0i| Xe, T"*", p" ' Ny = n].
i=k+1 i=k+1

We let ﬁn+1( Xni1) := f(Xn41) and the following recursive relation is satisfied for k € N,,
(38) Fi(X1) = Exnl[Frr1(Xii1)1p, 10, O]

Then, iterating the transfer of derivative formula in Lemma E for ke N, we obtailﬁ
(39)

nt1 k k -1
Oz E[f(Xn+1) H 1p, . 0;| "] = E[Dy Fy(Xy) n 1p,, 0,|T"""] + Z E[F;(X;)1p,, 0 ; H 1p,, 0T
i=1 i=1 j=1 i=1
ko =
+ Y E[F;(X)00(X;) 05 [ [1p,,. 0,1 T

To further simplify the first term on the right-hand side of the above equation, we use the tower
property of conditional expectation, the integration by parts formula and the extraction formula

to obtain
E[Dy F(Xi)1p,., 0 1| Grer, T = E[FW(X)1p, Tk (G 1) | Gror, T
— E[Fx(X0)00(X%) G, | Gror, T

In the case k = n, using the transfer of derivative formula of Lemma [7] on the last time interval and
then performing the IBP formula , noting that f(L) = 0, we obtain the representation

n+1 n+1
OE[f(Xni1) [ [ 10,0 T = B[P i1 f (Xni1) [ [ 10, 01T
=1 =1

~ = - —0 —
+ Y EB[F(X)0(X) 0 [ [1p,, 751 T
7j=1 =1
= E[f (X )1p,s0  Lo1 () [ [ 10, 051 T
=1
nl ~ = —>c]71 —e
(40) + ) BIF(X)1p,, 0, [ [ 1., 01T
j=1 i=1
n ,]j—l
~ — — —0 —e
+ Y E[F;(X)00(X;) 05 [ [1p,, 0,17
j=1 =1

where we remind the reader that we previously set ?Z +1=0in Lemmalﬂ for notational convenience. At
this stage we emphasize that all the boundary terms in vanish. In fact, as f(L) = 0, the boundary

6As before, we use the convention Yo =0lg =1
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term in the last interval vanishes as stated in Lemmalﬂ For the other intervals, from , we claim that
for j € N,

~ _ _ _ >0 .
(41) E[Fj+1(Xj+1)1D,5,05+100(X;) 05 1Gj—1, T" "] = 0.
To see this, we note that for X; = L,onehas X; 1 = Lfo(L)ZjH, which is independent of p; 41, and §j+1
given by reduces to 011 = 2(2pj41 — DA (5(a(X;41) —a(L)TF (1) + (B(L) — a/ (Xj11)) T 41 (1) +
% —b'(Xj11)). Therefore the conclusion follows by conditioning with respect to {X = L} in
and by noting that E[2p;+1 — 1|Gj_1, 7", X; = L] = 0.

From this property the identity becomes

n+1 k—1
OB (Xnsr) [ [ 15,0 T"'] =E[Fy(Xi)1p, Z(0 ) [ [ 1., 05| T
=1 =1
k -~ — —>('j_1 —e
+ Z E[Fj(Xj)le,n 0 j‘ 1_[ 1p; . 0 z| Tn+1].
j=1 =1

Now, for each k € N,,, one can multiply the above equality by the length of the interval on which the
local IBP formula is performed, namely (; — (31 and sum them over all k. For the last interval, we
multiply by T — (,. This gives

n+1
Ta ]E[f n+1 1_[ ]-D@ wa ‘Tn+1]
i=1
n+1 n+1 k—1
2 (Ck = G- 1)E[f(Xpnt1) n 1p,,.0: x 1p,, Tu( ) x nle@ |77
k=1 i=k+1 i=1
n+ k n+1
+Z(Ck—Ck1 2 Xor) || 1.0 x1p,, 0 XH1DM9 | 7.
k=1 j=1 i=j+1 i=1

From the above formula, the LP-moment estimate, p € [0,2), follows by similar arguments as described
at the end of the proof of Theorem [2| Finally, one concludes by using the Lebesgue differentiation which
yields

Nr+1 n+1
ToE[f(X1)lizsmy] = TOE[f(XNp11) H 0;] = Z [Ta E[f(Xn+1 H 0:T" ) Ly n}]
i=1 n=0 i=1
and summing the previous formula over n. O

Remark 8. (i) The right hand side of the IBP formula may alternatively be written as

B Nr+1 NT+1 k NT+1
TOE[f(X1)lzsmy] = E| f(XNpt1) Z (Ck — Cr—1 { 2 }]

k=1

(ii) We note that the above formula does not involve any merging procedure. This is due to the fact that
only the first derivative is being considered here. In fact, the key property would not be satisfied if
one considers second order derivatives. Therefore, a merging procedure similar to the one described in
Section [{-3 would be necessary.

(iii) Similarly to the previous section, the above theorem yields a probabilistic representation for the
derivative of the transition density of the killed process at time T from which stems an unbiased Monte
Carlo simulation method. In contrast with Corollary[d}, the derivative is taken with respect to the starting
point. This can be seen by formally taking the Dirac mass at point z as a test function in Theorem @m

"We again refer the interested reader to [I5] or to [I4] for an analytical proof of the differentiability of the map [L, o) 3
z— p(T,x,z).
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Corollary 2. Under assumption (H), the transition density of the killed process at time T is differentiable
with respect to its starting point. Moreover, for all (T, x,z) € (0,00) x [L,0)? the following probabilistic
representation holds

Nr+1 Np+1
— — —1 —s
T@wp(T,x,z) =K g(a(XNT)(T_CNT)?Z_XNT) Z (Ck:_Ck—l) ¢ g + Z 0
k=1 seSk

7. ACHIEVING FINITE VARIANCE BY IMPORTANCE SAMPLING

The previous probabilistic representations of Theorems and [7) as well as Corollaries [I] and [2] allow
to devise an unbiased Monte Carlo simulation. However, in general, its use is hampered by the fact that
the variance is infinite as suggested for instance by the moment estimate of Lemmal[0] The main tool that
we develop here in order to circumvent this issue consists in employing an importance sampling scheme
on the jump times of the Poisson process N as originally proposed by Andersson and Kohatsu-Higa [3].
Since the arguments developed below follow similar lines of reasonings as those employed in [3], we will
omit some technical details.

Let us first introduce a renewal process in the following sense:

Definition 5. Let (T,,),>1 be a sequence of random Uam'ables such that (T, — True1)n>1, with the con-
vention Ty = 0, are i.i.d. with density f and c.d.f: t — F(t S s)ds. Then, the renewal process
J = (Jp)t=0 with jump times (T),)n>1 is defined by Jy = Zn>1 I{T”@}

As previously done, we assume that J is independent of the Brownian motion W. It is readily seen
that {J; =n} = {T), <t <T,4+1} and by an induction argument that we omit, one may prove that the
joint distribution of (77, - ,T},) is given by

n—1

IP:'(Tvl €dsy, - I € dsn) = H f($i+1 - si)1{0<51<~~<sn}
7=0

which in turn implies

(42) ]E[]‘{Jt:n}¢<T17 e 7Tn)] [1{T <t<Tﬂ+1}(b(Tl7 . 7Tn)]

n

(43) J‘ J 817 S H Sj+1 - 3] dsn+1
An(t)

so that, by Fubini’s theorem

(44) ]E[l{JFn}fI)(Tl,-u,Tn)]:J )«1:(31,~--,sn)(1— (t—s,) 1_[ (5541 — ;) dsn,
An(t

for any map ® : A, (t) — R satisfying E[1;,—ny|®(T1,--- ,Ty)|] < co0. Usual choices that we will consider
are the followings:
Examples:

(1) If the density function f is given by f(t) = Ae™*1g ) (t) so that F(t) = 1 —e *, ¢ > 0, for
some positive parameter A, then J is a Poisson process with intensity A.

(2) If the density function f is given by f(t) = 222 L1107 (¢), so that F(t) = (¢/7)'~, t € [0, 7], for
some parameters («,7) € (0,1) x (0,00), then J is a renewal process with [0, 7]-valued Beta(1l —
a,1) jump times.

(3) More generally, if the density function f is given by f(¢t) = 1(:5 e Q(T =7 1[0, 7(t), so that
F(t) = B(t/7,a, 8)/B(a, B), [0,1] 2 2 — B(x,a, 8) being the incomplete Beta function, for some
parameters (o, 3,7) € (0,1)? x (0,00), then J is a renewal process with [0, 7]-valued Beta(a,ﬁ)
jump times.
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Having these definitions at hand, as done before, we define the partition 7 of [0,T] given by 7 := {0 =:
T0 <+ < Typ < T} with 7; :=T; A T. The probabilistic representation of Theorem [2| then becomes

Jr+1

(45) E[f(X1)lzo1y] = El:f(XJTJrl) H 1Di,JT§Z':|'
i=1
where the dynamics of the Markov chain X is given by @ with innovations {Zz+1 =Wi —Wr,i=0,---, JT},
with the set D, ,, :={X; > L, Jr =n} ,i¢€ N,11, and for i e N,
(46)
0i :=1(s,5-132(2ps — D(f(1i = 7i-1)) " (Zi(h) + P (ch)) + Vgpmimiy(1 = F(T = 752)) " (200041 — 1)

Moreover, the following estimates holds on the set {Jr = n}
(47)
Licny (ri—7im1)2 f(ri—7i=1)P1p, L Bicin [10,,10iP ]+ L izns 131D, . A=F(T=7))P B [1D, 41 0 00 41]P] < €

where C' is positive constant independent of n. Hence, using and then , for all p > 1, one gets
Jr+1 _p

E|| [] 10,6 | =D E ‘Hle
i=1 n=0

<CZC”HJ (1= F(T ~t,)) “Hf—tu b —tia) P dty - dty,

n=0 An

As already mentioned before, the previous estimate is actually quite sharp and the series appearing in
the right-hand side is finite for p € [0,2) if J is a Poisson process. In order to achieve a finite variance,
one has to select the law of the jump times suitably. Indeed, if for instance J is a renewal process with
[0, T]-valued Beta(l — «, 1) jump times, « € (0,1), 7 > T, a simple computation shows that the above
series is finite as soon as —% + a(p — 1) > —1, that is, p(% —a) < 1 — a. In particular, taking o = 1/2,
it is readily seen that the moment of order p of the random variable appearing inside the expectation in
the right-hand side of is finite for all p > 1. Similarly, if J is a renewal process with [0, 7]-valued
Beta(1—a,1— ) jump times, (a, 3) € (0,1)2, 7 > T, the integral appearing in the right-hand side of the
above inequality is finite as soon as p(% —a) <1—«aand —pB < 1— B, the later condition being always
satisfied. In particular, taking o = 1/2 and any S € (0, 1), any moment of order p for p > 1 is finite.

We now provide the probabilistic representation for the two IBP formulas using the above importance
sampling technique. We thus redefine the weights appearing in the first IBP formula keeping in mind

_ 0
that the sequence (6;)1<i<Jp+1 is now given by (46| . The new random variables (6 ;—1’ ?fﬂ, ?Hl) €

Sit1.n(X) of Lemma 4 I are now defined by: for i e N;._;

Ty s=2f (s =)™ B d5™) + T (7)),
) Tin =Tin (g”l = (2pi1 - 1)?#1) 0%, 051 — 0l Tin (Zi+1(§?+1) ;
Ty =22pi01 — D(f(ris1 — 7))~ (d (L) — b(L))Ti41 (1)
and (?iTH =0, 0" Jpi1 =20 = F(T —75,))"" and b Gt = =21 = F(T = 75,))"4(0"0) 4 (T —

77, ) L2 I 4+1(1). For the boundary merging weights of Lemmas |5 and |§|, we first redefine the Markov chain
X7 with dynamlcs 6) by modifying the corresponding increments Z; ;11 as done previously. We then

set DY, .y, ={X%,,, = L,Jp =n}, j =i—1,i. Finally, on the set {J; = n},
< 0O%e _ a’ L) —b(L i — =
@) T A - ) T @@ 7 @),
j
—O0®e _ CL/ L) —b(L i
(50) 7o (i~ ) () (22 (@) + T )

a;“o(L)
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for j =i — 1,7 with coefficients given by
dHl dl+1 (ci)g_l)<a(L)(Tz+1 ) Zj, it1), k=12,

«—0®e

and T = A(1 — F(T — 7))~ =bt) o

dnt a0

=41 - F(T - Tj))*l%@(;)(j(j — L)d™*! for

j=n—1,nwith d"*! := (®g~ ) (a(L)(Tni1 — 75), Zjms1)-

At this stage, it is important to remark that the above new weights satisfy a time degeneracy estimate,
with a slight modification of Definition [3] The notation E;,[X] now is used for the expectation of X
conditional on {G;, T, p"*1 Jp = i in- We now say
that a weight H € S, ,, satisfies the time degeneracy estimate if for all p > 1

1

<Cf(r—mim1) N —mi1) 72

< C in the case that i = n + 1. In a completely

(51) 1p,., |1p, . H|

pi—1,n

in the case that ¢ € N, and 1p, , ||1Dn+1,nHHp,n,n
<«—a

analogous manner as done in Lemma {4} the weights 0, for a € {e,c, 0} satisfies the time degeneracy

estimate . For the boundary merging weights, we replace for H € Sj7¢+17n(X9) by

(52) vp=1, 1p, E [1D§’Yi+lvn|H|p’gj—1a7i+1z Jr = n] < CO(f(rigr = 75)) P (Gir1 — G)™

r .
2,1 € Nn—la

for j=i—1,i andlDME[lD{; AP
’ J,mn n

Gj—1,Jr = n] < C for j = n—1, n. Doing so, the new boundary

0 a
merging Weights ?;til and (g](?jl defined respectively by and both satisfy the time degeneracy

estimate

With the above new definitions and properties, we finally redefine the corresponding weights b with

the related Markov chain X® for eachs € S,,.1 ors € Sn+1 on the time partition 7 := {0 =: 79 < -+ < Tppq1 :

of the underlying renewal process on the set {Jr = n}. This is done in a completely analogous manner

as presented in the subsection
We can now restate Theorem [5| as follows. For any function f € €}(R) satisfying f(L) = 0,

Jr+1
T (_IJT+1

TE[f (Xr)lony] =E | Y (=) F(Xpe) T+ D) f(X5,40) 0

k=1 gk Sk
sESJT+1uSJT+1

Note also that the corresponding other formulation of Remark [6] also holds. Moreover, if J is a renewal
process with [0, 7]-valued Beta(l — o, 1) jump times, 7 > T, with « satisfying p(% —a)<l—aorifJ
is a renewal process with [0, 7]-valued Beta(l — «,1 — ) jump times, 7 > T, with o and § such that
p(% —a)<1l—aand e (0,1), then the r.v. appearing inside the expectation of the right-hand side of
the above equality belongs to LP(P) for any p > 1. The proof follows similar lines of reasonings as those
employed above in order to deal with the new probabilistic representation and is thus omitted.

We proceed similarly for the BEL formula of Theorem Namely, we redefine the weights ?m, for
a € {e,c, 0} as follows

¢

G =2(f (s — mim1)) " (Z2(dD) + Ti(dY))
?: Z=Ii ((2[)1 — 1)5 0 ) + (7X 0 + O'II (Zzéz) ,
70 .=7

—>C

and also set ?)ZH = 2(1 = F(T = () *(1 + (2pp+1 — )05 Znt1), 0,41 := 0. These new weights
satisfy the time degeneracy estimate (51)). Then, the following BEL formula is satisfied for any f € C}(R)
satisfying f(L) = 0 and any initial point x € [L, o0):

Jr+1 Jr+1

To.Elf (Xr)lirom) =B | f(Xupin) 3, G=Go) 4T+ 3 7

k=1 SESJT-H

T}
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Moreover, the r.v. appearing inside the expectation in the right-hand side of the above equality belongs to
L?(PP), for any p > 1 in the case of [0, 7]-valued Beta(1—a, 1) jump times or [0, 7]-valued Beta(l—a,1—5)
jump times under the condition p(3 — @) < 1 —« and 8 € (0,1). In particular, choosing a = 1/2, the
L?(P) moment is finite for any p > 1.

8. NUMERICAL TESTS

In this section, we provide some numerical results for the unbiased Monte Carlo simulation method
based on the probabilistic representation formula established in Theorem [2| for the marginal law of the
killed process and the Bismut-Elworthy-Li (BEL for short) formula of Theorem [7] A similar numerical
analysis could be done for the IBP formula established in Theorem [5| but we restrict to the two afore-
mentioned case for sake of simplicity. For a one dimensional Brownian motion W, we thus consider the
following one-dimensional SDE with dynamics

t t
(53) Xy =mo + J b(Xs)ds + f o(Xs)dWs, z e R
0 0
and we choose the coefficients b, o and the test function f as follows
o(z) =7 x (sin(wz) +2), b(z) = —%J(l‘)? f(x) =czz® + 1z +co
72 + <u
3(}3

for some positive constant & > 0. With this particular choice, we first observe that assumption (H) is
clearly satisfied and that a direct computation yields £f(z) := b(z) f'(z) + 30%(x) f”(x) = 0. The process
(f(X4))e=0 is thus a martingale and by Doob’s stopping theorem one gets E[ f (X, ,7)] = f(xo) where 7 =
inf {t > 0: X; < L}. We now shift the function f by considering h(x) = f(x) — f(L) satisfying h(L) = 0
instead of f. It is readily seen that h satisfies Lh(x) = 0 so that E[A(X, 7)] = E[A(X7)1{r>1y] = h(w0).
Note that since h is not bounded but of polynomial growth, only Theorem [2| directly applies. However,
the extension of Theorem E (and also of Theorem [5)) to polynomially growing function can be performed
by a standard approximation argument noting that all moments of Xy, 1 and X are bounded.
Having this extension in mind, by Theorem |7} one has

Nr+1
Vo> L, Th'(z) = LEMXr)lpary] = E [ h(Xng1) D (Ge—G-1){ 0 + > 7

k=1 SE§§T+1

Np+1
I

We select the following parameters: T = 0.5, L = 0, ¢cg = 0, ¢y = 1, c3 = 1 and x¢g = 1 so that
h(zg) = 2 and Th'(xg) = 2. We use three different parameters sets for & = w = 0.1, 0.2, 0.3. We
examine the performance of the proposed Monte Carlo estimator with respect to the previous sets of
parameters when one uses the Exponential sampling (the distribution of the jump times is exponential
with parameter A) as it is written in Theoremand Theoremand when one uses an importance sampling
technique with Beta distribution with parameters (v, 7) for the jump times of the renewal process, as
exposed in Section [7} which allows to achieve finite variance for our estimators. We note that though the
variance is not finite in the case of Exponential time sampling, we include it here in order to compare
its performance with the Beta sampling scheme. In both cases, we first select the optimal parameters
which minimize the variance of the estimator using few samples, that is, the optimal A in the case of
Exponential sampling and the optimal (v, 7) in the case of Beta sampling. We then use M = 4 x 10° i.i.d.
samples to estimate the considered quantities. The results are summarized in the two tables below. The
first column of Table [I] and Table [2] provides the value of the two parameters & = w. The second column
(resp. third column) of Table I provides the estimated value of the quantity E[A(X7)1(;~7y] with its
associated variance, L'(P)-error and 95%-confidence interval in the case of Exponential sampling (resp.
Beta sampling). The second column (resp. third column) of Table 2 provides the estimated value of the
quantity 0,E[h(X1)1(,~7}] with its associated variance, L' (P)-error and 95%-confidence interval in the
case of Exponential sampling (resp. Beta sampling).

Most notably, we observe that in both tables the performance of our estimators quickly deteriorates
as 0 = w increases. Actually, for large values of &, w, say greater than 0.4, the variance becomes difficult
to estimate from the simulations and the obtained estimates become unreliable. We also see that the
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o=w | Exponential sampling Beta sampling

0.1 2.0; 26.3; 3.2; (+/-) 0.005 2.0; 14.9; 2.9; (+/-) 0.004

0.2 1.99; 213.2; 4.7; (+/-) 0.014 | 1.99; 77.2; 4.5; (+/-) 0.009
0.3 2.0; 3064.1; 7.8; (+/-) 0.054 | 1.98; 681.2; 7.6 ;(+/-) 0.025
TABLE 1. Unbiased Monte Carlo estimation for the quantity E[h(X7)1,~7}] based on
Theorem [2| by Exponential and Beta sampling with its associated 95%-confidence inter-
val.

o=w Exponential sampling Beta sampling

0.1 1.99; 379.7; 8.4 ; (+/-) 0.019 | 2.00; 295.0; 8.4 ;(+/-) 0.017
0.2 1.98; 1008.7; 7.1; (+/-) 0.035 | 1.98; 467.7; 7.1 ;(+/-) 0.021
0.3 1.97; 5411.8; 8.9; (4/-) 0.072 | 1.97; 2358.4; 8.7 ;(+/-) 0.047
TABLE 2. Unbiased Monte Carlo estimation for the quantity d,E[h(X7)1;~71}] based
on Theorem [7| by Exponential and Beta sampling with its associated variance and 95%-
confidence interval.

Beta time sampling method outperforms the Exponential time sampling for all values of the considered
parameters especially for large values of . This behavior was already observed in [3] and is reminiscent
of unbiased simulation methods for multidimensional diffusion processes. It was thus expected here since
there is no hope that our estimator will overcome this problem. To circumvent this issue, one may resort
to more sophisticated method such as the second order approximation method developed by [4].

9. SOME CONCLUSIONS

In the present work, we presented a probabilistic representation formula for the marginal law of a
killed process based on a basic Markov chain which is obtained using the reflection principle. From this
representation, we established two IBP formulae, one being of BEL’s type, from which directly stem an
unbiased Monte Carlo method. The main element used in this construction is a suitable tailor-made
Malliavin calculus for the underlying Markov chain. For this reason, we do not need to use the full fledge
power of Malliavin calculus by closing the derivative operator but just the concepts for simple discrete
time Markov chain.

The methodology developed here seems to follow a general pattern that could be used to obtain IBP
formulae for some other irregular functionals of the Wiener process for which boundary problems may
appear such as the exit time, the local time, the running maximum or the occupation time of a multi-
dimensional diffusion process. Although the problem investigated here focuses in the one dimensional
case, we believe that the approach developed here also extends to some multi-dimensional cases for which
the reflection principle is well understood and densities for basic approximation processes are known, see
e.g. [2], [10] and the references therein.

On the other hand, it seems difficult at this moment to generalize the methods in [23] and [21] to the
multi-dimensional case or even to obtain an amenable integration by parts formula based on a Markov
chain using these formulations or a Lamperti like transform. We will discuss this extension in future
works as well as their implementation for simulation purposes.
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10. APPENDIX

1. Proof of the probabilistic representation in Theorem @. Let X be the solution to . Let P

denote the semigroup operator associated with the killed process. That is, for a measurable and bounded
function f, one defines P;f(z) = E [f(Xt)l{T>t}]. We remark that due to the indicator function, this
semigroup is not conservative.

The heuristic argument in order to obtain the probabilistic representation is to use It6’s formula on an

approximation process obtained from by removing the drift and freezing the diffusion coefficient at
the starting point. From It6’s formula, one obtains a one step expansion of the law of X around the law
of the Markov chain X. Then, an IBP formula based on the Markov chain X has to be used to obtain the
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probabilistic representation of this first step expansion using one jump of the Poisson process N. Then,
one just needs to iterate the first step expansion in order to obtain the full probabilistic representation.

In order to do this rigorously, one needs to use the regularity properties of the semigroup P which can
be found in [I5], Chapter VI and/or [16]. In particular, under assumption (H) on the coefficients, one
obtains that if f is a smooth function such that lim,r, f(z) = f(L) = 0 then Pf e ¢12((0,T] x [L, ©))
and it satisfies 0;P.f = LP.f on [L,©), t > 0, where £ = %aag + b0, is the infinitesimal generator of X.
Moreover, one has supy; <7 10X P, f|oo < C, for £ = 1,2, for some positive constant C := C(T, a, b).

Under the condition that the test function f vanishes at L, we obtain that P satisfies its corresponding
Dirichlet boundary condition P,f(L) = f(L) = 0 together with Pyf(x) = f(x) for all x > L.

The argument used to obtain the probabilistic representation starts by applying It6’s formula to
(Pr—if(Yin7))ie[o, ] Where the process Y is defined in Lemma [1] on the interval [0, 7] and 7 is its asso-
ciated exit time. We also recall the definition of the approximation process obtained from the reflection
principle of Lemma |1} l namely X;* = pz + (1 — p)(2L — z) + o(z)(W; — W) (with the shorten notation
Xt XO z)

u=T-—s

T
PO oo, 2 Prf() + [ (S0P |+ Gal@)BPeof0)) Loyl

E prf(z) + f (; (a(e) — a(Y2)) 2Pr_o f(Y2) — b(Y.)os Pr_ f@) Liroyyds

0

£ PTf(x) + 2(29 - 1) f <; (a(m) - a(Xs)) ag%PTfsf(Xs) - b(Xs)azPTsf(Xs)> 1{X5>L}d8'

0

We now rewrite the previous representation using the Markov chain (X;)o<i<n,+1 defined by (6)
together with the Poisson process N. From the previous identity, we get

Prf(z) = f(Xr)2(2p — 1)

T 1 _ B B B
(54) + 2(2p - 1)J (2 (a’(Xs) - a(m)) agchT—sf(Xs) + b(Xs)awPT—sf(Xs)> 1{)_(52L}d5

0

E F(Xnpr1)0np11(np—o)
1 _ _ _
# T @y~ 1) {50(080) @) Py F(K) + B2 Pre FED) Ty L

Next, we apply the IBP formula with respect to the r.v. X, in the above expression. The formula
is applied once to the terms associated with the drift coefficient b and two times with respect to the terms
related to the diffusion coefficient a. In order to do that one first has to take the conditional expectation
Eo,1[.] in the second term of the above equality. As these IBPs involve the indicator function 1;¢ 5.y,

the correct calculation has to be done using the theory in [22], Chapter V.9E| This yields
Prf(z) =f(Xns+1)0np 111 (vp—o) + €720 (2o, — 1)
( 1 ((a(X1) = a(@) g, 51y) 0 Prc, f(X1) + To (6(X1)1(x,51)) PT—le(X1)> Ling=13
£JC(XNTJA)@NTJA1{NT:0} + M2 (2pN, — 1)
X (;L ((a(X1) — a(x))) 0uPr—¢, f(X1) + T1 (b(X1)) PTglf(X1)> Lix >y line=13

where we used the extraction formula applied to the r.v. 1% >, and Lemma (11 (taking first the
conditional expectation w.r.t ¢;) for £ =1, k = 0 for the last equality.

8An alternative but longer approach can also be achieved using smooth approximations for the indicator function.
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Now we carry out again the same procedure for the second term in the above integrand using again
the extraction formula and the fact that P,f(L) = f(L) = 0. We obtain
PTftf(Yt)l{%»}

EF(XNp )00z 111 (vr—0y + €720 (20, — 1)
1 _ _ _ _
(55) X (2112 (a(X1) — a(x)) Pr_¢, f(X1) + Iy (b(X1)) PT—clf(Xl)) Lz >y live=1)
We emphasize that, under assumption (H), the following estimates hold: for all p > 1, there exists
C := C(a,b,T,p) such that
(56) 1%, 50371 (a(X1) = a(@))po1 < C,
o > —1/2
115,53 Z2@(X0) — a(@) o + 1,50 (K1) o < &Y

which in turn, by using the fact that on P(Np = 1,¢; € dt) = Ae *Tdt on [0, T], lead to the integrability
of the second term appearing in (55).

We now prove the three estimates (56)). Since they are obtained using the same technique, we only
briefly explain how to obtain the first inequality. Using the definition of Z;, one has that

Ti(a(X1) — a(z)) = (a(X1) — a(x))a(i;Q +d(X),

Therefore in order to bound the above expression, we need to find an upper bound for |a(X;) — a(x)| and

then use classical estimates for the moments of Gaussian r.v.’s. In order to bound |a(X;) — a(z)|, one
uses the Lipschitz property of a as follows

Lix,>pla(X1) —a(@)] < Clix, oy | X1 — 2| S O Xy —ap1 — (1= p1)(2L — 2)| < C|Zy].

Here we have used the fact that X, > L and « > L implies |X; — | < |X; —2zp— (1 —p)(2L —z)|. Finally
the estimate follows from the application of Lemma [2| with H; = a(X;) — a(z).
With the notations introduced in Section and ([17)), the identity can be rewritten as

(67)  Prf(x)=E [f(XNTH)lDNTH,NT éNTJrl]-{NT:O}] +eME [Pchlf(XﬂlDNT,NT 911{NT:1}] .

Using again , applying Lemma and by finally performing IBPs as before, we obtain by induction
the following formula, Vn € N,

n—1 Nr+1 n
(68) Prf(x) = Z E [f(XNT+1) H 1p, n., 9i1{NTj}1 +ME lPTCnf(Xn) n 1Di,NT9i1{NTn}1 .
j=0 i=1 i=1

To conclude it remains to prove the absolute convergence of the first sum and the convergence to zero
of the last ternﬂ These two results follow directly from the boundedness of f and the following general
estimates on the product of weights.

Lemma 8. The r.v.’s 6; € Sin, @ € Nyp1 satisfy the time degeneracy estimates in Definition @ More
precisely, for any p = 1, there exists a (deterministic) constant C > 0 (which may depend on \) such
that for i e N,

(59) 1p,_ ., Eic1n[1p,,10:P] < C(G — Gi1) 5.

Furthermore, one has 1p, , Ey n[1p, . |0n41]P] < C.

Proof. The proof for i < Np follows from Lemma [2] after noting that c¢§ = 1(a(X;) — a(X;_1)) €
M (X,1/2) n'S;(X) and is based on the same arguments as in the proof of (B6). In the case i = Ny + 1
the conclusion follows directly from the boundedness of the r.v. 6, 41. This argument will be used

repeatedly in order to obtain the so-called time degeneracy estimates. O

9An analytical proof of this fact can be found in [14], Lemma 5.2.



IBP FORMULA FOR KILLED PROCESS 33

Lemma 9. Assume that the weights (0;, Sin), i € Npj1 satisfy the time degeneracy estimates in Definition
@. Then for any p € [0,2), we have the following moment estimate:

Nr+1 _p
E ] [T 10,0
i=1

Here Ey_3 ) stands for the Mittag-Leffler function Eop(2) = 20 mﬁszka) with parameters o = 1 —
P g=1
27 :

Proof. For the proof, it is enough to use the Markov property of the Markov chain X together with
the time degeneracy estimates and the fact that given Ny = n, the jump times of the Poisson process
are distributed as the order statistics of n ii.d. uniform [0, T]-valued r.v.’s satisfying P(Np = n,(; €
dti,--+ ,Cp €dty) = \e dty, -, dt, on the set A, = {(t1, - ,t,) € [0,T]" :0<t; <---<t, <T}
This gives

< Bz, (CT75M) < .

Nr+1 _p n R
E “ [] 10,0 1{NT_n}1 < C”“J [t —tio) % dty---dt,
i=1 An i1

)

_ Cn+1Tn(17§)—
F'l+n(1-2%))

for some positive constant C := C (T, a, b, p, \). One concludes the proof by adding the previous inequality
from n = 0 to infinity.
O

As a consequence, holds for bounded smooth functions. The extension to bounded continuous
functions follows from an approximation argument while the extension to bounded measurable function
follows from a monotone class argument. The extension to polynomially growing functions is performed
by a limit argument noting that all moments of Xy, 1 and X7 are bounded.

Remark 9. (i) From the above proof, it should be clear that inequality (or equivalently ) 18
strongly tied with the restriction p € [0,2) in Lemma @ This is the reason why it is important to always
have weights which satisfy a time degeneracy estimate as stated in Definition[3

(i) On the other hand, the estimate in (59), as remarked in [7], also suggests that the variance of
the Monte Carlo estimator may be infinite. In order to achieve finite variance, one can resort to an
importance sampling technique on the jump times as proposed by Anderson and Kohatsu-Higa [3].

10.2. Proof of the transfer of derivatives of Lemma First, we remark that from the explanation
«~—c 0

given after the definition of the operators D and Z in (I0), the r.v.’s (WZD 0.1, 0;41) defined by
[22)) are elements of S;,1(X). Then, it is clear that since the coefficients b and o are smooth as stated
in (H) and the transition of the Markov chain X has a smooth Gaussian transition density, the map
2 By [f(Xi41)1D,,0, 0 101]|5,_, 18 0 G1(R) as.

In order to prove , we consider the difference between the term appearing on the left-hand side and
the first term appearing on the right-hand side of equation . Using the integration by parts formula

and then the extraction formula , we get
Einl0x,,,f(Xit1)1p, oy 0i41] = Binlf(Xis 1)1, Ziv1(0i1)] — Bin [f(Xig1)00(Xig1)0i41].

From @D and the integration by parts formula , we also obtain

= «—e = «—e = «—e

a)_(iEim[f(Xi-&-l)lDHLn 0 i+1] :Ei,n[a)?,;(f(Xi-&-l)]-DHl,n) 0 i+1] + Ei,n[f(Xi-H)lDHl,naX'i 0 i+1]7
=Einl[f(Xis1)1p,, Zis1 (20041 — 1) + 012:41] 0 141)]

— <«—€

+ Ei7n[f<Xi+1)1Di+1,n a)_(i 0 i+1]'
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By combining the two previous computations, we see that the difference E; ,[0%,,, f(Xis1)1p,, 0ip1] —

(7Xi]Ei,n[f(Xi+1)1D7:+1m,<§f+1] can be expressed as

Einlf(Xie1)1p,00 0 Ziv1 Gis1 — (2pis1 — )T )] = Ein[f(Xiv1)1p,,0 0%, 0 141
(60) ~ Einlf(Xis1)1Dss1 Zis1(00Zi01 0 131)] = Bin[f(Xir1)01 (Xis1)0is1]-

Note that by using the relation d:*! = ci“ —(2piy1 — 1)0x, céﬂ in and Lemmawe obtain

0%, 011 =22"1 (T4 (0%, cb™) + Tis1 (0x,dTY) — (0'0 ™) (Tia (diFY) + 2221 (5T1)))
0,65 =aj 0%, Xiv1 — a,

n
79

2 a4+l _ n _ Y. 2 l 2 v,
axicz 7ai+1(aXiX1+1) +ai+1aXiXZ+1 —a
_ i+l g/ v 2 i+l
aX,id1 *bi+1aXiXi+1 - (2pir1 — 1)6)2,.02 )

which in turn, after some algebraic simplifications, yields the formula for ?: 41 appearing in . In
order to conclude the proof of (2I]), it remains to notice that for f € %, ([L,0)), one has

(61) —Ein [f(Xi41)00(Xig1)0i41] =Ein [f(Xi+1)5L(Xi+1)<§f+1]

which is a direct consequence of Corollary [3]
]
The time degeneracy estimates of the r.v.’s ((gf +17(§? +1>(§i +1) are straightforward applications of

Lemma [2] using the same arguments as in . The proof of the transfer of derivative formula as
well as the time degeneracy estimates of the r.v.’s for ?ZH, a € {e,c} on the set {Np = n} follow from
similar arguments and we omit the remaining technical details. O

10.3. Proof of the boundary merging lemmas.

10.3.1. A time convolution result for Gaussians. In this section, we describe a series of explicit calcu-
lations of convolutions of Gaussian densities with respect to the time variable. These are used when
merging weights and building the boundary process.

Lemma 10. For z,y,«, 8 € R, and £ € {0,1,2},

t
(62) | ot )05 ¢ = ). )ds =~ 224 0(8%0y + S
Furthermore
‘ = B
(63) fo s&mg(ags,x)ai(g(BZ(t —$),y))ds = —a_36_1x6§(<1>(62t,y + am))

where ®(t, z) := S|o§| g(t, y)dy.

Proof. The results follows from simple manipulations using the following Laplace transform for =, n > 0:

a0
(64) Llg-)(n) = [ €% g-a(5)ds =t VI with g (s) = 5 gl )
0
In particular, one uses the fact that sd,g(a’s,r) = f%g(a%, x) in proving . O

10.3.2. Proof of Lemma @ The key ingredient to prove , that is, the boundary merging of Wfﬂ and

<0
0 ;,is Lemma We divide the proof into several steps.
Step 1: Simplify the statement. First, one observes that it is easier to verify for each term

B
appearing in ?Ze +1 and (yi in , after proper extraction and localization as in Corollary , and then
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add them together. Therefore proving the following general statement will suffice: For any j = 0,1,2 and
real-valued f € ) (R?),

(65) ]E[f(X ’Xl+1)1Dz+1 n ’LJrl( )5L( )(2/)2 - 1 |g2 1, <1+17 NT - n]
AT
= ———E[f(L, X 1
Ci+1 Q 1 [f( 12+1) Dz Litl,n
Step 2: Proof of (6] . Case j = 0. In order to foster the understanding of the proof, let us first
consider the case 7 = 0. The following arguments also gives rise to the definition of the merged boundary

process. B B
First, observe that as (2p; — 1)o;_1Z; = L — X;_1 := Y;_1 on the set {Xi = L}, one has

o o Yio
2p; — 1)0p(X;)Z;(1) = 0 (X)) ———————.
(2pi — 1)00(X3)Zi(1) = dr( )ai—l(Ci*Ci—l)
Next, we rewrite the right hand side of @, namely, using the independence of W and N, we have

E[f(XquJrl)lDH_l n(sL( )(2[% - ]- |gz 17CZ+17C27P’L§NT = n]
f f(L,2) . 1(@ Cz 59 g(ai—1(G — Gi—1), Yi—1) g(a(L)(Civ1 — Gi), 2 — L) dz.

We now use the following key property: for a real-valued bounded G;_1 x B(R? )-measurable function
h:QxRi—»R,onehaS

(66) E[A(Gi, Giv1) | Gio1, Giv1, N = n] = E[h(s + U, 1)| Gi—1, Gir1, N7 = n]

:jg—l,iﬂ(l) |Gi—1,Gir1, N = n.

s=Cic1,t=Ciy1
where U ~ U(0,t — s) is independent of G;_; and N. More precisely, by using the tower property for
conditional expectation and , we obtain

]E[f(Xi:X’i-‘rl)lDi+1 716[/( )(2,01 )Il(l) | gi—17 Ci-‘rl? Pis NT = ’I’L]

1 0 Gi+1—Ci—1 Y,
- | e s V(e (G = o) ).z = D s

ai—1

In order to compute the above time convolution and show that the above conditional expectation
can be rewritten using the boundary process X, we apply Lemma in particular (?7), noticing that

(Z_:lsg(ai_ls, }/7;_1) = agg(ai_157 D/i—1|); to obtain
E[f(Xi, Xis1)1D, 41, 00(Xi)(2ps — 1)Zi(1) | Gi1, Cig1, pis Nr = 1
1 0 _ _ _
R oo L J(Ls2)g(a(L)(Givr = Gim1), 2 = (L(1 — p(Xio1)) + Ximap(Xio1))) dz,
1

= E|f(L, X 1o
a;i—1(Cir1 — Gi—1) [ i) D yisim

This finishes the proof for the case j = 0.

Step 8: The general case: j = 1,2. Using equality , one can similarly prove in the case
7 =1,2. In fact, a useful formula to prove this general case directly from is the following property
for 7 € N,, which was stated in .

|gi715C’i+l7NT = n]

Izj+1( ) =(-1) (9_1559) (ai(Civ1 — Gi)yy — pit1Xi — (1 — piy1) (2L — Xz))}

Step 4: The general case follows by linearity. Note that in the general case , we have that (gf 41
is given by ([22] . This expression can be rewritten using the extraction formula (|12)) as linear combinations
of terms of the type f;(Xi, Xz+1)IH.1( ) for some particular functions f; € ¥ (R?). Therefore the result
in (65]) applies.

One uses again for Z in order to rewrite the resulting expressions in a compact form. For this, note
that we have conveniently defined D as the adjoint of Z for which the extraction formulae are satisfied.

y=Xi+1
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Therefore towards obtaining the formulae which appear in the definition of the weights 7

combines linearly to obtain: :

(67)
E[f(Xis1)1p,,1, 0 50100(X0) (20 = VTi(1)| Gim1, Gisr, Np = n] =

1
AT | F(X i) e “M{a_ (e (Z7 1 (A5 + i (25T ))}'Qz 1,Cz+1,NT—n}.

Here, E?l takes the form
E?—l = b(Xi(zl,iH) - (2pip1 — 1)(a/(X5771,i+1)((2/’i+1 -1)+ JI( 7f71,i+1)(Zz'+1 +AZ;)) - aI(L))

and belongs to S; 1 ;41(X?).
To continue simplifying the above expression and to obtain d?fl from _§+17 note that except for the
factor (2p;+1 — 1) in the coefficient c”l all expressions on the right hand side of the above equality do

not depend on p;41. In particular, note that the r.v. X? 1,i+1 does not depend on p; 1. Therefore by the

11—

symmetry of the Bernoulli r.v. 2p;41 — 1, the term (a'0’)(X7 1 ;11)(Zis1 + Zi) —a'(L) in st vanishes,
leading to the definition of dj*'. From here, (29) follows by multiplying (67) by 2A~*(a’(L) — b(L)) in

order to obtain ?0 on the left side of the equation.

Finally, the equality follows by arguments similar to those employed in for 5 = 0 and we
omit its proof.

Step 5: The time degeneracy estimates. Using the basic properties for Skorokhod integral, obtained
mutatis mutandis from Lemma [2] one obtains the time degeneracy inequalities as it was done in Lemma
using the estimate . On the set {)_(i_l > L}, one obtains that |d€+1(L,X’i_1,i+1)| < ClZiv1 + Zi|
so that

«—0%j

1/2
i—1,i+1lp,i—1 <C(<’L+1 _C’L 1) / .

This ends the proof of Lemma O

One may heuristically understand why the above merged structure appears. Actually, the Dirac delta
function 07, (X;) appearing inside the conditional expectation (65)) imposes the approximation process
to go from X;_; to L and then from L to X;. The two correspondlng Gaussian laws on each interval
are convolved in time in the conditional expectation through the random time (;. Therefore, using the
branching property of Gaussian kernels, stated in Lemma in its analytic fornﬂ, one obtains the results
after renormalization of the variances. This is the argument used in the above proof.

1Di,1,n”1Df,1,i+1»n

10.3.3. Proof of Lemma[6 As this proof has many intersections with the proof of Lemma [5 we only
indicate the main points. Essentially we need to perform two steps. First, one simplifies (using the
reduction formula of Corollary [3) the expression of §; using the fact that one has §(X;) in the expression
(31) as was done in the proof of (61). Then one follows the lines of reasoning as in the proof of Lemma
except that one needs to use instead of .

We remark here that the time degeneration estimate in Lemma [f] improves in comparison with its
corresponding estimate in Lemma [§] because of the inequalities

|Xi—1 —L|v |X§—1,i+1 — L] <O|Xia—1,i+1 — L(1— N(Xi—l)) - Xi—lﬂ(Xi—1)| < ClZig1 + Z4,
(B9 Na(L)(Cix1 — Cic1)s Zigr + Zi) <C(Cigr — Cio1) Y2,

where the last 1nequahty follows from change of variables and Komatsu’s inequality and in the first we
assume that X; 1, X 1i+1 = L. The proofs corresponding to the last interval are easier and follow
similar arguments. This concludes the proof of Lemma [6] O

10Clearly, this property is connected with a similar one for Bessel processes as stated in Chapter XI of [29].
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10.4. Localization and reduction lemmas. The following lemma is the basic result which explains
that the expectation of a weight can be simplified thanks to the symmetry of the law of X;, for 1 < i < Ny.
For this reason, we call the following result a reduction lemma. This section only uses the results and
setting of Section

Lemma 11. Let f € %Z}(R) and (¢,k,n) e N x N2. Then, for any i€ N,,, one has
E [f(X:)0r(X:)(20: = 1) T (1)[Gi1, T, Np = n]

)0, ifl+k is odd,
N\ E[F(X)dn(Xi)(2pi — VETF(1) | Gir, T Ny =], if £+ k is even.

Proof. The proof follows by using and noting that the Hermite polynomials of even degree are even
functions (as functions of the variable Z;) and the fact that, conditional on G;_1, T"*! and X; = L, the
law of the random vector (Z;,2p; — 1) is a Bernoulli(1/2) r.v. with symmetric values +(o; ", (L—X;_1),1)
for i e N,,. O

The above lemma states that any weight for which its leading term satisfies that £ + & is odd (in the
sense of highest order of time degeneration) will have a reduction in its time degeneration. Combining the
extraction formula with Lemma one obtains a result which encompasses extraction, localization
(at L) and reduction in time degeneration.

Corollary 3. Let f € €, (R) and (£,k,n) € Ng x N>, Let ce €F(R). Then, for any i€ N,, one has
E [£(X0)on(Xi)(2pi — 1)Z{ (e(X))|Gimr, T, Ny = n]

k
kN _ _ L
= ()W AR 2 - DT W[G . T N = ],

; J

=0

K—&-k—yj:mwn

10.5. Appendix: Results about emergence and reduction of jumps. The first result is used in
the proof of the probabilistic representation in Theorem [2] and is used to express that time integrals add
jumps to the Poisson process.

Lemma 12. Letne N and G : {(t1,...,tpy2) 10 <ty < -+ <tpy1 < tpyo: =T} —> Ry be a measurable
function such that E[SZ; G(Ciy-- 3 Cns 8, T) 1 Np—nyds] < co. Then
T
E[ . G(Cla ey Cna S, T)]-{NT:n}dS] = A_l]E[G(Cla ey Cna Cn-‘rla T)]-{NT:TH-l}]

The proof is straightforward and follows by rewriting the above expectations using that the conditional
law of the jump times of a Poisson process given the number of jumps follows the same law as the order
statistics for i.i.d. uniformly distributed r.v.’s.

The next result is used for the reduction of jumps after the boundary merging procedure. For this
reason we called it the time merging lemma.

Lemma 13. Let n € N. Let G : {(t1,...,tn) : 0 < t; < --- < t, < T} — R be a measurable function

such that for all i € Ny, E[(Ciy1 — Gio1) 7'G(Cry -5 Gim1,Cig 1y - o5 CNp 1) Linp—ny] < 0. Then, for any
i€ N,, one has

E[(Ci+1 - Ci—l)ilG(Ch T aCi—h C’H—h R CNT+1)1{NT=H}] = )‘E[G(gl’ R CNT+1)1{NT=7L71}]'
Proof. The proof follows from standard computations having at hand the two following important facts:
conditionally on the event {Np =mn,{1,...,(i—1,Ci+1,----,Cnp ), the distribution of ¢; is uniform on
[Ci—lv (:i-&-l] and ’I’LP(NT = n) = )\TP(NT =n— 1). ]

Remark 10. The above result will be used in the proof of Theorem@fori e N,, on the set {Np = n} for
some measurable functions G of the following form
i—1

G(Cryees Gty vty Cvg) = (X141, Giny oo 5 Gowt) X Ipo | 030 540 % [11p,.9

j=1
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for some symbols a; € {0 *e,0® e} and for some measurable function F(x,s;41,++ ,T)
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