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Abstract

We characterize in this paper the class of reciprocal processes associated to a Brownian
diffusion (therefore not necessarily Gaussian) as the set of Probability measures under which a
certain integration by parts formula holds on the path space C([0, 1];R). This functional equation
can be interpreted as a perturbed duality equation between Malliavin derivative operator and
stochastic integration. An application to periodic Ornstein-Uhlenbeck process is presented. We
also deduce from our integration by parts formula the existence of Nelson derivatives for general
reciprocal processes.
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1 Introduction

The present paper deals with reciprocal processes which we characterize by a simple functional
equation, an integration by parts formula, on the space of continuous paths. Reciprocal processes
are Markovian fields with respect to the time parameter and therefore a generalization of Markov
processes. The interest in these processes was motivated by a Conference of Schrodinger [24]
about the most probable dynamics for a Brownian particle whose laws at two different times
are given. Actually, Schrodinger was only concerned with Markovian reciprocal processes. His
interpretation in terms of (large) deviations from an expected behavior was further developed by
Follmer, Cattiaux and Léonard, Gantert. Schrodinger processes were also analysed by Zambrini
and Nagasawa for their possible connections to quantum mechanics. One year after Schrodinger,
Bernstein noticed the importance of non-Markovian processes with given conditional dynamics,
where the conditioning is made at two fixed times. This was the beginning of the study of general
reciprocal processes.

Jamison [11] proved that the set of reciprocal processes is partitioned into classes; each
subclass is characterized by a set of functions, called Reciprocal Characteristics ([4], [13]). The
main result we obtain is that, for real-valued processes, each class of reciprocal processes with
Reciprocal Characteristics (1, F') coincides with the set of solutions of a functional equation in
which the function F' plays a similar role as the Hamilton function associated to a set of Gibbs
measures ([21]). This functional equation is indeed an integration by parts formula on the path
space C([0,1];R) and it exhibits a perturbed duality relation between the stochastic integration
w.r.t. a reciprocal process and the Malliavin derivative operator along a class of test functions
which is smaller than the usual one on the Wiener space.

Then, to illustrate our approach of reciprocal processes, we consider some Stochastic Dif-
ferential Equations with time boundary conditions (initial and final times). Solutions of such
stochastic equations form a wide class of non adapted (then anticipative) non Markovian pro-
cesses and we hope that our way to identify their reciprocal properties will be a help in the
analysis of such processes.

The search of a characterization of reciprocal processes as the set of solutions of some second
order equation was proposed by Krener (cf [13]). It was achieved in the Gaussian case by Krener,
Frezza and Levy in [15]. (For the Gaussian stationary case see also [2].) As far as we know,
no such characterization was available in the non Gaussian case. Our result fills this gap in
dimension 1.

Concerning the general non Gaussian case, one of the authors proved in [25] that reciprocal
processes satisfy a stochastic Newton equation which involves Nelson derivatives, the reciprocal
characteristics as well as a stochastic version of acceleration. At the end of section 4 of the present
paper, we study the relationship between our result and the result of [25]. The integration by
parts formula which we introduce provides sufficient conditions for a reciprocal process to be
differentiable in Nelson’s sense.

Reciprocal processes are time random fields defined on a compact time interval. When the
time parameter belongs to an interval with infinite length, the problematic is closed to time
Gibbs measure, or quasi-invariant measure on the space of continuous functions, as introduced
in the seventies in the context of Kuclidean Quantum Field theory by Courrege and Renouard
[5] (see also [23]). Still a lot of problems in this direction remain open.



The paper is devided into the following sections.

1. Introduction.

2. Notations and framework.

3. Characterization of R(P), the reciprocal class associated to the Brownian motion.
4. Characterization of the reciprocal class associated to a Brownian diffusion.

5. Application to the periodic Ornstein-Uhlenbeck process.

2 Notations and framework

Let Q = C([0,1];R) be the canonical - polish - path space of continuous real-valued functions
on [0,1], endowed with F, the canonical o-field. Let (X¢)c[o,1) denote the family of canonical
projections from €2 into R.

P(Q) is the set of probability measures on §2. We use equivalently the notation Q(f) or Eq(f)
for the integral of the function f under a probability measure Q).
Let P € P(©2) denote the Wiener measure on € satisfying P(Xy = 0) = 1.
More generally, for x € R, P* is the shifted Wiener measure satisfying P(Xo = z) = 1.

We define now the space of smooth cylindrical functionals on €2 :

S = {9,9(w) =¢(wy,...,w, ) where ¢ is a bounded C*-function
from R™ in R with bounded derivatives and 0 <¢; <...<t, < 1}.

Clearly S C L*(Q; P).
On S we define the derivation operator D in the direction g € L?(0,1) by

n 9 t;
Dy®(w) = af(wtl,...,wtn)/o g(t)dt
i=1

= /1 g(t)Dy®(w)dt
0

where
n

th)(W) = %(wtl, . ,u}tn)ltgti.
i=1 "

It is clear that Dy® is also equal to the Gateaux-derivative of @ in the direction [; g(t)dt, which
is a typical element of the Cameron-Martin space.
We can now define the space D2 as the closure of S for the following norm :

1
|91, = Er(@%)+ Bp( | D).

It is well known (see for example [1]) that the operator D (also called Malliavin derivation)
is the dual operator on D2 of the stochastic integration operator § defined on Q by §(g)(w) =

fol g(t)dwy :
Yg € L*(0,1),Y® € D2, Ep(D,®) = Ep(q> 5(g)> (1)



The main object we deal with in this paper are the so called reciprocal classes.
We consider a given Markov diffusion P € P(Q) such that, for each 0 < s < t < 1, the map
(z,y) — P(./X, = x,X; = y) is continuous on R2. The reciprocal class associated to P is the
subset R(P) of P(£2) defined by :

R(P)={QeP(Q),Y0<s<t<1,Q(./FsVF)=P(./Xs, X1)} (2)
where the forward (resp. backward) filtration (F;).c(0,1) (resp. (.7:}),56[071]) is given by
Fi=0(Xs,0<5<1), (resp. Fi = 0(X,t <s5<1)).

Each element of R(P) is called a reciprocal process associated to P.

From the definition (2) of a reciprocal class, it is clear that each reciprocal process @ is a
Markovian field in the sense that, for 0 < s <t <1, .7:5\/.7:} and o(X,;s <r <t) are independent
under @) conditionnally to o (X5, X;).

Nevertheless, a reciprocal process is not necessarily a Markov process. Jamison gave in [11]

the following description of the subset RM(P) whose elements are the Markovian processes of
R(P) :

Ru(P) = {Q € R(P),3wy,v1 o-finite measures on R,
Q o (Xo, X1) " (da, dy) = p(0, x, 1, y)vo(dx)vi (dy)} (3)

where p(s,z,t,) is the probability transition density of P (which always exists and is regular
in the cases treated in this paper). Due to historical reasons recalled in the introduction, the
elements of Ry (P) are called in the litterature “Schrodinger processes”.

Let us mention the following equivalent definition of R(P) as the class of processes having
the same bridges as P (see [11]) :

R(P) = {Q € P(2),3m € P(R?),Q = /R B(/Xo = o, X1 = pym(dz, dy)}.  (4)

Remark that from the above definition (4) any reciprocal process @ in R(P) is a mixture of
bridges of P.

3 Characterization of R(P), the reciprocal class associated to the
Brownian motion
3.1 Duality under the Brownian bridge

We recalled in the above equality (1) the duality between Malliavin derivative D and stochastic
integration 0 under the Wiener measure P. In fact, (1) remains valid if P is replaced by any
other Wiener measure P*, x € R , and therefore, by linearity of this equation with respect to
the integrator, equality (1) is also true under P, a p-mixture of (P?, z € R):

pr = / P* uld),  pePR). (5)
R

What is more surprising is the fact that the duality between D and ¢ holds also under any
desintegration of the Wiener measure in Brownian bridges, if we restrict the class of test functions
g in (1) to a smaller space than L?(0,1). So let us introduce the function space

2 _ 2 ! _
L§(0,1) = {g € L*(0,1), / g(r)dr = 0}.
0
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It is the orthogonal subspace in L?(0,1) to the constant functions.

Let us stress the following remark: for the characterization based on integration by parts
formula developed in the rest of the paper, it is enough to consider the class of step functions
g € L3(0,1). For these functions, 6(g) is intrinsically and trivially defined; in particular the
stochastic integral does not depend on the reference probability measure on €.

We have

Proposition 3.1 Let (z,y) € R? and P%Y € P(Q) be the law of the Brownian bridge on [0, 1]
from x toy. Then

Vg step function in L(0,1),Y® € S, P“¥(D,®) = P™¥ (<I> 5(9)). (6)

Proof : The duality formula (6) has been proved by Driver in [8] even for the Brownian bridge
on a Riemannian manifold. His proof relies on the absolute continuity of P*¥ with respect to
P? on F,, with 0 < 7 < 1. However for the sake of completeness, let us sketch an alternative
proof of this duality. As noticed at the beginning of the section 3.1, the duality

P! (® d(g)) = P"(Dy®) (7)

holds for any g step function, ® € S and p € P(R). .
Taking ®(w) = ¢o(wo)1(w1)P(w) for ¢o, ¢1 € C°(R), and ® € S, one obtains from (7)

PP (90(X0)é1(X1) P*($5(9) /X0, X)) =
P (60(Xo)é1 (X1) P (Dy®/ X0, X1) ) + PP (60(X0)9} (X1)) /Olg(r) dr.
So, for g step function in L3(0,1), the last term vanishes and this implies
pXoXi (@5(9)) = p# (id(g)/Xo,Xl) = pXoXi (Dg(i)> for a.s.(Xo, X1) under P*.
By continuity of the map (z,y) — P*¥ the duality formula (6) holds for all (z,y) € R%. W

Remark 3.2 : To prove the duality equation (6) under P%° we could also use the correspon-
dence between the Gauss space of the Brownian bridge P%Y and the Wiener space (Q, P), based
on the isomorphism « between L2(0,1) and L?(0,1) defined by :

Yo € L30.1), alo)r) =9 + = [ a(s)ds

In fact, following Gosselin and Wurzbacher ([10], Proposition 2.2), if X is a Brownian motion
under P, the image process of X under the transformation

t
dw
O: (t Ow)y = (1—-t : )
w={t=(Ow)e = ( )/0 1 —s/0<t<1
is a Brownian bridge with law P%; the stochastic integral &(g fO d(0X), is well

defined for g € L3(0,1) and moreover :
6(9)(0X) = d(a(9))(X) P —as.
So, to deduce (6) from (1) it is enough to remark that, for g € L3(0,1) and ® € S,
Dy®0© = Dyg)(Po0O).



3.2 Characterization of the conditional probabilities
The natural question is now to analyse if the duality under a measure () between D and J tested
on all (g,®) € L3(0,1) x S characterizes the bridges of Q. The positive answer is the object of
the following :
Proposition 3.3 Let Q € P(Q) such that Q(supycp 17 | X¢|) < +o0. If
Vg step function in L3(0,1),V® € S, Q(Dy®) = Q(@ (5(9)) (8)
then Q(./ X0, X,) = PX X1 Q —a.s..

Proof :

First, following the same argument as in Proposition 3.1, it is clear that (8) also holds under

Q(./Xo,X1) Q — a.s.. For simplicity, let us denote by Q™Y € P(Q) the law of the bridge of Q) on
[0,1] between z and y, (z,y) € R2. Let § a fixed step function on [0, 1], and for A € R, define

() = Q7 (exp(iAd(3))). (9)
By recentering g, we also introduce the step function
1
g=3- [ g € 13(0.1). (10)
0

Now, remarking that ¢ is differentiable on R, we obtain

W) = Q™ (8(3) exp(ird(3)) )
1
= i@ ((30)+ r=2) | a0 ar) exp(ing(@)))
1

= jery—7) Jo 3(r) dr ey exp(? iy —x g(r)dr .

Q" (3la) exp(@X6() + iy —a) [ ar)dr vy

From (8), using the fact that ® = exp(iAd(g)) € S, we deduce that for Qo(Xo, X1) ta.a.(z,y),
Q" (8(9) exp(ird(9))) = Q7 (Dylexp(ird(9)))
which is equivalent to
1

Q™ (sa) exp(i3(0))) = iA [ 2y dr @ ((exp(id(a))

So,
? 1 1 1
v = (itv-a) [ ar)ar=A( [ Fwrdr—([ gtdn?) ).
0 0 0
The unique solution of this differential equation with initial condition ¢(0) =1 is

s =eo (<5 ([ e[ sww) rinw-a [ana).



Thus, for Q o (Xo, X1)~! almost all (z,y), equality (11) holds true for all § in the following
countable set of step functions : {>°F_, Qilpg, 6 p0=50<...<sp<spr1=1peN, s5,0; €
Q}. This set is dense in L?(0,1), so equality (11) holds also true for each g € L?(0,1) , since its
both sides are L?(0, 1)-continuous functionals of § under the assumption that Q(supsepo 1) [ Xel) <
+00.

Next step is to identify the process with the above characteristic functional. Let us indicate
two possibilities :

Either one verifies that the following process

Y;f:.’L'(l—t)—f‘Bt—i-t(y—Bl)

where B is a Brownian motion, is indeed a Brownian bridge with law P®Y and admits ¢ as
characteristic functional ( cf. for example Theorem IV.40.3 in [22]).
Or one remarks that 1 is associated to a Gaussian process : by taking A = 1 and

p
g = ail[ti_hti[? O=to<t1 <... < tpfl < tp =1,
=0

it is clear that Q“”’y(exp(ié (g))) is the exponential of a bilinear form in («;). Moreover, taking

now g = 1,4, we obtain the first two moments of this Gaussian process :

Qx’y<exp(i>\5(1[s t]))) - e*%(tfsf(tfs)Q)Jri)\(yfcc)(tfs)
implies
QY (Xy) =ty + (1 —t)xr and Cov(Xs, Xy) = s(1 — 1), s < t.

These moments also characterize the law of the Brownian bridge. B

3.3 The class R(P) as the set of solutions of a duality equation

It is known that the duality (1) characterizes the set of Wiener measures {P*, n € P(R)} C P()
(see [21], Theorem 1.2). By restricting the class of test functions g to those with vanishing integral
on [0;1], it is clear that the set of Probability measures under which the duality holds is larger.
The following theorem does explicit this subset of P().

Theorem 3.4 Let Q) € P(2) such that Q(supsepo,1) |Xt]) < +oo.
The following two assertions are equivalent :
i) Vg step function in L3(0,1),Y® € S, Q(D,®) = Q((I) 6(9))
i1) Q € R(P), i.e. Q is a reciprocal process in the same class as the Brownian motion.

Proof :
By Proposition 3.3, i) implies the a.s. equality between the bridges of @ and those of P. But

Q= / Q(/Xo = 2, X1 = y) m(dz, dy)
R2

where m = Q o (Xo, X1) *.Then using the definition of R(P) given in (4) we obtain directly
assertion 7).

Reciprocally, if @ € R(P), the desintegration (4) holds. So @ is a mixture in (x,y) of bridges
P®»Y. But, by Proposition 3.1, under each bridge the duality between D and § holds. This
property remains valid by mixing the underlying measure. So ¢) holds. B



4 Characterization of the reciprocal class associated to
a Brownian diffusion.

In this section we want to extend the results obtained in the previous section for other classes of
reciprocal processes than R(P). So we take as reference process no more a Brownian motion but
a Markovian Brownian semi-martingale, also called Brownian diffusion, and defined as solution
of the stochastic differential equation :

{ dX; = dB; + b(t, X;) dt

Xo =2 (12)

where B is a Brownian motion and the drift b satisfies the following regularity assumptions :
beCch?([0,1] x R;R) (13)
K >0,Y(t,z) €[0,1] xR, xb(t,z) < K(1+ z?%). (14)

Since condition (13) implies that b is locally lipschitz continuous uniformly on time, both
conditions (13) and (14) ensure existence and uniqueness of a strong solution to equation (12)
(see for example [3] p.234). We denote by P € P(Q) the law of this solution.

We introduce the following supplementary regularity assumption on the probability transition
density associated to P - it will be useful when we compute the reciprocal characteristics of bridges
of P -:

p(s,x,t,y) = P(X; € dy/ X = x)/dy is strictly positive for any s,t € [0,1],z,y € R and
belongs, as function of (s, z)(resp.(t, %)), to C?3(]0,1] x R;R)(resp.C*3([0, 1[xR;R))(15)

Let us now introduce a space-time function F' defined on [0, 1] x R and derived from b by :

Fit2) = 2ot ) + bt 2) bt 2) + + 2 bt ) (16)
x) = =b(t,x x)=—0b(t,z) + = ==b(t, x).
’ ot T ox 2022 "7

This function together with the diffusion coefficient 1 (due to the fact that the martingale
part of X is a Brownian motion) are the so-called local reciprocal characteristics associated to P
(cf [4] and [13]). The function F', as functional of the drift, is invariant on the set R/ (P) and

moreover the pair (1, F') characterizes completely the reciprocal class R(P) (see Theorem 1 in
[4] when b is bounded and Theorem 4.7 in [26] under less restrictive assumptions).

4.1 An integration by parts formula

Let us now investigate how the duality equation ¢) in Theorem 3.4 satisfied by every reciprocal
process in the Brownian class R(P) is perturbated when the reference process admits a drift

b 0.

Proposition 4.1 Let Q € P(R2) a reciprocal process in the class R(P). Suppose moreover that

1
Q( sup |Xi[2) < oo and Q(/ (1 X)Pdt) < oo, (17)
t€[0,1] 0

Then the following integration by parts formula is satisfied under Q :

1 1
Vg step function in L3(0,1),Y® € S,Q(D,®) = Q(CD (5(9)) + Q<<I> /0 g(r)/ F(t, Xy) dtdr).(lS)



As anounced below, the perturbation term - the second term of the r.h.s. - is given by F. In
the course of the proof we will need the following

Lemma 4.2 Let Pg € P(C([0,7];R)) be the law of a Brownian diffusion with initial value z and
drift 8, for some 0 < 7 < 1. We assume the following :

CRS C1’2([0,T] x R;R) and B(1,X;) € LQ(Pﬁ)
Folt. X)) € L2(dt @ dPy) where Fy = 25+ 525+ -2 5
PR p) where £ = 5 oz” T 29227

Then, for g € L*(0,7) and ® any F,-measurable function in S,
P3(Dy®) = Py <<I> 5(g)) + Py (CD / g(r)/ Fi(t, X,) dtdr) —/ g(r)dr Py <<I> B(r, XT)>. (19)
0 I 0
Proof of Lemma 4.2: Let us denote by M? the density of Pg with respect to P?,

MP = exp (/OT B(t, X)dX, — % /OT ﬂZ(t,Xt)dt>.

We denote by M™? the r.v. defined by M8 = exp (Xn(log Mﬁ)> where x,, is a smooth bounded
function with bounded derivative on R satisfying

{ Xnln-tni1e =M+ Do no1[+ (0 + D1jni1 oo
Xn]-[fn,n] = Id]-[fn,n}

Such a cut-off for M# appears in [7]. Remark that 0 < M™% < M” + 1.

Let Pg € P(C([0,7];R)) be the positive measure with Radon-Nikodym derivative M ™8 with
respect to the Wiener measure P*. By definition of Pg,

P} (Dy®) = P* <M”’5Dg<1)) —p* (Dg(q> M"ﬂ)) _pe (@DQMW)
which implies, by integration by parts formula under the Wiener measure, that
P*(M"7D,@) = P*(® M"5(g)) — P*(®D,M"7).

By dominated convergence, the L.h.s. of the above identity converges to P* (MﬁDg<I>> = Py (Dg<I>> .
The same argument applies to P* <<I> M™B§ (g)) which therefore converges to P* <¢> MPBs(g)) =
Py (@(5(g)>. By definition,

DyM™P = M™Py! (log M?)D,(log MP).
Morever,
T T 8
Dytlog M) = [ o) (3 X0+ [ Sate x0ax

N /T B, Xt)(%ﬁ(t, Xt)dt) dr



which, by Ito’s formula, is equal to

3(r o) [ atryar— [ ) [ Fsto. %) dpar

The last term for which we have to study the convergence is therefore

P (@ tos ) (90 0) [ atrrar = [ o) [ Fao %) dor))

We conclude since

IN

| MO, (log MP)] M"™P1( (1) i) (log MP)

MP1_ (1) 1) (log MP)

IN

and, by assumption, the r.v.

v (ot 0 [ atrrar = [ o) [ Eato. %) do).

is in L1(P®) since the r.v. into parenthesis is in L?(Pg). B

Proof of Proposition 4.1:

Let us denote by p the law of (X, X1) under @Q. It is sufficient to prove identity (18) under
Q™Y for p-a.a. (x,y), since it will remain true by reintegration under pu.

Obviously, assumption (17) remains true under @™V for p-a.a. (x,y). In the sequel of the
present proof, we fix such an (z,y). Moreover, since Q € R(P), Q™Y coincides with P™¥ and is
therefore the law of a Brownian diffusion on each [0, 7], 7 < 1 whose drift [ satisfies

)
B(t, z) = b(t, z) + g log p(t, 2,1, y)

where p is the transition probability density of P. Let us first notice that, when fOT g(r)dr =0,
it is easy to verify that in the proof of Lemma 4.2 the assumption 3(r, X;) € L'(Pg) is no more
required. The remaining assumptions of Lemma 4.2 on 3 and Fjg = F' are direct consequences
of assumptions (15) and (17). Therefore, for all ® € S, F,-measurable and all step functions
g € L3(0,7), one has

Q™Y(D,®) = Qw(q» 5(9)) + QY (q> /0 ") / " P X)) dtdr). (20)

Let us now fix ® € S, Fi-measurable, and g a step function in L3(0,1). These are the testing
objects which we need in order to prove (18). Since ® € S, there exists a function ¢ and a real
number 7 < 1 such that ®(X) = ¢(x, Xy, -+, Xr,y), Q@%Y-a.s.. We also fix n large enough so
that 7 < 1 — 1 and g is constant on [1 — 2;1[. Let us set

1

i =gk _ag+n( [ | gty 2y

1—2
n

By construction g, € L§(0,1 — 1) since g € L3(0,1). From Lemma 4.2, we deduce the identity

Q™Y (Dy,®) = Q™Y (cb 6(gn)) + Qﬂ%y(cp /0 o gn(7) / o F(t, X;) dtdr).

It remains to verify that each term converges when n tends to infinity towards the corresponding
term in (18) written under Q*¥. We have the followinginequalities :

10



o |Qm’y(Dgn(I’ - Dg(I))’ < HDCI)Hongn - 9”1 = 2%HD¢)HOO
where C'is the constant value of g on [1 — 2,1].

o |Q71(@ (390 — 9))| < Illoc@¥ (X1 - X, _2)
which converges to 0 by a.s. continuity of paths and dominated convergence theorem thanks
to assumption (17).

1-1 _1
. |QuY (@(fo " g (r) frl w F(t, Xy)dtdr — folg(r) le F(t,Xt)dtdr)N
which vanishes thanks to assumption (17).

4.2 Characterization of the reciprocal class R(P).

We are now interested by the converse statement of Proposition 4.1. More precisely, our main
result is to show that the integration by parts formula (18) characterizes the regular elements of

R(P). More precisely, recall that in the previous section, we introduced the regularity assump-

tions (13) and (15) in order to define the reciprocal characteristic . In the same way, in order

to prove a converse statement to Proposition 4.1, we have to consider probabilities on €2 which a

priori satisfy the following set of regularity conditions which will be denoted by (A) in the sequel:
- (A1) YVt < u,y, z there exists a density function ¢(¢, z,u, ., 1,y) such that

Q(XU S d’UJ/ Xt = Zle = y) = Q(t,Z,U,’UJ, 1,y)d’UJ

- (A2) VY, y, u, w, q(0, z,u,w, 1,y) is strictly positive
- (A3) Yu,w,y, (t,2)+— q(t,z,u,w,1,y) belongs to C12([0, 1[xR;R) and for all (¢, z) there
exists a neighborhood V of (¢, z) and a function ¢y (u,w, 1,y) such that

sup latq(saé.vuawa 17y)| + ‘62(](8767’”7“]7 17y)| + |8ZZQ(87§7u7w7 1>y)’ S (bV(uvwv 17y)
(s,6)eV

and fOl fR QSV(U,U], 17y)|F(u, 'UJ)|dwa < 4o00.

Theorem 4.3 Let Q € P(Q) satisfying (A) and such that

1
Q( sup |X¢|*) < +oo and Q(/ |F(t, Xt)Pdt) < +oo. (21)
te(0,1] 0

If the following integration by parts formula is satisfied under Q :
Vg step function in L3(0,1),Y® € S,

Q(D,®) = Q(cb 5(9)) + Q<<I> /01 g(r) /Tl F(t, X;) dtdr) (22)

then Q is a reciprocal process in the class R(P).

Proof :
The proof of this theorem divides in three steps.
Step 1 : We first prove that (Xy, ¢ € [0,1]) is a Q-quasi-martingale on [0, 1].

11



This amounts to verify that

n—1
SupQ(Z‘Q(Xti+1 - Xti/fti> > < 400
=0

where the supremum is taken over all the finite partitions 0 = tg < 1 < ... < t, = 1 of [0, 1].
Let us fix such a partition, and take

H—l_t

1y 1.
—, Ll

[tz 7t7,+1] +

The integration by parts formula (22), applied to g; and any ® F;,-measurable, implies that, for
0<i<n-—1,

Q(Xtm - Xti/]:ti> = (tiy1— ti)Q(Xi /ft - /tm/ (t, Xy) dtdr ) Fy, )

tiv1 — L Lot
T Q(/t / F(t,Xt)dtdr/}'ti).

We thus have the following inequality

n—1

> <D (tin —tz‘)Q(')il_XtJrQQ / |F'(t, X¢) ’dt>

1=0

n—1
Q(Z‘Q(Xti-u - Xti/fti)
=0

To prove the boundedness of the r.h.s. on all partitions it is sufficient to control it for partitions
which mesh goes to zero. But then, we identify the sum in the r.h.s. as a Riemann sum associated
to the integral f ! Mds The convergence of this integral is a direct consequence of the
following

Lemma 4.4 Let Q € P(Q) satisfying the assumptions

1
sup Q(|X¢)?) < +oo and Q((/ |E(t, Xt)|dt)2) < +o0. (23)
te[0,1] 0

If the integration by parts formula (22) is satisfied under @ for all ® € S, then it holds also for
the unbounded functional defined by ®(X) = X; — X5,0<s <t < 1.

Moreover, there exists a positive constant C such that

Vs € [0, 1], Q((X1 - X5)2> <O - s).

Proof of Lemma 4.4 : Let y, be the cut-off function defined in the proof of Lemma 4.2. The
integration by parts formula (22) holds true for any step function g € L2(0,1) and ®,(X) =
Xn (Xt — X5). Due to the assumptions (23), the dominated convergence theorem applies to each
term and then, (22) holds also for ®(X) = X; — X;.

For proving the second assertion, let us set g = 1—;1[571] —land ®(X) = X; — X for s € [0, 1].
Taking ¢t = 1 in the first assertion, one deduces the identity :

Q((X1 - x.?)

s = - —Q((Xl—Xs)(Xl—Xo))

4 Q((Xl—Xs)(%_s /Sl /rlF(t,Xt)dtdr—/Ol /Tl P(t, X, )dtdr)).
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We thus conclude that

o - x.7) : (0 :
<144 sup QX )+4( sup Q(|X,[?) / \F(t, X,)|dt )
-5 t€[0,1] t€[0,1]

which is finite by assumption (23). B

Remarking that assumptions (23) are weaker than assumptions (21), this completes the proof
of step 1. By Rao’s theorem (cf. [6] Chapitre VII), since (X¢,t € [0, 1]) is a continuous Q-quasi-
martingale, it is then a continuous @-semi-martingale.

Step 2 : We now identify the local characteristics of the continuous -semi-martingale
(Xi,t €]0,1]).

- Let us denote by A the bounded variation part of X.

We first prove that for any ¢ € [0, 1], the (random) measure Q(dA/F;) on [t,1] is absolutely
continuous with respect to Lebesgue measure, with density (;(.) satisfying

7ﬂ_t// Xp)/ ) dpds.

To this aim, let us take u > t and, as test function, a step function g with support in [t,u]. We
first show that

Br(r) =

/ft

(A — Ay

o( [ atiaaz) = [ ommeiar

Equation (22) applied to ® = &, Fi-measurable and to § = g — % ft 1, yields

o( [ sty /z) - ﬁ( | g(r)dr)Q(Au—At/}} / (,Xp)/}'t>dpd7“

+ﬁ / )r) / / /}}>dpds (24)

Assumption (21) implies that Q(fo1 |dAg|) < +00); so we can apply Fubini’s theorem to the Lh.s.
of the above equality. Taking v = 1 in (24), we obtain that Q(dA/F;) is absolutely continuous
with respect to Lebesgue measure on [¢, 1], and its density is given by

A — A

5 = Q=7 - [ QX Faan+ = [ [ QP ) Fodeds. (25

From this expression we obtain the continuity and even the a.s. derivability of the function 3,
from [t,1] to L'(Q). Moreover, for all u > r, using the expression given in (24), we also have

i) = Q=R — [ @ X Fdr+ = [ [ QP X/ Faps 20

For r fixed, letting u tend to r, one obtains from (26) the desired form for j; :

aur) = (=

/]-‘t_|_//Q (p, X,)/F2)dpds, t <1 < 1.

From the expression of Q(A/F;), we now want to deduce the value of A. First we prove the
following equality as processes in L!(dr x Q):

Bi() = Q(B.L)/Fr).- (27)

13



Since s — (,(s) is continuous from [r,1[ to L'(Q), then §,(r) = limgs, Q(A;:f’"
have

), and we

Q@ n/F) = Q(im =)/ R)

s\
- tmo( = /7)
But
o(tim) - (At

- z:i(ﬁt(s)_/ / Q(F(p,Xp)/ft)dpdu)
;:: T_t//Q (p, X,)/Ft) pdu)

— B(s)+ (r— )ﬂt(S) @(T

s—r//Q (p, X /]:tdpd“—//Q (p, X,)/Fr)dpdu.

When s tends to r the first term of the r.h.s tends to () ; the third term of the r.h.s. tends to
0 ; the limits of the second term and the forth are opposite since, from (25), for almost all r, 3;
is differentiable and §}(r) = Q(F(r, X,)/Ft). This completes the proof of (27).

Now we conclude observing that the process

(e [ ton)

is both a bounded variation process and a continuous Q-martingale due to (27). It is then equal
to the constant 0, which means that dA, is indeed absolutely continuous with respect to Lebesgue
measure dr and its density is equal to 5,(r).

So the semi-martingale decomposition of (X, ¢ € [0, 1]) under @ is the following :

dX, = dM, + B(t, X)dt
where M is a @Q-martingale and 3(r, X) =: §,(r)(X) is given for r < 1 by

Xi%r /Q (P, Xp)/Fr)dp + — //Q (p, Xp)/Fr)dpds. (28)

B(r, X) = Q(
— Let us show that the martingale M is in fact a Brownian motion. The assumption (21) and
formula (28) imply that sup,cig ) [My] € L?(Q) , V1 € [0;1]. So, following Meyer’s terminology,
M belongs to the class (D) on [0;7] and, in order to verify that M is a Brownian motion, it is
enough to show that

T (Xipn — X)? B
pm | Q(F=H At =

in L'(Q) ( cf. [16], Theorems T 28 and T 29 p.156).
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With the same arguments as in the proof of Lemma 4.4 we can verify that (22) holds also
for ®(X) = O4(X)(X¢yp, — Xy), where t € [0,1[,h > 0, and ®; is F;-measurable, and for

:w_%;weobtain
Xopn — Xi)? h X1- &
Q(wht)/ft) - 1_E+Q((Xt+h_Xt)ﬁ/ﬂ>

_Q<(Xt+h — Xt)% /:Jrh /rl F(S,Xs)dsdr/}"t)
+Q((Xt+h —Xt)ll_t/t1 /TlF(s,Xs)dsdr/}'t).

The r.h.s. converges in L'(Q) to 1 when h tends to 0 uniformly in ¢ € [0, 7] thanks to assumptions
(21) and Lemma 4.4, so @ is a Brownian semi-martingale.

Step 3: In the last step, we show that the coordinate process under @) is reciprocal, and we
identify its reciprocal class.

Since @ is the mixture of its bridges under Q o (X, X1)~!, it is sufficient to prove that for
Q o (Xo, X1) -almost all (z,y) the bridge Q%Y belongs to the reciprocal class R(]S)

Following the same argument as in the proof of Proposition 3.3, for Qo (Xg, X1) ™ !-almost all
(7,7), the integration by parts formula (22) holds true under Q%Y. Let us fix such an (z,y) € R?
and s €]0,1]. We now show that Q*¥ is a Markovian semi-martingale. More precisely, we prove
that the law of (X,,r € [s,1]) is the same under Q*Y(./Fs) and Q*Y(./Xs). Let us denote
for simplicity Q@*¥(./Fs) by Q% and Q*¥(./X;) by Q%Y. These two probabilities satisfy also
equation (22) for test functions g with support in [s,1]. By the same arguments as in Steps 1
and 2, we deduce that (X,,r € [s,1]) is a Brownian semi-martingale under both probabilities
whose drifts at time r < 1, computed as in (28), are respectively given by Q?_-’f(U (r,X)/F,) and

Y (U(r, X)/F;), where

y_Xr !
1—r

1 1,1
U(r,X) = F(u, X,)du + [ / / F(u, Xy)duds. (29)

T

But, for r > s,
Q?Sy( JFr) = Q?(’i/( SFr) =Q%(/Fr).

Then both drifts coincide a.s. which implies that Q%Y is Markovian. In particular its drift process
is the following function %Y on time and space :

B (r,z) = ?i_ - /1 QYWY (F (u, Xu)/ Xy = z) du + 1—; /1 /1 Q™Y (F(u, Xu)/ X, = 2) duds.

—r
(30)
By the same arguments as above, QY =: Q(./X; = y) is a Markovian semi-martingale. Therefore,

Q" (F(u,Xy)/ Xy =2) = QY(F(u,Xy,)/Xo=12,X,=2)
QY (F(u, Xu)/ Xy = 2)

= /F(u,w)q(r,z,u,w,l,y)dw.
R

Thanks to hypotheses (A),(r,2) — B%Y(r, 2) belongs to C12([0,1[xR;R) and the reciprocal
characteristics associated to Q™Y are (1, F*Y), where F*¥ is derived from %Y as was F' from b
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in (16). Let us now prove that F*¥ = F for all z,y € R. From (30) and assumptions (21), the
process 3%Y(r, X,) admits a forward derivative defined by
lim ng (ﬁﬂf,y(r + h/7 X7‘+};/l) - vay(Tq XT) /f’r’) .

h—0

Moreover this derivative is equal to F(r, X,). Indeed,

tiny 7 (ﬂw(r +h, XH]j) — B7(r, X,,) /)
i e (SR XNFo) ~ QI XVIE
h—0 h
. . U(lr+h,X)-U(r,X)
= me y( h /f”>
_ oy X oe( K X 17
= U= R o Ame y( h(l =) +h/T+ F(p’Xp>dp/f’")

h
+Q"’”’y< - lF(p, Xp)dp + M /Tl /81 F(p, Xp)dpdS/Fr)

1—7r/,
= F(r,X,)

since all the terms of the r.h.s. vanish except — limy,_o Q™Y (+ fqﬁrh F(p, X,)dp/F,) which tends
to the desired expression. Since Q(|5%Y(r, X,)|) < +oo and Q(fol |F%Y(r, X,)|dr) < 400, the
martingale part of the semi-martingale 8%¥(r, X,) is a true martingale. This property enables
us to identify the forward derivative of 5%¥(r, X,) with the finite variation part of S%¥(r, X,)

computed by using Ito’s formula, that is
F(r,X,)=F*Y(r, X,).

The strict positivity of ¢(0,z, 7, 2,1,y) assumed in (A) implies F' = F*®Y. This completes the
proof of Theorem 4.3. B

Remark 4.5 : Let us make some comments about the results of section 4.

e If Q € P(Q) belongs to the class R(P) and satisfies the assumptions of Proposition 4.1, we
can see that, as in step 2 of the proof of Theorem 4.3,

t+h
QL= E) = o [ aar
¢
where f3; is given by (25). Thanks to a result of Follmer (cf [9], Proposition 2.5), we
conclude that for almost every ¢ € [0, 1], the forward Nelson derivative defined as dy X; :=
L) — limy,_o %E(XH;L — X/ F) exists and is equal to ;. By symmetry we also obtain
the existence of d_X; := L'(Q) — limj,_ %E(Xt - Xt,h/]:"t).

e Our integration by parts formula enables us to recover a particular case of Theorem 8.1
in [25]: if Q € P(Q) is a reciprocal process in the class R(P), satisfies the assumptions of
Proposition 4.1 and is also such that for all ¢ €]0, 1], the first and second order derivatives
dy Xy, d_Xy,dydy Xy, d_d_ X, exist then, for allmost all ¢ €]0, 1],

Qd4+d X¢/ Xy) = Q(d—d—Xy/ Xy) = F(t, Xy). (31)
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This implies that Q(%(d+d+xt+d,d,xt) /Xt> = F(t, X;). The term L(dydy X;+d_d_X;)
can be interpreted as an acceleration in Stochastic mechanics. This is why such an equation
may be called Newton equation (cf. [27]).

e Krener in [14] has also proved two results of second order nature concerning reciprocal
processes. In the first he establishes what he calls “second order Feller postulates”, which
provide a moment estimate of infinitesimal second order increments of the form Q((X¢yp +
Xi_p —2X)F/X;_n, X;41). The estimates only depend on the reciprocal characteristics.
In his second result he gives a meaning to a second order s.d.e. whose coefficients are the
reciprocal characteristics. For details and rigourous statements, we refer the reader to [14].

e As corollary of Steps 1 and 2 of the above proof, we obtain the fact that any reciprocal pro-
cess with reciprocal characteristics (1, F') satisfying assumptions (21) is a semi-martingale.

5 Application to the periodic Ornstein-Uhlenbeck process.

Let us denote by P the law of the real-valued stationary Ornstein-Uhlenbeck process, which, for
A > 0 fixed, is the solution of the stochastic differential equation :

{ dXy =dBy — AX, dt (32)

Xo NN(O; %)

This is a particular case of the Brownian diffusion P defined in the last section, taking b indepen-
dent of time and linear with respect to space. This process is Markovian, Gaussian, and admits
as reciprocal characteristics the function

F(t,z) = X z.

In the present section we are interested in the solution of the following s.d.e. with periodic
boundary conditions :

(33)

dX; =dBy — A X dt
Xo = X;.

This process is called periodic Ornstein-Uhlenbeck process, and we denote its law by P

This type of processes has been already studied by several authors with various motivations.
First, Kwakernaak [12] studied the moments of such Gaussian processes and related filtering
problems. Then, the fact that the solution of (33) is a reciprocal process has been proved from
the analysis of the covariance kernel in [2]. Nevertheless, we propose here an alternative proof
of the reciprocal property of the periodic Ornstein-Uhlenbeck process based on the integration
by parts formula (22). Our method enables us to prove that the periodic Ornstein-Uhlenbeck
process is reciprocal, and simultaneously, to identify its reciprocal class. In this sense, it makes
complete, in this very particular case, the result of Ocone and Pardoux [19], who study the
Markov field property of solutions of general linear s.d.e. with boundary conditions, but without
any identification of their reciprocal classes. We conjecture that our method, which essentially
relies on Girsanov theorem, will extend to more general s.d.e. with boundary conditions than
(33) (see [18] for a description of such a general class).
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The method of variation of constants yields the following form for the unique solution of (33):

t
X, = e MXy+ / e Mt=9) g B,
0

= V¥(B) (34)

t o= A(t—s) L o=A(1+t=s)
\If(w)t:/o wdu@—i-l ﬁdws.

It is then straighforward to verify that X is also the well known hyperbolic cosine process, i.e.
a zero mean Gaussian process with covariance function given by

cosh (A(|t — 5] — 3)
Cov(Xg, Xy) = <2)\Sjnh(%\) 2 ) =: R(t,s)

which implies, in particular, that X is stationary.

From the explicit expression of R it is easy to verify that it solves in a weak sense the
second order partial differential equation —%271;'(75, s) + A2R(t,s) = §(t — s). Carmichael, Masse
and Theodorescu characterize in [2] the covariance of stationary gaussian reciprocal processes as
solutions of such partial differential equations and in [15], a generalisation to the non stationary
case is proved.

Theorem 5.1 The law P’ of the solution of (33) is a reciprocal process associated to the

stationary Ornstein-Uhlenbeck process, that is in the reciprocal class R(P).

Proof : To prove the theorem we now show that P*" satisfies the integration by parts formula
(22) with F(t,x) = A?z. Let g € L3(0,1) and ® € S. By definition,

P (Dy®) = PPET<1im1(‘I’(X+€/.9(5)dS) B (I)(X)))

e—0 € 0

— lim 1ﬂ’”(q>(x+e/0'g(s)ds) —<1>(X))

e—0 €

~ lim L (F””(@) - Ppe”(q>)>

e—0 € €

where P is the image of P under the shift on © by the deterministic path e fo g(s)ds. Tt is

€
also the law of the solution of the periodic s.d.e.

{ dX, = dBf — A\X; dt (35)

Xo =Xy

where Bf = B;+e¢ fot g(s)ds and g(s) = g(s)+A [, g(r)dr. By the method of variation of constants
we deduce that the solution of (35) is equal to W(B€) in the same way as the solution of (33) was
equal to ¥(B). We thus have

P* (Dy®) = lim P((£(cg) ~ 1)@ o W)

e—0 €
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where P is the Wiener measure and £(eg) denotes the Girsanov density :

£(cq) = exp /O ' 5()dB, - - /0 P (s)ds

P’ (D,®) = P(/O1 §(s)dB, ®o \I/)

Therefore

We can now go back to an expectation under P’ for the right-hand side using again the
fact that W(B) = X solves P’ -a.s. equation (33). This yields

1

P’ (Dy®) :ﬁ’”(@(){)(/olg(s)d)(ﬁ/o g(s)AXsds)).

It remains to substitute for g(s) into its expression g(s) + A [; g(r)dr and to show that
fo fo r)drdXs + fo s)Xs ds vanishes. Fubini’s theorem applies to the double integral since
P fo | Xs|ds < co. We thus obtain that

/ / r)dr dX, +/Olg(s)XSds:Xl/olg(r)drzo.

This completes the proof. l

The law P™" of the periodic Ornstein-Uhlenbeck process being in R(P) it admits the following
decomposition P’ = [P"Y u(dzx,dy) where p is the law of (Xg, X1) under P, Here y is
supported by the diagonal. Thus

P = /Px’m m(dzx)

where m is the law of X, under P*", equal to N/ (0; % coth(%)). In this simple case, it is possible

to explicit the semi-martingale decomposition of the bridge P*”, since it solves the following

s.d.e.
{ dX; = dBy — AX; dt + sy (z — e M0 X )dt %)

X():{L'.

Indeed the additional term in the drift of P"" with respect to the drift of P is equal to
%bgﬁ(t, X, 1,z) where p(t, z,1,.) is the density of the Gaussian law P(X; € ./X; = 2). To
compute this density it is sufficient to compute E(X;/X; = 2) and E(X?/X; = z), which come
directly from the equality :

1
X, = e MDY, 4 / eAN1=3)gp.
t

This completes the description of the desintegration of P*" into bridges.
Let us also mention the work of Recoules who proved in [20] that P*" is the law of the process

solution of

Xo X

dX; =dB; — )\(sinh()\(l 1) tanh(Afl%)))dt (37)
Xo ~ N(0; 55 coth(3)).
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Let us notice that equation (37) is a randomized version, for Xy no longer deterministic, of
equation (36), which exactly reflects at the level of the semi-martingale property the above
desintegration

er L, T A
P = /P ’ N(O;%co‘ch(§))(dw).

Under P*", Fy is not degenerated and the drift of X at time ¢ in (37) is a function of (Xg, X).
So P”" is not Markovian while clearly P is Markovian.

From the point of view of entropy, Recoules remarked also that P™" is, among Gaussian
stationary periodic processes, the unique one which minimizes the Kullback information with
respect to the Brownian bridge with initial law A(0; %)
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