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Parabolic Partial Differential Equations

Pierre-A. Vuillermot* and Jean-C. Zambrini**
UMR-CNRS 7502, Institut Elie Cartan, Nancy, France*
Grupo de Fisica Matemética da Universidade de Lisboa, Portugal**

Abstract

In this article we prove the existence of Bernstein processes which
we associate in a natural way with a class of non-autonomous linear
parabolic initial- and final-boundary value problems defined in bounded
convex subsets of Euclidean space of arbitrary dimension. Under cer-
tain conditions regarding their joint endpoint distributions, we also prove
that such processes become reversible Markov diffusions. Furthermore we
show that those diffusions satisfy two It6 equations for some suitably con-
structed Wiener processes, and from that analysis derive Feynman-Kac
representations for the solutions to the given equations. We then illus-
trate some of our results by considering the heat equation with Neumann
boundary conditions both in a one-dimensional bounded interval and in
a two-dimensional disk.

1 Introduction and Outline

It is well known that It6’s theory of stochastic differential equations makes it
possible to associate a Markov process to essentially any second-order elliptic
differential operator, and that the fine properties of each one of these objects
allow one to get precise information about the other. In particular, the knowl-
edge of the behavior of such a diffusion typically leads to the discovery of new
phenomena regarding the solutions to a host of elliptic and parabolic partial dif-
ferential equations, ranging from Dirichlet and Neumann initial-boundary value
problems to equations describing wave front propagation in periodic and ran-
dom media. This is testified, for instance, by the many results and references
in [9] and [12].

By the same token it is also possible to associate Markov processes with the
Schrodinger equation of quantum physics in a variety of ways, as in [5] where
the author’s considerations rest on the principles of stochastic mechanics set
forth in [23], and in [34] whose constructions are related to the properties of the
stochastic variational calculus introduced in [33].

The diffusion processes constructed in [5] and [34] are, however, quite dif-
ferent from the more traditional dissipative diffusions in that they encode all



the conservative properties of quantum mechanics. In particular, they exhibit
the invariance under time reversal inherent in the Schrodinger equation and
thereby maintain a perfect symmetry between past and future. More to the
point, the Markov processes of [34] actually emerge as particular cases of re-
versible diffusions that belong to the larger class of the so-called reciprocal or
Bernstein processes, whose theory was launched many years ago in [2] following
Schrodinger’s seminal contribution in [26]. The theory of Bernstein processes
was subsequently further developed and systematically investigated in [18], and
since then has played an important réle in relating various fields such as the
Malliavin calculus and Euclidean quantum mechanics, or Markov bridges with
jumps and Lévy processes, to name only a few (see for instance [6], [7], [15], [24]
and the references therein for a more complete account).

Given these facts there remains the interesting and intriguing question whether
it is possible to associate reversible diffusion processes to parabolic equations
of general form whose solutions typically display irreversible behavior, and to
get new and nontrivial information out of this association. In his attempt to
understand certain analogies between the properties of Brownian motion and
quantum mechanics in the last section of [26], Schrodinger answers the question
positively by analyzing a simple case through statistical arguments.

It is the purpose of this article to show that this can also be achieved by
purely analytical means and indeed with a considerable degree of generality. Let
D c R? be a bounded open convex subset whose boundary is denoted by 9D.
We consider parabolic initial-boundary value problems of the form

Opu(x,t) = %divz (k(z,t)Vau(z,t) — (l(z,t), Vou(x, t))ga — V(z, t)u(z, t),

(z,t) € D x (0,77,
u(z,0) = p(z), =€ D,
ou(zx,t)
(et 0, (z,t)€ 9D x(0,T] (1)

with 7' € (0,+oc) arbitrary, (.,.)ge the Euclidean inner product in R? and
where the last relation in (1) stands for the conormal derivative of u relative
to the matrix-valued function k. Furthermore I, V and ¢ are an R%valued
vector-field and real-valued functions, respectively.

Let us now associate with (1) its adjoint final-boundary value problem, namely,

—Op(x,t) = %divm (k(z,t)Vao(z,t)) + div, (v(z, t)l(x,t) — V(z,t)v(z, t),

(z,t) € D x [0,T),
o(@,T) = $(z), z€D,
ov(z,t)

WZO’ (z,t) € 0D x [0,T ), (2)

in order to build reversibility and eventually the Markov property into the theory
we develop below.



We then organize the remaining part of this article in the following way: in
Section 1 we prove the existence of Bernstein processes Z,¢[o, 7] wandering in
D := DUAD, which we associate with (1) and (2) in a very natural way provided
the coefficients therein be sufficiently smooth. We also show there that under
certain conditions which pertain to their joint initial and final distributions, the
processes in question become reversible Markov diffusions. Moreover, we can
express their probability density as the product of the solutions to (1) and (2),
and prove that they also satisfy two [t6 stochastic differential equations for some
suitably constructed Wiener processes. This last fact is not merely anecdotic,
as it allows us eventually to get Feynman-Kac representations of those solutions
in terms of Z¢c|o 7] in a perfectly symmetric manner, by invoking It6’s backward
stochastic calculus in the case of (1), and quite independently the usual forward
stochastic calculus in the case of (2). In Section 1 we also explain why the
notion of reversible Markov diffusion which emerges from our considerations
corresponds to a generalization of the classical notion of reversibility put forward
in [20] and inspired by the last section of [26], which was many years later
reformulated in [8] and [17]. In Section 2 we illustrate some of our results by
means of two examples involving the simple heat equation in a one-dimensional
bounded interval and in a two-dimensional disk, and in one of them the process
we construct shares some of the features of a reflected diffusion. Finally, for
the sake of completeness and for the convenience of the reader, we devote an
appendix to reviewing the existence theory of weak solutions to (1) and (2)
which provide the ingredients that are essential to our construction when the
coeflicients therein are indeed smooth enough.

Throughout this article we use the standard notations for all the functional
spaces we need without any further comments, referring the reader for instance
to [1], [10], [11] and [29]. We also use freely results on martingales and Wiener
processes from [14].

2 A Class of Bernstein Diffusions

We are looking for processes Z,¢[o,7) whose natural state space is the compact
convex set D endowed with the Borel o-algebra B(D), and whose behavior corre-
sponding to time values belonging to any subinterval (s,t) C [0, T] is conditioned
by the knowledge of Z, and Z; alone. This means that all past information gath-
ered prior to time s is irrelevant, as is all future information accumulated after
time ¢. The precise notion we need is the following (see [18] and some of the
references therein for other equivalent formulations):

DEFINITION 1. We say the D-valued process Zrelo,1) defined on the complete
probability space (Q, F,P) is a Bernstein process if the following conditional
expectations satisfy the relation

B (WZ) | FEv F) =B(WZ)|Zs Z) (3)



for every bounded Borel measurable function h : D +— R, and for all r,s,t
satisfying r € (s,t) C [0,T]. In (3), FS denotes the o-algebra generated by the
Z;’s for all T € [0, s], while F; is that generated by the Z.’s for all T € [t,T).

In the sequel we shall denote by F. the increasing filtration generated

T€[0,T]
by the F}’s, and by f;e[O,T] the decreasing filtration generated by the F; ’s.

In order to construct such processes with relation to (1) and (2) we first
recast Schrodinger’s and Bernstein’s ideas to fit the theory developed in [18].
Accordingly, the two main ingredients we need are transition density functions
for the processes together with joint probability distributions for Zy and Zr.
As we shall see, this requires the existence of classical, positive solutions to (1)
and (2), respectively, which in turn requires good smoothness properties of k,
[, V, ¢ and . In order to achieve this we assume that the boundary 9D is of
class C2* for some a € (0, 1), and then impose the following hypotheses where
n(x) denotes the unit outer normal vector at x € 9D (in all that follows we
write ¢ for all the irrelevant constants that occur in the various estimates unless
we specify these constants otherwise, and we refer to [28] for a definition of the
above concepts and for various properties of the spaces of Holder continuous
functions introduced here):

(K) The function k : D x [0,T] — R is such that for every 4,7 € {1, ..., d}
we have k; j = k;; € C*% (D x [0,T]) and a;;’lj €C*% (D x [0,T)) for all i, 4, 1.
Moreover, the uniform ellipticity condition

(k(%, t)Qv q)]Rd Z E |q|2

with k& > 0 holds for all (z,¢) € D x [0,T] and all ¢ € R?, where |.| denotes
the Euclidean norm. Finally, the conormal vector-field ny(x,t) := k(x,t)n(z) is
uniformly outward pointing, nowhere tangent to 0D for every ¢ € [0, T] and we
have

d
(z,t) — Z ki j(z,t)ni(z) € CHHe

i=1

14«
2

(9D x [0,T))

for each j.

(L) For the components of the vector-field I : D x [0,T] — R? we have
li, 5971 e C*%(D x [0,T)) for all 4,5 € {1,...,d}.

(V) The function V : D x [0,T] + R is such that V € C*% (D x [0,T)).

Thus, the above functions are all jointly Holder continuous in the space-time
variable (z,t).

Finally, ¢ and 1 ought to be smooth enough as well and compatible with
the boundary conditions in (1) and (2):

(IF) We have p,v € C?>T%(D) with ¢ satisfying the conormal boundary
condition relative to k at ¢ = 0, and v satisfying that condition at ¢t = T'.



It then follows from the classical theory of linear parabolic equations (see for
instance [13], or more specifically Chapter 4 in [21] and Theorem 1 in [10]), which
is, of course, a particular case of the variational approach reviewed in the ap-
pendix, that there exist evolution systems Ua (¢, s)o<s<i<r and U} (¢, s)o<s<t<T
in L?(D) given by

f(z) ift=s,
Ua(t,s)f(z) = { Jpdyga(z, tiy,s)f(y) ift>s @)

and

§ f(2) ift =s,
Ua(t,s)f(z) = { Jpdygi(z,s;y,0) f(y) ift>s (5)

with g4 and g% the parabolic Green functions associated with (1) and (2). These
functions satisfy

ga(z,s;y,t) = ga(y, t;z, s) (6)
for all s,t € [0,T] with ¢ > s, and furthermore the functions defined by
(1) = /D dyga(e, t:,0)p(y), 1€ (0,] (7)
and
vpla,1) = /D dyg’y (o, 6y, TYO(), t€0,T), (8)

are indeed classical solutions to (1) and (2), respectively. More precisely we
have the following result for them:

Proposition 1. Assume that Hypotheses (K), (L), (V) and (IF) hold. Then
the following statements are valid:

(a) We have ug, vy € C*T*142(D x [0,T]) with u, the unique classical
solution to (1) and vy the unique classical solution to (2).

(b) If ¢ >0, >0 on D we have u, > 0, vy, >0 on D x[0,T], respectively.

(c) If ¢ >0 on D we have g4 > 0 for all z,y € D and all s,t € [0,T)
with t > s and furthermore g4 is jointly continuous in these variables. More-
over, this function is twice continuously differentiable in x, once continuously
differentiable in t and satisfies

8tgA($,t;y7S) = _A(t)gA(xvt;ng)a (.T,t) €D x (SaT] ) (9)
agA(CCa t;y, S)
AR AR t D T
e, 1) 0, (z,t)€0D x (s,T],
where the elliptic differential operator
1
A(t) = ) div (k(.,t)V) + (I(.,1), V)ga + V (., 1) (10)
corresponds to the right-hand side of (1). Finally, the heat kernel estimate
2
gale.tis) < e(t— ) Fexp ['ty] (1)
—s



holds.

(d) If 1 > 0 on D we have g% > 0 for all x,y € D and all s,t € 0,7
with t > s and furthermore g% 1is jointly continuous in these variables. More-
over, this function is twice continuously differentiable in x, once continuously
differentiable in s and satisfies

—0sga(z,81y,1) = —A*(s)ga(z,89,1), (z,8) € D x[0,t), (12)
ga(z, s1y,t) v s o
A0 0, (s) € 0D x[0.0).
where 1
A*(s) := div (k(.,s)V) —div (:I(.,8)) + V (., 5) (13)

T2
is the formal adjoint to (10) corresponding to the right-hand side of (2). Finally,
the same heat kernel estimate

*(z,57y,t) < -4 @ —y[? u
gA(ﬂ%Say,t) ~ C(t — 8) exp _Cﬁ ( )

as in (c) holds.

Hypotheses (K), (L), (V) and (IF) will be our standing hypotheses in the
sequel.
Let us now consider the function

P (ot Byriy,s) = / dep(a, b 2,13, 5) (15)
E

for every E € B(D), where

galx,t;2,7)ga(z, 73y, 5)
gA(xa t; Y, S)

p(z,tz,m5y,8) 1= (16)
is well defined and positive for all z,y, 2 € D and all , s, ¢ satisfying € (s,t) C
[0, 7] when the first part of (c) in Proposition 1 holds. In addition, let 1 be a
positive integrable function on D x D such that

WE X F)i= [ dudyp(a,y) a7)
ExXF

defines a probability measure on B(D) x B(D). It is remarkable that the simul-

taneous knowledge of (15) and (17) is sufficient to guarantee the existence of a

Bernstein process associated with (1). Indeed we have the following result:

Theorem 1. Assume that the first part of (¢) in Proposition 1 holds, and
let i be given by (17). Then there exists a probability space (Q,F,P,) and a
D-valued Bernstein process Z,cjor) on (82, F,P,) such that

P, (Zo € Eo, Zr € Er) = (B x ET) (18)



for all Ey, Er € B(D). Furthermore we have
P, (Z, € E|\Zs, Zt) = P(Z,t; E, 13 Zs, 8)

for every E € B(D) and all r,s,t satisfying v € (s,t) C [0,T], and moreover
the finite-dimensional distributions are given by

PH (ZO € Ey, Zt1 € Fq, ~--7Ztn e FE, Zr e ET)
n
= / dxdy,u(x,y)/ dxl.../ da:an (v, Ty, tis i1, tic)  (19)
EOXET E1 En i=1

where xo = x, for all Ey, By, ..., E,, Er € B(D) and all tg,...,t, € [0,T) satis-
fying to =0 <ty < ... <t, <T. Finally, P, is the unique probability measure
with these properties.

Proof. The mapping (z,y) — P (z,t; E,r;y,s) is evidently continuous on
D x D for every E € B(D) and all r, s, t satisfying r € (s,t) C [0,7]. Moreover,
the mapping E — P (z,t; E,r;y, s) defines a probability measure on B(D) for all
x,y € D and all of those r, s, ; this is indeed a consequence of the composition
law

Ual(t,s) =Ua(t,r)Ua(r,s) (20)

pertaining to the evolution system (4), which translates as

ga(z,tiy,s) = / dzga(z,t;2,7)ga(2, 73y, 5) (21)
D

for the corresponding Green function. We also have the relation
/dxp(x’,t’;x,t;y;S)P(w,t;F,T;y,S)
E

= / dep(a’,t's z,ry; )P (2!t E b 2,7) (22)
F

for all E,F € B(D), all 2’,y € D and all r, s,t,t satisfying r € (s,t) C (s,t') C
[0,T]. In order to see this we remark that the relation

p(a' tsx, by, s)p(e, t; 2,75y, 5)
=p(a’ t's 2,y s)p(a ts 2, b5 2,7)

holds as an immediate consequence of (16), so that (22) obtains by integrating
both sides of the preceding identity first with respect to z over F, and then the
resulting expression with respect to « over E. The statement of the theorem
then follows from a direct adaptation of the arguments in Section 2 of [18]. W

REMARK. The preceding result makes it clear that the probability of having
Z,. € F is indeed solely conditioned by the past information at time s and



the future information at time ¢. Furthermore, owing to (18) and (19) the
probability measure p clearly plays the role of a joint endpoint distribution for
Zo, Zr, and we ought to note that there is a priori no reason why Z.cjo 1
should be a Markov process when p is arbitrary. However Z,¢[o,1) does become
a reversible Markov diffusion in a sense we shall define shortly, for a very special
class of endpoint distributions which we will identify. For this we first associate
a forward Markov transition function with (2) in the following way:

Lemma 1. Assume that the part of (b) in Proposition 1 relative to ¢ and
vy holds, together with the first part of (d). Let us define the function

M (o5 Bt i= [ dym (osi0i0) (23)
E

for each E € B(D), every x € D and all s,t € [0,T] with t > s, where

vy (Y, t) (24)

m*(z,s;y,t) == g,’ix(fw;y,f)%(m 5

with vy, given by (8). Then (23) is the transition function of a forward Markov
process in D.

Proof. The mapping = +— M* (x,s; E,t) is positive and continuous on D,

and furthermore E +— M* (x,s; E,t) defines a probability measure on B(D).
This last assertion follows from the relation

vuls) = [ dugi (o500 (0.)
D
which, in turn, is a simple consequence of the composition law
Ua(t,s) = Ui(r, s)UA(L,7)
for the evolution system (5), which gives
gilesit) = [ degiosizng v (25)
D

for the corresponding Green function. But then the Chapman-Kolmogorov re-
lation

M* (x,S;E,t):/ dym™(x, s;y,7)M” (y,7; E, t)
D
holds for (23), since (24) and (25) imply that
m(osit) = [ dem (o, zn)m i)
D

for all 7, s,¢ such that r € (s,t) C [0,7]. W



In a completely symmetric way, we can also associate a backward Markov
transition function with (1). Indeed we have the following result, whose proof
is entirely similar to that of the preceding lemma and thereby omitted:

Lemma 2. Assume that the part of (b) in Proposition 1 relative to ¢ and
u, holds, together with the first part of (c). Let us define the function

M (z,t; E,| s) :z/ dym(z,t;y, s) (26)
E

for each E € B(D), every x € D and all s,t € [0,T) with t > s, where

U, (Y, s
m(!E,t;y, S) = gA(fU,t;y,S) UW(y ) (27)

with u, given by (7). Then (26) is the transition function of a backward Markov
process in D.

The remarkable fact is that when Z.cjo ) is reversible in the sense of the
definition below, it becomes a realization of the Markov processes we are alluding
to in the preceding two lemmas. The precise notion we need is the following,
where we recall that ¢ > 0, ¢ > 0:

DEFINITION 2. We say the Bernstein process Zrc(o,r) of Theorem 1 is re-
versible if the density of the joint probability measure (17) is of the form

w(x,y) = e(x)galy, T;x,0)0(y) (28)
where
[ dsdypta)gaty. Tsw,0)(y) = 1. (20)
DxD

For the corresponding initial and final marginal distributions we then have

() 1= (B x D) = [ dogla)o(a.0)

and
pr(F) = (D x F) = /F Ay (), T)

as a consequence of (8) and (7), respectively, with uo(D) = pr(D) = 1. Our
definition is motivated by the following result, where we use the shorthand
notation

to(x) = @(z)vy(z,0) (30)
and
pr(y) = ¥(y)ue(y, T) (31)

for the marginal densities:



Theorem 2. Assume that (b) and the first parts of (¢) and (d) in Propo-
sition 1 hold. Assume furthermore that p is given by (17) and (28), and let
Zrelo,1) be the corresponding Bernstein process associated with (1) in the sense
of Theorem 1. Then the following statements hold for its finite-dimensional
distributions:

(a) We have

]P)# (Zo c Eo, Ztl c El, ceey Ztn c En)

_/ dl’ﬂo(x)/ dfﬂl/ dwnHm* (xi,l,ti,l;mi,ti) (32)
Eo En En i=1

where m* is given by (24) and xo = x, for all Ey,Ey,...,E, € B(D) and all
toy s tn € [0,T) satisfying to = 0 < t1 < ... < t, < T. Thus Z.cp1 is
a forward Markov process with transition function m* and initial distribution
density .

(b) We have

PH (ZT c ET, Ztn S En, ...,Ztl S El)
Z/ dy,uT(y)/ dﬂ?l---/ danm (Tiv1, tiv1; Tis b) (33)
Er Ey En i=1

where m is given by (27) and 11 =y, for all Er,Ey,...,E, € B(D) and all
L1y s tny1 € (0,7 satisfying T =ty >t > ... >t > 0. Thus Zy¢po1) is
also a backward Markov process with transition function m and final distribution
density pr.

(c) We have

P.(Z, € E) = /Ed:cugo(:r,t)v,p(x,t) (34)

for each E € B(D) and every t € [0,T], where u, and vy are given by (7) and
(8), respectively.

Proof. From (19) with Ep = D and (16) we have

P.(Zy € Ey,Zy, € Er,..., 2, € Ey)

ga yaT xz: gA(z“ttaxz 1atz 1)
= dxdyu(x, / dry.. / dz
/EOXD yu(@y nH Ay, Tyai—1,tiz1)

:/ dxdy(p / d:L'l / dangA xz;tzaxz la i— 1) XgA(yaT Tn, n)
EoxD

:/ dwgo(x)/ dxy.. / dangA (Tim1,tim13 @i, 6) X vy (@0, tn) (35)
Ey Eq

i=1

after the use of (28), the successive cancellation of the denominators in the
above product and the use of (6) with (8). Moreover, because of (24) we may

10



write
Ga(@iz1, timr;mi, ti)vg (@i, t) = vy (zim1, tim)m™ (Tim1, tio1; i, 1)

for every ¢ € {1,...,n}, so that the repeated application of this relation in the
product on the very right-hand side of (35) leads to

PN (Z() S Eo, Zt1 S E17 ~-~7Ztn S En)
= / drp(x)vy (2, 0)/ d:cl.../ dmnHm* (Tic1,tim1; 24, i)
Eo B B, i

which is the desired result. The proof of (33) follows from entirely similar
arguments based on (7) and (27), with Ey = D. Finally, (34) is a straightforward
consequence of (32) with Ey = D, or of (33) with Ep = D, in both cases with
n=1 N

REMARKS. (1) It follows from (2), (12), (13) and some lengthy calcula-
tions that the transition density (24) satisfies the parabolic partial differential
equation

- 857’”:k (.’E, S y7 t)
1
=3 div, (k(x,s)Vam*(z, s;y,t)) + (I(z, s), Vam™(z, 59, 1) )ga
+ (k(z,5)Ve Invy(z,s), Vom™ (2, 5, 1) ) pa (36)

relative to the variables (z,s) € D x [0,t) of the past, along with the boundary

condition o N
m*(x, 8;y,1)
o) 0, (z,s)€0D x|0,t). (37)

In a similar way we infer from (1), (9) and (10) that the transition density (27)
satisfies the equation

Oym(z,t;y, )
1
=3 divy (k(z,t)Vam(z, t;y, s)) — (U(z,t), Vam(z, £y, 5))ga
+ (k(z, 1) Vo Inug (2, 1), Vem(z, £y, 5))ga (38)

with respect to the variables (z,t) € D x (s,T] of the future, together with the
boundary condition

om(z,t;y,s)

G =0 @0 EIDX (T, (39)

The preceding relations suggest that we may think of the reversible Markov
process of Theorem 2 as a process wandering in D which becomes reflected in
the conormal direction whenever it hits the boundary dD. This way of looking

11



at Zr¢po,r) is reminiscent of the definition of the standard reflected Brownian
motion given at the very beginning of [16], and we can indeed prove the reflection
property we just alluded to in the first example of Section 2. Further below we
also explain the appearance of the somewhat exotic logarithmic terms in (36)
and (38), whose structure is intimately tied up with the specific form of (24)
and (27).

(2) The considerations that lead to the statement of Theorem 2 show that
the marginal densities (30) and (31) are entirely determined by ¢ and 1. We
could also have adopted the inverse point of view, namely, that of prescribing
continuous pp > 0 and pr > 0 satisfying the normalization conditions

| danota) = [ dopr(@) =1,

and then considered the relations
o(@) [ dega(e. Ti0,000() = (o),
Y(y) /D dzga(y,T;2,0)p(z) = pr(y) (40)

as a nonlinear inhomogeneous system of integral equations in the two unknowns
o and . However, whereas it is true that such py and pr imply the existence
of a unique solution to (40) consisting of continuous and positive functions ¢
and v as a consequence of the main theorem in [3], the theory developed in that
article guarantees neither their regularity nor their the Holder continuity, which
will be so crucial to our considerations. It is in fact an interesting open problem
whether the main result of [3] can be extended to cover such situations.

(3) Theorem 2 clearly illustrates a kind of reversibility of Z (o) in that
this process can run back and forth within D, which a posteriori justifies the
terminology of Definition 2. In particular, the probability density

pu(x>t) = u%(x7t)v¢($’t) (41)

in (34) is expressed as the product of solutions to (1) and (2), which indeed
brings in the two time directions in an explicit way. Therefore, at this stage it
is natural to start exploring the possible connections that might exist between
the preceding considerations and the notion of reversibility put forward in [20].
On the one hand, it follows from (6), (24) and (27) that the identity

m(y,t;x, 8)pu(y,t) = pu(x, s)m*(z, s;y,t) (42)

holds for all (z,y) € D x D and all s,t € [0,7] with ¢ > s, which plays the role
of (8) in [20]. From (42) we then immediately infer that

pu(y,t)z/Dda:pu(w,S)m*(x,S;yi)

12



and
pul, s) =/Ddym(y,t;x,8)pu(y,t),

which generalize (7) in [20]. On the other hand, however, let us assume momen-
tarily that Z.cp, 7 is also reversible in the sense of [20], which means that

m(y,t;x,s) = m*(y, s;2,t) (43)

according to (9) of that article. From the preceding relation it then follows at
once from (6) that the equality

uy(z, s) vy (2, t)

Uy (Y, t) vy (Y 5)

is valid for all (z,y) € D x D and all s,t € [0, 7] with ¢ > s, which implies that

gA(y,t;SL'78) :gA(LU,t;y,S)

pu(;t) = pu(z, s)

for each * € D and every t > s by choosing y = x. Therefore pp must be
independent of time, a very particular situation indeed which is almost never
realized in our context with the exception of a few cases. Thus, whereas Z,¢(o 1y
is a reversible Markov process in the sense of Theorem 2 thanks to the very
specific form of the joint measures (28), it is in general not reversible according to
[20]. We will dwell more on this further in this section when we have additional
information about Z (o, 77

(4) While a separable version of the process Z,¢[o, 1) always exists under the
above hypotheses, we may also assume that Z,cjg 7] is continuous. Indeed for
all s,t € [0, 7] with ¢ > s and v € (0, +00) we have

B, |Z: — Z,|" = / dzdyps(z)m*(z, s;y,t) |y — z|”
DxD

where p, is the distribution density at time s, namely,

,us(x)z/Ddz,uo(z)m*(z,O;x,s),

with E, the expectation functional with respect to P,. Consequently, since
(z,8,9,t) — v;l(x,s)vd,(y,t) is uniformly bounded on D x [0,7] x D x [0, 7]

and since
| dota) =1,
D

13



we get the estimate
Eu |Zt - Zsp

§c/ dxus(x)/ dygi(z,s;y,t) |y — z|”
D D

2
/dmps(w)/ dy exp [cy 7l ] ly — z|”
D D t—s

<ett-9? [ dyesp [clo] o] =t 5)?
Rd

ol

<c(t—s)

(44)

according to (14), translation invariance on R? and an elementary change of
variables. Therefore, fixing v € (2, +00) we obtain

B, |Z — Zs|" <c(t—s)'

with § = 7772, so that the assertion follows from Kolmogorov’s continuity con-
ditions. In the sequel we shall thereby always assume that Z,¢[o 1) is separable

and continuous.

While Theorem 2 shows that the process Z,¢[o,7) can run forward and back-
ward in a Markovian manner within D for the very specific class of endpoint
distributions (28), we now proceed to investigate its dynamical properties more
in detail. Our first step in this direction is to show that Z.c[o 1) is a reversible

Markov diffusion in D.

Lemma 3. Assume that the same hypotheses as in Lemma 1 are valid.
Then Lindeberg’s condition

lim (¢t — 5)71/ dym*(z,s;y,t) =0 (45)
{yeD:|z—y|>e}

t—sy

holds uniformly in x € D for each s and every sufficiently small € > 0. In a
similar way, if the same hypotheses as in Lemma 2 hold we have

lim (¢t — s)fl/ dym(z,t;y,s) =0 (46)
{yeD:|z—y|>e}

s—t_
uniformly in x € D for each t and every sufficiently small € > 0.

Proof. In order to get (45) we must prove that

vy (Y, 1)

lim (t — s)_l/ dygh (z, 557, t)—22%
et {yeD:|z—y|><) vy (z, 5)

=0

uniformly in = € D for each s according to (24). The key observation for this
is that the positive function (x, s,y,t) — v;l(x, $)vy(y, t) is uniformly bounded

14



as a consequence of its smoothness on D x [0,T] x D x [0,T], so that estimate
(14) leads to

- vy (Y, )
0<(t—s) 1/ dyga(z,s;y,t)
{yeD:|z—y|>e} vd,(m,s)
2
§c(t—s)7de/ dy exp —cu
{yeDije—y|>e} t—s
2
Sc(tfs)_d%?exp {cts } —0
-5

as t — s4 uniformly in 2 since D is bounded, as desired. The proof of (46) is
evidently identical, and based on (11). W

The first half of the preceding lemma now allows us to prove the following
result:

Proposition 2. Assume that the same hypotheses as in Lemma 1 are valid.
Then the following statements hold:
(a) We have

t—sy

lim (t—s)"" / dym”*(z,s;y,t) (y — z)
{yeD:jo—y|<e}
=a"(z,s) + k(z,s)VyInvy(z, s) (47)

for each © € D and every s independently of any sufficiently small € > 0, where
the it" component of the vector-field a* is

1
af(z,s) = 5 div, (ki(z, s)) + li(z, s) (48)
for every i € {1,....d}, with ki(z,s) the i"row or column of the symmetric

matriz k(zx,s).
(b) We have

lim (t—s)"" / dym*(z,s;y,t) ((y — ) @ (y — ) = k(z,s) (49)
{yeD:z—y|<e}

t—sy
for each x € D and every s, independently of any sufficiently small ¢ > 0.

Proof. Owing to (24) and (45) it is sufficient to prove that

. —1 * . ’Ud)(yv t) _
t1—1>r£1+ (t - S) /D dygA (.Z‘, SY, t) vy (x’ 8) (y 1’)
=a"(z,s) + k(z,s)VyInvy(x, s) (50)

and

Jim (¢ =97 [ dugio.si0.0 258G (= 0) @ (=) = Ko 5D

15



respectively, since the functions y — y—z and y — (y — 2)®(y — ) are bounded
on D. Thanks to the differentiability properties of vy and the convexity of D
we first write

Uw(yvt) _ (vaiﬂ(xvt))y*m)[@d (va(l‘*,t) (y—x),y—x)Rd
vy (2, 5) =1+ vy (2, 5) * 20y (z, 5)
t (=5 2ul@s) (52)
vy (T, 5)

as a consequence of the Taylor expansion for vy, where H,,, denotes the Hessian
matrix relative to the spatial variable alone with x* a point on the open line
segment joining x and y, and where s* € (s,t). The strategy of the proof then
amounts to estimating the various contributions to (50) and (51) coming from
(52).

In order to explain the appearance of the vector-field a* on the right-hand
side of (50) we begin by showing that

lim (t—S)fl/Ddygj‘Z;(w,S;y,t) (yi — ;)

t—sy

= %divm (ki(z,8)) + 1i(w, 5) (53)

for every ¢ € {1,...,d}. Let us define the function f; : D — R by fi(y) := y; —z;;
since f;(z) = 0 we have

lim (t—S)_l/DdygB(x,S;yvt) (yi — ;)

= tim (=97 ([ dugito s 000 - £0)
= (A% (5)) (@) = 5 diva (ki 5)) + Bz )

according to (5) and an elementary calculation based on (13), so that (53)
holds. A similar calculation with the function f; ; : D — R given by f; ;(y) ==
(yi — ;) (y; — x;) leads to

nm@—ﬂ{/@ﬁ@@%wm—%w%—%>
D

= (=A% (s)fiy) (@) = ki j (2, 5) (54)

for all 4,5 € {1,...,d} since f; j(x) = 0, which allows us to evaluate the contri-
bution of the gradient term in (52). Indeed, if we substitute that term into the

16



it"component of the left-hand side of (50) and use (54) we obtain

(vaw(z,t)vy - x)Rd (
’U¢(£L’,S)

Yi — ;)
t—sy

lim (f—S)_l/dng(w,S;y,t)

Or, vy (2, 8) . _ y
—Z Ga 002, 5) ‘” lim (¢ — s) 1/DdygA<x,s;y,t><yi—m(yj—xj)

Vi \ T, S t—s
j=1 1/) +

_ (k(x,5)Vavy(, ), (55)
vy(, 5)

for every i € {1,...,d}, which is the i**component of the second term on the
right-hand side of (50). Therefore, in order to get (50) it remains to prove
that there are no contributions coming from the third and fourth terms on the
right-hand side of (52).

Regarding the third term we first observe that

. -1 * 3
lim (¢ — s) / dyg's(z, sy, 6) [y — af® =
D

t—sy

uniformly in @ € D for every s, since from (14) we obtain

0< (t—S)_l/Ddng(x,S;y,t) ly —af’

2
_diz -
c(t—s) 2 /dyexp l—cw i ]y—x|3
D t—s

Sc(t—s)_dT dy exp l—c' i ] ly|?
Rd

1

= clt—)* [ dyexp[~clyl’] " 0 (56)

as t — s4, again by translation invariance and the same change of variables as
n (44). Consequently we have a fortiori the estimate

0< (t—S)fl/Ddygﬁ;(%S;y,t)\(Huw(:v*,t) (y =),y — ) ga (i — 7))
C(t—S)_l/Ddng(x,S;y,t) ly—=> =0

as t — sy since the matrix-norm of H,,(z*,¢) is uniformly bounded on the
compact cylinder D x [0, T], from which we infer that

(Ho, (=" t) (y—2) .y —=

e
20y (z, s) (v i) =0

lim (t—s)‘l/dng(a:,s;y,t)

t—sy

17



for each s and every i € {1, ...,d}, as desired.

Finally, there is no contribution from the fourth term either since from its
substitution into the i*”component of the left-hand side of (50), the cancellation
of the time increments and (5) we get

815 3 . *
M t1—1>r£1+ /D dygi(z, s;y,t) fi(y)
o &qup(x,s) . —

The proof of (51) is entirely similar, the unique non-vanishing contribution
being determined by the constant term on the right-hand side of (52) via (54).
|

The second half of Lemma 3 allows us to obtain a similar result for the
backward Markov process of Lemma 2. We omit the proof, which is based on
(9)-(11) of Proposition 1, Lindeberg’s condition (46), and is thereby identical to
that of the preceding proposition.

Proposition 3. Assume that the same hypotheses as in Lemma 2 are valid.
Then the following statements hold:
(a) We have

lim (t—s)"" / dym(z,t;y,s) (z —y)
s—t {yeD:|z—y|<e}
=a(z,t) — k(z,t)Vy Inuy(z,t) (57)

for each x € D and every t independently of any sufficiently small € > 0, where
the it" component of the vector-field a is

0@, 1) = —% divy (ki(z, 1)) + li(2, ) (58)

for every i € {1,...,d}, with k;(x,t) as in Proposition 2.
(b) We have

lim (t—s)”" / dym(z,t;y,s) (z —y) ® (x —y)) = k(z,t) (59)
{yeD:|z—y[<e}

s—t_
for each x € D and every t, independently of any sufficiently small € > 0.

Thus, both Propositions 2 and 3 show that the process Z.¢[o,7) of Theorem
2 is indeed a reversible Markov diffusion whose coefficients are determined by
(47), (49), (57) and (59), respectively. In the sequel we shall denote by

b*(z,t) :==a*(z,t) + k(z,t)Va Invy (2, t) (60)
and

b(z,t) ;== a(x,t) — k(z,t) Vi Inug(x, 1) (61)

18



the drift terms (47) and (57), respectively.

REMARK. We now explain why the specific form of (60) and (61) suggests
that our notion of reversibility and the results obtained thus far may be inter-
preted as corresponding to a generalization of the notion of reversibility defined
in [20] which has its origins in the last section of [26], and why our notion is
suitable for the description of non-stationary Markov processes such as Z.¢o 77
In order to see this it is best to refer to the reformulation of the main result
of [20] as encoded in Relation (2.9) of [8]: given a time-homogeneous forward
Markov diffusion wandering in R?, a probability measure which is absolutely
continuous with respect to Lebesgue measure and defined by a smooth positive
density p is reversible with respect to that diffusion if, and only if, the generator
of the diffusion is of the form

Lf(x)

1 .
= 50 div, (p(x)k(x)Va f(2))

= %divz (k(x)Vaf(z))+ % (k(z)VeInp(x), Ve f(2))ga (62)

for a suitable class of f’s, where k is the associated symmetric, positive definite
and time-independent diffusion matrix. But this leads at once to

1
bpsr(z) := apsr(z) + §k(x)vm In p(x) (63)
for the corresponding drift, with the i*?component of the vector-field apgr given
by

apsri(z) = % divy (k:(z)) (64)

for every i € {1,...,d} where k;(z) is the i** row or column of k(z). Indeed this
follows immediately from (62) and the relation

5 dive (b(2) 7./ (@)
= & (@)Y, Ve (@)a + (@D (@), Ve (2))ge

so that in the end reversibility in the sense of [8] or [20] is equivalent to a drift
of the form (63). But it is then plain that (60) and (61) have the very same
structure as (63), and furthermore that

1
5 (07(2,t) = b(=, 1))
1
=a(x,t) + ik(a:,t)vx Inp,(z,t) (65)
where p,,(z,t) is given by (41) and

il 1) = 3 diva (ki(a, 1) (66)
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for every 4, with (65) and (66) formally identical to (63) and (64), respectively.
It is, therefore, deemed appropriate to say that the reversibility of Z ¢cjo ] as
illustrated by the statement of Theorem 2 and due to the very specific form
of the joint probability measures (28) is a natural generalization of the notion
defined in [8] and [20]. For another discussion of reversibility in a more geometric
context we refer the reader to Section 4 in Chapter 5 of [17].

We now proceed by proving that there exist two vector-valued Wiener processes

W:e[O,T] and W_c(o,1), indeed one for each one of the filtrations ]:je[o ] and

o

T€[0,T)
allow us to consider Z [ 1) as a forward and backward It6 diffusion whenever
the drifts (60) and (61) do not vanish identically and simultaneously. We begin

with the following preparatory result:

we defined at the very beginning of this section, which will eventually

Lemma 4. Assume that the hypotheses of Lemma 1 are valid and let us
define the process

t
Y = 7, — Zo— / drb* (Z,,7) (67)
0

Jor every t € [0,T], where Z,¢jo,1) is considered as the forward Markov diffusion

of Theorem 2. Then Y:e[o 7] is a continuous, square-integrable martingale with
respect to fje[o - Under the hypotheses of Lemma 2 a similar statement holds

for the process

T
Y, =2, — Zr +/ drb (Z.,7) (68)
t

with respect to F__ 0,77’

sion of Theorem 2.

with Z,cjo, 1) considered as the backward Markov diffu-

Proof. We prove (67) by first observing that

sup B, |Z/|* < +o0 (69)
t€[0,T]

where
EM|Zt|2:/ dadypo(z)m* (z,0;y,t) [y|*.
DxD

Indeed we have
By | Z|?
gc/ d:cpo(:r)/ dyga(z,0;y,t)
D D

2
< ct*%/ dz,uo(:c)/ dy exp [cw] <c< 400
D Rd t
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uniformly in ¢ € [0,T] according to (14), since (z,y,t) — v;l(:c,O)vw(yJ) ly|?
is uniformly bounded on D x D x [0, T]. Therefore we have

sup B, [V;']* < 400 (70)
te[0,T)

as a consequence of the uniform boundedness of b*(x,t) given by (60).
In order to prove the statement of the lemma, it is sufficient to show that
the scalar-valued process

t
yi = (V7 au = (Ze — Zo @) — / dr 6 (Zo7) Q)ga  (T1)
0

is a continuous, square-integrable martingale for every ¢ € R%. While the con-
tinuity is clear according to the remark following Theorem 2, the fact that

sup E, lyi? < 400
t€[0,T]
is an immediate consequence of (70) and (71). Therefore, it remains to show
that the equality
By (v |757) = v (72)
holds PP,-a.s. for all ¢ > s, and for this we need only prove that the right-hand
derivative of (72) with respect to ¢ vanishes, namely, that

lim (r—t) "B, (y; —y; |FS) =0 (73)

r—ty

P,-a.s. for each t. Owing to the basic properties of conditional expectations,
this amounts to proving that

lim (r—t) "B, (B, (v —y; |7 |FH) =0 (74)

r—ty

for each t since F} C F,".
In order to get (74) we first show that

Jim (=) By (57 -y |[F7) =0, (75)
We have
Eu (y: - y:; ‘7:t+)

=Eu (Zr — Z1, Q)pa | F") — By </t dr (0" (Z7,7)  @)pa fﬁ’) (76)

according to (71), with
B, ((Zr - Zth)]Rd “Fj) (77)

=E,(Z — Zt,q)ga | Z¢) = / dym™ (Ze, t;y,7) (y — Zt, Q) ga (78)
D
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and

E, </t dr (b* (Zr,7) , Q) ga |]-"t+>

/ 4B, (5" (Z0,7) @) | 21)

/dT/dym (Zuts9,7) (" (5, 7) s g - (79)
Now from (50), (60) and (77) we get
Jim (=) By (2 = 200 |F5) = (07 (Zet) s (80)

P,-a.s.. Furthermore, we also claim that

lim (r — )" / dr / dym* (Ze, t,y,7) (6 (5,7) s g = (6 (Zer 1) , @)
t D

r—ty

P,-a.s. or, equivalently, that

lim (r—t)f1 /tTdT/D dym™(Zy, t;y, 7) (b (y,7) — b* (Z4,t) ,q)ga = 0. (82)

r—ty

The crucial fact about proving (82) is that the drift-term (60) satisfies the Holder
continuity estimate

b (,7) =¥ (Ze Ol < (ly— 2l +1r =1,
which is an easy consequence of the Holder properties of the diffusion matrix &
and those of the vector field [ stated in Hypotheses (K) and (L), together with

(a) of Proposition 1 regarding vy,. Consequently, by using the very same kind
of estimates as we did in the proofs of (44) and (56) we obtain successively

og(r—t)*l/ dT/ dym* (Zs, t;y,7) |b* (y,7) — b* (Zy, )|
t D
gc(r—t)fl/ dT(T—t)ig/ dy exp [—c |y| (|y|a+|T—t|%)
t Rd
<c-07 [ar—0f [ dyess [cluf’] l°
t R4
—|—c(1"—t)_1/ dT(T—t)%/ dy exp [—c\y|2]
t Rd

<c(r—t)% =0

as r — t4, which indeed proves (82). The combination of (76) with (79)-(82)
then gives (75).
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It remains to prove that (74) is a consequence of (75). On the one hand we
have

<c(r—t) (83)

/ dym* (Ze, t9,7) (v — Zo, 0)ge
D

IP,-a.s. for some positive, non-random and finite constant ¢ since (80) holds and
the right-hand side of (80) is uniformly bounded. On the other hand, we also
have

<c(r—t) (84)

dT/ dym™(Ze, 69, 7) (07 (4, 7) s @)ga
because of (8 ) Consequently, it follows from (76)-(79) and (83), (84) that

|Eu (y: — Y

P,-a.s. for some suitable non-random and finite constant ¢ and all r,¢ € [0, 7]
with r > ¢. Therefore, (75) indeed implies (74) by dominated convergence,
so that (73) obtains and thereby the martingale property (72). The proof of
the statement concerning the continuous process (68) follows from similar argu-
ments, by proving that

t )’Sc(r—t)

sup E, [Y;|* < +o0
t€[0,T]

and that the relation
By (ys "7:;) =Yt
holds IP,-a.s. for all s < ¢, where

T
Yt = (Zt - ZTa Q)]Rd + / dT (b (ZTaT) 7q)]Rd
t

and 7/, CF,;. N

REMARK. Let us assume momentarily that b* = b = 0 identically. We then
infer from (67) and (68) that Z ¢[o 1) is a continuous, square-integrable martin-
gale for both filtrations fje[ 7] and F_
have

re0.7] simultaneously. Consequently we

EN ((Zt - ZS7q)]12{d “7::) = EM ((Ztaq>1%§d "7::_) - (qu)%d
P,-a.s. for all ¢ > s and every ¢ € R?, and at the same time

E/L ((Zt - Zsaq)]QRd |‘7:t_> = E/L <(Z57Q)]12§d |‘7:t_) - (Ztaq)]éd
By averaging both expressions we then obtain

(Zt - Zs, q)Rd
EIL (Zta ) E}L (Zsa Q)]QRCL
=By (Ze, Qe — By (Z1,0)3a = 0
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for every ¢ € RY, so that Z, = Z, P,-a.s. for all t > s. Conversely, if the
function 7 +— Z; is constant IP,-a.s. we obviously have b* = b = 0 identically.
From now on we will exclude this exceptional case from our considerations for
reasons that will become apparent from the statement of Theorem 3 below and
its proof.

It is worth emphasizing the fact that the existence of the Wiener processes
we are looking for is conditioned by that of the reversible Markov diffusion
Zrepo,1) and not the other way around, as there is absolutely nothing stochastic
in Problems (1) and (2). Furthermore, from a technical point of view all the
stochastic integrals defined below involve continuous square-integrable martin-
gales as integrators, as for instance in Chapter 3 of [19]. Then, the precise result
about Z,c[o 7] being a reversible Ito6 diffusion is the following, in which we write
kz (z,t) for the positive square root of the diffusion matrix k(z,t) and assume
that 7+ Z; is not constant P,-a.s. according to the preceding remark.

Theorem 3. Assume that the hypotheses of Lemmas 1 and 2 are valid.
Assume furthermore that  is given by (17) and (28), and let Z.cjo ) be the
reversible Markov diffusion of Theorem 2. Then the following statements hold:

(a) There exists a d-dimensional Wiener process Wr*e[o,T} such that the re-
lation

t t
Zt:ZO+/ drb* (ZT,T)+/ k? (Zy,r)dt W (85)
0 0

holds P,-a.s. for every t € [0,T], with b* given by (60) and the forward sto-
chastic integral defined with respect to fje[o )"
(b) There exists a d-dimensional Wiener process W.cio 1] such that the re-

lation

T T
zt:zT_/ dTb(zT,T)—/ K (Zo,7)d W, (86)
t t

holds P,-a.s. for every t € [0,T], with b given by (61) and the backward sto-
chastic integral defined with respect to .7-':6[0 -

Proof. We define W*e[O,T] by

T

t
W= / k3 (2., 7)dTY) (87)

0
with respect to the continuous square-integrable martingale YT*E[O 7] given by
(67) and fje[o 7). In order to show that (87) makes sense and indeed defines a
Wiener process, we begin by proving that the quadratic variation of the mar-

tingale y:e[o 7] is the absolutely continuous process

W), = / dr (k (Z0,7) 4, @) (s5)
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where ¢ € R%. According to the Doob-Meyer decomposition, this amounts to
showing that the process defined by

- / dr (k (Z0,7) 4 @) (89)

is a martingale relative to F In order to achieve this we proceed as we

T€[0,T]"
did in the proof of Lemma 4, by proving that the relation

lim (r—t)"" By (25 — 2 |FS)

r—ty

D) |FF) =0 (90)

holds, where for 0 < ¢ < r < T the inner conditional expectation is given by

By (27 — 27 |77)

=5, (0~ 1) - [ drB (2 a0 |7 D

since y:ie[o)T] is a martingale relative to the filtration F T re0,T]"
We first show that
Jim (=) B (07— ) 1) = (6 (Z01) 4, 0)s (92)

P,-a.s. for every t. One the one hand, from (71) we have
(yr =)’

= (Zr = Z0, Q) + (/t dr (b*(ZTaT)aQ)RLl)Q

T
—2(Zy — Z4,q)pa / dr (0" (Z:,7),q)Ra (93)
t
and we note that
. -1 2
Tlgg r—t) B, ( — Z4,Q)ga |.7:t+)
1 2
— lm (r-0)7'B, (2 = 20024120 ) = (k (Z01) 0, @)

since 7 +— Z; is not constant P,-a.s.. Indeed this follows immediately from (49),
which implies the relation

r—ty

lim (r — t)_l/ dym* (Ze, t;9,7) (v — Zt, Q)ma = (k (Z1,t) ¢, Q) a
D

by switching to the quadratic form formulation. On the other hand, by dom-
inated convergence the remaining terms on the right-hand side of (93) do not
contribute to the conditional expectation (92), for

lim (r— )" (/t dr (b*(ZT,T),q)Rd)2 —0

r—ty
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and

lim (r— )7 (Z, — Zs, 0)ge / dr (5 (Zy.7)  q)ue

r—t, t

= (b*(Zt7 t) , q)Rd Tli}lg— (Z,» — Zy, q)Rd =0

P,-a.s. for every t, as a consequence of the boundedness and the continuity of
b* and Z.¢[o, 7). Therefore (92) holds.
Next, we observe that we also have

lim (r — t)_l /T drE, ((k: (Z+,7)4,9)ga |.7-"f+) = (k(Z,t) q, @)ga (94)

r—ty t

P,-a.s. for every ¢ or, equivalently, that

Jim =07 [Car [ a7t ) (0 07) = B (20000 =0,
t
Indeed this relation follows from exactly the same arguments as those which led
to (82), since the matrix elements of k are all jointly Holder continuous relative
to space-time variables according to Hypothesis (K). Relations (91), (92) and
(94) then imply
lim (r—t)"" Bu (2 =2 |F) =0

r—ty

P,-a.s. for every t, so that (90) follows from a dominated convergence argument

*

similar to that given in the proof of Lemma 4. Thus Zlefo,1] is a martingale

relative to ]:je[o,T]’

process of (71).
This implies (87) makes sense in that k=2 (Z,,7) is an admissible integrand

there, and defines a continuous, square-integrable martingale whose quadratic

variation is given by

and consequently (88) is indeed the quadratic variation

(W*,q)ga), = tlal”

for each t € [0,T] and every ¢ € R%. This proves that W:e[o ) is a Wiener
process, and furthermore that the combination of (87) with (67) leads to

t
/ K (Zy,7) d W
0
t t
:/ dY* = 7, — Z 7/ drb* (Z,,7)
0 0
P,-a.s. for every t € [0, T, which is (85). The proof of (86) with
T 1
W, = —/ k=% (Z,,7)d"Y, (95)
t
defined with respect to (68) is similar, with this time

T
2= () - / A7 (k (Zs,7) 0, 0)ga
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a martingale with respect to the decreasing filtration F__ 0,7]" |

We have already noted that (34) provides important information regarding
Zrelo,1) in terms of the solutions to (1) and (2). It is, therefore, natural to ask
whether those solutions can, in turn, be represented as suitable expectations of
some functionals of Z.¢(o 7). This is indeed possible but not a priori evident
since the elliptic operators on the right-hand side of (1) and (2) are not the
generators of Z.¢[o,7)- The problem lies, of course, in the presence of the loga-
rithmic terms in (60), (61), and in the next result we show how to do do away
with them by means of suitable Girsanov transformations.

Corollary. Assume that the same hypotheses as in Theorem 3 are valid, and
let Zrcjo,m) be the reversible Markov diffusion of Theorem 2. Then, aside from
P, there exist two probability measures Pf on (Q,F) such that the following
statements hold: .

(a) There exists a d-dimensional Wiener process W7, 0,7] relative to }-:re [0,7]
such that the relation

t t ~
Zt=20+/ dra* (Z-,—,T)-‘r/ k* (Ze,7)d"W?* (96)
0 0

holds P} -a.s. for every t € [0, T], with a* given by §4v8)
(b) There exists a d-dimensional Wiener process Wr¢[o 1) relative to f;e[(),T]
such that the relation

T T
Z, = Zp —/ dra(Z.,7) —/ k* (Ze,7)d" W, (97)
t t
holds P, -a.s. for every t € [0,T], with a given by (58).
Proof. Let us define

t
W / drX, + W7 (98)
0

for every t € [0,T], where

Xy i= k2 (Z,t) Vo Inwvg(Zy, 1). (99)

From the hypotheses regarding k£ and the properties of vy and Z ¢ 17, it is
clear that (99) defines a continuous process adapted to the filtration f:_e[o.T]'
It is also bounded P,-a.s. by a non-random positive constant, so that we have

17 2
E, exp 5/ dr | X,|
0

< 400
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and thereby

T 1 /T
E, exp —/0 (XT’d+W:)Rd_§/O cl7'|X.r|2 =1

according to Theorem 12 in Section 1 of Chapter 3 of [14]. For every E € F we
then define

T 1 T
P (E) ;:/ dP, exp [—/ (XT,dJ“WT*)Rd—f/ dr | X, |2
E 0 2 0

)

which indeed makes (98) a Wiener process on (92, F,P)) relative to ‘7:+e[0,T]

;
according to Girsanov’s standard construction (see, for instance, [14]). Further-

more we have
¢
/ k* (Zp,7)dTW?
0
¢ t o
= / drk (Z:,7)VeInvy(Z;, 1) +/ k2 (Z;,7)dt W
0 0
P,-a.s. and Pf-a.s. for every t € [0,T], so that (85) reduces to (96). The proof
of (97) with
T
Wy = / drk? (Z;, 1) Velnuy(Zy,7)+ W,y
¢
is similar and therefore omitted. W

Let us now write Ef for the expectation functional on (9, F, ]P’f), and by

Eix’t the conditional expectations corresponding to setting Z; = x for an arbi-
trary (z,t) € Dx[0,T]. We then get the following Feynman-Kac representations
for the solutions to (1) and (2) we alluded to above.

Theorem 4. Assume that the same hypotheses as in the Corollary are valid,
and let Z.cjo,1) be the reversible Markov diffusion of that Corollary. Then the
following statements hold:

(a) The unique classical positive solution to (1) may be written as

up(z,t) =B, , (exp [— Ot doV (Z,, 0)} 0 (zo)) (100)

for all (z,t) € D x [0,T].
(b) If in addition the vector-field 1 satisfies
div, l(z,t) =0 (101)

for each t € [0,T], then the unique classical positive solution to (2) may be
written as

T
vy(z,t) = ]E;’;z’t (exp l/ doV (Zy,0)
¢

(8 (ZT)> (102)
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for all (z,t) € D x [0,T].

Proof. Regarding the proof of (a) we have

%divw (k(@, ) Vatg (2, 8)) — (U, 1), Vo (@) pa

= 3 (K Ve, Vot (0, 0)gs — (0,0, Vo, ) (103)

by using (58), so that the sum of the first two terms on the right-hand side of
the first line of (1) identifies with the generator of the backward diffusion (97).
We then apply the corresponding backward 1t6 formula

F (Z;,t)
1

t t
=F(Zs,s) —|—/ dTaa—F (Zr,1) — 5/ dr (k(Z,7)V 4, Vo F(Z;,T))ga
S 8 S

t t
+/ dr (a(ZT,T),VxF(ZT,T))Rd—&-/ (VoF(Ze,7), % (Zem)d W)

to the function
¢
F(z,s) :=exp {—/ doV (Zg,a)} Ug(x,s)

for each x € D and all s,t € [0, 7] satisfying ¢ > s, by noticing in particular the
crucial minus sign of the last term of the second line to (104). By substituting

%Z (z,5) = exp {— /: doV (Z,, a)] (Osug (z,8) + V(Zs, $)ug(z, 5))

and .
V.F(z,s) =exp {—/ doV (Zmo)] Vaup(z,s)
into (104), and by using (103) together with the first relation in (1), we obtain

Uy (Zt7 t)

= exp {— /St doV (Z,, 0’):| Uy (Zs, 5)
+/:exp [/TtdaV(Zg,a)] (VIUW(Z.,.,T),k% (ZT,T)d’WT)Rd (105)

where the stochastic integral in (105) is finite P -a.s.. The desired result (100)
then follows by setting s = 0 in the preceding relation, by using the initial
condition in (1) and by taking the conditional expectation E,, ;. of the resulting
equality.
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As for the proof of (b), we first observe that (2) may be rewritten as

—Op(x,t) = %div$ (k(z, t)Vgu(z,t) + (U(z, 1), Vav(z, t))ga — V(z, t)v(z, t),

(x,t) € D x [0,T),
U(:L‘,T):’QZJ(.’E), x €D,
ov(x,t)

m =0, (l’,t) € 0D x [O,T), (106)

as a consequence of (101). Furthermore we have

1.
5 dive (k(2,1)Vovy (2, 1)) + (U2, 1), Vave(2,))ga

1

= 5 (k(l’, t)vfm vrv<ﬂ(x7 t))Rd + (a* (:ﬂ, t)a vatp(wv t))Rd

by using (48), so that the sum of the first two terms on the right-hand side
of the first line of (106) identifies this time with the generator of the forward
diffusion (96). The remaining part of the argument then consists in applying
the usual forward It6 formula

F (Z,t)

t IR 1 [t
= F(Z,,5)+ dTE(ZﬁT)-‘ri At (k(Z7,7)V, Vo F(Zr, 7)) ga

t t
+/ dr (™ (Zr,7), Vo F(Zr,T))ga —|—/ (VxF(ZT,T),k% (Z:,7) d+Wt*)Rd
) ) (107)

to the function given by

F(2,1) = exp {— / t daV(ZU,U)} vy (2, 1)

for every (x,t) € D x [s,T], which eventually allows us to proceed as in the first
part of the proof by using (106) to obtain (102). W

REMARKS. (1) The backward Ito formula (104) with the appropriate sign
change has its origins in the theory developed in Section 13 of [23], particularly
in Relation (2) of that section which in fact refers to a simpler situation. Its
proof is similar to that of its forward counterpart (107) which is stated in many
places in a more general form, for instance in Theorem 3.6 of Chapter 3 in [19]
or in Theorem 5.1 of Chapter 2 in [17]. In this connection it is worth mentioning
that we are not aware of any other direct proofs of Feynman-Kac representations
such as (100) regarding the solutions to forward non-autonomous equations of
the form (1). Such a proof is indeed made possible in our case thanks to the
backward It6 equation (97), which allows us to carry out the proofs of (100) and
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(102) quite independently as there are two Ito equations for the same process
at our disposal.

(2) Tt is worth focusing again on two important aspects of our constructions,
namely, on the one hand (34) which provides information on Z¢[, 7] from the
knowledge of (7) and (8) and, on the other hand, the representations (100) and
(102) that make those two solutions emerge as functionals of Z (g 71. In the
latter case we remark that the comparison of (100) and (102) with (7) and (8)

gives
B et (eXp {— /Ot doV/ (chf)] <P(Zo)> = /DdygA(x,t;y,O)sO(y),
T
BY ., <exp [ | v (ze.0) WT)) - [ dugitatin T0w)

respectively, that is, a concrete representation of the expectation functionals

Efx ¢~ In particular, for V= 0 we obtain

B, .0 (Z0) = /dygv oz, t;y,0)0(y),
B, 0 (Zr) = /D dygt—o (.3, TY(y),

respectively, with gy —o and gj,_, the Green functions associated with (1) and
(2) in this case.

In the next section we illustrate some of the preceding results.

3 Two examples

In the first example and for the sake of clarity we investigate the case of the
simplest possible heat equation and its adjoint on a one-dimensional domain.

ExaMPLE 1. Let us consider the initial-boundary value problem

Do, 1) = Loeula, 1), (,0) € (0,1) x (0,7],

u(z,0) = ( ), =< (0,1),
0,u(0,t) = O,u(l,t) =0, te(0,T] (108)

and the corresponding final-boundary value problem for the adjoint equation
*8t1)(.1‘, ) a ( ) (l‘,t) € (07 1) X [OaT)v

o(e, T) = <> ze <o 1)
9,0(0,1) = ,0(L,8) =0, e [0,T), (109)
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where ¢ and v satisfy the hypotheses of the preceding section.
As is well known, the solution to (108) may be written as

n2n?
up(z,t) = Zan cos (mnx) exp {— 5 t] (110)
neZ

with .
ap, = / dzp(z) cos (mnx)
0
for every n € Z, while the solution to (109) reads

2n2

vy (z,t) = Z b,, cos (mnx) exp {

neE”Z

(T - t)} (111)

with L
by, = / dxip(z) cos (mnz) ,

0

both series (110) and (111) being absolutely and uniformly convergent. Fur-
thermore (4) and (5) hold with the kernels

g(z,t;y,s)

=g* (z,s;9,t) = Z cos (mnx) cos (mny) exp [—ﬂ- 2n (t— 5)} , (112)
nez

and moreover all of the results of the preceding section are valid providing
one chooses a joint probability distribution of the form (28) satisfying (29).
Equations (85) and (86) then read

t
Zy = 7 —|—/ dr0y Invy(Z-,7) + W[ (113)
0
and
T
Zt = ZT + / dTan h’luw(ZT,T) + Wt7 (114)
t

respectively.

Our goal now is to choose as simple a ¢ and v as possible in order to unveil
further properties of the processes thus constructed, keeping in mind that we
ought to disregard the trivial case

which does imply (29) but gives

up(z,t) = vy(z,t) =1
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for all (z,t) € [0,1] x [0,T] and thereby b* = b = 0 identically according to (60)
and (61). Let us choose instead

1
o) =1+ 5 cos (mx) (115)
and
¥(z) =1. (116)
Then the normalization condition (29) holds and we have
1 w2
Up(z,t) =14 5 cos (mx) exp —?t (117)
and
vg(z,t) =1 (118)

for all (z,t) € [0,1] x [0,T]. We have the following result:

Proposition 4. Let us consider (108) and (109) with the data (115) and
(116), respectively. Then the following statements hold:
(a) We have

1 2
P, (Z: € E) = |E| + S exp Ty / dx cos (1)
2 2 s

for every Borel subset E C [0,1] of Lebesgue measure |E| and every t € [0,T].
(b) When considered as a forward Markov diffusion the process Z.cpo,r) is a
Wiener process with zero drift which is instantaneously reflected at x = 0 and
x = 1. Moreover, the Lebesque measure on [0,1] is an invariant measure for
ZTE[O,T}~
(c) When considered as a backward Markov diffusion the process Z.cpo m

satisfies
) sin (7Z;) exp [_%27}
Zy=Zp—m|dr o
e e L Y

for every t € [0,T], which corresponds to the backward drift

msin (7x) exp [—%zt}
ble,8) = 2 + cos (mx) exp [f%Qt] (119)

defined for all (x,t) € [0,1] x [0,T].

Proof. Statement (a) follows from (34), (117) and (118).
Let us now consider Z,¢jo,7) as a forward Markov diffusion. Then we have

b*(z,t) =0
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for all (z,t) € [0,1] x [0,T] according to (60), so that (113) reduces to
Zy = Zo+ Wy

which defines a Wiener process with zero drift. As for the instantaneous reflec-
tion at the boundaries of the domain, let us condition the process by setting
Zy = x for an arbitrary = € (0,1). Since Z; € [0, 1] we then have

Zt = ‘LE‘FW:‘

and by virtue of the identity

72n?
Z cos (mnz) cos (mny) exp [ 5 t}
nez

= (27rt)_% Z (exp

nez

|z +y+2n?

o + ex

| —y — 2|
2t

valid for all z,y € (0,1) and every ¢t € (0,T) (see, for instance, Appendix 1 to
Chapter 6 in [4]), we have

P’ (Z, € E)

= / dyg™(z,0;y,1)
E

2
1 |z —y — 2n|
—(@2rt)" [ d N
(2nt) /Eyz<exp - D
neE”Z
for each Borel subset E C [0,1] and all (z,t) € (0,1) x (0, T). Therefore, we may
indeed identify Z (o7} with the doubly reflected Brownian motion as defined

for instance in Section 2.8 C of [19]. Finally let us consider the function (23),
which in this case takes the form

M* (:c,s;Evt)z/ dyg™ (z, s;y,t)
E

_|ac—|—y—i—2n|2

% + exp

where g* is given by (112). Since we have
1
/ daeM™ (z,s; E,t) = |E|
0

for each Borel subset E C [0,1] and all s,¢ € [0, T] satisfying t > s, the Lebesgue
measure is indeed an invariant measure for Z o7 on [0,1]. Consequently
Statement (b) holds.

Statement (c) follows directly from (61), (114) and (117). W

REMARK. The Bernstein diffusion Z,¢o 7] of the preceding proposition is
not reversible in the sense of [8] or [20] since its probability density is time-
dependent according to Statement (a). This is a simple consequence of the
third remark following the proof of Theorem 2.
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ExAMPLE 2. We now consider the initial-boundary value problem

Dyu(w, 1) = %Axu(as,t), (,8) € D x (0,T],
u(z,0) = p(x), ze€D,
8“%? 0, (x,t) € dDx (0, T (120)

and the corresponding final-boundary value problem for the adjoint equation

—ow(z,t) = =Ayv(z,t), (z,t) € Dx[0,T),

)
v(x,T) =9(x), ze€D,
)

ov(z,t
on(z)

=0, (2,t)€dDx[0,T), (121)

where
D={zeR’:|z| <1}

is the two-dimensional open unit disk centered at the origin, and where ¢ and
1 satisfy the hypotheses of the preceding section. Let us restrict ourselves to
radially symmetric solutions to (120) and (121); switching to polar coordinates
and abusing the notation a bit we then rewrite (120) as

Opu(r,t) = % (Orr —|—r_18,,) u(r,t), (r,t) €(0,1] x (0,7T],
u(r,0) = ¢(r), re€lo,1],
dou(l,t) =0, te(0,T], (122)

whose solution reads

Z an,0Jo (\/Hn,0T) €xp [f%t} (123)

where Jy stands for the Bessel function of zeroth order of the first kind (see, for
instance, [31] or [32]). In (123) we have

An,0 = 2J()_2 (\/ ﬂn,O) / rdre (7‘) Jo (\/ ,Ufn,OT)

0

where the pi, 0’s are ordered in such a way that

0= pio < p2o < 3,0 < .oene (124)
and satisfy
T (VD) =0, (125)
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the preceding relation being Neumann’s boundary condition in this case. In a
similar way we have

0wl t) = 5 (O 47710, elrt), (nt) € 0,1] X 0,7),

o(r, T) =9(r), r€l0,1],
du(l,t) =0, tel0,T), (126)

for (121), whose solution is

Z bn, OJO VHn,0 or) exp [— M;’O (T - t)} (127)

where
1
b =205 (V) | vt () o (o)

both series (123) and (127) being again absolutely and uniformly convergent.
Consequently we may write

1
u,(r, t) :/ r'dr'g (r,t;7",0) @ (')
0
and L
vy (r,t) = / r'dr'g* (rot;r! T) (1)
0
where the radial Green functions are

g(rt;r',s)
=g" (1" s;7'0t)

=2 Z Jo 2 (VEmo) Jo (Vimor) Jo (/o) exp {—

C(t-s)|,

so that all of the results of the preceding section remain valid in this case
provided one chooses again a probability distribution of the form (28) satisfying
(29).

Let us take for instance

p(r) = % (14 Jo (/B20r)) (128)
and
¥(r)=1 (129)

for every r € [0,1], where ,/fiz¢ is the first positive root of .J according to
(124) and (125). It then follows from the standard properties of Jy that ¢
satisfies all the required hypotheses of our theory, including positivity and (29);
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furthermore, the orthogonality properties of Jy with respect ot the p,, o’s imply
that the corresponding solutions are

up(r,t) = % <1 + Jo (\/B2,07) exp [—%t]) (130)

and

vy (r,t) =1 (131)
for all (r,t) € [0,1] x [0,7]. Let us denote again by Z.c[o ] the Bernstein
diffusion associated with (122), (126) and (130), (131), respectively, and by

Ji = —Jj the Bessel function of first order. We have the following result,
similar to that of Proposition 4:

Proposition 5. Let us consider (122) and (126) with the data (128) and
(129), respectively. Then the following statements hold:
(a) We have

1
Py (Zi € B) =~

(|E| + exp [—M;Ot} /EdacJo (Mbﬁ))

for every Borel subset E C D of Lebesgue measure |E| and every t € [0,T].

(b) When considered as a forward Markov diffusion the process Z.cpo,r) is a
Wiener process with zero drift and the Lebesgue measure on ) is an invariant
measure for Z.cjo,1)-

(c) When considered as a backward Markov diffusion the process Z.c(o )
satisfies

T
Zy = Zp — /dTb(ZT,T) + W,
t

for every t € [0,T], where the backward drift is given by

b t) = VizoJ1 (VB2 |z|) exp [—£22¢] LT (132)
’ 1+ Jo (VA2 |z]) exp [ #22¢] ||

for all (x,t) € D x [0, T] with © # 0, and by

b(0.1) = lim b(a,t) =0 (133)

|| —
for every t € [0,T).

Proof. Statement (a) follows from (34), this time with (130) and (131).
Let us now consider Z,¢jo,7) as a forward Markov diffusion. Then we have

Zy=Zog+ WY

since

b*(z,t) = 0

37



for all (z,t) € D x [0,T] according to (60) and (131), which indeed defines a
Wiener process with zero drift, and the fact that the Lebesgue measure on I
is an invariant measure for Z.c[o7) follows from an argument similar to that
given in Proposition 4. Consequently Statement (b) holds.

Statement (c) is a simple consequence of (61), (86) and (130), with (133)
following from the fact that Jy(0) = 1 and

1
Ji (Vizolz|) ~ 3 V20 |z|
as |z — 0. W

REMARKS. (1) Relations (132) and (133) reveal two interesting features
regarding the drift of the backward diffusion Z,¢cjg 7). On the one hand, b(x,t)
points to the radial direction and its norm |b(z,t)| is rotationally invariant,
which is no surprise since (130) is radially symmetric to start with. On the
other hand, |b(x,t)| vanishes at the center of the disk and on its boundary since
Ji (Fz,0) = 0, and thereby reaches a maximal value at some |z*| = r* € (0,1)
depending on t since J; > 0 on the interval (O, \/m) We note that such a
feature is already present in the one-dimensional backward drift (119).

(2) The differential operator on the right-hand side of (122) and (126) is,
of course, formally the generator of a Bessel process of order zero. Along the
same line we can also consider radially symmetric solutions to Problems (120)
and (121) in the d-dimensional ball centered at the origin of R?, where the
radial part of half of the Laplacian identifies with the generator of a Bessel
process of order v := g — 1. In such cases we can naturally expect the existence
of nontrivial connections between Bernstein diffusions and Bessel processes of
order v. Moreover, because of (37) and (39) it is tempting to conjecture that
all Bernstein diffusions constructed in this article are in fact reflected diffusions,
as is the case in Statement (b) of Proposition 4. We defer a detailed analysis of
these questions to a separate publication, including one of the boundary local
time

Lz(t) := /t dslap(Zs) = lim l/t dslp, (Zs)

0 e=04+ € Jy

in light of the results of [22], [25] and [30], where Isp is the indicator function
of the boundary 0D and Ip,_that of the annulus

ID)E::{xeRd:O<1—5§|x\§1}.
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4 Appendix. A Variational Construction of Weak
Solutions in L?(D).

The solutions u, and vy we used throughout this article are generated by two

evolution systems Uax (¢, s)o<s<t<r and U} (¢, s)o<s<t<r on L?(D). We show

here how to construct these evolution systems by applying the standard methods

of [29], under the following hypotheses regarding the coefficients k, [ and V in
(1) and (2):

(K’) The function k& : D x [0,T] R is matrix-valued and for every
i,j € {1,...,d} we have k; ; = k;; € L>°(D x (0,T) ); moreover, there exists a
finite constant k& > 0 such that the inequality

(k(2,1)q, Q)ga > klal? (134)

holds uniformly in (x,t) € D x [0,T] for all ¢ € RY. Finally, there exist finite
constants ¢, > 0, § € (%, 1] such that the Holder continuity estimate

s
e ki j(x,t) — ki j(2,8)| < et — s

is valid for every € D and all s,t € [0, T].
As for the lower-order differential operators we assume that the following
hypotheses are valid, where we assume without restricting the generality that

the constants ¢, and 3 are the same as in Hypothesis (K'):

(L’) Each component of the vector-field I : D x [0,7] — R? satisfies I; €
L>(D x (0,T) ). Moreover, the Holder continuity estimate

maxd} li(z,t) — Li(,8)| < e |t — s

holds for every z € D and all s,¢ € [0,T].

(V') The function V : D x (0,T) — R is such that V € L*>°(D x (0,T)) and
satisfies
V(z,t) — V(z,s)| < cult — s

for every x € D and all s,t € [0,T].

Moreover, both the initial condition ¢ and the final condition ¢ are real-
valued and the following hypothesis holds:

(IF") We have ¢, € L*(D).

REMARK. In the variational theory we are reviewing here we observe that
the Holder continuity requirement relative to the time variable in Hypotheses
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(K), (L) and (V') is stronger than that of Hypotheses (K), (L) and (V), since
8 € (%,1] whereas § € (07 %) However, it is easy to show by uniqueness
arguments that the evolution operators U4 (t, s)o<s<i<r and U} (¢, 8)o<s<i<T
introduced in Section 2 are identical to those constructed below. The reason why
RS (%, 1} is required here is intimately tied up with the variational structure
of the problem, and is thoroughly discussed in [29].

Under the preceding three conditions, it is easily verified that the quadratic
form a : [0,T] x H*(D)x H'(D) + C defined by

altf:h) 1= [ do k@09 f(@), Voh(@)es

+/jjd:1c (U, 1), Vo f(2))ca h(x)
+/Dd:cV(x,t)f($)E(x)

satisfies the estimates

la(t, £, h) < cllfllo 1Al (135)
Rea(t, f,f) 2 k|fI7, —cl /I3, (136)
la(t, f,h) —a(s, fR)] < clt—s” 1o 1Rl (137)

for all s,t € [0,7] and all f,h € H'(D), where |.||, and [[-Il; o stand for the

usual norms in L?(D) and H'(D), respectively, and where (.,.)ca denotes the
Hermitian inner product in C?. Consequently, the formal elliptic operator

A(t) = _% div (e, V) + (U 1), V)ga + V(1)

corresponding to the right-hand side of (1) can be realized as a regularly ac-
cretive operator defined on some time-dependent and dense domain D(A(t)) C
L?*(D), and as such generates an evolution system Uy (¢, s)o<s<t<r in L?*(D)
given by

B f(z) ift=s,
Ua(t,s)f(z) = { [ dyga(z,ty, ) f(y) ift>s

for every f € L?(D), where g4 denotes the parabolic Green function associated
with (1). Indeed all these assertions follow directly from estimates (135)-(137)
and the general theory developed in Section 5.4 of [29], together with Schwartz’s
kernel theorem which guarantees the existence of g4 (see [27] for a summary of
the many possible applications of that theorem).

In a similar way, the Hermitian conjugate form

(138)

a'* (t’f’h) ::a(t7h’7f)
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is associated with the linear operator A*(t) adjoint to A(t), which in turn gen-
erates the adjoint evolution system

. f(@) ifi=s,
Ualt,s)f (@) = { T dygs (e 50,01 (w) ift> s, (139)

where G* is the parabolic Green function associated with (2) that satisfies the
relation

ga(z,89,t) = ga(y,t;x, s)

for all s,t € [0,T] with ¢t > s.
The important features of (138) and (139) are that they provide the real-
valued functions defined by

up(z,t) == Ua(t,0)p(z) = /DdygA(x,t;y,pr(yL te(0,7] (140)
and
U’lb(ma t) = U;—;(T’ tW(@“) = /D dyg,tl(xv 4y, TW(Z/)v te [07 T) ’ (141)

which satisfy

(;uw(.,t), h>2 +alt,ugy(,t),h) =0, te(0,T)

and 5
- (atvd,(.,t),h> +a*(t,vy(.,t),h) =0, te][0,T)
2

for every h € H*(D), respectively, where (., .)s stands for the usual inner product
in L%(D). Moreover we have u,, v, € L?(D x (0,T)), so that (140) and (141)
provide weak solutions to (1) and (2), respectively (see, for instance, Section 5.5
in [29)).

These solutions are those which ultimately possess the properties listed in
Lemma 1 of Section 2, according to the above remark regarding the Holder
regularity in time.
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