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1 Introduction

This paper discusses in detail a framework of one-dimensional stochastic differen-
tial equations (henceforth abbreviated by SDEs) with distributional drift and possible
path-dependency. To our best knowledge, this is the first paper which approaches a
class of non-Markovian SDEs with distributional drifts.

The main objective of this paper is to analyze the solution (existence and unique-
ness) of the martingale problem associated with SDEs of the type

dX, = o (X))dW, + b (X))dt +T (1, X')dt, Xo < 8y, (1.1)
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where b, 0 : R — R are continuous functions, o > 0, xg € R and W is a standard
Brownian motion. The assumptions on b, which will be formulated later, imply that
b’ is a Schwartz distribution. Concerning the path-dependent component of the drift,
we consider a locally bounded functional

:A—R, (1.2)
where
A={(s,m €[0,T]x C([0, T1); n =’}
and ¢
siem ) @, ift <s,
() = { n(s), ift>s,

and C ([0, T]) is the space of real-valued continuous functions on [0, T'], for a given
terminal time 0 < 7 < oo. By convention, we extend I" from A to [0, T] x C ([0, T'])
by setting (in nonanticipating way)

L@, n):=T(,n"),t€[0,T],neC([0,T]). (1.3)

Setting o = 1, b = B, where B is a two-sided real-valued Brownian motion which is
independent from W, equation (1.1) reads

1.
dX; = =5 B(X)d1 +T(r, X")dt + dW;. (1.4)

When I = 0, equation (1.4) constitutes the so-called Brox diffusion, see, e.g., [4, 15,
25] and other references therein. This is a celebrated random environment model. This
paper includes the study of (1.4), where I is a bounded path-dependent functional,
which appears to be a non-Markovian variant of Brox diffusion.

Path-dependent SDEs were investigated under several aspects. Under standard
Lipschitz regularity conditions on the coefficients, it is known (see, e.g., Theorem
11.2 [20, chapter V]) that strong existence and uniqueness hold. In the case the path-
dependence takes the form of delayed stochastic equations, one-sided Lipschitz con-
dition ensures strong existence and uniqueness, see, e.g., [24, 17]. Beyond Lipschitz
regularity on the coefficients of the SDE, [14] shows uniqueness in law under struc-
tural conditions on an underlying approximating Markov process, where local-time
and running maximum dependence are considered. The existence in law for infinite-
dimensional SDEs with additive noise on the configuration space with path-dependent
drift functionals with sublinear growth is studied in [8]. In all those contributions the
drift is a nonanticipative functional. Beyond Brownian motion based driving noises,
[6] establishes existence of solutions for some path-dependent differential equation
driven by a Holder process.

The Markovian case (I" = 0) with distributional drift has been intensively stud-
ied over the years. Diffusions in the generalized sense were first considered in the
case when the solution is still a semimartingale, beginning with [19]. Later on, many
authors considered special cases of SDEs with generalized coefficients. It is difficult
to quote them all; in the case when the drift 5" is a measure and the solutions are
semimartingales we refer the reader to [3, 9, 21]. We also recall that [10] considered
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even special cases of nonsemimartingales solving stochastic differential equations
with generalized drift.
In [12] and [13], the authors studied time-independent one-dimensional SDEs of
the form
dX; = o (X)dW, + b (X,)dt, te€][0,T], (1.5)

whose solutions are possibly nonsemimartingale processes, where o is a strictly pos-
itive continuous function and 4’ is the derivative of a real-valued continuous func-
tion. They presented well-posedness of the martingale problem, It6’s formula under
weak conditions, semimartingale characterization and the Lyons—Zheng decomposi-
tion. The only supplementary assumption was the existence of the function

Y(x) :=2/ b—z(y)dy, x eR, (1.6)
0o O

considered as a suitable limit via regularizations. Those authors considered solutions
in law. The SDE (1.5) was also investigated in [1], where the authors provided a well-
stated framework when o and b are y-Holder continuous, y > % In [22], the authors
have also shown that in some cases strong solutions exist and pathwise uniqueness
holds. More recently, in the time-dependent framework (but still one-dimensional),
a significant contribution was done in [7]. As far as the multidimensional case is
concerned, some important steps were done in [11] and more recently in [5], when
the diffusion matrix is the identity and b is a time-dependent drift in some proper
negative Sobolev space. We also refer to [2], where the authors have focused on (1.1)
in the case of a time-independent drift » which is a measure of Kato class.

Let us come back to the objective of the present paper in which the path-dependent
drift contains the derivative in the sense of distributions of a continuous function b.
We remark that in case b’ is a bounded measurable function and I is a bounded path-
dependent functional, then the problem can be easily treated by applying Girsanov’s
theorem, see, e.g., [16, Proposition 3.6 and 3.10, chapter 5]. Here, the combination of
a Schwartz distribution »” with a path-dependent functional I' requires a new set of
ideas. Equation (1.1) will be interpreted as a martingale problem with respect to an
operator

Lf:=Lf+Tf,

see (3.3), where L is the Markovian generator

2
Lf — %f// +b/f/, (1.7)

where we stress that b’ is the derivative of some continuous function b. If we define
¥ as in (1.6), then the operator L can be written as

(1.8)

see [12]. We define a notion of martingale problem related to £ (see Definition 3.3)
and a notion of strong martingale problem related to D and a given Brownian motion
W (see Definition 3.4). That definition has to be compared with the notion of strong
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existence and pathwise uniqueness of an SDE. In this article, the notion of martingale
problem extends the usual one by replacing the space C? of twice continuously differ-
entiable real-valued functions with a more suitable set D . In the Markovian case, the
notion of strong martingale problem was introduced in [22]. As mentioned earlier, we
will concentrate on the case when b is continuous, the case of special discontinuous
functions is investigated in [18].

The strategy of this paper consists in eliminating the distributional drift of the so-
called Zvonkin’s transform, see [27]. In this direction, we transform the equation via
an L-harmonic function 2 which exists under the assumption that the function (1.6) is
well-defined. The case with I' = 0 was already implemented in [12] and [13], where
the drift in the transformed SDE was null. In our non-Markovian context, the trans-
formed equation is essentially a path-dependent SDE with measurable coefficients.
Under some linear growth conditions (see Assumption 4.16), Theorem 4.23 illus-
trates the existence of the martingale problem related to (1.1). Proposition 4.24 states
uniqueness under more restrictive conditions. Indeed, consider the example when
o = 1 and &’ is the derivative (in the sense of distributions) of a bounded continuous
function b and I" is a bounded measurable functional. In this case, & = fo e_Zb(y)dy.
Then the study of the well-posedness of the martingale problem is equivalent to the
well-posedness of the path-dependent SDE

Y=Yo+ f exp(—2b(h~ ' (¥y)))d W + / (s, h='(¥y)) exp(—2b(h ™" (¥y)))ds.
0 0

(1.9)

Existence and uniqueness for (1.9) can be established via Girsanov’s theorem.

Moreover, Corollary 4.31 establishes well-posedness for the strong martingale
problem associated to (1.1). This holds under suitable Lipschitz regularity conditions
on the functional f‘, which is related to I" via (4.14), and a specific assumption on the
function og defined in Remark 4.9. We suppose that o is bounded, uniformly elliptic
and it fulfills a Yamada—Watanabe type condition. One typical example is given when
o9 is a y-Holder continuous function for % <y <l

Several results of the present paper can be partially extended to the multidimen-
sional case, by using the techniques developed in the Markovian case in [11]. In this
direction, the harmonic function % should be replaced by the “mild” solution ¢ of the
parabolic Kolmogorov equation

%+ 300 + 'V Mg —id),

5T _ id (1.10)

see Section 3.2 of [11].

2 Notations and preliminaries

2.1 General notations

Let I be an interval of R. C¥() is the space of real functions defined on / having
continuous derivatives till order k. Such space is endowed with the topology of the
uniform convergence on compact sets for the functions and all derivatives. Generally,
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I = R or [0, T'] for some fixed positive real 7. The space of continuous functions
on I will be denoted by C (). Often, if there is no ambiguity, C*¥(R) will be simply
indicated by C*. Given an a.e. bounded real function f, | f|~ Will denote the essential
supremum.

We recall some notions from [12]. For us, all filtrations § fulfill the usual con-
ditions. When no filtration is specified, we mean the canonical filtration of the un-
derlying process. Otherwise the canonical filtration associated with a process X is
denoted by §X. An F-Dirichlet process X is the sum of an §-local martingale MX
with an §-adapted zero quadratic variation process AX. We will fix by convention
that Ag = 0 so that the decomposition is unique. A sequence (X") of continuous
processes indexed by [0, T'] is said to converge u.c.p. to some process X whenever

sup |X} — X;| converges to zero in probability. Finally the notion of covariation be-
1€[0,T]
tween two general cadlag processes (whenever it exists) is denoted by [X, Y] and we
set [X] = [X, X], see, e.g., [23]. If [X] exists, X is called a finite quadratic variation

process.

Remark 2.1. (1) An §-continuous semimartingale Y is always an §-Dirichlet pro-
cess. The AY process coincides with the continuous bounded variation compo-
nent. Moreover, the quadratic variation [Y] is the usual quadratic variation for
semimartingales.

(2) Any §-Dirichlet process is a finite quadratic variation process and its quadratic
variation is given by [X] = [M X].

(3) If f € C1(R) and X = MX + A% is an F-Dirichlet process, then ¥ = f(X) is
again an §-Dirichlet process and [Y] = fo Fl(X)*d[MX].

3 Non-Markovian SDE: the function case

3.1 General considerations

As in the case of Markovian SDEg, it is possible to formulate the notions of strong
existence, pathwise uniqueness, existence and uniqueness in law for path-dependent
SDEs of the type (1.1), see, e.g., Section A. Let us suppose for the moment that
o,b’ : R — R are Borel functions. We will consider solutions X of

{dX, = o(X,)dW, +b'(X,)dt + (s, X")dt,

Xo . 3.1

for some initial condition &.

The previous equation will be denoted by E(o, b, T'; v) (where v is the law of
&), or simply by E (o, b’, I') if we omit the initial condition. For simplicity, the initial
conditions will always be considered as deterministic. The functional I" is nonantici-
pative in the sense of (1.3).

Definition 3.1. Let v be the Dirac probability measure on R such that v = &y,
xo € R. A stochastic process X is called a solution of E (o, &', I'; v) with respect to
a probability PP if there is a Brownian motion W on some filtered probability space,
such that X solves (3.1) and Xo = xo. We also say that the couple (X, P) solves
E (o, b', T") with initial condition distributed according to v.
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Suppose I' = 0. A very well-known result in [26], Corollary 8.1.7, concerns the
equivalence between martingale problems and solution in law of SDEs. Suppose for
a moment that 4’ is a continuous function. According to [16, chapter 5], a process X
and probability P solve the classical martingale problem, if and only if, X is a solution
of (1.1). The proof of that result can be easily adapted to the path-dependent case, i.e.
when I' 2 0. This provides the statement below.

Proposition 3.2. A couple (X, P) is a solution of E(o, b’, "), if and only if, under P,
t t
f X)) — f(Xo) — /0 Lf(Xs)ds — /0 S (X)T (s, X*)ds (3.2)

is a local martingale, where Lf = %sz” + b f', for every f € C2.

3.2 Comments about the distributional case

When 2’ is a distribution, it is not obvious to introduce the notion of SDE, except in
the case when L is close to the divergence form, i.e. when Lf = (6> f’)’ + Bf’ and
B is a Radon measure, see, e.g., Proposition 3.1 of [12]. For this reason, we replace
the notion of solution in law with the notion of martingale problem. Suppose for a
moment that L is a second order PDE operator with possibly generalized coefficients.
In general, as it is shown in [12], C? is not included in the natural domain of operator
L and, similarly to [12], we will replace C?> with some set Dy . Suppose that L :
D € CL(R) — C(R). Nevertheless D;, is not the domain of L in the sense of the
generator of a semigroup.

Definition 3.3. (1) We say that a continuous stochastic process X solves (with
respect to a probability P on some measurable space (€2, F)) the martingale
problem related to

Lf:=Lf+Tf, (3.3)

with initial condition v = 8,,, xo € R, with respect to a domain Dy, if

t t
M = f(X) — fxo) — /0 Lf (Xy)ds — /0 F(XOT(s, X)ds ~ (3.4)

is a P-local martingale for all f € Dy.

We will also say that the couple (X, IP) is a solution of (or (X, P) solves) the
martingale problem with respect to Dy .

(2) If a solution exists, we say that existence holds for the martingale problem
above.

(3) We say that uniqueness holds for the martingale problem above, if any two
solutions (on some measurable space (2, F)) (X', P'),i = 1, 2, have the same
law.

We remark that in the classical literature of martingale problems, see [26], a so-
lution is a probability on the path space C ([0, T']) and X is the canonical process. If
(X, P) is a solution according to our notations, a solution in the classical framework
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would be the probability law of X with respect to P. We preserve our notations in
conformity with [12, 13].

In the sequel, when the measurable space (€2, F) is self-explanatory it will be
often omitted. As already observed in Proposition 3.2, the notion of martingale prob-
lem is (since the works of Stroock and Varadhan [26]) a concept related to solutions
of SDEs in law. In the case when b’ and o are continuous functions (see [26]), Dy,
corresponds to the space CZ(R), in agreement with Remark 4.6 below.

Below we introduce the analogous notion of strong existence and pathwise
uniqueness for our martingale problem.

Definition 3.4. (1) Let (2, F, P) be a probability space and let § = (F;) be the
canonical filtration associated with a fixed Brownian motion W. Let xg € R be
a constant. We say that a continuous §-adapted real-valued process X such that
Xo = xp is a solution to the strong martingale problem (related to (3.3)),
with respect to Dy, and W (with related filtered probability space), if

t t
£ = f0) = [ Lrceods = [ oor (s, x°)as

t
= / f(Xs)o (Xs)d Wy (3.5)
0

forall f € Dy.

(2) We say that strong existence holds for the martingale problem related to (3.3)
with respect to Dy, if for every xo € R, given a filtered probability space
(2, F,P,§), where § = (F;) is the canonical filtration associated with a
Brownian motion W, there is a process X solving the strong martingale prob-
lem (related to (3.3)) with respect to Dy and W with X = xp.

(3) We say that pathwise uniqueness holds for the martingale problem related
to (3.3) with respect to Dy, if given (2, F, P), a Brownian motion W on it,
two solutions X, i = 1,2, to the strong martingale problem with respect to
Dy and W, and P[X} = Xé] =1, X! and X? are indistinguishable.

4 The case when the drift is the derivative of a continuous function

4.1 The Markovian case

In this section we recall some basic notations and results from [12] but in a way
that simplifies the presentation of our framework. We will also add some useful new
elements. Let o and b be functions in C(R) with ¢ > 0. In [12], in view of defining
Dy and L in the spirit of (1.7), the authors define the function

X b/
Y(x) =2 lim / —'é(y)dy, Vx € R, 4.1)
n—oo Jo 0}
where the limit is intended to be in C(R), i.e. uniformly on each compact. Here

02 = o2« b,, b, :=bx*xd,, (4.2)

n
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where @, (x) := n®(nx) and ® € S(R) (the Schwartz space), with f dx)dx = 1.
For concrete examples, one can take either o' or b to be locally bounded variation
functions, see [12] for other examples and other details. Proposition 2.3, Lemma 2.6
and 2.9 of [12] allow us (equivalently) to define a subspace Dy of C I(R) on which
the definition of Lf by (1.8) makes sense.

Notation 4.1. (1) Dy is the subset of all f € C'(R) for which there exists ¢ € C'
such that ' = exp(—X)¢.

(2) If f € Dy, then we set
2

Lf=¢ exp(—Z)%, 4.3)
where ¢ is the function given in item (1) above.
(3) We denote by h : R — R the function characterized by
h0)=0, h' =e*. (4.4)

In particular h is an L-harmonic function in the sense that Lh = 0, as we will
see in Proposition 4.3.
Remark 4.2. Equation (4.3) in Notation 4.1 corresponds to (1.8).
Proposition 4.3. (1) If f € Dy, then > € Dy and Lf* = 6> f'> + 2fLf.
2
Lh=0,Lh* =0o%n>.

Proof. (1) We observe f2 € D; because (f2) = 2ff' = (2f¢)exp(—X). From
Notation 4.1 (1) and the fact that ¢ := 2f¢ € C!, we conclude 2 € Dy. By (4.3),

2 ’ o? ’ 2
Lf*=¢, eXp(—E)? = (f¢) exp(—X)o

= flo?exp(—2)p + f¢' exp(—%)o? = f'20? +2fLf.

(2) The proof follows by setting ¢ = 1, using item (1) above and Notation 4.1 (1).

O
We now formulate a standing assumption.
Assumption 4.4. * X given by (4.1) is a well-defined function.
o We assume the nonexplosion condition
0 +o00
/ e Wy = / e *Wdx = 0. 4.5)
—00 0

Remark 4.5. (1) Under Assumption 4.4, the L-harmonic function h : R — R
defined in (4.4) is a C'-diffeomorphism. In particular, % is surjective.
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(2) It is easy to verify that Assumption 4.4 implies the nonexplosion condition
(3.16) in Proposition 3.13 in [12]. In [12], one could allow A not to be surjec-
tive.

Remark 4.6. When o and b’ are continuous functions, then D; = C2. Indeed, in
this case, ¥ € C! and then f’ = exp(—X)¢ € C'. In particular, Lf corresponds to
the classical definition.

Remark 4.7. We assume that Assumption 4.4 is satisfied. Let g € Dy, be a fixed
diffeomorphism of class C! such that g’ > 0. We set

of = (0g)o g ', b= ((Lg) og_l) (4.6)

and consider |
L8y := 5(05)21// + b8V, veDre,
where we define Dr¢ according to Notation 4.1 replacing L with LS.
By Remark 4.6, since L8 has continuous coefficients, Dy = C 2,

Proposition 4.8. We assume that Assumption 4.4 is satisfied. Let g € Dy be a fixed
diffeomorphism of class C' such that g’ > 0. Then, f € Dy if and only if f o g~
belongs to D¢ and

Lfog = Lg(fog_l).

Proof of Proposition 4.8. By Notation 4.1, there exists ¢¢ € C ! such that

g = exp(=2)¢¢. 4.7
Concerning the direct implication, if f € Dy, first we prove that f o g~! € Dye.
Again by Notation 4.1 there exists ¢/ € C! such that f/ = exp(—X)¢/. So, (f o
g = g—:og_l = z—g og ! e C! because g~! € C! and ¢ > 0; then, f o
g_1 € C?. Note that, by Remark 4.7, D¢ = C? and hence fog_1 € Dys. Moreover,
according to Notation 4.1 (2),

;2L ;2L
(/) = G—ZGXP@), (#%) = U—fexp(m.

A direct calculation gives

" f ' 2L 2Lgf’
(fosg™) =(¢_og—1> =|: ;o gf]og_l.

@8 g/202 0-28/3
Consequently,
(03) - Lef'l -
g (fog™' =|Lf - jf og L (4.8)

82
By (48), Lf og™' = B (fog ) + (Lg)og ' (fog™) = LE(fog™).
Let us discuss the converse implication. Suppose that f o g~! belongs to
Dre = C2. Again, according to Notation 4.1 (1), we need to show that f’ exp(X) €
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C! which is equivalent to showing that (f’ exp(Z)) o g~ ! belongs to C!. If ¢¢ € C!
is such that g’ = exp(—X)¢$ (see (4.7)) we have

g
(flexp(E))og™! = (f/z—,) og ' =(f og*])’(qsg og7l),

which obviously belongs to C!. Therefore f € Dy. O

By setting & = g in Proposition 4.8 we obtain the following corollary.

Corollary 4.9. Let h be the function defined by (4.4). Then, f € Dy if and only if
f oh™! e C2. Moreover, by setting ¢ = f o h™! for f € Dy, we have

1
Lpomyoh™ =L"g) = Soge",
where

00 = ol = (oh') o hl. 4.9

In [12], the authors also show that the existence and uniqueness of the solution
to the martingale problem are conditioned to a nonexplosion feature. The proposition
below is an easy consequence of Proposition 3.13 in [12], which concerns the well-
posedness of the martingale problem with respect to L in the case ' = 0.

Proposition 4.10. Let v = 8y, xo € R and suppose that Assumption 4.4 holds true.
Then, the existence and uniqueness hold for the martingale problem related to L (i.e.
with T' = 0) with respect to Dy, with initial condition v.

Remark 4.11. By Proposition 3.2 of [12], if ' = 0 and (X, PP) is a solution of the
martingale problem given in Proposition 4.10, then there exists a P-Brownian motion
W such that (3.4) equals

t
/ (f'o)(X9dW,, tel0,T].
0

4.2 The path-dependent framework

Let o and b be functions in C(R) with ¢ > 0 and I' as defined in (1.2). Let us assume
again Assumption 4.4 and let & be the function defined in (4.4). We recall that o¢ was
defined in (4.9).

The first result explains how to reduce our path-dependent martingale problem to
a path-dependent SDE.

Proposition 4.12. Let X be a stochastic process on a probability space (2, F, P).

(1) (X, P) solves the martingale problem related to (3.3) with respect to Dy, if and
only if the process Y = h(X) is a solution (with respect to P) of

t t
Y, = Yo+/ ao(YS)dWs+/ W (W= (Y))D (s, 7' (Y5))ds  (4.10)
0 0

for some P-Brownian motion W.
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(2) Let W be a Brownian motion on (2, F, P). Then, X is a solution to the strong
martingale problem with respect to Dy, and W if and only if (4.10) holds.

Proof. (1) We start proving the direct implication. According to (3.4) and the nota-
tions introduced therein,

t t
M!' = h(X;) — h(Xo) —/ Lh(X,)ds —/ W (X)L (s, X*)ds @11
0 0

is a P-local martingale on some measurable space (2, F).
In particular, by Proposition 4.3, Y satisfies

t
Y, =Yy + / B (W= (Y))D (s, h=1(Y*))ds + M,
0

where M is a local martingale and hence Y is a semimartingale. We need now to
evaluate [M"], = [Y],. We apply (3.4) to f = h? and, again by Proposition 4.3, we
get

t t
Y} =1} +/ oq(Ys)ds + 2/ Yo' (B (Y))D (s, k=1 (Y*))ds + M)”, (4.12)
0 0

where M"” is a local martingale, and we recall that o was defined in (4.6). By inte-
gration by parts,

t
(Y], = Y>— Y5 — 2/ Y,dYs
0
t
=YY+ M, — 2/ Yoh' (h= ' (Y))T (s, k=1 (Y*))ds,
0
where M; = -2 fot Yyd M. Therefore

t
YP=Y}- M, + 2/0 Yo' (R~ (Y))D (s, k=1 (Y*))ds + [Y];. 4.13)

The semimartingale Y2 admits the two decompositions (4.12) and (4.13). By unique-
ness, —M = M"" and Jo 08(Ys)ds = [Y],. By (4.11),

t
[M"], =[Y] = /O g (Ys)ds.

/’ am?!
= = >0,
o oo(¥s)

(Wl =1

Setting

we have
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Therefore, by Lévy’s characterization of Brownian motion, W is a standard Brownian
motion. Since

M = [ araw,
0
(4.11) shows that Y solves (4.10).
Next, we prove the converse implication. Suppose that Y = h(X) satisfies (4.10)

for some P-Brownian motion W. We take f € Dy. By Corollary 4.9 we have ¢ =
f oh~! € C?. Using Itd’s formula and again Corollary 4.9, we get

p(¥)) = p(Yo) + /0 o, + ; /0 Iy,
= o(Yo) + /O L (Voo (Y)dW, + % /0 tgo”(xaoé(mds
= o(Yo) + /0 g o0(Yo)dW, + ; /O Lh(r)ed(Yods
= f(Xo) + /0 CLFXods + fo X0 (X)dW,
+/Ot F(X)T (s, X*)ds
Therefore
FOXD) = f(Xo) — /0 "LF(Xods — /0 XD (5. X*)ds
= /0 ' (Xo (X)dW,

is a local martingale, which concludes the proof.
(2) The converse implication follows in the same way as for item (1). The proof
of the direct implication follows directly by It6’s formula. O

Corollary 4.13. Let (X, P) be a solution of the martingale problem related to (3.3)
with respect to Dy,. Then X is a Dirichlet process (with respect to its canonical filtra-
tion) and [X1, = [y 0>(X,)ds, t € [0, T1.

Proof. By Remark 4.5, & is a diffeomorphism. By Proposition 4.12, X = h~1(Y),

where Y is obviously a semimartingale such that [Y]; = f(; og(Yx)ds, t € [0,T].
Consequently, by Remark 2.1, X is indeed a Dirichlet process and

t
(X1 = /0 (( ) ) (Y )ds = / (/’l’ 1)2 (Yy)ds

t
:/ o%(X,)ds, te€l0,Tl.
0
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Remark 4.14. If X is a solution of the strong martingale problem with respect to
Dy and some Brownian motion W, then X is a Dirichlet process with respect to the
canonical filtration of the Brownian motion.

An immediate consequence of Proposition 4.12 is the following corollary.

Corollary 4.15. Suppose that I' = 0 and let (X, P) be a solution to the martingale
problem related to L with respect to Dy. Then, Y = h(X) is an §-local martingale
where § is the canonical filtration of X with quadratic variation [Y] = fo ag(Yx)ds.

4.3  Existence

We ﬁz( here the same conventions as in Section 4.2. In the sequel, we introduce the
map I' : A — R defined by

~ _ T(s,m)
Pem = a6y

At this point, we introduce the following technical assumption, which is in par-
ticular verified if I" is bounded and o = 1.

(s,7) € A. 4.14)

Assumption 4.16. There is K > 0 such that

sup |F(s. ™ o) < K(1+ sup Inl), ¥y eC((0,T).
s€[0,T] s€[0,T]

Remark 4.17. Let X be a stochastic process and set Y = h(X). If Assumption 4.16
is fulfilled, then

sup |5, X) = K (14 sup %,1). (4.15)
s€[0,T] s€[0,T]

In particular fOT ['2(s, X*)ds < 00 a.s.

Proposition 4.18 below is a well-known extension of Novikov’s criterion. It is an
easy consequence of Corollary 5.14 in [16, Chapter 3].

Proposition 4.18. Suppose Assumption 4.16 holds true. Let W be a Brownian motion
and let X be a continuous and adapted process for which there exists a subdivision
O=t<ti <---<ty, =T such that

o
E[exp(%/ ’F(s, X‘Y)‘zds)] < 00
ti—1

foreveryi € {1,...,n}. Then, the process

P '
N, = exp(/ f‘(s, XS)dWs - %/ |f(S, Xs)|2dS>
0 0

is a martingale.

Next, we need a slight adaptation of the Dambis—Dubins—Schwarz theorem to the
case of a finite interval. For the sake of completeness, we give the details here.
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Proposition 4.19. Let M be a local martingale vanishing at zero such that [M]; =
fé Agds, t € [0, T]. Then, on a possibly enlarged probability space, there exists a
copy of M (still denoted by the same letter M) with the same law and a Brownian
motion B such that

M, = ,BfOtASdS, te[0,T].

Proof. Let us define

i = M;, te[0,T],
"= 1 My + B, — Br, t>T,

where B is a Brownian motion independent of M. If the initial probability space is
not rich enough, one considers an enlarged probability space containing a copy of M
(still denoted by the same letter) with the same law and the independent Brownian
motion B. Note that M is a local martingale with quadratic variation given by

- | M], t€[0,T],
[M]t_{t—T—i—[M]T, t>T.
Observe that tlim [M ]; = oo. By the classical Dambis—Dubins—Schwarz theorem
—>00

there exists a standard Brownian motion 8 such that a.s. 1\71, =8 1 Ayds® t >0.In
0 Asds
particular,
Mt:ﬂftArdS’ OEIET
O
The proposition below is an adaptation of a well-known argument for Markov
diffusions.

Proposition 4.20. Suppose that Assumption 4.16 holds and that oy is bounded. Let
(X, P) be a solution to the martingale problem related to (3.3) with respect to Dy,
with T = 0. Let MX be the local martingale component of X. We set

t
1
W, :=/ amX, te[0,T].
0 U(Xs)

Then

¢ t
eXp(/O f‘(s,XS)dWS—%/O |f(s,xs)|2ds), tel0,T], (4.16)

is a martingale.

Remark 4.21. Let (X, P) be a solution to the martingale problem related to (3.3)
with respect to Dy with I' = 0. We recall that, by Corollary 4.13, X is an §-Dirichlet
process (§ being the canonical filtration) and [X] = [M X1 = fo o2(X,)ds so that, by
Lévy’s characterization theorem, W is an §-Brownian motion.

Proof of Proposition 4.20. Let Y = h(X). By Proposition 4.12, we know that [Y] =
fo' aoz(Ys)ds. Let us choose k > |00|C2>0T and a subdivision {fo = 0, ...,1, = T} of
[0, T'] in such way that

= 3(:- i) K%k ! 4.17)
Cp = 3 i i—1 < ) .
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fori € {1, ..., n}. Here, K comes from Assumption 4.16. By (4.15), we know that
1 ~ 5 ) 2
/ [F(s x*)Pds = @ = 1-0K(1+ sup_[%]) (4.18)
tiq s€[0,T]

foreveryi € {1,...,n}. Weset M; =Y, — Yo, t € [0, T], and we note that

2
(1+ sup |n|) <3 sup M, +3(1+ D). (4.19)
s€[0,T] s€[0,T]

We recall that Yy is deterministic. By applying Proposition 4.18, taking into ac-
count (4.18) and (4.19), we get

ti
E(exp(%/ fz(s, X‘Y)ds>>
ti—1
R 2
< E(exp(m# sup |MS|2>> exp(%(t,' — DK (1 + Y02)>.

s€[0,7T]
(4.20)

Since M is a local martingale vanishing at zero, Proposition 4.19 states that there is
a copy (with the same distribution) of M (still denoted by the same letter) on another
probability space, and a Brownian motion 8, such that previous expression gives

.4 2
E(exr)(u sup Iﬂ[mxlz»exp@(n —ti—l)K2(1+Y()2))

s€[0,T]
3(t; — t;i_1)K? 3
< E(exp(u sup |,3,|2>> exp(—(ti — ti_l)Kz(l + YOZ)),
2 r€[0.4] 2
4.21)

the latter inequality being valid because [M]; = fot O'OZ(YS)dS. By (4.17) we get

1 [ . . .
E[exp(i /t‘ F2(s, Xs)ds>] < E[exp(% ri&)pk] |BT|2)):| exp(%(l + Yg))
i—1 s

< E[ sup exp<2|BT|2>j| exp(ﬁ(l + Y02)>
7e[0,k] k k

4.22)

foreveryi € {1, ..., n}. By Remark 4.22 below, for each i € {1, ..., n}, we have

E[exp(%|8,|2):| < E[exp(ci62)] < oo,

where G is a standard Gaussian random variable. Since x +— exp(%x) is increas-
ing and convex, and (| B;|?);>0 is a nonnegative square integrable submartingale,
(exp(g—;{ | B;|?) is also a nonnegative submartingale. Consequently, by Doob’s inequal-
ity (with p = 2) the expectation on the right-hand side of (4.22) is finite. Finally by
Proposition 4.18, (4.16) is a martingale. O
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Remark 4.22. Let G be a standard Gaussian random variable. If ¢ < % then
E[exp(cGz)] < 0.
Proposition 4.20 opens the way to the following existence result for the path-
dependent martingale problem.
Theorem 4.23. Suppose that Assumption 4.4 holds and that one of the two conditions
below are fulfilled.
(1) T is bounded.
(2) T fulfills Assumption 4.16 and o is bounded.

Then existence holds for the martingale problem related to (3.3) with respect to Dy .

Proof. By Proposition 4.10, there is a solution (X, IP) to the above-mentioned mar-
tingale problem with I' = 0. By Remark 4.11, there is a Brownian motion W such

that
t

t
f(Xt)—f(Xo)—/0 Lf(Xst:/o (f'o)(Xs)dWy (4.23)

for every f € Dy . We define the process

t t
V; = exp(/ f‘(s, XS)dWS — l/ f‘z(s, Xs)ds>.
0 2 Jo

Under item (1), V is a martingale by Novikov’s condition. Under item (2), Proposi-
tion 4.20 says that V is a martingale. We define

t
W, = W,—/ [(s, X*)ds. (4.24)
0

By Girsanov’s theorem, (4.24) is a Brownian motion under the probability Q@ such

that
1

T T
dQ = exp(/ T(s, X*)dW; — 5/. fz(s, X‘Y)a’s>dP.
0 0
Applying (4.24) to (4.23), we obtain

t

t t
FOXD) — F(Xo) — /0 Lf(X,)ds - /O FI(XT (s, X*)ds = /0 (F'0)(X,)d W,

for every f € Dy. Since f(;(f’a)(Xs)dWS is a local martingale under Q, (X, Q) is
proved to be a solution to the martingale problem in the statement. g

4.4  Uniqueness
We use here again the notation I introduced in 4.14).

Proposition 4.24. Suppose that Assumption 4.4 is satisfied. Then uniqueness holds
for the martingale problem related to (3.3) with respect to Dy..
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Proof. Let (X i IP’i), i = 1,2, be two solutions of the martingale problem related
to (3.3) with respect to Dy. Let us fix i = 1,2. By Corollary 4.13, X' is an S’Xi—
Dirichlet process with respect to P/, such that [X!] = fo U(Xé)zds. Let M be the
martingale component of X’. Since [M'] = fo o(X i)zds, by Lévy’s characterization
theorem, the process

. t dMl
w; =/ S, tel0,T], (4.25)
0 o(Xy)
is an SXI -Brownian motion. In particular, W' is a Borel functional of X*.
By means of localization (similarly to Proposition 5.3.10 in [16]), without loss of
generality we can suppose I" to be bounded. We define the process (whose random
variables are also Borel functionals of X%)

t t
14 =exp<—/ L(s, X" )aw! — %/ (f(s,Xi’S))zds>,
0 0

which, by Novikov’s condition, is a P!-martingale. This allows us to define the prob-
ability Q' such that dQ' = V;'d]P’i.

By Girsanov’s theorem, under Q’, B! := W/ + fot ['(s, X*)ds is a Brownian
motion. Therefore, (X, Q') solves the martingale problem related to L (I' = 0)
with respect to Dy . By uniqueness of the martingale problem with respect to Dy, and
I' = 0 (see Proposition 4.10), X ! (under Q'), i = 1, 2, have the same law. Hence, for
every Borel set B € B(C|[0, T']), we have

1 1
IEDI {X] S B} :L WI{XIEB}dQI = /Q Wl{)@el}}d(@z = IP2{X2 € B}
Therefore, X! under P! has the same law as X2 under P2. Finally, uniqueness holds
for the martingale problem related to (3.3) with respect to Dy.. O

4.5 Results on pathwise uniqueness

Before exploring conditions for strong existence and uniqueness for the martingale
problem, we state and prove Proposition 4.27, which constitutes a crucial preliminary
step.

LetT : A — Rbea generic Borel functional. Related to it, we formulate the
following technical assumption.

Assumption 4.25. (1) There exists a function | : Ry — R4 such that
Jo I3 (w)du = oo for all € > 0 and

loo(x) — oY) < I(Jx — y).

(2) o¢ has at most linear growth.

(3) There exists K > 0 such that
N
IT(s, n') = T(s, n%)] < K<|n1<s> — %) +/0 In'(r) — nz(r)ldr>

forall (s, n"), (s, n?) € A.
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4) Too := sup |[(s,0)] < oo.
5€[0,T]
Remark 4.26. One typical example of nonanticipative functional which satisfies (3)

is given by
(s, n)=¢<s,n(S),/O n(r)dr>,

where @ : [0, T] x R x R — R is a Lipschitz real function in the second and third
variables.

Proposition 4.27. Suppose that Assumption 4.25 is satisfied and fix yo € R. Then,
pathwise uniqueness holds for the SDE with dynamics

t t
YtZY0+/ oo(Ys)dWSJrf L(s, Y*)ds, (4.26)
0 0

i.e. E(0p,0, ).

The proof of the Proposition 4.27 generalizes the techniques of the Yamada—
Watanabe pathwise uniqueness theorem for Markovian SDEs (see, e.g., Theorem
5.2.19 in [16]). Before proceeding with that proof, we state a lemma which is an
easy consequence of Problem 5.3.15 in [16].

Lemma 4.28. Suppose the assumptions in Proposition 4.27 are in force. Let Y be a
solution of (4.26) and let m > 2 be an integer. Then, there exists a constant C > 0,
depending on the linear growth constant of og, Yo, T, m, and the quantities (K, f‘oo)
given in Assumptions 4.25 (3)—(4), such that

E(sup |Y,|m) <cC.

t<T

Proof of Proposition 4.27. Let Y!, Y2 be two solutions on the same probability
space with respect to the same Brownian motion W of (4.26) such that Y| = YO2 = yp.
In the sequel, we set A; = Y,1 — Y,z, t € [0, T]. By Lemma 4.28, we have

IE( sup Y/ |2) < 00 4.27)
t€[0,T]

fori = 1, 2. By the assumption on oy, this obviously gives

T
E( / |ao(Y;')|2dt> < o0 (4.28)
0

fori =1, 2. We observe

t t
A= / (F(s. ¥™%) = T(s. Y2*))ds + / (00(¥)) — 00 (Y2))dW,. 1€ [0, T,
0 0
(4.29)
We recall from the proof of Proposition 2.13 in [16, Chapter 5], the existence of the

functions
lxl py
W, (x) = /O /0 o ()dudy,
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such that for every x € R

2 .
0<pp(x) < ——, W, <1, [W,0)]<lx], lim ¥,(x)= x|
nl=(x) n— 00
(4.30)
By applying It6’s formula and using (4.29), we get
t
W, (A) = / W (A)[T (s, Y1) = T (s, ¥2¥)]ds
0
I 2
+3 [ wiaoln() =) s
t
+/O W) (A[oo(Y,) — 00(Y7)]dW;.
By using Assumption 4.25 and (4.30), we get
t N t
U, (A,) < f K<|Ys1 — Y2 +/ Iy} — Yr2|dr>ds +—+ M, 4.31)
0 0 n

where M; = f(; U (Ap)[o0(Y)) — 0o(Y2)]dWy is a local martingale. Since W/ is
bounded, the estimate (4.28) ensures that M is a (even square integrable) martingale.
We take the expectation, and applying Fubini’s theorem in (4.31), obtain

t t
t
EW,(A,) < K/ ElY! — Y2|ds + KT/ E|Y)] — Y2|ds + —, (4.32)
0 0 n

since EM; = 0. Passing to the limit when n — oo, by Lebesgue’s dominated conver-
gence theorem, we get

t
E|A] < (K + TK)/ E|Ag|ds. (4.33)
0

By Gronwall’s inequality, we obtain E|A;| = 0. By the continuity of the sample paths
of Y1, Y2 we conclude that Y!, Y2 are indistinguishable. O

We come back to the framework of the beginning of Section 4.1. We assume again
the validity of Assumption 4.4. We recall the definition of the harmonic function &
defined by 1(0) = 0, &' (x) = e~ =, see (4.4). We recall the notation oy = (ch')oh ™.
We define

Cs,n) =0 (A" (n))T(s, i~ (n*)), s€l0,T1, neC([0,T]). (4.34)

Corollary 4.29. Suppose that Assumptions 4.4 and 4.25 (related to T introduced
in (4.34)) are fulfilled. Then uniqueness holds for the martingale problem related
to (3.3) with respect to Dy..

Proof. It follows by using Assumptions 4.4 and 4.25 on T" and applying Proposi-
tion 4.27 and Proposition 4.12. O
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Theorem 4.30. Suppose that Assumptions 4.4 and 4.25 (related to T introduced
in (4.34)) and one of two hypotheses below are in force:

) T defined in (4.14) is bounded,
(2) o9 is bounded and uniformly elliptic.

Then strong existence and pathwise uniqueness hold for the SDE with dynamics
(4.10).

Proof. By Proposition 4.27, pathwise uniqueness holds. Indeed, taking into account
the expression of (4.34), equation (4.10) is a particular case of (4.26).

In order to prove existence, we will apply Theorem 4.23. For this purpose, we
need to verify that either Hypothesis (1) or (2) of that theorem hold. Hypothesis (1)
in the above statement coincides with Hypothesis (1) in Theorem 4.23. Assume the
validity of (2) in the above statement, and we check that Assumption 4.16 holds true.
By (4.14) and the definition of I in (4.34), we obtain

oo(n())T (s, (A" on)) = T(s, n). (4.35)

The fact that ULO is bounded jointly with (3) in Assumption 4.25 yields the existence
of a constant K; > 0 such that

IT(s, (h " om))| < K1(|77(S)| +/0 Irl(r)ldr) + (s, 0)1.

By (4) in Assumption 4.25 and the simple estimate

s
ly(Nldr <s sup |y ()],
0 rel0,s]
we can conclude that Assumption 4.16 holds.

By Theorem 4.23, existence holds for the martingale problem related to (3.3)
with respect to Dy, and by Proposition 4.12 (1), we have that (4.10) has a solution.
At this point, we can apply the Yamada—Watanabe theorem to guarantee that the
solution is actually strong. We remark that the Yamada—Watanabe theorem (in the
path-dependent case) proof is the same as the one in the Markovian case, which is for
instance stated in Proposition 3.20 [16, Chapter 5]. O

As a consequence of Proposition 4.12 and Theorem 4.30, we obtain the following
result.

Corollary 4.31. Under the same assumptions as in Theorem 4.30, strong existence
and pathwise uniqueness hold for the martingale problem related to (3.3) with respect
to Dy.

A Different notions of solutions when &’ is a function

Let us suppose below that o, b’ : R — R are locally bounded Borel functions and
I" is as given in (1.2). As already mentioned, for simplicity we will only consider
deterministic initial conditions xg.
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Definition A.1. Let (2, F, IP) be a probability space, (W;);>0 be a Brownian motion
and xo € R. A solution X of E(o, b, T; x9) (depending on the probability space
(Q, F,P) and the Brownian motion W) is an §" -progressively measurable process
fulfilling (3.1), with £ = xg a.s.

Definition A.2 (Strong existence). We say that strong existence holds for equa-
tion E(o,b’,T) if for any probability space (2, F,P) carrying a Brownian mo-
tion (W;);>0 and xo € R, there exists a process (X;);>0 which is a solution to
E(o,b,T; xp).

Definition A.3 (Pathwise uniqueness). We say that pathwise uniqueness holds for
equation E (o, D', T) if the following property is fulfilled for every xo € R. Let
(2, F,P) be a probability space carrying a Brownian motion (W;);>¢. If two pro-
cesses X, X are two solutions to E (o,b',T; xp), then X and X are indistinguishable.

Definition A.4 (Existence in law). Let xo € R. We say that existence in law holds for
E (o, b', T; xo) if there exists a probability space (2, F, P) carrying a Brownian mo-
tion (W;);>0 and a process (X;)>0 such that (X, P) is a solution of E (o, &', T'; xp),
see Definition A.1.

We say that existence in law holds for E (o, b, ') if existence in law holds for
E(o,b',T; xp), for every xo € R.

Definition A.5 (Uniqueness in law). Let xo € R. We say that uniqueness in law
holds for E(o, b, T'; xo) if we have the following. Suppose we have a probability
space (2, F, P) (respectively (fZ f" I@’)) carrying a Brownian motion (Wt)t>() (re-
spectively (W,);>o) We suppose that a process (X;);>o (resp. a process (Xt)t>o) is
a solution of E (o, b, T'; x0), such that both Xo = xo, P a.s. and Xo = xo, P as.
Uniqueness in law means that X and X must have the same law as random elements
taking values in C ([0, T']) or C(R).

We say that uniqueness in law holds for E (o, b’, ') if uniqueness in law holds
for E(o, b', T'; xq) for every xp € R.
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