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Abstract

Given a stochastic differential equation with path-dependent coefficients driven by a multidimensional
Wiener process, we show that the support of the law of the solution is given by the image of
the Cameron—Martin space under the flow of mild solutions to a system of path-dependent ordinary
differential equations. Our result extends the Stroock—Varadhan support theorem for diffusion processes
to the case of SDEs with path-dependent coefficients. The proof is based on functional Itd calculus.
© 2019 Elsevier B.V. Allrights reserved.
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1. Overview

1.1. Support theorems for stochastic differential equations

A stochastic process may be viewed as a random variable taking values in a space of paths.
The (topological) support of this random variable then describes the closure of the set of all
attainable paths and provides insight into the structure of sample paths of the process. The
nature of the support has been investigated for various classes of stochastic processes under
different function space topologies, with a focus on stochastic differential equations.
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For diffusion processes the support with respect to the supremum norm was first described
by Stroock and Varadhan [19,20], a result known as the ‘Stroock—Varadhan support theorem’.
An extension to unbounded coefficients was given by Gyongy [13]. The support of more
general Wiener functionals and extensions to SDEs in Hilbert spaces are discussed in Aida
et al. [1,2]. These results were extended to the Holder topology by Ben Arous et al. [4] and,
using different techniques, by Millet and Sanz-Solé [16]. Bally et al. [3] use similar methods to
derive a support theorem in Holder norm for parabolic SPDEs. Support theorems in p-variation
topology are discussed by Ledoux et al. [14], using rough path techniques. Support theorems
in Holder and p-variation topologies are discussed in [12] and Pakkanen [17] gives conditions
for a stochastic integral to have full support. In this work we extend some of these results to
stochastic differential equations with path-dependent coefficients.

Let 7 > O with r < T and d,m € N and suppose that (2, .%, (% )cpo.r), P) is a
filtered probability space satisfying the usual conditions and on which there is a standard
d-dimensional (.%,),c[0.7)-Brownian motion W. We consider the following path-dependent
stochastic differential equation:

dX;, =b(t, X)dt +o(@, X)dW, forte[r,T] (1.1)

with initial condition X; = x(s) for s € [0, r], where x € C([0, T], R™) and the coefficients
b :[rT] x C(I0,T],R") — R™ and ¢ : [r,T] x C([0, T], R") — R"™*4 are product
measurable and non-anticipative in the sense that b(f, x) and o (¢, x) depend on the path
x € C([0, T],R™) up to time ¢ € [r, T] only.

Under Lipschitz continuity and affine growth conditions on b and o, this SDE ad-
mits a unique strong solution for which a.e. sample path lies in the delayed Holder space
CX([0, T],R™) for every @ € [0, 1/2). Our main result is a description of the support of the
solution in the Holder topology: we show that the support of its law is given by the image of
the Cameron—Martin space under the flow associated with a system of functional differential
equations.

1.2. Statement of the main result

Denote by | - | the Euclidean norm in R¢ and the Hilbert—Schmidt norms in R*4, Rm*d
and R"™*™, We let I; be the d x d identity matrix and for a matrix A € R"*¢ we denote by
A’ its transpose. For a path x : [0, T] — R™ we let x’ be the path stopped at r € [0, T]:
x'(s) = x(s At) for s € [0, T]. Throughout, C([0, T], R™) is the separable Banach space
of all R™-valued continuous maps on [0, 7'], endowed with the supremum norm given by
Ixlloo = sup,cgo.r) 1x(@)]

For a € (0, 1] we introduce the non-separable Banach space C*([0, T], R™) of all x €
C([0, T],R™) that are «-Holder continuous on [r, T], equipped with the ‘delayed o-Holder
norm’ defined via

, Jx(s) — x(0)]
Ixller = lx"loc + sUp ———0—. (1.2)
s,te[r,T]:s#t |S - t|
We set C?([O, T,R™) == C(0,T],R™) and || - |lo, = | - lloc, by convention, and let

H,l([O, T1, R™) be the separable Banach space of all x € C([0, T], R™) that are absolutely
continuous on [r, T'] and whose weak derivative x is square-integrable with respect to the
Lebesgue measure, endowed with the ‘delayed Cameron—Martin norm’ given by

T 1/2
iz = l1x"lloo + (f |5c(s)|2ds> . (1.3)
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Then it holds that H'([0, T],R™) < C}/*([0, T],R™) and x|l /o, < [x|lg, for all x €
H,_l([O, T1, R™). In the case of no delay the Cameron—Martin space is a Hilbert space. Further,
we allow infinite values and extend the definitions of || - |l and || - ||, at (1.2) to any map
x : [0, T] — R™ and the definition of || - |5, at (1.3) to any map x : [0, T] — R”™ that is
absolutely continuous on [r, T].
We assume the diffusion coefficient o to be of class C''2 on [r, T) x C([0, T], R™) in the
sense of horizontal and vertical differentiability [7,11], as discussed in Section 2.1, and consider
the map p : [r, T] x C([0, T], R") — R™ with components

d
pilt, x) =Y dc0 (1, X)or(t, X)ey, (1.4)
=1

if t < T, and pi(z, x) := 0, otherwise. Here, {e|, ..., e;} denotes the canonical basis of R?
and d,ox; : [, T) x C([0, T],R") — R'™™ is the vertical derivative of the (k, [)-coordinate
of o for every k € {l,...,m} and [l € {l,...,d}. Note that p = 9,00 form = d = 1.
Moreover, the horizontal and the second-order vertical derivative of o are denoted by 9,0 and
0,0, respectively.

We characterize the support of the unique strong solution to (1.1) in terms of the following
path-dependent ordinary differential equation driven by an element & € H!([0, T], RY):

Xn(t) = (b — (1/2)p)(t, xp) + o (t, xp) h(t) fort € [r, T]. (1.5)

Based on these preliminaries, our main result may be stated as follows:

Theorem 1 (Support Theorem for Path-dependent SDEs). Let o be of class C"? on [r, T) x
C([0, T], R™). Assume that o and 0,0 are bounded and there are c,n, . > 0 and « € [0, 1)
such that

b(t, x)| < c(1+ |x15), 1B, x) = b(t, Y)| < Alx = V]loos
19,0012, )| + |8ex03.1(1, )| < (1 + |x||)  and
lo(t, x) — o (s, V)| + 19:01.1(t, x) — 3e011(s, V)| < A(ls — 1] 4+ 1x" = ¥*[loo)

for all s,t € [r,T), x,y € C(0, T],R™), k € {1,...,m} andl € {1,...,d}. Then the
following three assertions are valid:

(i) Pathwise uniqueness holds for (1.1) and there is a unique strong solution X to (1.1)
satisfying X, = %(s) for all s € [0, r] a.s. Further, E[|| X||./] < oo for each « € [0, 1/2)
and p > 1.

(ii) For h € H,l([O, T1,RY) there is a unique mild solution x;, to (1.5) such that x,(s) =
x(s) for all s € [0,r] and we have x;, € Hrl([O, T1,R™). In addition, the map
Hrl([O, T1,RY) — Hrl([O, T1,R™), h — xy, is Lipschitz continuous on bounded sets.

(iii) For a € [0, 1/2) the support of the image measure P o X~' in the delayed Holder
space CX([0, T1, R™) is the closure of the set of all mild solutions x; to (1.5), where
h € H([0, T1,RY). That is,

supp(P o X ') = {x; | h € HI([0, T], R%)} in C%([0, T], R™). (1.6)

This theorem extends previous results [2,4,16,19] on the support of diffusion processes to
the case of path-dependent coefficients. Moreover, in the diffusion case we retrieve the results
of [4,16] under weaker regularity conditions.
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Our proof uses the functional Itd calculus [5,7,8,11] to generalize the approach used by
Millet and Sanz-Solé [16] to the path-dependent case, providing the correct Girsanov changes
of measures to deduce (2.7). Based on adapted linear interpolations of Brownian motion, we
construct Holder continuous approximations of solutions to (1.1) and (1.5) and show that these
approximations converge in Holder norm in probability to the respective solutions. A key
ingredient is the functional It6 formula in [7,9,11], combined with interpolation error estimates
in supremum norm for stochastic processes.

Outline. The remainder of this paper is devoted to the proof of Theorem 1. Section 2
discusses the various building blocks of the proof. Section 2.1 recalls several functional calculus
concepts from [5,7,8,11] that are useful in our setting. Section 2.2 gives conditions for the
existence and uniqueness of a mild solution to the path-dependent ODE (1.5); Section 2.3
gives conditions for the existence of a unique strong solution to the path-dependent SDE (1.1).
Section 2.4 discusses the interpolation method used to characterize the support in the Holder
topology.

Section 3.1 deals with Holder spaces for stochastic processes and the notion of convergence
in Holder norm in probability in more depth. Section 3.2 derives a quantitative version of the
Kolmogorov—Chentsov Theorem with an explicit estimate of the Holder norm (Proposition 12).
Section 3.3 provides a sufficient criterion, based on a sequence of partitions, for convergence
in Holder norm in probability (Lemma 13). While Section 3.4 discusses adapted linear inter-
polations of Brownian motion, Section 3.5 deduces interpolation error estimates for stochastic
processes and several required moment estimates, improving in particular a convergence result
from [16][Lemma 3.2].

Section 4 proves the existence and uniqueness of mild solutions to path-dependent ODEs
(Section 4.1) and strong solutions to path-dependent SDEs (Section 4.2). Finally, Section 5
combines these ingredients to give a proof of the main result.

2. Preliminaries

2.1. Non-anticipative functional calculus

Let D([0, T],R™) denote the Banach space of all R™-valued cadlag maps on [0, T],
equipped with the supremum norm || - ||, and recall the following notions from [5,8]. A
functional G : [r, T] x D([0, T], R") — R is non-anticipative if

Vi € [r,T], Vx € D([0, T],R™), G(,x)=G(t,x"),

where x = x(t A .) is the path x stopped at ¢t. G is called boundedness-preserving if it is
bounded on bounded sets: for each n € N there is ¢, > 0 such that

VI € [rs T]7 V-x € D([Oa T]va)7 ”x”OO =n = |G(ta-x)| S Cp.

We notice that the following pseudometric on [r, T] x D([0, T], R™) given by
doo((t, %), (5, 7)) = |1t = s +1Ix" = ¥ o

is complete and if G is dy-continuous, then it is non-anticipative. As observed in [10],
Lipschitz continuity with respect to d, allows for a Holder smoothness of degree 1/2 in the
time variable.

Let us recall the definitions of the horizontal and vertical derivative from [7,11]. A non-
anticipative functional G on [r, T) x D([0, T], R™) is horizontally differentiable if for each
t €[r,T) and x € D([0, T], R™), the function

[0,T —t) > R, hr> G(t+h,x")
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is differentiable at 0. In this case, its derivative there is denoted by 9,G(t, x). We say that G
is vertically differentiable if for all t € [r, T) and x € D([0, T], R™), the function

R" - R, hw> G(t,x +hlyr)

is differentiable at 0. If this is the case, then we denote its derivative there by d,G(¢, x). G is
partially vertically differentiable if for every k € {1,...,m}, t € [r, T) and x € D([0, T], R™),
the function

R—>R, h— G(t,x +hEk]l[,,T])

is differentiable at O, where {ey, ..., e,} is the canonical basis of R™. In this case, its derivative
there is denoted by 9,, G(¢, x). If G is vertically differentiable, then it is partially vertically
differentiable and 9,G = (0, G, ..., 9y, G).

We call G twice vertically differentiable if it is vertically differentiable and the same holds
for 9,G. In this case, we set 0,,G = 9,(3,G) and

Oy G = 0, (9,G) forall kI €{l,...,m}.

It follows from Schwarz’s Lemma that if G is twice vertically differentiable and 0., G is doo-
continuous, then d,,G is symmetric: 0y, ,G = 0y, G for all k,[ € {1,..., m}. Finally, G is
of class C"? if it is once horizontally and twice vertically differentiable such that G and its
derivatives 9,G, 9,G and d,,G are boundedness-preserving and dy,-continuous.

While horizontal differentiability can be readily extended to functionals that are merely
defined on [r, T) x C([0, T'], R™), vertical differentiability is based on cadlag perturbations, as
it involves indicator functions. A functional F on [r, T) x C([0, T], R™) is said to be of class
C"2 if it admits an extension G : [r, T) x D([0, T], R") — R that satisfies this property. Then
it follows from Theorems 5.4.1 and 5.4.2 in [5] that the definitions

0, F=0,G and 0, F :=09,,G onlr,T)xC(0,T],R™

are independent of the choice of the extension G. Based on this uniqueness result, we can
apply the functional It6 formula [9] to characterize the support in the proof of Proposition 31.

Examples 2. (i) Let o € (0, 1] and ¢ : R” — R, be a-Holder continuous. Then the running
supremum functional G : [r, T) x D([0, T], R™) — R given by
G(t,x) = sup @(x(s))

5€[0,¢]

is boundedness-preserving and «-Holder continuous with respect to d,. To be more precise,
there exists A > 0O such that

IG(t,x) = G(s, M| < Allx" = ¥*I%

for all s,t € [r,T) and x, y € D([0, T], R™). Further, we have 9,G = 0. However, if ¢ fails
to be differentiable at some x € R™ such that ¢(x + h) > ¢(x) for all 1 € R™\{0}, then G is
not vertically differentiable. For instance, take ¢ = | - |%.

(i) Let « € (0,1], ¢ : R" — R? be a-Holder continuous and g : [r,T) — [0, T] be
right-continuous and satisfy B(¢) < t for all # € (r, T). Then the non-anticipative delayed map
G:[r,T)x D(0,T],R") - R? given by

G(1, x) = ¢((x o B)(1))
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is boundedness-preserving and «-Holder continuous in x € D([0, T'], R™), uniformly in
t € [r,T). Unless ¢ is constant, G fails to be horizontally differentiable, yet it is vertically
differentiable on (r, T) x D([0, T], R™) and 0,G = O there.

(iii) Assume that ¢ : [0,T) x R" — R™*“ is a Borel measurable bounded map that is
Lipschitz continuous in X € R™, uniformly in ¢ € [0, T). Then the non-anticipative integral
map G :[r,T) x D([0,T], R") — Rmxd given by

G(t, x) ::/ (s, x(s))ds
0

is bounded and d.-Lipschitz continuous. Moreover, if ¢ is continuous, then G is of class ch2,
In fact, it holds that 9,G(¢,x) = @(t, x(¢t)) for any t € [r,T) and x € D([0, T], R™) and
0,G =0.

2.2. Mild solutions to path-dependent ODEs

In this section we show that the ODE (1.5) admits a unique mild solution which belongs
to the delayed Cameron—Martin space H,‘([O, T1, R™). To this end, let us consider the
path-dependent ordinary differential equation:

X(t) = F(t,x) fortelrT] 2.1)

where F : [r, T] x C([0, T], R™) — R™ denotes a non-anticipative product measurable map.
Then for each h € Hr'([(), T1,R%) the choice F = b — 1/2)p + oh yields (1.5) with the
correction term p given by (1.4).

In general the map [r, T] — R™, t — F(t, x) may fail to be continuous, so one may not
expect solutions in the classical sense. A mild solution to (2.1) is a path x € C([0, T'], R™)
satisfying

T t
/ |F(s,x)|ds < oo and x(t):x(r)+/ F(s,x)ds

for all + € [r, T]. By definition, a mild solution x is absolutely continuous on [r, 7] and it
becomes a classical solution if and only if the measurable map [r, T] — R™, t — F(¢, x) is
continuous.

Let us introduce the following regularity conditions, which are satisfied under the assump-
tions of Theorem 1 for the choice of F' mentioned before.

(C.1) There is a measurable function ¢y : [r, T] — R satisfying fr r co(s)? ds < oo and

T
|F(t, x)| < Co(t)<1 + X" oo +[ I)'C(S)IdS>

for all r € [r, T] and x € C([0, T], R™) that is absolutely continuous on [r, T'].
(C.2) For each n € N there is a measurable function %, : [r,T] — R, such that
frT An(8)*ds < oo and

|F(t,x) = F@t, y)| < 2@lx — ylla,r
for every t € [r, T] and x,y € HY([0, T], R™) with ||x||z, V |yla, <n.

Under the above affine growth condition and Lipschitz smoothness on bounded sets, we
obtain a unique mild solution that can be approximated by a Picard iteration in the complete
norm || - ||y, defined in (1.3).
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Proposition 3. Let (C.1) and (C.2) hold. Then (2.1) admits a unique mild solution x satisfying
x(s) = x(s) forall s €[0,r].

Moreover x € H,l([O, T], R™) and the sequence (x,)nen, in H,l([O, T1, R™), recursively defined

by

xo(t) == X(r A1), Xn1(t) == xo(2) + /r F(s, x,)ds

converges to x in the delayed Cameron—Martin norm || - || g ,.
2.3. Strong solutions to path-dependent SDEs

We turn to the derivation of a unique strong solution to the SDE (1.1) whose paths lie in
C¥([0, T1, R™) for every a € [0, 1/2). By a solution to (1.1) we mean an (.%,),¢[0,71-adapted
continuous process X : [0, T'] x 2 — R™ satisfying

T T
/ |b(s, X)|ds+/ lo(s, X)|*ds <00 as.

t t
and X,:X,—i—/ b(s,X)ds—i—/ o(s, X)dW,

for every t € [r, T] a.s. A solution is said to be strong if it is adapted to the augmented natural
filtration of the underlying Brownian motion W.

We now state the required conditions on the coefficients b and o, which are valid in the
setting of Theorem 1.

(C.3) There are a measurable function ¢ : [r, T] — Ry and ¢y > 0 such that fr r co(s)*ds <
oo,
[b(z, )| < co()(1 + [Ixllw) and [o(z, x)| < Co(l + [Ix]lo0)
for all t € [r, T] and x € C([0, T], R™). ~
(C.4) There are o € [0, 1/2), a measurable function Ay : [r, T] — R, and Ay > O such that
frT ro(s)? ds < oo,
|b(t, x) — b(t, V)| < hoOllx — Yllagr and o (t,x) — o (t, )| < Xollx — Yllag.r
for each t € [r, T] and x, y € C;°([0, T], R™).

Remark 4. If (C.4) holds, then it is also true if « is replaced by any o € («g, 1]. Thus, it is
strongest in the case that oy = 0, since || - |jo = || - [|oo, by convention.

Let « € [0, 1] and p > 1. By Proposition 11, the space ‘Kr‘f‘p([O, T1,R™) of all (Z)ief0.7)-
adapted continuous processes X : [0, T] x 2 — R™ for which E[||X ||§,,] is finite, equipped
with the seminorm

o (0, TL,R™) - Ry, X (E[IXII2,])"" 2.2)

rp
is complete. Note that if a sequence (, X),cn in this seminormed space converges, then it also
converges in the norm || - ||, in probability. We define

Gaol[0, T1, R™) := () %7,(10, T1,R")  and

p=1
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G0, TLR == (] £%00,T1,R™,
aef0,1/2), p=1
which are completely pseudometrizable topological spaces.

Proposition 5. Let (C.3) and (C.4) hold. Then, up to indistinguishability, there is a unique
strong solution X € %}!ﬁ*([o, T1, R™) to (1.1) such that

X, =x(s) foralls€[0,r]as.

and the sequence (,X),en, in %,féi‘([o, T1, R™), recursively given by

rvt rvt
0X; ::xA(r/\[), n+lXt=OXt+/ b(san)ds+/ o(s, , X)dW;
r r
converges to X in the norm | - ||q., in p-th moment for p > 1:

Vo €[0.1/2), Vpz 1, lim E[lhX - X|£,]1=0.
ntoo ’

Remark 6. Pathwise uniqueness for (1.1) is shown in Lemma 27, requiring only the following
Lipschitz condition on bounded sets, which follows from (C.4) in the strongest case oy = 0:

(C.5) For each n € N there is a measurable function A, : [r,T] — R, satisfying
frT An($)*ds < oo and

|b(t, x) — b(t, )| + o, x) —o(t, )| < 2a(@®lx — ylloo
for every t € [r, T] and x, y € C([0, T], R™) with [[x[lec V [[¥]lec < 7.

2.4. Characterization of the support in Holder topology

Sections 2.2 and 2.3 provide the main arguments to prove the first two assertions of
Theorem 1. Let us now describe how we will prove the characterization (1.6) of the support.
For n € N let T,, be a partition of [r, T] that we write in the form

Tn = {fo,n, ey tk,,,n}

for some k, e Nand #,, ..., t,» € [r,T]suchthatr =, <--- < t,, =T and we denote
its mesh by |T,| = maxc(o,... k,~1}(ti+1,n — ti,n). We assume that lim, ;o |T,| = 0 and that the
sequence (T),),en of partitions is balanced in the sense of [6]. That is, there is ¢y > 1 such
that

Tl <er_ min  (ivin=tin) forallneN. 2.3)

€{0,....kn—

For k,n € N and every path x : [0, T] — R* we let L,(x) : [0, T] — R* denote the unique
map satisfying L,(x)(t) = x(r A t) for ¢t € [0, ¢ ,] and

r—tiy
Ly(x)@®) = x(ti—1.0) + t—(-x(ti,n) — x(ti-1.0)) 2.4
i+1l,n — tin
fori e{l,...,k,—1}and t € [t , ti+1.n]- Then L,(x) is piecewise continuously differentiable

on [r, T] and can be regarded as delayed linear interpolation of x along T, on this interval.
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Hence, we may define an adapted process ,W : [0, T] x £2 — R?, whose paths belong to
H'([0, T], R?), by setting

AW = Ln(W)(t) (25)

Let us for the moment suppose that the assumptions and the first two claims of Theorem |1

hold. To establish that supp(P o X~!) is included in the closure of {x, | & € Hrl([O, T1, R}
in CX([0, T],R™) for o € [0, 1/2), we will justify in Section 5.4 that it suffices to check that

lim P(|lx,w — X|lo.- =€) =0 foralle>0. (2.6)
ntoo

We remark that, by the definition of mild solution to (2.1), for each n € N the adapted process
x,w, whose paths lie in Hrl([O, T1,R™), is a strong solution to the degenerate SDE

dy Y = ((b— (1/2)p)t, Y) +0(t,,Y),W;)dt fortel[r,T]

with initial condition ,Y” = x”. Next, we will show that the converse inclusion in (1.6) follows
if for every h € H,‘([O, T1, R%) we can find a sequence (P ,)nen Of probability measures on
(12, ) that are absolutely continuous to P such that

liTm Ppna(|X — xpller =€) =0 for any ¢ > 0. 2.7
nToo

We emphasize that for each n € N the measure P, , will be constructed by means of Girsanov’s
theorem such that X is a strong solution to the SDE

dpY: = (b(t, ,Y) + 0 (t, ,Y)h — LyGaW))0) dt + o (t, ,Y)dpn Wi (2.8)

for t € [r, T] under P,, with initial condition ,Y" = X", where , ,W is some standard d-
dimensional (%);co,7)-Brownian motion under P, ,. Hence, to prove (2.6) and (2.7) at the
same time, we consider the following general framework.

Assume B is an R™-valued and By, B and ¥ are R”*“-valued non-anticipative product
measurable maps on [r, T] x C([0, T], R™). Then for each n € N we introduce the SDE

dpY: = (B(t,,Y) + Bu(t, ,Y)h(t) + B(t,,Y),W,) dt + 2(t, ,Y)dW, (2.9)

for ¢ € [r, T]. Under the hypothesis that B is of class C"? on [r, T) x C([0, T], R"™), we also
consider the SDE

dY, = (B + R)(t,Y) + Bu(t, V)i() di + (B + £)(t, Y)dW, (2.10)

for t € [r, T], where the R"-valued non-anticipative product measurable map R on [r, T] X
C([0, T], R™) is given coordinatewise by

d
Ri(t,x) =Y 0. Brs(t, x)((1/2)B + E)(t, x)er, (2.11)
=1

if t < T, and Ri(¢, x) := 0, otherwise. In Theorem 7 we show that whenever ,Y and Y are
respectively solutions to (2.9) and (2.10) such that ,Y" = Y" = %" a.s. for all n € N, then

1iTm P([,Y = Y|l =€) =0 foreache > 0. (2.12)
nToo
Then the choice B = bh—(1/2)p, By =0, B = o and ¥ = 0 yields (2.6), since R = (1/2)p in

this case. Moreover, by choosing B = b, By = o, B = —o and ¥ = o instead, (2.7) follows.
Since these are the two desired results, let us consider the following required conditions:
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(C.6) B is of class C!2 on [r, T) x C([0, T], R™) and there are ¢, n > 0 and « € [0, 1) such
that [B(z, x)[ + |Bu(t, x)| < c(1 + ||lx[I5)s

m d 1/2
|E(z,x)|+(ZZ@E,,(:,x)f) +|2(t, x)| <c and

k=1 I=1

m d 1/2
10, B(z, x)| + (ZZ |axx§k,z(r,x)|2) < e(1+ [IxI2,)
k=1 I=1
forall r € [r, T) and x € C([0, T], R™).
(C.7) B is Lipschitz continuous in x € C([0, T], R™), uniformly in ¢ € [r, T), and By, B,
9,B and X are dso-Lipschitz continuous.
(C.8) There are by € R and a measurable function b : [r, T] — R such that fr r |B(s)|2ds
< 00 and byB(t, x) = b(t)X(t,x) for all t € [r, T) and x € C([0, T], R™).

Theorem 7. Let (C.6)—(C.8) be satisfied and h € Hrl([O, T1, R?) and(x,)nen be a bounded
sequence in C([0, T], R™). Then the following assertions hold:

(i) For any n € N there is a unique strong solution ,Y to (2.9) such that ,Y" = x,, a.s.
Moreover, sup, .y E[||,1Y||f;,,] < oo foralla €0,1/2) and p > 1.
(ii) There is a unique strong solution Y to (2.10) such that Y" = x" a.s. and we have
E[|Y|5,] < oo for every a € [0, 1/2) and p > 1.
(iii) Let a € [0, 1/2) satisfy lim,_, |’]I“n|_2°‘||x; — X712, = 0. Then

lim T, E[ max |.Y,, —Y,, I*]=0. (2.13)
n—o0 J€{0,....kn} S S
In particular, (2.12) holds: (,Y)nen converges in the norm || - ||o.r in probability to Y.

Remark 8. Condition (C.8) allows us to perform a change of measure and obtain a unique
strong solution to (2.9). However, when deriving (2.13) in Sections 5.1-5.3 we merely assume
(C.6) and (C.7).

3. Convergence in Holder norm in probability

3.1. Hoélder spaces for stochastic processes

For o e [0, 1] we let €*([0, T], R™) denote the linear space of all adapted continuous
processes X : [0,T] x 2 — R" satistying X € CZ([0, T],R"™) a.s., endowed with the
pseudometric

€0, T, R™) x €*([0, T],R™) — R4,

@3.1)
(X, )~ E[IX = Yllo,r A1l

Then a sequence (, X),en in this space converges to some X € 6,*([0, T], R") if and only if it
converges in the norm || - ||, in probability to this process. Put differently, (|[, X — X|la.rJneN
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converges in probability to zero. Further, (, X),en is Cauchy if and only if

lim sup P(|[nX — ¢ X|ler >¢e)=0 foralle>0.
kTooneN:nzk

To abbreviate notation, we set € ([0, T'], R™) = <5,0([0, T1, R™), which represents the linear
space of all R™-valued adapted continuous processes. The fact that € ([0, T'], R") is complete
can be extended, as the following result shows.

Lemma 9. The linear space 6, ([0, T], R™) endowed with the pseudometric (3.1) is complete.

Proof. Let (,X),en be a Cauchy sequence in 6,*([0, T], R”). By Lemma 4.3.3 in [20] for
instance, there is X € €([0, T], R™) to which (, X),cy converges uniformly in probability. For
given ¢, n > 0 there is ng € N such that

P( sup [ Xs — kX)) — Xy — 1 X)) > f) - g

for all k,n € N with k An > ng. We fix [ € N and set §; := (T —r)/[, then there exists k; € N
such that k; > ng and P(||y, X — X[l > (¢/4)8;") < n/2. Hence,

P( sup [ Xe = X) = W Xe = XOU 8) <n
s t€[rT: |s—1|=8 ls —t]®

s,te[r,T]: s#t |S - tla -2

for each n € N with n > n. By the continuity of measures, (||, X — X||4.r)nen converges in
probability to zero. In particular, || X|,,, < 0o a.s. [

For p > 1 we recall the linear space %,f*,,([o, T1,R™) of all X € €*([0, T], R™) for which
E[||X||£,,] is finite, endowed with the seminorm (2.2). We say that a sequence (,, X), <y in this
space is p-fold uniformly integrable if (||, X ||la.r)nen satisfies this property in the usual sense.

Lemma 10. Any Cauchy sequence (,X)yen in %;fp([o, T1, R™) with respect to the semi-
norm (2.2) is p-fold uniformly integrable.

Proof. Let ¢ > 0, then there is ng € N such that E[||,X — (X||5,] < &/27 for all k,n € N
with k An > ng. As the random variable Y := max,c(1,.. .} lnX|lo,r is p-fold integrable, we
obtain that

sup(E[Lall. X12,])""" < (E[L.YPDV? +€'/7 /2
neN

for each A € Z. First, by choosing A = (2, this gives sup,.y E[|l,X||5,] < 0o. Secondly,
by setting § := &/27, it follows that sup,.y E[14ll,X|%.,] < & for every A € .# with
E[1,Y?P] <4, O

We conclude with the following convergence characterization.
Proposition 11. A sequence (,X)pen in ‘fr‘f‘p([O, T1,R™) converges with respect to the

seminorm (2.2) if and only if it is p-fold uniformly integrable and there is X € €([0, T], R™)
such that

liTm P([,X — Xlar =€)=0 forall e >0.
nToo

In the latter case, E[||X||%.,] < oo and lim,; 400 E[|l.X—X|%,1= 0. Moreover, ‘é‘f‘p([o, T],R™)
equipped with (2.2) is complete.



2650 R. Cont and A. Kalinin / Stochastic Processes and their Applications 130 (2020) 2639-2674

Proof. By Lemmas 9 and 10, it suffices to show the if-direction of the first claim. We let (v,,),en
be a strictly increasing sequence in N such that (||,, X — X|lq.r)nen converges almost-surely to
zero, then

E[IX12,] < liminf E[ |1, X[1%,] < sup E[ . X|2,] < oo,
ntoo neN

by Fatou’s Lemma. For ¢ > 0 there are § > 0 and ny € N such that E[1A||nX||{;,r] < (g/3)?
and P(|[,X — X|la.r = €/3) < § for every A € .% and n € N with P(A) < § and n > ny.
Thus,

1 1
(EQX = X12,D)"" < (E[L i x—tazem X = X121 " +e/3 <
for any such n € N, because similar reasoning as before gives us that E[14]|X ||{;,,] <
sup,ey E[Lall. X151 < oo for all A € .Z. This completes the proof. [J
3.2. A general kolmogorov—chentsov estimate
We revisit the proof of the Kolmogorov—Chentsov Theorem (see e.g. Theorem 2.1 in [18])
to obtain a quantitative estimate of the Holder norm. Let
ka,p.q = 2"F1Q21/P7¢ — 1)7P (3.2)

for p>1,q9 > 0and a € [0, g/p) and note that the function [0, g/p) — (27, 00), & > ko p 4
is strictly increasing with limy4/p ke, p,q = 00. Then the following result holds, in which the
process in question and not necessarily a modification appears.

Proposition 12. Assume that X is an R"™-valued right-continuous process for which there are
co >0, p>1andq > 0 such that

E[1X, = Xi|"] < cols — 1] (33)
for all s,t € [r, T). Then for each a € [0, q/p) it holds that

X, — X,
E|: sup %] < kg pgco(T —r)!47or,
s,telr,T]:s#t |s —¢]

In particular if g < p, then the sample paths of X are a.s. a-Holder continuous on [r, T] for
all a € [0,q/p).
Proof. For given n € Ny let D, be the nth dyadic partition of [r, T] whose points are
dipy =r+i27(T —r), where i € {0,...,2"}. We define

A, = {(s,1) € D, x D, [ls —12| < 27"(T -},

then it is readily seen that there are 2" tuples (s,7) € A, satisfying s < ¢. For ¥, =
SUP( ea, | Xs — X;| condition (3.3) gives

E[Y)1< Y ElX—X/|"] <2co(T — ). (B4
(s,1)EA,:s<t
We set D = UneNO D, and let s,¢t € D satisfy 0 <t —s < 27"(T — r) for some n € Nj.

Then for each k € Ny there are unique iy, ji € {1, ..., 2K} such that diy—1x <5 <d 1, and

dj1x <t<djy ift<T, and dj =T, otherwise.
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As (d;, 1)ken, and (dj, r)ren, are two decreasing sequences converging to s and ¢, respectively,
two telescoping sums yield that

o0 o0
Xs— X = Xdiy,,n - Xd_/mn + Z(Xdik+],k+l - Xdik,k) + Z(dek+1,k+1 - dek‘k)'
k=n k=n

We notice that either i, = j, orinsteadn > 1, j, > 2and i, = j,—1,since 0 < t—s < 27"(T —
r). In both cases, we have (d;, ., d;, ») € A,. Moreover, (d;, k, dip, k+1) () k> djiyy k1) €
A1 for all k € Ny, by construction. So,

oo
X, - X,| <2) Y.

k=n
Clearly, for each s, € D with 0 < t —s < T — r there is a unique n € Ny satisfying
27"NT —r) <t —s < 27"(T — r). This entails that

|XS - Xt| 1+a —o = ak
sup  ———— < 2T — )7y "oty (3.5)
s,te[r,T]:s#t |S - t| k=0

as D is a countable dense set in [r, T'] containing 7 and X is right-continuous. Hence, (3.5),
the triangle inequality, monotone convergence and (3.4) yield that

X, — X, P\ 7 =
E sup s ‘ < 2‘+°‘c(l)/”(T _ r)(l+q)/p—a Z 2(@=q/pk
saelnTs#e |8 — 1% B k=0

Since the power series on the right-hand side converges absolutely to the inverse of 1 —2%4/7,
the proposition follows. [l

3.3. Convergence along a sequence of partitions

We state a sufficient criterion for a sequence of processes to converge in the norm || - |4,
in probability, where o € [0, 1]. For this purpose, condition (2.3) on the sequence of partitions
is crucial.

Lemma 13. Let (, X)nen be a sequence of R™-valued right-continuous processes for which
there are p,q > 0 with g < p such that for each B € (0, q/p) there is cg > 0 satisfying

X, — . X

P( max sup % > A) <cpr? (3.6)
JEO a1 s relt; ptjpralis#t 1S — 1

for every n € N and & > 0. If ([, X" loo)nen and (maxeqi... k) |,LX,_/‘,1|/|T,1|“),L€N converge in

probability to zero, then so does (||, X |lq./)nen for any o € [0, g/ p).

Proof. Let 8 € (a,q/p) and n € N. First, a case distinction shows that

|nXs _nXt| |nXs _nXt|
sup — = 2 ~ max sup —
s, te[r,T]: s#t ls — 1] J€l0,..., k’lil}S,fé[[j’n,[j_*_]’nlls;ﬁt ls — 1]
+ max |nXt[',, - nXt_,",,|

Ljellkn)i]  |tig — 1%
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By using the facts that |s — 7|f~* < |T,|#~* and |t — tjnl = |Tyl/cr foralli, j € {0, ..., k,}
with i # j and s,t € [t ,, tj11,,], We see that

2 Xs — X
p( sup w > 8) < 65(4/8)”|'J1‘n|(/3’°‘)p
s,te[r,T]: s#t |S - t|

,,,,,

for any ¢ > 0. As the terms on the right-hand side converge to zero as n 1 oo, the assertion is
shown. [J

Remark 14. Let p > 1 and ¢y > 0 be such that E[|, X, — , X/|”]1 < cols — t|'*9 for all n € N,
j€1{0,...,k, — 1} and s,t € [¢tj 4, tj41,,]. Then Chebyshev’s inequality in combination with
Proposition 12 ensures that condition (3.6) is satisfied.

3.4. Adapted linear interpolations of brownian motion

We study the sequence (,, W), cn of adapted linear interpolations of W that are given by (2.5)
and whose paths lie in Hrl([O, T1,RY). To this end, we introduce the following notation. For
givenneNandt e[r,T), leti €{0,...,k, — 1} be such that ¢t € [¢; ,, t;+1.,), then we set

t,=ti—iywons I =t, and T, :=t1,.

That is, ¢, is the predecessor of f, with respect to T,, unless i = 0, and 7,, is the successor
of t,. We also set T', = 1, T, = T and T, := T. In addition, we use the following
abbreviations:

—1,n°

Al‘,’,n =tin — Li—1)vo.n and AWIM = Wfi,n — Wf(i—l)vo,n
for each i € {0,...,k,}. After these preparations, let us begin with a general integral
representation.

Lemma 15. Letn € Nand s,t € [r,T] be such that s < t. Then each R™*?-valued
progressively measurable process X satisfies

! t—s [flin
/ Xg,, anu = / Xu,, qu a.s.,
K t;

Atﬂrl,n 1
whenever i € {1, ..., k, — 1} is such that s,t € [t; y, t;+1 0], and
t t; 1
t: 1 — 5 in Jj—Lln
f Xu, duW, = *—/ X, dW, +/ X, dW,
s Aligin i—1n tin
t—tj, [lin
+ Xy, dW, a.s.,
Atj+1,n ti—1.n
ifi,je{l,...,k, — 1} are such that i < j, s € [t n, ti1,n]l and t € [t} p, tj11.0]

Proof. The first identity follows immediately from the definition of , W. To obtain the second,
we simply use the decomposition

t litln il
/ Xﬂnanu:/ Xy, daWi+ >

Tk+1,n t
/ XL. anu—i—/ Xﬂn d,w,
k=i+1" %

n tj,n

together with the first identity. [J
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Let us recall an explicit moment estimate for stochastic integrals driven by W from [15]
[Theorem 7.2]. For p > 2 we set w, = ((p*/2)/(p — 1))?/2, then for any R™*?-valued
progressively measurable process X with fr E[X,|”1du < oo,

/ X, dw,

for all s,¢ € [r, T] with s < . We derive a corresponding result for the sequence (, W),cn of
adapted linear interpolations of W.

p t
} < w,(t —s)P*! / E[|X,|"]1du 3.7

N

E|: sup

veEls,f]

Proposition 16. For each p > 2 there is W, > 0 such that each R™*4 yalued progressively
measurable process X satisfies

[ am

for each n e N and s,t € [r, T] with s < t.

veEls,1]

E|:max

p
<, —s)P? max E[X,, I
J€{0,..., kn}:tj.ne[inaL,] I

Proof. We assume that ET|Xy;, |”] < ooforall j €{0,...,k,} witht;, € [s,, t,], as otherwise
there is nothing to show. First, if t < #; ,,, then fs" X,,d,W, =0foreachv € [s, 1]. Fors < 11,
and t > t; , we have

v v
/ Xy, dnW, = Xy, dnW, forall v € [, 1]
s tl,n
Thus, let us use Lemma 15 and assume at first that s, ¢ € [¢,, t;41.,] for some i € {1, ..., k,—
1}. Then (3.7) yields that
v P
E|:max f X, d,W, :| < w,,cq?/z(t—s)”/zE[|X,.7l I”],
vels.t] | Jy, 7" e

where cr is the constant appearing in (2.3). Letnow i, j € {1, ..., k, — 1} be such thati < j,
s € [ti,na ti+1,n] and t € [tj,n» tj+1,n]s then

v Livin—S fin
max / Xu dn Wu < —_— / X”n qu
veEls,t] N = Ati+l n ti—_ln
ten . tjin
, T —1j, J>
+  max Xy, dW, | + : Xy, dW,| as.
keli,....j—1 fim Atj+1,n tji—1,n

This is due to Lemma 15, which asserts that the adapted process [s, t] x 2 — R", (v, w) —
fs Y X, (w)d, W,(w) is piecewise linear. Hence, from (3.7) we obtain that

/ X, duW,

for ﬁ),, = 37w ,,cg-/z, which yields the claim. O

E|:max

vels,z]

p
i| = li)l’(t - S)P/zk ,nilax, 1) E[|Xlk,n|P]

efi—1,..., Jj

Finally, we derive an explicit integral moment estimate for (, W),.en-

Lemma 17. For each p,q > 1 there exists Wy, , > 0 satisfying

E[( / |an|qdu>"} < Wy g |Tu| 7PVt — 5)P (3.8)

foralln e Nand s,t € [r, T] with s <t.



2654 R. Cont and A. Kalinin / Stochastic Processes and their Applications 130 (2020) 2639-2674

Proof. Since ,W is constant on [r, #;,], we let at first 5,7 € [t;,,t+1.,,] for some i €
{1,...,k, — 1} and Z be an R4-valued random vector such that Z ~ A/(0, I;). Then

o p At; ,)P4/?
E[(/ Wl du) } = E[|Z|ﬂ"]¥a — 5) < Wy [T, 7PVt — 5)P

(Ati1,0)Pe
for 12),,,(, = E[|Z|”"]c§q, where cr is the constant in (2.3). Next, assume instead i, j €
{1,...,k, — 1} are such that i < j, s € [t;,, ti+1,,] and ¢ € [t ,, tj41,,]. In this case,

t . PN\ U/p
(E[( / |an|"du) D < @)/PIT, |71 — s),

by the triangle inequality. Therefore, the assertion holds. [
3.5. Auxiliary convergence results

In this section we provide interpolation error estimates in the supremum norm for stochastic
processes and several moment estimates, required to prove (2.13).

Lemma 18. Letn € Nand x : [0,T] — R™. Then the map L,(x) : [0,T] — R™ given
at (2.4) satisfies | Ln(x) oo < IX" loo V MaXje1,. ky—1}:1j, <t 1 2)] and

ILn ()" = x'lloo <~ max sup  |x(t—nvon) = X' ()| V [x(tj0) — x'(9)]
Jje{o,..., k,,—l}:tj_,,gzxe[,j‘n’tHLn]

for each t € [t ,, T

Proof. Fix s € [t;,,t] and leti € {1,...,k, — 1} be such that s € [#; ,, t;41.,], then |L,(x)(s)|
< |x(t;i—1.2)| V |x(t.n)|, since L,(x) is linear on [t ,, ti41 ,]. In addition,

livin— S S —lin
——|x(ti—1.0) — x(s)| +
At[Jrl,n i+1,n
sup  |x(ti—1,0) — X' |V |x(ti,) — x' ()],
UE[ti n,ti+1,n]

A

[Lnp(x)(s) — x(s)] < |x(#i,n) — x(5)]

IA

which is readily seen, and the assertions follow. [J
In combination with Proposition 12, this directly gives the following result.
Lemma 19. Let (,X),en be a sequence of R™-valued right-continuous processes for which
there are co > 0, p > 1 and q > 0 such that
E[1nXs — nXil"] < cols — 1]
forallneN, je{0,....k, —1} and s,t € [tj,, tjy1,n]. Then there is cp 4 > 0 such that

E[L,(,X) — nX”go] = Cp,qC0|T11|q for any n € N.
Proof. For @ € [0, 1] Lemma 18 entails that

X, — X
1LaX) = Xlloe < [Tl max sup  nXs maXidl
J€E

o
~~~~~ kn=1} s, 1€l itjr1 0l st |s — 1]

+ . ma]i( 1 |nthyn - nXt_/_1,,1|-
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Let additionally o < ¢g/p. Since we have le”:‘ o (tjx1a —tjn) =T —r, it follows by virtue of
Proposition 12 that

X5 —uX/1?
E[ max Sup |l‘l N n tl

< ko, pqco(T —1)|T, |7
. p— sPsq n
O k=1 g refty o tigy s 1S — 117 } ’

where the constant k, , , is given by (3.2). Moreover,

E[ ma]i(—l} |I1Xl‘j_n - nXt_]'_Ln'p] S CO(T - r)|Tn|q

As the function [0, g/p) — (27, 00), B > kg p 4 is strictly increasing, we choose o = 0 and
set ¢p g == 2P"'(1 + ko o (T — r), which completes the proof. [J

A consequence of Lemma 17 is the following moment bound.

Lemma 20. Let (,X),en be a sequence of R, -valued measurable processes for which there
are p > 2 and c, > 0 such that ElL,XP < cp|T,|” for each s € [r, T) and n € N. Then there
is ¢y > 0 satisfying

T 2
E[(f nXS|,,WY|ds) ] < | T,| foralln eN.

Proof. Let ¢ > 1 satisfy 2/p + 1/g = 1, then it follows from the inequalities of
Cauchy—-Schwarz and Holder that

T . 2 T r/29\ 2/p
E[(/ nxs|nWs|ds)]s<E[(/ nxfds) D L e

where we have set ¢y = @;{g(T —r)and ¢ == cf,/”(T — r)ca,1, by using the constant @, »

constructed in Lemma 17. O

To shorten the notation for the next and several other estimates in Section 5, we introduce
for each n € N the function y, : [r, T] — [0, c] defined via

As,
As,
So, y, vanishes on [r, 11 ,) and agrees with the constant At; ,/At; 11, on [t ,, ti+1.,) for each
iell,...,k, — 1} and we have y,(T) = 1.

Ya(s) = (3.9)

Lemma 21. Let F : [r, T]x C([0, T], R™) — R™ be dy-Lipschitz continuous and (,Y ),en be
a sequence in €([0, T1, R™) for which there are cg, ca0 > 0 such that |F(t, x)| < co(14|1xl00)
and

E[nY1Z]+ E[1.Y° =2 Y 1%)/1s — ] < cao(1 + E[1.Y11%])
foralln eN, s, t € [r,T] with s £t and x € C([0, T], R™). Then there is c; > 0 satisfying

2
E|: max ] < alT(1+ E[I.Y"1%])

JE{0,....kn}

/ " F (s, nV)a(s) — Dds

for each n € N.
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Proof. We may assume that E[|,Y ’||§O] < oo and, by decomposing the integral, we can
rewrite that

tj.n 1_j—l.n
/ F(s,.¥)ya(s)ds = / Fsns n¥)ds

for each j € {1, ..., k,}. Thus, let 1y > 0 be a Lipschitz constant for F, then
ti—in 2
E[ max f F($p,nY) = F(s,,nY)ds } < e Tal(1+ E[I.Y12.])
jell, ...k, r

with ¢31 == 2(T — r)*A3(1 + ¢2,0). In addition, we estimate that

2
E|: max ] < | Tul*(1+ E[1.Y11%.])

Jellimkn)

tj.n
/ F(s,,nY)ds

ti—1n

where ¢ == 2c(2)(1 + ¢2,0). So, the constant ¢; := 2(cp.1 + (T — r)ca2) yields the claim. [

The last moment estimate involves integrals with respect to , W and W, where n € N, and
it extends Lemma 3.2 in [16]:

Proposition 22. Let F : [r,T] x C([0, T],R™) — R™*4 pe dy-Lipschitz continuous and
(2 Y)nen be a sequence in € ([0, T1, R™). Suppose there are co > 0, p > 2 and cp o > 0 such
that |F(t, x)| < co(1 + [ x[leo) and

E[L Y21+ E[I.Y* — oY 12]/Is — 1% < cpo(l + ElILYTI2,1)

foreachn e N, s, t € [r,T] withs #t and x € C([0, T], R™). Then there is c, > 0 such that

f',n
/’ F(s,.,Y)d(W, — Wy)

P
E <, T, 1”>Y (1 + E[||,Y"||”
for any n € N.

Proof. We let E[|,Y"||5%] < oo and apply Lemma 15 to get that

ljn Lji—1,n
/ F(En’ nY)d, W Z/ F(sp, nY)dWs  as.

for all j € {1,...,k,}. Let Ag > O denote a Lipschitz constant for F, then
ti—1n P
E[ max / F(su,n¥) = Fls,, n¥) dW, } < epa|Tul?2(1+ ElllnY"15])
JEe, ..., n r

with ¢, 1 == ZP’IwP(T — r)p/z)\(’)’(l + ¢p0), where w), satisfies (3.7). Moreover,

P kn tin P
}sZEH F(s,, nY)dW; ]

j=1 Ti—=1n

< cpal T P> (1 + E[I Y7 112))

E|: max
Jellyekn)

tin
/ F(s,, nY)dW;

Li—1n

for cp o = 21”1w,,(T - r)cg(l + ¢p,0)- So, we set ¢, = 2r-1(T — r)cp,1 + ¢p2) and obtain
the asserted estimate. [
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4. Path-dependent ODEs and SDEs: proofs

We give existence and uniqueness proofs for mild solutions to path-dependent ODEs in
Section 2.2 and strong solutions to path-dependent SDEs in Section 2.3.
4.1. Proof of Proposition 3

Let us first derive a global estimate for mild solutions to the ODE (2.1).
Lemma 23. Under (C.1), any mild solution x to (2.1) satisfies
6113, < cuett “O‘”zd“(nx'uio + / (o7 ds) .1
for each t € [r, T] with cgy = 2*>max{1, T —r}.

Proof. We readily estimate that

t K 2
10, < 201x"13 + 2/ Co(s)2<1 + 11x" oo +/ | ()] du) ds

for all ¢ € [r, T], which shows that || x|z , is finite. Hence, the claim follows from Gronwall’s
inequality. [J

Now we check the uniqueness of mild solutions, which implies uniqueness for classical
solutions.

Lemma 24. Assume that (C.1) and (C.2) hold. Then any two mild solutions x and x to (2.1)
that satisfy x" = X" must coincide.

Proof. By Lemma 23, there is n € N such that ||x||z, V || X]|g, < n. Thus,

t
I = £, = [ RO -1, ds
for every ¢ € [r, T] and Gronwall’s inequality implies that x = x. [J

Proof of Proposition 3. Since uniqueness follows from Lemma 24, we directly turn to the
existence assertion and define 77 to be the (bounded) set of all x € Hr' ([0, T], R™) satisfying
x" = X" and the estimate (4.1).

According to Lemma 23, a path x € C([0, T'], R™) is a mild solution to (2.1) such that
x" = %" if and only if x € 7 and it is a fixed-point of the operator ¥ : 5# — H!([0, T], R™)
given by

YOI = xolt) + / Fs. y)ds.

We remark that ¥ maps S into itself. Indeed, this follows by inserting (4.1) into the inequality
I () 113, < cullxolld, + cn [l eco(s)*(1 + [1x*11%, ) ds, valid for every x € J# and t € [r, T].
Because x, = ¥ (x,—) for each n € N, we now know that (x,),en, is a sequence in J7.
Next, let us choose ! € N such that ||x||p, < [ for all x € JZ. Then we get that
I (x) — 1//()2)’||%“ < frt M@ xs — )ZS||%“ ds for any x,x € S and t € [r, T], which
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shows that i is || - || g --Lipschitz continuous. It follows inductively that
82 t n
st =Xl < — ( / h(s)® ds)
n! \J,
for every n € Ny and ¢ € [r, T], where we have set § := || (xo) — xol| .. Hence, the triangle

inequality gives us that

n—1 1 1/2 T ij2
||xn—xk||y,rssz<i—,> (/ A,(s>2ds)
i=k r

for all k,n € Ny with k < n. The ratio test yields that the series > ;on(1/ iN'2ui/? converges
absolutely for all u > 0. So, limgyoo SUP, . sk 1Xn — Xk llg,r = 0.

Since 7 is closed with respect to the complete norm || - || ., there is a unique x € J# such
that lim,;4o0 [|X, —X || g,, = 0. Lipschitz continuity of ¥ implies that lim, o0 | X441 =¥ ()1, =
0. For this reason, x = ¥(x) and the proposition is established. [

4.2. Proof of Proposition 5

At first, let us deduce a global estimate for any solution to the SDE (1.1). For this purpose,
whenever p > 4 and (C.3) holds, we set ¢, = (frT co(s)2 ds)P? + ng,,, where w), is the
constant appearing in (3.7).

Lemma 25. Let (C.3) be valid. Then for each p > 4 and a € [0, 1/2 — 2/p), any solution
X to (1.1) satisfies

ENX"IZ,1 < coper P (ENX 2]+ ¢t — 1)) (4.2)

forall t € [r,T] with ¢o) = 87 max{1,T — r}P/Z’lka,p,,,/z_z, where ky p pj2—2 is given
by (3.2) for the choice ¢ = p/2 — 2.

Proof. We assume that E[||X"||5] < oo and let n € N. Then the stopping time 7, := inf{t €
[0, T] | |X;| = n} Vv r satisfies || X || < ||X"|lco V 1 and we get that

t
E[|X™ — X™|P] < 477 e (v — u)P/*! f 1+ E[|X*™ |2 1ds

for every t € [r,T] and u,v € [r,t] with u < v, by the inequalities of Jensen and
Cauchy—Schwarz and (3.7). Therefore, it follows from Proposition 12 that

E[|IX"™ 2,1 < 2P 'E[|X"12]

t
+ 87 kg . pjracp(t — ryP/2=e=1 / 14 E[|X*"™||F 1ds,

r

showing in particular that E[|| X™ |4 ] is finite. Thus, Gronwall’s inequality and Fatou’s lemma
lead to the claimed estimate. [

Remark 26. If instead o € [0, 1/2) and p > 1 satisfy o > 1/2 —2/p, then we still have that
E[X|15,1 < (E[IX|Z,DP/? < oo for any ¢ > max{p, 4} with @ < 1/2 — 2/g, by Holder’s

inequality.

Lemma 27. Under (C.5), pathwise uniqueness holds for (1.1).
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Proof. Let X and X be two weak solutions to (1.1) defined on a common filtered probability
space (f), F , (ﬁz}),e[o.r], 15) that satisfies the usual conditions and on which there is a standard
d-dimensional (j,),elo,TJ-Brownian motion W such that X" = X" a.s.

For fixed n € N we set 7, := inf{t € [0,T] | |X;| > nor |X,| > n}Vr, ensuring that
1X% oo VI X7 loo < 1 X" |loc V1 and | X™ — X™||o < 2n a.s. Then with ¢ := 2(T —r 4+ w,)
we obtain that

t
E[Ix™ = X] < e [P - X ] ds

r

for any t € [r, T]. So, X™ = X™ as., by Gronwall’s inequali~ty. As Tn < Tutl foralln e N

and sup, .y T, = 00, we get that X, = lim,j00 X" = lim, 100 X" =X, as. forallt € [r,T)].
Right-continuity of paths implies that X = X a.s. [

Proof of Proposition 5. Let us define /7 to be the closed and bounded set of all X €
€ ([0, T], R™) satisfying X" = X" a.s. and the estimate (4.2) for any p > 4 and o €
[0,1/2 —2/p). Then Remark 26 entails that 7 C %‘éﬁ‘ [0, T], R™).

By Lemma 25, a process X € ([0, T], R™) is a solution to (1.1) satisfying X" = x" a.s. if
and only if X € J# and it is an a.s. fixed-point of the operator ¥ : 77 — %}Q*([o, T1,R™)
specified by requiring that

rvt rvit
Uy, :()X,—i-/ b(s, Y)ds+/ o(s,Y)dW;

for all ¢t € [0, T] a.s. We stress the fact that, due to Proposition 12, for every X € S, p > 4
and o € [0, 1/2 — 2/p) it follows that

t
E[NZX)'NI5,1 < capEUoX 1151+ Cot,pcp/ L+ E[IX*NE,1ds

for each ¢ € [r, T]. Thus, ¥ (5¢) C S follows from plugging (4.2) into the above inequality.
Since ,X = ¥(,—1X) as. for all n € N, we have shown that (,X),en, is a sequence in J7Z.

Next, we choose @ € [0, 1/2) and p > 4 such that oy < @ < 1/2 —2/p, where « is the
constant in (C.4). We set ¢, := (frT Ao(s)? ds)P’? + X w,, then it follows from Proposition 12
that any X, X eH satisfy

t
ENW(X) = #X)[12,] < capCy / ETIX* — X*|12,1ds

x € CX([0, T], R™). Hence, Gronwall’s inequality entails that there is at most a unique solution
X to (1.1) such that X" = &" a.s.

We infer from the above inequality that ¥ is Lipschitz continuous with respect to the
seminorm (2.2). In addition,

for all + € [r,T], since we can use that |x|y,, < max{l,T — r}* %] x|, for every

8P _
E[llpt1 X" — nXt”é:,,] < F(CQ,I,C,,)"([ —-r)

for each n € Ny and ¢ € [r, T], by induction with § := (E[|| ¥ (o X) — oX||g,r])1/”. Hence, the
triangle inequality gives

n—1 1/p
1 . .
(E[l.X —ex12,])"" <8 j(;) (CapCp)/P(T — r)1?
i=k '
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for all k, n € Ny with k < n. The ratio test shows that the series Z;’io(l/i!)l//’ui/l’ converges
absolutely for any u > 0. So, limyjo SUP, . = Ellln X — ¢ X[1&,1 = 0.

Due to Proposition 11, there exists, up to indistinguishability, a unique process X € ¢
such that

lim E[[,X — X||Z,]1=0. (4.3)
ntoo ’

Lipschitz continuity of ¥ implies that lim,jcc E[ll141X — Y(X)||5,1 = 0. For this reason,
X = ¥(X) a.s. As @ and p have been arbitrarily chosen, (4.3) must hold for any « € [0, 1/2)
and p > 4 such that ¢p <o < 1/2 —-2/p.

Finally, if « € [0,1/2) and p > 1 are such that o9 < @ < 1/2 — 2/p fails, then (4.3) is
still true. Indeed, when proving this fact, we may, if necessary, replace @ by o to ensure that
op < « is valid, since we have

[xlla,r <max{l, T — r}*~|lx|lg,, forall x € CF°([0, T], R™)

whenever o9 > «. Next, if ¢p < o but « > 1/2 — 2/p, we take ¢ > max{p, 4} with
o < 1/2—2/q and use that E[||,X — X||5.,] < (E[|l,X — X||Z,1)?/? for all n € N to infer the
desired result, which completes the proof. [

5. Proof of the main result

5.1. Decomposition into remainder terms

Let us deduce a moment estimate for any solution to (2.9) that is independent of n € N,
which generalizes Proposition 3.1 in [16].

Proposition 28. Let (C.6) be valid, h € Hrl([O, T1,R?) and B be deo-Lipschitz continuous.
Then for each p > 2 there is c, > 0 such that any n € N and each solution ,Y to (2.9) satisfy

E[l. Y21+ E[llY* — oY 121/Is — t1P72 < ¢, (1 + E[I.Y"115.]) (5.1
forall s,t € [r, T] with s #t.
Proof. We may assume that E[|,Y" %] is finite and the constant «x appearing in (C.6) is

positive. For / € N the stopping time 7;, = inf{r € [0,T] | |,Y;| = [} Vv r satisfies
Y% oo < 1nY"|leo VI and for s,t € [r, T] with s < ¢t we have

( E[|| nY$"%n—, YN ||go] ) I/p
t 1/p
: (z,,@ ot [ E[IlnY”“’«"né.f]d“) (52)

r\ Vp
Xee )"
veE(s,t]

where ¢, = 6r~'(T — r)P? + IIhIIZ,r + wp)c? and w), is the constant in (3.7). Lemma 17
provides the constant @, such that (3.8) holds when p and ¢ are replaced by p/«x and 1,

v/\rl,n _
/ Blu, ,Y)doW,
s
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respectively. So,

UNT|p . p/k K
(E[(/ |B(v,nY>an|dv) D < cpilu—u,)P?

for any given u € [s, T] and cp, ; := 21’/212);/’(710”. By virtue of (5.2), we may define ¢,/ just
as ¢, above when p is replaced by p/k and obtain that

(E[lny e — v e 2/]) < ¢ a(u — w, )P (1 4 E[ll, Y112, ])"

with ¢, 5 == 2”‘1(5’; s T ¢p.1). Consequently, by letting A > 0 denote a Lipschitz constant for

B and using Holder’s inequality, we can estimate that

AT, ,
E|:</ | ‘(E(M’HY)_E(ZW nY))nWll|du) i|

t . . t . p/2
s(r—s)”z—‘/ E[|B<u,nY’I=n>—B(zn,m«"n”(/ |an|2dv> }du

t
< cpalt — 5?2 / (14 EfL,Y* % |2.])" du

forc,3 = 23P/2*112)(1[:/’§)/(17K)’2(T—r)p/zkl’(l—}—cp,z). In addition, Proposition 16 directly yields
that
VAT P
E|:sup / B, ,Y)d,W, ] §1i)pcp(t—s)p/2.
ve(s,z] s

Hence, we set ¢, 4 = 31”’1(25,, +c¢p3 + wye?), then from (5.2) we in total obtain that

t
E[||, Yt — Y N |2 ] < ) ot — 5)P/*! / 1+ E[l, Y " |2 ] du. (5.3)

s

Now Gronwall’s inequality and Fatou’s lemma entail that
ETll,Y'lI5,] < 1i§?gonfE[llnYW’"”llgo] < cps(14 ELLY" L),

where ¢,5 = 2P 'max{l,T — r}r/? max{l,cp,4}62p71(T_’)p/zcl”‘. Thus, if we set ¢, =
(1 +cp.4)(1 +cps5), the claim follows from (5.3) and an application of Fatou’s lemma. [

Corollary 29. Let (C.6) hold and h € Hrl([O, T1,RY). Then for each p > 2 there is ¢, >0
such that any solution Y to (2.10) satisfies

ELYIZ+ ELY® = Y'IZ1/1s =t < ¢, (14 ELNY"IIZ]) (5.4)
for every s, t € [r, T] with s # t.
Proof. Since the map R defined via (2.11) is bounded, we may apply Proposition 28 in the

case that B is replaced by B + R, B is replaced by 0 and ¥ is replaced by B + X. From this
the claim follows immediately. [J

With the derived moment estimates we deduce a crucial decomposition estimate that involves
the linear operator L, and the function y, defined in (2.4) and (3.9), respectively.
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Proposition 30. Let (C.6) and (C.7) be satisfied and h € H!([0, T, R9). Then there is ¢c; > 0
such that for each n € N and any solutions ,Y and Y to (2.9) and (2.10), respectively,

E[je{%‘a"k In¥ig, = Y Pl/e < I Tul(U4 E[1Y7 12, + 1Y712.])
+ E[lnY" = Y% + ILaGY) = a¥ |12 + [ La(Y) = YIIZ]

]

]

Lin _ .
+ E| max / (B(s, 2Y)— B(s,, nY))nWS — R(s,,, nY)yu(s)ds

tjin
+ E| max /J R(s,,, n¥)(yu(s) — Dds

Tjn _
+E X max / B(Enany)d(nwv_wv)

]
Proof. Let E[|,,Y" ||§o] and E[||Y" ||go] be finite. We define an increasing function ¢, : [r, T] —
R, by

o) =E[ _max Y, ¥, ]

FEO o kin}: tj <

and seek to apply Gronwall’s inequality. For this purpose, we write the difference of ,Y and
Y in the form

Y=Y =,Y, - Y, +/ B(s,,Y) — B(s,Y) + (Bp(s, ,Y) — By(s, Y))h(s)ds

t
#adi+ [ 61— 6. naw,
for all ¢ € [r, T] a.s., where the process ,A € €([0, T], R™) is chosen such that

t t
,,A[Z/ E(san)nWs_R(sv Y)ds_/ E(S, Y)dWS

r r
for each t € [r, T] a.s. Hence, let A > 0 denote a Lipschitz constant for B(s, -), By, B, R and
XY for any s € [r, T), then we obtain that

In 1/2
o' < 817 +8,()'* + (cz.l f 8ut + 8,,2(5) + £a(s) + %(s)ds) (5.5)

for every t € [r, T], where we have set ¢y = 15(T —r + ||h||%” + wy)A? and 6, =
E[],Y" — Y’||c2>o] and the functions 8,, 8,2, &, : [r, T] — R, which are readily seen to be
measurable, are defined via

8,(1) = E[ max |,,A,/.n|2],
JEOkn it <t I
8n2(s) = E[[LaGY) — o Y*n 12, + | La(Y)* — Y*n|3,] and
ea(s) = E[[Y* = u Y2 |2+ 11Y° — Y2 ].
In deriving (5.5), we used that E[||L,(,Y )% — L,(Y )% ||go] < &u1 + @u(s) forall s € [r, T],
which follows from Lemma 18, since L, is linear.
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To estimate the function §, we introduce three processes , 34, , 44, 54 € €([0, T], R™)
by setting , 34, == [ R(s,, »¥)(ya(s) — 1)ds and

t
Vs Ay = / (Bls.¥) — Bls, a¥))aWs — R(s, ¥ )yals)ds

and requiring that , 4 A, = f: E(gn, 2Y)d(, W, — W) for each ¢ € [r, T] a.s. Then ,A can be
rewritten in the following way:

t
nAt = n,3At +n,4At +n,5At +/ R(ﬁm nY) - R(S, Y)dS

t
+f B(s,,,Y)— B(s,Y)dW,

for all t € [r, T] a.s. Thus, we set ¢ 2 :== 10(T —r + w,)A2, then it follows readily that
8u()'? < 8,312 + 8, 4(0)'? + 8, 5()
tn 1/2 (5.6)
+ (c‘z,z[ Sn + (s —5,) + 8u2(s) + €als) + <pn(S)dS)
for each ¢ € [r, T], where the increasing function 6, ; : [r, T] — Ry is given by

8,i(t) == E[  max il I*], foralli € {3,4,5).
. :

Jj€{0,..., kn}:tj,nf

Proposition 28 and Corollary 29 give two constants ¢,, ¢, > 0 satisfying (5.1) and (5.4) for
p = 2 when ¢, is replaced by ¢, and ¢, respectively. Thus, putting (5.5) and (5.6) together,
we find that

ou(t) < 24l Tul (L4 E[I, Y712 + 1Y 12]) + S + c23(T — )8, 1
n
1 5(803(0) + Bua(0) + 805(1)) + 23 / 802(5) + @a(s)ds

for given ¢t € [r, T], where we have at first set ¢ 3 = 10(c2,1 + ¢22) and then ¢4 =
2(T = r)(1 + ¢, + ¢2)c2.3. Consequently,

5
on()/ca < ITul (1+ E[InY 1% + 1Y 12]) + 801 + Y 80i0)

i=2
with ¢; = eT=7%23(5 + ¢, 4), by Gronwall’s inequality. This yields the claim. [

Thanks to Lemmas 19 and 21 and Proposition 22, only the last remainder in the estimation
of Proposition 30 requires further analysis, before we can prove (2.13). For this reason, we
define a map 9, : [r, T]1 x C([0, T], R™) x C([0, T'], R?) — R™ by

By u(s, y, w) = By(s,, y)(h(s) — h(s,)) + B(s,, y)(La(w)(s) — Ly(w)(s,))
+ X(s,, ) (w(s) — w(s,))

for given h € Hrl([O, T1,R%) and n € N. If now ,Y is a solution to (2.9), then the following
decomposition can be used to deal with the remainder in question:

(B(s.nY) = B(s,, n¥))u Wy — R(s,p ¥ )¥a(s)

= (B(s,,Y) = B(s,,, nY) — 0 B(5,, V) Y5 — 1 ¥s,))n Wy
4+ 0cB(5,, V)0 Ys — 0 Ys, — Ppnls, ¥, W), W,
+ 0 B(s,, nY) Phn(s, Y, W)Wy — R(s,p, 2 ¥ )¥a(s)

(5.7)
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for any s € [r, T). In fact, in the next two sections we will consider each of these three terms
to ensure that (2.13) follows.

5.2. Convergence of the first two remainders

To handle the first remainder term in (5.7), we will use the following estimation in
combination with Lemma 20.

Proposition 31. Let (C.6) be satisfied, h € HL([O, T1,RY) and F be a functional on
[r, T) x C([0, T],R™) of class C'2. Assume that B and d,F are ds-Lipschitz continuous
and there are cy, n > 0 such that

|0, F (1, )| 4 |05 F(t, 0)| < co(1 + ||xIZ,)

forallt € [r,T) and x € C([0, T], R™). Then for each p > 2 there exists ¢, > 0 such that
for each n € N and any solution ,Y to (2.9) it holds that

§ ’ (S’ ) (_Sn, Y) X (Sn, n )(n N an )’
se[r,T) n 0y 1 Y Y
= P|]In|p(l+E ”ny ”(]\/2)17 )

Proof. Let ,A : [s,,s] x 2 — R!™ be defined by ,A, = 8, F(u,,Y) — 0 F(s,,nY) for
s € [r, T). Then the functional It6 formula in [9] yields

F(S, nY) - F(Ens nY) - axF(in’ nY)(an _nygn)

= / 3 F W, ,Y)+ 2 Au(Bu, ,Y) + By(u, ,Y)h(u) + Bu, ,Y),W,) du 5:8)

=n

5 1 5
+/ nAL,E(u,nY)qu+§f tt(Dy F(u, nY)(ES)u, oY) du  as.

By Proposition 28, for 77 := 1 v 2 there is a constant ¢z, > 0 such that (5.1) holds when c),
and p are replaced by ¢;, and 77p, respectively. So,

dl
with ¢, 1 = 2?Pcf(1 + Eﬁp)"/ 7. Next, let Ao > 0 denote a Lipschitz constant for 3, F, then we

obtain that

(B[P Tl (1 + E[1 Y 12]) "

p B _
} < cplTal? (1 4+ E[ 1LY 1722])""

/ 0, F(u,,Y)du

2n

for all u € [s,, s] with ¢, = 2372001 + gﬁp)l/ﬁ. Hence, for the second term in (5.8) the
Cauchy—Schwarz inequality gives

i

with ¢, = 23P/2cP(1 + gﬁp)l/ﬁEp. Similarly, it follows that

i

/ 2AuB, Y)du

p B _
} < cpalTal?(s — .07 (1 + E[Il,Y"72])*"

/ 2 A By ity 1Y) dh()

P P ryap 1\
]sc,,,mm (1+ E[l.Y"122])
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for ¢, 3 = 2°P/2||||}; .cP(1 + gﬁp)l/ﬁEl,. Lemma 17 yields the constant W, » such that (3.8) is

valid when ¢ is replaced by 2. Then
N _ p
E[ [ »aBw.pdw, }
' 12 ST SN A
e =5 [ (EDLAP (E[(/ Wl dv) ]) du
s S

2n

< cpalTul?(1+ E[1 Y 172]) 7,

1/2

by the Cauchy-Schwarz inequality, where ¢, 4 = 270 o2

cPc,. Next, as X cannot exceed the
constant ¢, we directly get that

s p _
EH/ WA E V) dW, ]sc,,,5|1rn|P(1+E[unY’ngs])””

for c,s5 = 2P%w,cPc,, where w), satisfies (3.7). For the last term in (5.8) we define
cpe =221 + gﬁp)”/ T and readily compute that

d

Thus, by setting ¢, := 6p’1(c,,,1 +(T — r)p/zc,,,z +cp3+cpatcps+27c, ), we obtain the
asserted estimate. [

)4 _ —
] < ¢p6lTul?(1+ E[II,Y"122])"".

/ e Fts ¥ )(EE )t 1Y)

2n

We come to the second remainder term arising in (5.7). As before, we derive an estimation
that is necessary to apply Lemma 20.

Lemma 32. Let (C.6) and (C.7) hold and h € H,l([O, T1,RY). Then for each p > 2 there is
¢, > 0 such that for any n € N and every solution ,Y to (2.9) we have

syp][m — Yy = Buuls, Y, WIP] < ¢, I TP (1+ E[1.Y7122]) .
selr,T

Proof. We apply Proposition 28 to get a constant ¢,, > 0 such that (5.1) is satisfied when c),
and p are replaced by ¢,, and 2p, respectively. Then

d

for given s € [r, T] and cp, | := 22PcP(1 + gzp)l/z. Let A > 0 denote a Lipschitz constant for
By, B and X, then the Cauchy—Schwarz inequality allows us to estimate that

d

V4
} <ol T (1 + E[I,Y7122]) "

/ B(u, ,Y)du

2n

172

/ " But(uts ) — Bua(s, n¥) dhu)

2n

p
] < cpalTul? (14 E[Il,Y"122])
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with ¢, 5 = 22"||h||f1’rk"(l + gzp)l/z. We recall the constant W, constructed in Lemma 17
such that (3.8) holds when ¢ is replaced by 2 and compute that
| B B, rdm,

Al |

s /2
. 2
sx"(s—sn)””E[((s—gn)‘/%||an—nY£n||oo)”(f | W dv) }

1/2

< cpalTal?(L+ E[1.Y"122])

by the Cauchy—Schwarz inequality, where ¢, 3 == 250/ 212)[1){ ;)J’ d+c p)l/ 2. Finally, let us also
recall the constant w, in (3.7), then

d

for ¢4 := 2w, A" (1 + ¢,,)"/?. So, the definition ¢, := 47~'(c,.1 + - - - +¢,.4) concludes the
proof. [J

P
} < cpal Tl (1 4+ E[I¥"12]) "

f S, n¥) = s, n¥)dW,

n

5.3. Convergence of the third remainder

As preparation, we infer an estimate from Doob’s L?-maximal inequality. To this end, let
for the moment d € N and T be a partition of [r, T'] that is of the form T = {r, ..., #} with
keNandr,...,ty e[r,T]suchthatr =g < --- <ty =T.

Lemma 33. For everyl € {1, ...,J} let GUpieq,..ky and (;Vi)ieq,... k) be two sequences of
R valued and R¢-valued random vectors, respectively, such that U; is %, ,-measurable,
1 Vi is #, -measurable,

ooy

E[LUI* +Vil*] <00 and ELVilF, ,1=0 a.s.
forallie{l,... k}. Then

j—io d

| 22 2

*i() ‘j
I !
] E E 1. Uiy, ,/2V<12U,»]
i=1 =1 i=1

E|: max

jelioy..,

for every ip € {0, ...,k — 1}.

Proof. We set ¥; := Zle Ui 1 Vi for eaqh iefl,.. —ip}, then the sequence (S;);efi.....k)
of random variables given by §; := f;llo Y; is a square- 1ntegrable martingale with respect to
(F1;_iy)ielip.....ky- SO,

Jj—io d
max U:,V; max S?] < 4E[S?],
el o [ i | = el o 57 2 052
by Doob’s L?-maximal inequality. Moreover, let i, j € {1, ...,k —ip} be such that i < j, then

d

E[Y:Y;]1=14()) Y ElU; E, Vi, ViIF, 1,U}].
I1,h=1
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In particular, ¥; and Y; are uncorrelated for i < j. By Bienaymé’s identity, E [S,%] =
Zf;{o E[Y?], which yields the claim. O

Proposition 34. Let (C.6) and (C.7) hold and h € Hrl([O, T1, RY). Then there is c; > 0 such
that for each n € N and any solution ,Y to (2.9),
]

Prgof. First, let us recaH. the definition of R in (2.11) to write the kth coordinate of
axB(Sna nY)@h n(S, nY W)an - R(ﬁna nY)yn(S) in the form

lim .
/ axB(ﬁnv ny)éh,n(ss nY’ W)nWs - R(i,p nY)Vn(s) ds

< T (1+ E[IL.Y"1%])-

Za Bii(8,0 n¥)(Bin(s, oY, W WE = ((1/2)B + 25,00 nV)ya(5)er)

for all k € {1,...,m} and s € [r, T), where the /th coordinate of any R4-valued stochastic
process X is denoted by X for every [ € {1, ..., d}. Moreover, we decompose that

Byou(s, Y, W W — (1/2)B + 2)(s,,, Y )¥u(5)ey

= By (s, n¥)(h(s2) — h(s, Da WP + B(s,, Y)Wy, — u Wy, )u WP
+ 2G5, n V(AW s W = yu(9)er) + Bri(s,y, n ¥ )h(s) — hs,))a W (5.9)
+ B, n D (GWy — Wi )W — (1/2)yu(5)er)
+ 2(s, Y)Wy — W, ), WO

for any / € {1, ..., d}. We begin with the first term in this decomposition and use Lemma 15
to obtain that

/ e By Bu)(s,, nY )(h(sn) — h(s,)u W ds

Li—ln
- / (8B Bir)sns nYhGE) — h(s, ) AW as.
foreach j e {l,...,k,}, ke (l,...,m}and [ € {1,...,d}. Proposition 28 provides ¢, > 0

such that (5.1) is satisfied for p = 2 when the appearing constant ¢, is replaced by ¢,. Hence,
condition (C.6) gives
]

m
E |: max

/ Z(a Bt Bi)(s, ¥ )(h(s) — s, ), W ds

< 2wyc? f (1+ E[I.Y " 1Z])IhGn) — h(s)I ds

< eI Tal(1+ E1.Y"11%,]).

where ¢ | = 22wy (T — r)||h||%“c4(1 +¢,) and w, satisfies (3.7) for p = 2. Similarly, another
application of Lemma 15 gives us that

tjn _ .
/ (3 BriB) (5,0 n Y)Wy, — uWs ), W ds

ti—in _
=/ (3 BriB)(Sp, nY)AW,, dWP  as.
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forall j e {1,...,k,}, k e {1,...,m}and [ € {1,...,d}. Thus, with the constant ¢y, =
wo(T — r)dc* we can estimate that
]

Lin d - .
/ D O BriBYs, n V)0 Wy, —n Wy, )a W ds
r =1

T
< w2€4f E[|AW, P]ds < c2a|T,|.

Let us move on to the third expression in (5.9). First we define an R?-valued ﬁ‘,i’n-
measurable random vector by

Vi = AW, AW — At ey (5.10)

foreveryi € {l,...,k,}and [ € {1,...,d}, then,V; is independent of %H_n and satisfies
E[|,,,,V,»|4] < oo and E[;,V;] = 0. Moreover, a case distinction shows that

El1y 0 Vi pn V{1 = Ly UD)(AL ) Ly + Ly 1)) (5.11)

foreach i € {1,...,k,} and [1,l, € {1,...,d}, where I, ;, € R¥*4 denotes the matrix whose
(I, [))-entry is 1 and whose all other entries are zero. We compute that

lim .
/ OBt D), VAW, WO = yi(5)er) d
r ]_1
(8 Bk [E)(t, 1,ns nY)I nVi
i=1
forall j e {l,...,k,}, ke{l,...,m}and! € {1,...,d}, since y,(s) = 0 for each s € [r, t; ).
Consequently, Lemma 33 and the representation (5.11) imply that
]

m

E|:J€max Z

f Z(a Bt D)5, a V) (AW, WO — ,(5)er) ds

kn—1 d
<2’ Z(At,anZE 10 Bt E)ti—10 n VT < €23 T
i=1 k=1 =1
for cy3 = 23(T = r)c*, since we can use that X' ]Il2 Ly < (1/2)(x12 + y, ) for all /1,1, €

{1,...,d} and X,y € R?, by Young’s inequality. To deal with the fourth term in (5.9), let us
note that

/ " 0B B (s, Y )h(s) — s, ), W d

j—1 _ AWI(I) Lit1,n
= @ BriBu) it n¥) " / h(s) = h(t;.n) ds (5.12)
AtH—l n Jt,

i=1

:/ " (0, BriBu)s, ,nY>AW‘”(S"A_ S dh(s)
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foreach j e {l,...,k,}, ke {l,...,m}and [ € {1, ...,d}, as integration by parts yields that
f,j":‘v" h(s) — h(t;))ds = ftj":‘v" tivin — sdh(s) for all i € {0, ..., k, — 1}. So,

]
< ||h||H,Z/ [

2
:|ds
< 4l T,l(1 + E[Ilnleloo])

with ¢p4 == 2%(T — r)||h|| 4(1 + ¢,), by the Cauchy—Schwarz inequality and the fact that
AWD L AWD are pa1rw1se independent and 1ndependent from .7, for all s € [r, T.

To handle the ﬁfth expression in (5.9), we define ; ,U; := (, Wy —, W, ) W(l) —(1/2)yu(s)e
for all s € [r, T] and note that

/ Z(a Bt Bi)(s, ¥ )h(s) — h(s.), W ds

Z(a BiiBu)(s,, V) AWD

m 13, _
/r (aka,lB)(in, nY)l,n Us dS = E Zl(ax Bk,IB)(ti—l,n: nY)l,nVi

forevery j € {1,...,k,}, ke {l,...,m}and [ € {1,...,d}, where ;,V; is given by (5.10)
and we have used the fact that f;’*'*" s—tinds = (1/2)(Ati+1,,1)2 foreachi € {0,...,k, —1}.
Consequently, ’

k,l—l m d

<2 Z(An,n)z SN U@ Bra BY it nYVI'] < 25T

i=1 k=1 I=1

R nY)l nU dS

for cp 5 :=2(T — r)c*. We turn to the last term in (5.9) and proceed just as in (5.12) to get that

Ljn —
f (8ka,lE)(£na nY)(W th)n I) ds

t J—
= / (3B X)(s,, ,nY)AW(’)(s"A )dW a.s.
r Sn

for each j € {1,...,k,}, k € {l,...,m} and [ € {1,...,d}, as Itd’s formula gives
ft’“ "Wy =W, ds = ff"“’" tizin—sdWy as. for all i € {0, ..., k, — 1}. Therefore,

]

2
}ds < c2,6|Tyl

m
E |: max

/ Z(a Bt D)5, nVIWs — Wy ) W dis

< wy Z / E[ Z(aka,IE)(E,,, AWD
k=1°" =1

with ¢y.6 := wa(T —r)c*. As before, we used that AW, ..., AWD are pairwise independent

and independent of ﬁﬂn for every s € [r, T]. Therefore, by setting ¢, := 6(ca,1 + -+ - + c2.6),

the assertion follows. [l
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5.4. Proofs of Theorems T and 1

At first, we consider a sufficient condition for a Doléans-Dade exponential to be a true
martingale and let for the moment T be a partition of [r, T] of the form T = {zo, ..., #} with
keNandty,...,ty €[r,T] satisfyingr =ty <--- <t =T.

Lemma 35. Let f : [r,T] — R"™*? be measurable such that frT | f(s)*ds < oo and
(Yiieo,...k—1y be an (F)ieqo,....k—1y-adapted sequence of R™*?_valued random matrices. Define
the process X : [r, T]1 x £2 — R4 coordinatewise via

k—1 m

X" =308 fuOY I ),

i=0 j=1

then the continuous local martingale Z € €([0, T], R) given by Z" = 1 and

t 1 t
Z, :exp(/ X, dW, —5/ |Xs|2ds>

forallt € [r, T] a.s. is a martingale.

Proof. Since Z is a positive supermartingale, it suffices to show that E[Z;] = 1. This in turn
follows inductively if we can verify that E[Z,I+1 |#,1=Z,, as. foreachi € {0,...,k—1}.

In this regard, note that f”“ X, dW, = Zl 12 Y(j D ft’“ fi. (s)dW(l) a.s. Because

fn+1 fii(s)dwd, .. f;’“ f,d(s)dWS(d) are 1ndependent of Z#, forany j € {1,...,m}, we
have

lit1 1 [li+
E[exp(/ X, dW, — E/ |XS|2ds)‘<%l} =y as.,
t t

where the Borel measurable function ¥ : R"*¢ — R is given by

Y (A) _E[Hexp(/tl“ZAjlfjl(s)dWU) 1/ ds>]

Moreover, as ft_’“ > i1 At 5 1(5)dW is normally distributed with zero mean and variance

given by [ | > Aj,lfj,l(s)|2ds for any A € R™*? and [ € {l,...,d}, independence of
the coordinates of W entails that ¢ = 1, as desired. [J

m

ZA, 1f71()

Proof of Theorem 7. (i) If in condition (C.8) we have bo =_0, then existence and uniqueness
can be inferred from Proposition 3. Otherw1se we may let by = 1 and, by using Lemma 35,
define a martingale WZ € €(0,T],R) via ,Z =1 and

WZs :exp(—/ b(s), W, dW, — E/ IE(s),,WSﬁdS)

for all t € [r,T] a.s. Due to Girsanov’s theorem, the process W € €(0, T], RY) given
by WW, =W, + fr e b(s)d,W; is a d-dimensional (Z/)rej0,71-Brownian motion under the
probability measure P, on (£2, F) defined by Fn(A) = E[14,Z7].

As this yields an equivalent probability measure, a process ¥ € % ([0, T], R™) solves (2.9)
under P if and only if it is a solution to the SDE

dY, = (B(t,Y)+ Bu(t, V)h(t)) dt + 2(t,Y)d,W, forte[r,T]
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under P,. For this reason, existence and uniqueness follow from Proposition 5 when b =
B+ Byh and o = X. Further, independently of this case distinction, Propositions 28 and 12
imply the second claim.

(i) This assertion is an immediate application of Proposition 5 in the case that b =
B+ R+ Byhando =B+ X.

(iii) By Propositions 30, 28 and 22 and Lemmas 19 and 21, to establish (2.13), it suffices
to show that there is ¢, > 0 such that

2
E|: max j| < | Tyl
je

{0, kn}

/ (B(s, nY) — B(s,y, n¥))u W5 — R(s,p, n¥)7(s) ds

for each n € N. As 9, B is bounded, the existence of such a constant ¢, follows immediately
from the decomposition (5.7), a combination of Proposition 31 and Lemma 32 with Lemma 20
and an application of Proposition 34. Moreover, since sup,,cy E[||,,Y||§7,] + E[||Y||Z,r] < 00
for all B € [0, 1/2) and p > 1, the second assertion can now be inferred from Lemma 13. [

To prove Theorem 1 we require the following basic result on the support of image probability
measures.

LemNma 36. Let (fZ, Z , f’) be a prgbability space, (S,v) be a metric space, D C S and
Y : {2 — S be measurable such that P o Y~ is inner regular.

(i) Let (Yp)nen be a sequence of S-valued measurable maps on 2 that converges in
probability to Y. If Y, € D a.s. for all n € N, then supp(P o Y~1) C D.

(ii) Suppose that for each y € D there exists a sequence (ISy,,,)neN of probability measures
on (f), ﬁ:) such that ﬁy,n < ﬁfor all n € N and

inlg P, (v(Y,y)>¢e) <1 (5.13)
ne
for each & > 0. Then D C supp(P o Y~).

Proof. (i) Let y € supp(16 oY~ and k € N, then there exists n; € N such that 13(1)(Yn, Y) >
1/(2k)) < P(v(Y, y) < 1/(2k)) for all n € N with n > n;. By the triangle inequality,

P(w(Y,,y) > 1/k) < P(u(Y,,Y) > 1/(2k)) + P(v(Y, y) > 1/(2k)) < 1

for any such n € N. So, there is @y € 2 such that Vi = Yp (@) € D and v(yi, y) < 1/k. As
k € N has been arbitrarily chosen, the resulting sequence (yi)reny converges to y, which gives
the claim.

(i1) By way of contradiction, assume that there are y € D and & > 0 such that ﬁ(v(Y, y) >
e) = 1. Let (y,)nen be a sequence in D that converges to y and choose n, € N such that
V(Yn,, ¥) < €/2. Then from

P(Y,y) = &) < PO(Y, yu,) > £/2) + P(yn,, y) = £/2)
and Isy,lg,n <« P it follows that ﬁ);ng,n(v(Y, Yn.) = €/2) =1 for each n € N. This, however, is

a contradiction to (5.13). 0O

Proof of Theorem 1. (i) Pathwise uniqueness follows from Lemma 27 and the other two
assertions are direct consequences of Proposition 5.
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(i) For h € Hrl([O, T1,RY) we set F, = b — 1/2)p + oh and first check that F,
satisfies conditions (C.1) and (C.2). Since o and 9,0 are bounded, there is ¢o > 0 such that
lo| Vv |p| < co. Then

|Fu(t, x)| < er(1 4 [AODA + [1x]l0)

forall t € [r,T) and x € C([0, T], R™) with ¢; := 3max{c, ¢g}. Moreover, since o and 0,0
are doo-Lipschitz continuous, so is the map p. Let Ag > 0 be a Lipschitz constant for p, then

|Fu(t, x) = Fy(t, )| < M1+ 1A@ODIx = Ylloo

forall t € [r,T) and x,y € C([0, T], R™) with A; := 2max{A, A¢}. Hence, an application of
Proposition 3 yields the first assertion.

Regarding the second claim, let us also choose g € H,l([O, T1,R%) and define ¢, =
22 max{c?, A3} max{1, T — r}. Then the above estimation shows that

t S0 N N
Ixf — xill, <2 / 18(s) — h()[” + (1 + () lxy — x} 117, ds

for given t € [r, T]. By Gronwall’s inequality, [lx, — xh||%“ < qe””hn%ﬁng — h||%“ with
c3 == cexp((T — r)cy), and the verification is complete.

(iii) Let N, be the P-null set of all w € {2 such that X(w) ¢ CZ([0, T],R™), then
(NS, F N NS, Pizayg) is a probability space and the probability measure

PB(Cr([0,T],R™") - [0,1], B+ P{X € B}NN,) (5.14)

is inner regular and its support agrees with the support of P o X~! in C%([0, T], R™). We note
that the inner regularity can be inferred by using that X belongs a.s. to the separable closed
linear subspace of all x € C}([0, T'], R™) such that

. lx(s) — x(@)|
lim sup —— =0
80 g relr T1:0<|s—t]<s |8 — 1]

Since (2.6) follows from Theorem 7 by the choice B = b — (1/2)p, By = 0, B=o
and Y = 0, Lemma 36 entails that the support of (5.14) is included in the closure of
{xp | he H,l([O, T1, R%)} with respect to || - [|a.

Next, let h € HY([0, T], R?) and for any n € N we note that the non-anticipative product
measurable map [r, T] x C([0, T],RY) — RY, (t,x) +— L,(x)(t) satisfies |L,(x)(1)] <
2013|’]1'n|’1||x||OO forall r € [r, TI\T, and x € C([0, T], R%) and the map C([0, T1], RY) — RY,
x +— L,(x)(t) is linear for each ¢ € [r, TI\T,.

From these facts it follows that for every x € C([0, T'], R?) there is a unique mild solution
Yunx € C([0, TT, R9) to the following ordinary integral equation with running value condition:

Yinx(t) = x(t) — / ' h(s) — Ly(Ypnx)(s)ds fort € [0, T].

Moreover, the map C([0, T, RY — C([0,T],RY), x — Yh.nx 18 Lipschitz continuous on
bounded sets and in particular, Borel measurable. These considerations allow us to define a
process h,nW € Cg([o9 T], Rd) by h,n W, = yh,n,W(t)-

Given this constructed process, it follows from Lemma 35 that we obtain a martingale
nnZ € €([0, T], R) by requiring that ;, ,Z" = 1 and

r, . 1 1. .
h,nZt = CXP(/ h(S)/ - Ln(h,n W)(s)/dWA - E f |]’l(S) - Ln(h,n W)(s)lz dS)
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for every t € [r, T] a.s. and we may define a probability measure P,, on ({2, %) that is
equivalent to P by Pj, ,(A) := E[Lap ,Z7]. According to the second part of Lemma 36, if

in{I Ppa({IX — xpller = €} NNS) <1 for each & > 0, (5.15)
ne

then the closure of {x, | g € Hrl([O, T],R%)} with respect to || - |, is included in the
support of (5.14). Now Girsanov’s theorem implies that for each n € N the process , ,W is a
d-dimensional (.%,)¢[o,r1-Brownian motion under P, and X is a strong solution to (2.8) under
Py

Hence, by using uniqueness in law, an application of Theorem 7 in the case that B = b,
By = 0, B = —o and ¥ = o gives (2.7). As this readily implies (5.15), the proof is
complete. [J
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