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Abstract

We prove existence and uniqueness for the solution of a class of mixed fractional
stochastic differential equations with discontinuous drift driven by both standard and
fractional Brownian motion. Additionally, we establish a generalized It6 rule valid for
functions with an absolutely continuous derivative and applicable to solutions of mixed
fractional stochastic differential equations with Lipschitz coefficients, which plays a key
role in our proof of existence and uniqueness. The proof of such a formula is new and
relies on showing the existence of a density of the law under mild assumptions on the
diffusion coefficient.
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1. Introduction
Consider an autonomous stochastic differential equation (SDE)
dX, = a(X;) dr + b(X;) dW; + ¢(X;) dBY (1.1)

with a, b, c: R — R being measurable functions, W a standard Brownian motion, and BH 4
fractional Brownian motion with Hurst index H € (%, 1).

If ¢ =0 the corresponding SDE fits into the Markovian case and allows us to use the Itd
theory in order to investigate the SDE (see [4, 9, 27, 31] and references therein), whereas if
b =0 we find ourselves in the purely fractional case. With H satisfying H € (%, 1) we can
define stochastic integrals with respect to fractional Brownian motion utilizing a pathwise
approach. A variety of methods have been developed and used in order to study such corre-
sponding (stochastic) differential equations (see [3, 5, 6, 11, 12, 20, 21, 22, 24, 28, 30]), in par-
ticular borrowing ideas and results from deterministic (geometric) differential equation theory.

A suitable motivation for considering mixed SDEs arises from applications in financial
mathematics. Including both standard and fractional Brownian motion for the purpose of
modeling randomness in a financial market enriches the model with flexibility, and more par-
ticularly enables the capture and distinguishing between two sources of randomness. Typically,
standard Brownian motion models white noise possessing no memory, whereas fractional
Brownian motion models noise with a long range property.
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590 E. SONMEZ

Questions regarding the existence and uniqueness of a solution to mixed SDEs have been
addressed in [2, 7, 15, 16, 17] under certain regularity assumptions on the coefficients a, b, c;
see the aforementioned references and Section 2 for details. A main contribution of this work
is the establishment of existence and uniqueness for solutions to mixed SDEs with irregular
drift, in which the drift coefficient is allowed to be discontinuous.

In the Markovian case ¢ =0, considerable effort has been made in the study of the cor-
responding SDE with discontinuous drift coefficient; see, e.g., [9, 10, 18, 31] and references
therein, just to mention a few. Comparatively little is known for purely fractional SDEs, i.e.
b =0, with discontinuous drift coefficient; see [1, 13, 25] for the case H > % In [13, Theorem
3.5.14] the existence of a strong solution is proven for purely fractional SDEs with additive
noise, where the drift coefficient is given by the discontinuous function a(x) = sign (x) for all
x € R and the Hurst index H is restricted to H € (% 1+ «/5)/4); see also [14, Theorem 1] for
a related result. In this paper, using a significantly different approach, we provide results on
the existence and uniqueness of solutions to mixed SDEs, where we allow the drift coefficient
to be in the more general class of piecewise Lipschitz continuous functions and we include all
He (% 1).

The main obstacle faced in studying mixed SDEs arises from the fact that the two stochastic
integrals involved in (1.1) have crucially different natures. The integral with respect to stan-
dard Brownian motion is a classical It6 integral, while the integral with respect to fractional
Brownian motion is a pathwise Riemann—Stieltjes integral.

Let us outline the structure in achieving our main result. Whereas the proofs in [17] use
approximation theory and partially the approach in [22], we will borrow ideas from the purely
non-fractional case and make them accessible in the setting of mixed SDEs. A key idea is to
use a transformation technique originating from [9, 26, 27]. We will employ a transformation
used in [10]. More precisely, to reduce the question to the existence and uniqueness of solu-
tions of classical equations, the SDE is transformed in such a way that the discontinuity of the
drift is removed, whereas the (regularity) properties of both the diffusion and fractional coeffi-
cient are preserved. This intention is, however, accompanied by challenges. In order to be able
to apply the transform we need to employ a generalized Itd formula valid for convex functions
with absolutely continuous derivative, which is not possible so far. Therefore, another main
contribution of this paper is to establish such a formula. Here we provide a novel proof, which
is also new in the Markovian case. Our approach partially combines the procedure in [1, 8].
This is achieved by providing results on the absolute continuity of the law of mixed stochas-
tic differential equations, which is then used in order to prove a variant of a generalized It6
formula.

Here is a summary of the rest of this paper. In Section 2 we rigorously formulate the prob-
lem under consideration, also formulating and giving a proof of our result on existence and
uniqueness. As already mentioned, the proof invokes the 1t6 formula generalized to convex
functions. In Section 3 we first give a proof of a classical Itd formula for mixed SDEs, in order
to make the paper self-contained. Subsequently, Section 4 is devoted to the study of the exis-
tence of a density of the law of mixed SDEs, which finally enables us to prove a generalized
It formula.

2. Existence and uniqueness
Let T € (0, c0) and (Q, F, Foiefo, 1, P) be a filtered probability space satisfying the usual

conditions. Suppose that W = (W;)s¢[0,7] is a standard Brownian motion and B = (B{’ ) 1€[0.7T]
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is a fractional Brownian motion with Hurst parameter H € (% 1) independent of W, i.e. B is
a centered Gaussian process with covariance function Ry given by

Ry(t, ) =E[BIBH 1 = 1 (A" + &M — |t — s|?), t,s€[0, T].

We can, for example, take (IF;);c[0,7] to be a right-continuous filtration containing the natural
filtration generated by W, BY, and all null sets with respect to P.

Let a, b, c: R — R be measurable functions. We consider the following mixed stochastic
differential equation:

t t t
X,:Xo—i—/ a(XS)ds—i-/ b(XS)dWS—i—/ cX)dB?,  1e0, T,
0 0 0

Xo=£&eR.

@2.1)

Under the assumptions that a, b, ¢ are Lipschitz and c is differentiable with bounded and
Lipschitz continuous derivative ¢/, it is known from [17, Theorem 3.1] that (2.1) admits a
unique solution. In fact, its proof shows that the following holds.

Lemma 2.1. Assume that there exists K € (0, 0o) such that, for all x, y, x1, X2, x3, x4 € R,
la(x) — a(y)| + |b(x) — b)) + [c(x) — c()] < K|x —yl,
le(x1) — c(x2) — c(x3) + c(xa)| < K|x1 — x2 — x3 + x4
+ Kl — x3] (|x1 — x2| + |x3 — x4]).
Then (2.1) admits a unique solution.

We first show that Lemma 2.1 implies the following result, which is in accordance with [17,
Theorem 3.1].

Proposition 2.1. Assume that there exists K € (0, 0o) such that, for all x, y € R,

la(x) — a(y)| + [b(x) = b(y)| + |c(x) — c(¥)] < K|x —y].

Morveover, assume that the function ¢ has a bounded Lebesgue density ¢’ : R — R which is
Lipschitz continuous. Then (2.1) admits a unique solution.

Proof. Let x1, x2, x3, x4 € R, and My, M», . . . be unspecified constants. By assumption,

X1

1
c(xy) — c(x3) = / d(w)du= / (x1 — x3)c’ (0x1 4+ (1 — O)x3) d6.
0

X3

Thus,
c(x1) — c(x2) — c(x3) + c(xa)

1 1
=/ (x1 — x3)c’(6x1 + (1 — 0)x3) O —/ (x2 — x4)c’ (0x2 4+ (1 — O)x4) dO
0 0
1
= / (x1 —x2 — x3 +x4)c (Ox2 + (1 — 0)x4) O
0

1
+ / (x1 — x3)(¢'(Ox1 + (1 = 0)x3) — ¢'(Bx2 + (1 — 0)x4)) d6.
0
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From this and the assumptions on ¢’, we obtain

lc(x1) — c(x2) — c(x3) + c(xs)]
<Milx) — x2 — x3 + x4

1

+|x1—x3|-/ M>|0x1 + (1 — 0)x3 — Oxs — (1 — O)xa| dO
0

< Mj3|x1 — x3 — x3 +x4| + Malx1 — x3](Jx1 — x2| + |x3 — x41).

Thus, Proposition 2.1 follows from Lemma 2.1. (]

Let us first recall the definition of the fractional integral appearing in (2.1), which is an
extension of the Stieltjes integral (see [29]). Let a, b€ R with a <b. For « €(0, 1) and a
function f : [a, b] — R, the Weyl derivatives, denoted by D . fand DZ‘ _f, are defined by

o oo 1 f@) ) = f)
D”+f(x)_F(1—oe)((x—a)a o et dy), x€(a, b),
o =D fW b Fx) —f()
Db—f(")_r(1_a><(b—x)“+a \ Wdy)’ re (@b

provided that DG, f € L, and D}_f € L,, for some p > 1, respectively. The convergence of the
above integrals at the singularity y =x holds pointwise for almost all x € (a, b) if p=1 and
in the L, sense if p € (1, 00). Denote by g;,— the function given by g,_(x) = g(x) — g(b—), x €
(a, b). Assume that DY, f € L; and D}):“ gb— € Loo. Then the generalized Stieltjes or fractional
integral of f with respect to g is defined as

b b
/ f()dgx) == (=D / D%, f(x)D,~" gy (x) dx.

Leta € (1—H, %) and A € (0, 1]. In the following, denote by W™ the space of measur-
able functions g : [0, T] — R such that

)

t —
lg(t) — g(s)| ds)

lglla,00 := sup <|g(t)|+ e

te[0,T]

and denote by C* the space of A-Holder continuous functions g : [0, T] — R equipped with the
norm

lg(®) — g(s)]
liglx:= sup |gO)|+ sup ————.
1€[0,T] 0<s<t<T (E—9)

We have, for all ¢ € (0, a), C*T* C W™ C C*¢. Let f € C* and g € C** with A, u € (0, 1]
such that A + p > 1. Itis a well-known result, see [29, Theorem 4.2.1], that under this condition
the fractional integral fOT f(x) dg(x) exists and agrees with the corresponding Riemann—Stieltjes

integral. In particular, we have Dg‘ +f e Ly and DlTi“ 87— € L.
Assume that Y = (Y;)¢[0, 7 satisfies Y € C* almost surely for all A € (0, %). Then, according
to the aforementioned remarks, the integral fOT c(Yy) dBf is well-defined when ¢: R — R is
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Lipschitz continuous. Let A € (O, %) and 8 € (0, H), with A 4+ 8 > 1. Similarly to [1, (3.8)], we
can prove the estimate

t
‘ / c(Y,)dBf
S

t
<K|B"ll (f leX)|(r— )% — r*+P-1ar

t
+ llell 1Y Il / (r—s)* 7%t — r)* P! dr) (2.2)

fora € (1 —H, %) and some constant K € (0, 00).

The goal of this paper is to study mixed SDEs with irregular coefficients. In particular,
the function a is allowed to be discontinuous. It turns out that we can prove existence and
uniqueness for such SDEs under the following assumption.

Assumption 2.1.

(i) The function a is piecewise Lipschitz according to [9, Definition 2.1], and its disconti-
nuity points are given by &1 < - - - < & € R for some k € N, i.e. a is Lipschitz continuous
on each of the intervals (—o0, &1), (&, 00), and (&, &§11), 1 <j<k—1.

(ii) The function b is Lipschitz continuous on R and b(§;) #0 forallie {1, ..., k}.

(iii) The function c is Lipschitz continuous with bounded derivative ¢’ which is Lipschitz
continuous on R as well, and c(§;) =0 forallie {1, ..., k}.

We stress that these assumptions are satisfied by a variety of (practical) examples. One such is
given by the SDE dX; = — sign(X;) dt + dW; + X, dB, Xo = £ € R.
Our main theorem now reads as follows.

Theorem 2.1. Under Assumption 2.1, (2.1) admits a unique strong solution.

Proof. Let ® ={&, ..., &} and U=R\ O. Recall from [18, Lemma 7] that there is a
function G : R — R satisfying the following:

e G is Lipschitz continuous, and differentiable on R with 0 <inficr G'(x) <
sup,cg G'(x) < 00;

e G has an inverse G—! : R — R that is Lipschitz continuous and differentiable on R with
GE)=¢gfori=1,..., k

o the derivative G’ of G is Lipschitz continuous on R;

o the derivative G’ of G has a bounded Lebesgue density G : R — R that is piecewise
Lipschitz with discontinuity points given by & < - - < & such thata= (G’ -a + %G” .
b2) oG land b= (G’ -b)o G ! are Lipschitz continuous.

Define, for all x € R,

o i I (—1 _ (1 . — g
Jo):= 76 (G W) =6"(G"W) GG 1) = h(x) - j(x),
with
) =G6"(G'w),  jw= L
’ G (G~'(x)
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By the assumptions listed above, f is bounded. Moreover, the function j is bounded and dif-
ferentiable (on U) with bounded derivative, and thus the function j is Lipschitz continuous.
Since /4 is bounded and Lipschitz continuous as well as a composition of Lipschitz continuous
functions, the function f is Lipschitz continuous on U as a product of bounded and Lipschitz
continuous functions. Similarly, the function g with

. i —1 _ (1 . 1
gx) = dxc(G @)= (G W) o xeR,

G o)’

is bounded and Lipschitz continuous on U. Now, for all xe R, let E(x):c(G_l(x))-
G’(G‘l (x)). Then, ¢ is differentiable in U and, for x € U, we have

d
&)= e = (G W) - () + gx) - G (G (v))

=c(G'W) -G (G ) - +J (G () - -G (G ().

G (G—l(x)) G (G—l(x))
Then, by the considerations above, the function ¢’ is bounded and Lipschitz continuous on U.
Now consider the extension ¢’ : R — R of ¢’ that we define by setting

&) =c(G7€)-G"(CT'@) +c(G7&)

1
(G1&)

for all ie{l,...,k}. By construction and by Assumption 2.1(iii) we have, for all ie
{1,...,k},

1
dEH) =cEi+)- G”(Sﬁ)@ +dEH) = E) = E-) =T E).

Thus, the function ¢’ is continuous and piecewise Lipschitz, and hence Lipschitz continuous
by [9, Lemma 2.6]. Moreover, the function G is constructed in the proof of [18, Lemma 7]
in such a way that G(x) =x for all x € R with |x| > K, where K € (0, co) is some constant.
Thus, we have G”(x) =0 for every such x. Hence, ¢’ is bounded, as G’ has compact support.
We conclude that the function ¢ defined above admits a bounded Lebesgue density that is
Lipschitz continuous. Now consider the (transformed) SDE given by

dZ, = a(Z,) dt + b(Z;) AW, + &(Z;) dBY Zo=G(E)eR.
By Proposition 2.1, the solution to this SDE is unique. Moreover, the inverse G~! of G inherits
the smoothness from G, i.e. it satisfies the conditions in Itd’s formula, Theorem 4.1 below.
Applying Theorem 4.1 to G~! and setting X; = G~1(Z), t € [0, T], we obtain that the process
(X1)relo, 1) satifies

dX; = a(X;) dr + b(X;) dW; + c(X;) dBY Xo=£€R.

This completes the proof. O
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3. Ito’s formula for mixed SDEs

In the following, assume that a, b, c:R — R are Lipschitz, and c is differentiable
with bounded and Lipschitz continuous derivative ¢/, so that, by [17, Theorem 3.1], the
solution to

t t t

X,:X()—i-/ a(Xs) dS-i-/ b(Xy) dWs—l-/ c(Xs) dB{{, te[0,T],
0 0 0

Xo=£€R

exists and is unique.

Theorem 3.1. Let f : R — R be twice continuously differentiable. Then, almost surely,
! '
J&X) =f(Xo) + / ' Xpb(Xy) dWy + / fXo)e(X) dBY
0 0

t
+ f (307X (Xo) + aX)f (X)) ds,  t€[0, T].
0

Proof. By the usual localization argument (see the proof of [4, Theorem 3.3]) we may
assume that f has compact support and that f, f’, /" are bounded. Fix ¢ € (0, T] and a sequence
(H” = {O =ty <t} <---<tp= t})neN’ m €N, of partitions of [0, ¢] with maxj<g<m |t} —
ti_11— 0, n— oo. For notational simplicity we will suppress the index n and simply write
M={0=1t <t <---<t, =t}. By Taylor expansion,

NE

FXD) —fXo) =) (F(Xe) —f(Xe )

k

Il
-

I
NE

1 m
f/(th—l)(X’k _Xlk—l) + 5 Zf,/(ﬂk)(xtk —th,1)2,
k=1

~
Il

1

with g = X, + Qk(th — th_l) for some random variable 6; = 6y(w) € [0, 1], w € Q. We
write £(X;) — f(Xo) = Jo +J1 +J2 + 3J3, with

m I
Jo=Y_f(Xy_,) / a(Xy) ds,
k=1 tk—1

m ik

h=> (X, / c(X;)dBH,
k=1 T—1
m tr

B=>"f(X_,) / b(Xy) dWy,
k=1 le-1

Jz= Zf”(nk)(xlk - ka—l)z'

k=1

Observe that Jy converges to the Lebesgue—Stieltjes integral fot f(Xs)a(X;)ds as n— oo,

almost surely. Now we turn to the term Jy. By [17, Theorem 3.1], for all « € (1 — H, %)

we have X = (X;)ie[0,7] € Wg’oo almost surely. Therefore, X € C%_ and we conclude that,
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by the assumptions made, f'(X)c(X) € C 2~ almost surely. Thus, by [13, Theorem 2.1.7], the
Riemann-Stieltjes integral fot f(Xs)e(Xy) dBf exists and equals the limit lim,_, o J1, almost
surely.

Now we consider the term J,. Define Yy := f'(X;), s € [0, T], which we are going to
approximate by

Y = XLy + Y (Ko )y, s€l0, 1],
k=1

By It6’s isometry we have

t 2 t
E[( / bX,)(Yy' - Yy) dWS> ] :E[ / PX) (YT - vy)? ds} -0
0 0

as n — oo, by the dominated convergence theorem. Thus, J, — fot b(X))f (Xs) dWs, n — 00, in

12, ie. ,
t
]E|:<Jz —/ bX)f (Xy) dWS> i| — 0, n— 00.
0

It remains to consider the expression J3. We begin by writing J3 =J4 +J5 +Jo +J7+
Jg + Jog, with

m I 2
= Zf”(m)( / o(Xy) dBﬁ’) ,
k=1 k—1

73

Js = Zf"(m)(/
k=1 fie=1
m te 2
Jo= Zf”(m)( [ be dWs) ,
k=1 fie=1
m 174 7%
” =2Zf”(nk)( [ awx ds)( [ e dBf),
k=1 Tk—1 Tk—1
m te fx
s =2Zf”(nk)( [ awx ds)( [ b dws>,
k=1 Tg—1 -1
m te t
Jo =2Zf”(nk)( / c(X»dBﬁ’)( / b(Xs)dWs).
k=1 k-1 tk—1

We first estimate |J4|. In order to do this, first define W} % for a € (0, %) as the space of
measurable functions g : [0, 7] — R such that

. Ig(t)—g(S)I Ig(y) g(s )I
lglli—a,00,7 :== sup = < 00.

O<s<t<T t_ S)l o

2
a(Xy) ds) ,

We have the relation C!—*te Wlf‘x * c €' for every ¢ € (0, 00). Recall that (X;),c(0.7] €

W0 almost surely. Since c is assumed to be Lipschitz, we have (c(Xt)) ref0.7] € Wg *> almost
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surely. Moreover, by the remarks above, (qu ) 1€[0.7] € W;I ~£.00 e all e € (0, 00) almost surely.

Consequently, by [22, Proposition 4.2] we have
t
< / c(X;) dBf) e ¢ forall e € (0, 00)
0 1€[0,7]

almost surely. Let y € (%, H— 8). From this, together with the boundedness of f”, for some
constant K € (0, co) we obtain

m
Mal <KDY (t—n-1)” =0,  n— o0,
k=1

almost surely. We continue by estimating |Js| + |J7|. Recall that the mapping [0, 7] > ¢ +—
fé a(Xy) ds is continuous, of bounded variation, and that the mapping [0, 7] > ¢ — fot c(Xy) dBf
is continuous, almost surely. Thus,
Tk
/ a(Xs) ds
k-1

173

/ c(X,) dB{!
Tk—1

almost surely. The same argument shows that |Jg| converges to 0 as n — oo, almost surely.

Now we estimate |Jg|. Recall that

|J5| + 171 §K< max
1<k<m

+ max — 0, n— 0o,
1<k<m

t
< / c(X;) dBf) e C=¢ forall e € (0, 00)
0 te[0,T]

almost surely. We now combine this with the fact that

t
( / b(X,) dWs) cCi™
0 te[0,7T]

almost surely. Indeed, choose o € (0, H) and 8 € (0, %) with « + 8 > 1. Employing the Holder
continuity, we easily get, for some constants,

m
Mol <Ki D Itk — ti1|*|tx — e 1P
k=1

< K, max |t,r<—tk_1|°‘+’3_1 — 0, n— 00,
1<k<m

almost surely, since o + 8 > 1. It remains to consider

m t 2
Jf,:Zf/’(nk)( / b(X;) dws) .
k=1 le=1
Define
m f 2
Je=>" f”(X,kl)< / b(Xx)dWs> :
k=1 fi—1
Then,

NE

Ik 2
/ b(Xy) dW.;) .
th—1

< 1 o
/6 16|_11511ka§XmV(71k) I (X))

1

=~
Il
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Note that (b(X;))sejo,7; 1S adapted and continuous, and hence progressively measur-
able. Moreover, since E[[;b*(X;)ds] <oco by assumption, we get that the process

( fot b(Xs)dWS) 1€10.7] is a martingale with respect to the underlying filtration. Thus, by [4,

Lemma 1.5.9],
m t 2
E[Z(/k b(xs)dws> :|SK
Tk—1

k=1
for some constant, and from the Cauchy—Schwarz inequality we further get that

K, 1/2
E[lJ6 — Jgl] < {E[( max I (nx) —f”(X,k_l)|> ]} -0, n— 00,
<ksm
by the dominated convergence theorem and the fact that f”” and X are continuous. Now define
m t

=1 (%) / b*(X,) ds.

k=1 fi=1
By the martingale property, see also [4, p. 32], we have

m T 2 179 2
E[|Jg—fé|2]=E[ Zf”(xtk_.)<</ b<xs>dws) - b%xs)ds)}
k=1 k-1 Ik—1

=E[§: (%) (( /,:k, o dWs>2 B /:1 b*(X,) ds)z]

m t 4 m t 2
gzKE[Z ( / ' b(X;) dWS) +) ( / ‘ b2(XS)ds> }
k=1 Tk k=1 ¥kl
m 179 4 t 174
<2KE Z( / b(Xs)dWs) +< / bz(Xs)ds> max ( / bz(Xs)ds)
k=1 th—1 0 1<k<m 1
— 0, n— oo,

by [4, Lemma 1.5.10] and the dominated convergence theorem. Overall, we conclude that
J3 — f(;f”(Xs)bz(Xs) ds, n— oo, in L!. All these findings imply the result by standard
arguments. (|

4. A generalized Ito formula for mixed SDEs

The goal of this section is a novel proof of the following new variant of It6’s formula that
differs from the one presented in the previous section.

Theorem 4.1. Let ©® ={&1, ..., &} be as in the proof of Theorem 2.1. Let f :R — R be a
continuously differentiable function such that, for all x e R\ © the second derivative f’(x)
exists and the function " : R\ ® — R is continuous and bounded. For definiteness, extend [’
to R in a way such that f : R — R is measurable. Moreover, let X be as in Theorem 3.1, where
we assume that b(§;) #0 foralli=1, ..., k. Then, almost surely,

t t
FX) =f(Xo)+ /0 ' (X)b(X) dW; + /0 f'(Xy)e(X;) dBY

t
+ f (A2 X" (X) + aX)f (X)) ds,  1€[0, T1.
0
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Remark 4.1. In proving Theorem 4.1 we shall make use of the localization argument, as
executed in the proof of Theorem 3.1. Let X be as in Theorem 4.1, and denote by || - ||,
t € [0, T], a norm such that || X||; is almost surely finite. Choose a sequence of non-decreasing
stopping times (7),en With the property that || X||; <n for all ¢ € [0, T,,], n € N. Then, it
suffices to establish Theorem 4.1 for the stopped process X,(n) = X1, t€[0,T], neN.
Therefore, without loss of generality, in our proofs we will often assume that sup,cjo 77 [1X]| is
bounded by some constant K € (0, 0o). A frequent choice for the norm will be || X||; = |X;| or
1Xl: = 1X; — X,|/(t — ), 0 < s <1, for x € (0, 1].

As mentioned in the introduction, we present a proof of this variant of It6’s formula for
mixed SDEs which combines ideas from [1, 8]. The first essential is to establish the existence
of a density of the law of X; for every ¢ € (0, T], where solely weak assumptions on the diffusion
coefficient b are imposed. In particular, we do not require non-degeneracy conditions, nor do
we require any assumptions on the fractional coefficient c.

We proceed by studying the existence of a density, which shortly after enables us to provide
a proof of our main result in this section. We first introduce some notation used throughout this
section. For 4 € R and m € N we define A, to be the difference operator with respect to 4, and
A}’ to be the difference operator of order m:

Apf(x) =f(x +h) = f(x), ARFG) = An(A] ) @),

for every function f : R — R and x € R. Moreover, for y € (0, m) we set CZ to be the closure
of bounded smooth functions with respect to the norm

. |ARFO)los
Wileg = Wfllos o+ sup ===,

where || - ||o denotes the sup norm. Our second main result of this section reads as follows.

Lemma 4.1. Let X be as in Theorem 3.1. Assume that || X||gr <M for some constant M €
(0, 00) and all B’ € (0, %) For all t € (0, T, the law of X; admits a density with respect to
the Lebesgue measure on the set Dp = {x € R : b(x) # 0}. In particular, P(X; = x) =0 for all
x € Dy,

Note that we could also prove that Lemma 4.1 also holds for the set {x € R : c(x) # 0} using
similar arguments, but this is not important for our purposes. The proof of Lemma 4.1 closely
follows the approach in [1, Section 4]. We will invoke the following two results: Lemma 4.2 is
the statement of [1, Lemma 4.6] in dimension one; Lemma 4.3 is due to [23, Section 2].

Lemma 4.2. Let p : R — [0, 00) be a continuous function and § € (0, 00). We write Ds = {x €
R: p(x) <68}, and define a function hs : R — [0, ] with
hs(x) = (inf{|x — z| : z€ Ds}) A 8, xeR,

where we use the convention that inf{|x — z| : z € Ds} = 0if Ds = (. Then, hs has supportin R \
Ds and is globally Lipschitz continuous with Lipschitz constant 1. Moreover, for a probability
measure | on R, if for some § > 0 the measure g given by dus/du = hs admits a density,
then | has a density on the set {x e R: p(x) > 0}.
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Lemma 4.3. Let (1 be a finite measure on R. Assume that there exist me N, y € (0, 00), s €
(v, m), and a constant K € (0, 00) such that, for all ¢ € Cl); and h € R with |h| <1,

' / A du)
R

<Khl’ligllcy -

Then,  has a density with respect to the Lebesgue measure on R.

In proving Lemma 4.1, the goal is to apply Lemma 4.2 with Py, and p(x) = |[b(x)|, x € R,
where Py, denotes the law of X;. Lemma 4.3 will be used to deduce that the measure p5 in
Lemma 4.2 admits a density. First, we establish some auxiliary results. In what follows we
write

Y(e) = X1—e + b(X7—e) Wr — Wr—e) + c(Xr—c) (B} — Bf_,)
for £ € (0, T). Let us now briefly recall some basic results concerning the representation of
fractional Brownian motion in terms of Brownian motion, which will play a role in the

remainder of this section. There exists a standard Brownian motion B = (B;);c[0,7] such that
Bf’ = fé Kp(t, s)dBs, t € [0, T], where Ky denotes the following square integrable kernel:

! i ] I\ 1 ! 3 1
Ku(, S)=CH(-> (1—9)"2 — (H— §>s2_H/ =2 — )72 du,
§ N

with s € (0, ) and some appropriate constant cy; see [19] for details. We will assume that
the underlying filtration F is such that B is F-adapted. Moreover, the processes W and B are
independent by assumption.

Lemma 4.4. Let § = X7— + ¢(Xr—¢) Ji| ~* (Ku(T. s) — Ku(T — &, 5)) dBy and 1 = Xr—. For
all u € R we have

T
E[exp(iuY(e)) | Fr—s] = exp(iué — %uz <b2(n)£ + () K2(T, s) ds)),

T—e¢

i.e., given Fr_, the random variable Y (¢) is conditionally Gaussian with mean § and variance
T
b (e + () [;_, KH(T, s)ds.

Proof. We note that both Wr — Wr_, and fTT_ . Ku(T, s) dB; are independent of Fr_g;
moreover, X7_, is F7_.-measurable. Thus,

T
]E|:exp <iub(XT€)(WT — Wr—e) + iuc(Xr—¢) / Ku(T, s) dBS> | IFTS:|
T—e

T
= ]E[GXP <iub(y)(WT — Wr—¢) + iuc(y) / Ku(T, s) stﬂ
T—e¢

( (B> Ve + W) [7_, K3(T, 5)ds) 2)
=exp | — u

y=n

2

y=n
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From the integral representation of fractional Brownian motion, it consequently follows that
E[exp (uY(e)) [ Fr—¢]
T
= exp (iu§)E [exp (iub(n)(WT — Wr_e) + iuc(n) / Ku(T, s) st> \ IFT_E]
T—e¢

= exp <iu$ — (bz(n)s e iTT_s KIZJ(T’ 9 ds) uz). O

Lemma 4.5. Let € (0, H) and B’ € (0, %) Assume that ||X| g <M for some constant M €
(0, 00). Then E[lXT — Y(8)|] < K(8 + PP 4 8’3/"'%) for some constant K € (0, 00).

Proof. Throughout this proof we denote by M, M, ... unspecified positive and finite
constants. We have

X7 —Y(e)l

T T T
= ‘ / a(Xy) dr + / (c(X) — c(X7—¢)) dBI + / (O(Xy) — b(X7—¢)) dW,|.
T—e T—¢ T

—&

Due to our assumptions and the Lipschitz continuity of a, we obtain the estimate

T
‘ / a(X,)dr
T—¢

Furthermore, according to (2.2) we estimate

<Mje. 4.1)

T
‘ / (eX) = e(Xr—¢)) dBY
T—¢

T
<M;|BY|p ( f le(X,) — c(Xr—¢)|(r = T+ &)~*(T — *P~ 1 dr
T—¢

T
+M; f (r—T+e)f =T — e +F! dr)
T

—&

T
<Mqy|B"||p (/ (r—=T+e&) (T —r* P ar +M58ﬂ’+5>
T—e

< Ms||B || ge? +P. 4.2)

In addition, the Burkholder—Davis—Gundy inequality gives us

Jwel O )
< Mo ( [ )~ b dr)
T—¢

T ! % /
§M8E|:(/ (r—T+¢)*f dr) ]gMga“i. (4.3)
T

—&

T
EU / (b(X,) — b(X7—¢)) AW,
T—¢

Recall that there is a random variable A with finite moments of every order such that |[BY —
BZI| <A|v —ulP for all u, v € [0, T] almost surely; see, e.g., [22, Lemma 7.4]. Using this, it is
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easy to see that, for every k € N, E[||BH||];] < Mo. Combining this with (4.1), (4.2), and (4.3)
completes the proof. (]

Proof of Lemma 4.1. Without loss of generality we only prove that the law of Xt is abso-
lutely continuous on the set D,. The goal is to apply Lemma 4.2. To this end, define the function
p:R— [0, oo) tobe p(x) = |b(x)|, x € R, and the measure w5 given by dus(z) = hs(z) dPx; (2).
It suffices to prove that us admits a density with respect to the Lebesgue measure, and we will
make use of Lemma 4.3 in order to show this. According to the latter, it suffices to find m € N,
y € (0, 00), and s € (y, m) such that

|E[hs(X7) A $(X7)]| < KR’ llgllcy (4.4)

for all h € R with |h| <1, for all ¢ € C’, and some constant K € (0, 00). The specific choice
of m, y, and s will be given at the end of this proof. In the following, as before we denote by
M1, M3, . .. unspecified positive and finite constants. Using the notation and results of Lemmas
4.2 and 4.5, we estimate

|E[hs(X7) AR dXT)]| < [E[(hs(XT) — hs (X7—¢)) A $(X1)]|
+ [E[hs (Xr—e) (Ao (Xr) — ATd(Y(2))]|
+ [E[hs (X7—e) Ao (Y (2))]]
< Milgllcy |WElXr — Xr—c 1+ M2l ey ELIX7 — Y ()1
+ [E[hs (Xr-e)E[ A (Y(e)) | Fr—e]]|
<Mslpllcy (17 + (& + P+ 4 e#14))
+ |E[hs (Xr—e)E[AR ¢ (Y () | Fr—c]]]. 4.5)

Recall that, by Lemma 4.4, Y(¢) | Fr_, NJ\/(:*E, 02(17)) with

T
o2(y) = (e + A©) / K3(T,s)ds,  yeR,
T—e¢

and that h5(y) =0 for all y € R with [b(y)| < 4. Let py: R — R be the density of a Gaussian
distribution with mean zero and variance o%(y). Then

k

—Dy(@)

K
Ok dz<My sup (02 T < Mus e
z

YER: [b(y)| =8

sup /
yeR: [b(y)|=8 /R
for every k € N. From this, we obtain
[E[hs (Xr—e)EIAS'S(Y(0)) | Fr—e1]| < Mslipllcy Ihl™s™ 2.
Combining the latter inequality with (4.5) gives
(B[ (X AL | < Mellpley (18176 + (& + 6P+ 467 41) 4 jpyme=¥)

/ ! m
< Mylgllcy (Ihl7 P + P74 pre=?).
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Now it is not difficult to see that the assumptions of Lemma 4.3 are satisfied. For example, we

cansetm=4,y=1,e= |h|%, and choose 8’ € (O, %) such that (,8/ + %)‘3—‘ > 1. Then it is easy
to see that (4.4) holds and the proof is complete. (]

Now we are in position to prove Theorem 4.1.

Proof of Theorem 4.1. The proof borrows ideas from the theory of approximate identities as
outlined in [8, Section A]. Without loss of generality we assume that f has compact support,
implying in our case that f, f/, and f” are bounded, and we assume that f” has one discon-
tinuity point at & = 0. Recall that || X||g < oo for all g’ € (O, %) almost surely. According to
Remark 4.1, we may assume that || X|| g7 < M for some constant M € (0, o0). According to [8,
Lemma 1-3], we can choose a sequence (¢,)nen Of twice continuously differentiable non-
negative functions such that, for f, := f % ¢, n € N, limy o [If — falloo + IIf —f1lloo =0 and
limy,— oo | (x) — £ (x)| = O for all continuity points x of /, and ||f,/ ||oc < K for some constant
K € (0, o0) independent of n € N. Let 7 € [0, T]. By Theorem 3.1,

1 t
Ja(X1) =fu(Xo) + /0 TnXb(Xs) dWs + /o frX)e(X) dBY

t
+ /0 (367X (X) + a(X,)f (X)) ds. (4.6)

By our assumptions we obtain convergence:
t t
tim [ 00b06) W= [ 0BG W,

t t
lim /f,;(Xs)a(Xs) dS:/ f'(Xs)a(X;) ds,
n—o0 Jo 0

where the first convergence is uniformly in probability and the second holds almost surely.

Now we turn to the fractional integral in (4.6). By assumption, f/(X)c(X) € C %_, so that the
fractional integral fé f'(Xy)e(Xs) dBH exists and agrees with the Riemann—Stieltjes integral.
In particular, we have D, f'(X)c(X) € Ly, where o € (1 —H, %), and Dg, f,(X)c(X) converges
in L; to Dy J/ (X)c(X). Thus, by dominated convergence and the definition of the fractional
integral,

t t
lim f fi(X)e(Xy) dBY = lim (—1)* f DE, (£,(X)c(X))()D;=“BH (s) ds
n— oo 0 n— 00 0
t
=(—1)" /0 % (F (X)e(X))(5)D; =B (s) ds

t
= / f(Xs)e(Xy) dBH.
0

It remains to consider the term in (4.6) with the second derivative. In order to prove its
convergence we will make use of Lemma 4.1. We write

t

1 ! 1/ 2 _ 1 ! /1 2 1 /1 2
3 /0 S KO (Xs) ds = 5 /0 L1 Yo GOP X ds 5 fo 1 g1 P COD ) .

n

From dominated convergence we derive

1 1
lim - /0 1{‘XS‘>l}f,;’(Xs)b2(Xx) ds=> /0 1ix,20)f" (Xs)b?(X) ds.

n—o00 2
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From Fatou’s lemma, for every sequence (%,),cN of measurable, non-negative and bounded
functions with ||4,]lcc < K for all n € N and some constant K € (0, co), we obtain

t

t
lim sup/ 1{|X <1 }hn(Xv)bz(Xv) ds < / limsup 1
0 1=

n—o00 0 n—>o0 {|XS‘§%}

ha(Xs)b*(Xy) ds
t
< / 1{x,1=0) lim sup A,(Xs)b*(Xy) ds
0 n— o0
t
=K / 1ix,—0)b*(X,) ds.
0
Now, by Lemma 4.1,
t t
]E[ / Lx,—0yb* (Xy) dS] =b%(0) f P(X;=0)ds =0,
0 0

which yields fot l{xszo}bz(Xs) ds = 0 almost surely. Therefore,

t
. 2 _
h;?ls;p /0 l{IXsIS%}h"(XS)b X;)ds =0,
and in the case of the particular choice h, = |f; —f”|,
t
lim sup /O 1< X0 — " (X;)[b*(X;) ds =0.

n—oQ

Finally, we get that

t t
Pfﬁm%mmhlfﬂ%W%ms
2 Jo 2 Jo

! t /" 1/ 2
= E‘/O 1{|X;|>%}(fn X5) _f (Xs))b (Xs) ds

1 ! /1 1/ 2
+ 5/0 l{miﬁ}[f” Xy) — " (X)|p*(Xs) ds — 0

as n — oo. Overall, we have shown that the assertion follows by letting n — oo in (4.6). [
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