On some asymptotic expansions of skew
diffusions

Noufel Frikha and Arturo Kohatsu-Higa

Abstract Relying on a perturbation technique of Markov semigroup, also known
as the parametrix method, we establish some asymptotic expansion for the Markov
semigroup generated by a skew diffusion process with respect to a small parameter.
Though the approach developed here is general, we focus on the case of short time
and small skew heat kernel expansions.

1 Introduction

The parametrix method introduced by Levi [18] in 1907 has been extensively used
to establish semi-explicit expansions of the fundamental solution of a variety of
partial differential equations. For a review on these subjects, we refer the reader
to [12]. It has also recently been revisited in a series of works [1, 7, 4] to provide
some probabilistic representation and integration by parts formula of the marginal
law of various processes as an alternative to standard Malliavin calculus techniques
or to establish the well-posedness in the weak sense of some degenerate stochastic
differential equations (SDEs for short) [8, 9].

The purpose of the present paper is to introduce the inexperienced reader to an
application of this method to some asymptotic expansions of skew diffusions. For
a general introduction to skew Brownian motion and its applications, we refer the
reader to [17]. For an application of the parametrix technique to skew diffusion for
the study of its transition density or a time discretization scheme, we refer the reader
to [15] and [6] respectively.
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While there have been several important works on the problem of density expan-
sions for diffusions with regular coefficients using different methods, see e.g. [21],
[2] or [3], to the best of our knowledge, asymptotic expansions for the transition
density of a skew diffusion have not been considered so far. For explicit asymptotic
expansions using this method in the case of regular diffusions, we refer the reader
to [14].

To motivate our results, we also present a financial application with a model
representing regime switching which has been recently discussed in [10]. The pa-
rameters that are considered to be small in this model are not the same as in our
main results but we will show the reader that the same technique applies. Clearly,
these techniques may be useful in other models as well and should have broad ap-
plications in pricing and risk management.

Our approach in this article is more didactical than general so that we have chosen
some simplified models in order for the reader to grasp the ideas quickly. In this
sense, some technical details are deliberately omitted by referring the reader to the
corresponding article.

2 Asymptotic expansions of skew diffusions

In this section we study a one-dimensional Markov semigroup with singular coeffi-
cients for which we derive an asymptotic expansion with respect to a small parame-
ter €. We consider a skew diffusion process, that is the unique strong solution of the
following one dimensional SDE with dynamics

t t
X =xt [ be(XO)dst [ ou(XE)dW,+ e LXT), (€Rs, (D
0 0

where (o,€) € (—1,1) x [0,1], W = (W;);>0 is a one-dimensional standard Brown-
ian motion and L?(X¢) is the symmetric local time at the origin accumulated by X¢
up to time 7.

Note that for 6 =1, 5 =0, € = 1 and £ = 0 the process X¢ is known as the skew
Brownian motion. We refer the reader to [17] for a survey on this process (see also
Section 5 for some basic information). When » = 0 and ¢ = 1, [20] constructed a
semigroup, closely related to the process (1), for which the associated infinitesimal
generator has a Dirac mass as drift part. Additionally, he proved that Pff(x) =
E[f(Xf)] generates a Feller semigroup. Actually, his approach is more general since
he considers a multi-dimensional framework and the singular drift is the Dirac mass
of a smooth surface.

In order to use the parametrix method for the expansion, we need to first gather
some regularity properties for the law of X£.
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Regularity properties: Let T > 0. Assuming that for any € € [0,1], be is con-
tinuous' and o is bounded, uniformly elliptic and Holder continuous, the random
variable X# given by the unique weak solution at time ¢ > 0 of the SDE (1) admits a
density pf(x,y) satisfying some Gaussian upper bounds as well as the Markov prop-
erty?. We refer the reader to Kohatsu-Higa et al. [15]. Notably, the authors proved
that for all # € (0,T], y — pf(x,y) is not continuous at 0 but admits left and right
limits (as it is the case for the standard skew Brownian motion) and that there exist
C > 1 and ¢ > 1 that may depend on € such that

V(x,y) € RxR\{0}, pf(x,y) < Cgeez (y — ), )

where g (y) := 1/(21¢) exp(—%/(2¢)).

In order to carry out the expansion, we introduce the time-homogeneous semi-
group (Pf);>o induced by the SDE (1) defined for any bounded and measurable
function f by PE f(x) = E[f(XF)]. We will frequently use the following boundary
condition which is called the “transmission condition” due to its meaning as inter-
action at the boundary. Given a function f : R — R such that f'(0+) and f'(0—)
exist, we say that f satisfies the transmission condition at 0 if

(1+ag’)f'(0+) = (1—ag") f(0-). 3)

We are interested in obtaining the asymptotic expansion of pf(x,y) in powers of
€. Importantly, by a weak uniqueness argument, we remark that the case bg(x) =
€2b(x), 0¢(x) = €o(x) and £ = 0 corresponds to the short time asymptotics of the
density of X; given by the unique weak solution taken at time ¢ of the following SDE

t t
X —x+ /0 b(X,)ds + /0 (X, )dW, + aL?(X). @)

Indeed, it is sufficient to remark that by weak uniqueness {ng, ;¢ > 0} is equal in
law to {Xf;# > 0}. Hence, the case £ > 0 corresponds to a skew parameter o close
to zero and will be referred as to the small skew case.

Our main results are established in Sections 2.1 and 4. The first one is The-
orem 2.1 where we establish an asymptotic expansion of the transition density
y — p&(x,y) with respect to the skew parameter. Not only such expansion appears
to be new and of independent interest but also it is the first step towards our second
main result, developed in Section 4, where the first order expansion of y — pf(x,y)
(in the case be = €2b, 0, = £0), which notably includes the short time asymptotic,
is established.

! In fact, a deeper analysis of the proofs in [15] results in the conclusion that this assumption is
only used in Proposition 3.2 which is not required in order to obtain Proposition 5.3. In fact, this
result can be obtained using an equivalent proof which uses the It6-Tanaka formula instead of the
generator L (see the proof of Lemma 1). Therefore one may assume that b is a measurable and
bounded function. For a quick review of the argument, we refer to the Appendix.

2 The proof of this fact in [15] can also be applied under the assumption that b is bounded and
measurable.
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2.1 Small skew expansion: a representation formula for the
transition density

The first step consists in defining an approximation process that does not involve
the local time component of X¢. For some prescribed finite time horizon T > 0, we
want to expand (P );c[o,r) around the semigroup (Ff),c[o,7] associated to the unique
weak solution of the following SDE with dynamics

t t
XE— x4 /0 be (XE)ds + /0 G2 (RE)dW,. )

We will work under the following mild assumptions on the coefficients:

(R) For any € € [0,1], the measurable functions be : R — R and o : R — R are
bounded uniformly in €. Moreover, az = 682 is n-Holder continuous for some 1 €
(0,1] uniformly in €.

(UE) For any € € [0,1], 0g(x) = 0p + €0(x) for some constant 6p > 0 and where
o is a positive function such that there exist positive constants a,a satisfying a <
a(x) = o*(x) < aforany x € R.

Since o is continuous and uniformly elliptic, without loss of generality, we as-
sume that o is positive. Under (R) and (UE), it is known that the transition density
associated to (PF),>o exists for € € [0, 1]. We denote it by (,x,y) — pf(x,y). Ac-
cording to classical results using the parametrix method (see e.g. Chapter 1, Section
6in [5]%), under (R) and (UE), it is known that ¢ satisfies the following properties:
for any (¢,x,y) € (0,T) X R x R,

_ el _e2
prxy) =P (xy) + P (%),

where

_ Y
e ba(zy)t ))7 ©)

1
_&.1
Tx,y) = ———ex
P ) = s p( o

and ﬁf’z (x,y) satisfies the following Gaussian type estimates for r =0 and r = 1

(I4r=n) (y—x)?

|8xrﬁf’2(x,y)| <Ketm 7 exp (_Ceezt> ; (N

for some positive constants Ce and Ke. Note that 55 (x,y) and p7(x,y) are not
density functions. Moreover, it holds

Y
ot e)l < Kar e (-G V). ®)

3 Although in this reference, the author assumes that the drift coefficient b is Holder continuous, a
careful analysis of the arguments reveals that this can be replaced by the weaker condition of being
bounded and measurable. For a sketch of the argument in a particular case, see the Appendix.
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and from (6) and (7), we easily obtain for (y,#) € R x (0,T],
_ _ 4
10:p;" (3,9 + 195y (3, 0)] < Ket 712 ©)

Note also that if 6y > O then there exist M > 1 such that for any € € [0, 1],

M*gmv%SM. (10)

An important point has to be noted at this step. Since x — pZ(x,y) is continuously
differentiable under (R) and (UE), P¢ f does not satisfy the transmission condition
(3). This is due to the fact that the dynamics (5) does not contain a local time term.

This important observation will characterize the first order expansion of P?
around P¢ that represents a first step towards our main results. In order to simplify
the writing of our next result, we introduce the following operators

f(m+) + f(m—)
5 :

Lemma 1. Assume that (UE) and (R) are satisfied. For all f € €°(R) and all
(t,x) € [0,T] x R, it holds

Aff=

m

PEF) = PES 00+ aac0)e” [ [ ATPE (59055, (0.0)70)dvds.

By a monotone class argument, one also has the following representation for

(t,x,y) € (0,T] x R x (R\{0}),

t
PE ) = () +0ae(0)e” [ AT bl (1 )0upF L, (O0)dsi. (D)

Proof. We apply the It6-Tanaka formula to the process (X )sc[o,] With the map

s

[0,£] x R > (s5,x) — P& f(x) (see e.g. [11]) and take expectations to obtain:

LX) = P00+ joe'e | [0 70)a1xe)|.

Therefore the result follows from the space time formula for local times and the
properties stated for the transition density of X¢. For more details, we apply formula
(7.3) in Section 3.7 of [13] and remark that the process 2(A;(0, ) + A;(0—, ®))
therein corresponds to L?(X¢) in our situation.

For the density representation, one has to use the fact that the formula obtained
can be extended to measurable and bounded functions whose support does not con-
tain 0 and from here the density representation follows. U

In the sense of operators which generate the corresponding diffusions we see that
the following expansion is satisfied in a generalized sense:
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gs :je +8€$1"8
LV —0tag (0) 8y,

where .Z¢ and .Z¢ stand for the infinitesimal generators associated to P€ and P¢.
Our next goal in order to obtain an expansion for p? is to iterate the above iden-
tity. This gives our first main result.

Theorem 2.1 Let T > 0. Under (UE) and (R), for all (¢,o) € [0,1] x (—1,1), the
transition density associated to the unique weak solution to the SDE (1) admits the
Jollowing representation for any (t,x,y) € (0,T] x R x (R\{0}),

pE(x,y) = pE(x,y) + Y (aae(0)e")PIE(t,x,y), (12)
p>1

with
p—1
)= [ T o, 005, (0K, 0)dsy P21,
P\ k=1

and the convention so =t with A,(t) == {(s1,....,5p);0 <5, < ... <51 <t} and
ds, =ds;...dsp.

Proof. In order to iterate formula (11), one needs to derive a similar formula for
Agf Pt (x,-). As we want to take limits in (11), we need to prove the uniform inte-
grability of the integrands. We note here that the estimate in (9) can not be directly
used here because formula (11) is not valid for y = 0.

In order to obtain the uniform integrability, we remark that (11) implies that for
any h € (0,1]

pE (e, h) + pf (o, —h) _ pf(x,h) + pp (x, —h)

2 2
a0’ [ a7 5 Py OI) O O
Moreover, from (6) and (7), one has
oxp; s, (0.h) +0:pf 5, (0,—h)
1 hfbg(h)(tzfsl) h+be(—h)(t —s1) | _e1
Rk e e LA

h+be(—h)(t—s1), e .
2+63((—h)2t(t— sli) (Pr%, (0 1) = i, (0, =)

axﬁffsl (07h) + 8xﬁffs| (07 7h)
+ 2

=:A1 +Ay +A3.
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. - n .
From (7), it is clear that |A3| < K¢(t —s;1)~'72 for some K. > 0 independent

of h. Now, from (UE), (R) and standard computations that we omit, on the set
{s1€10,] : h < (t—s1)%}, with 6 chosen so that ﬁ <26 < 1, we obtain

Al 4o < Ke { (1= 51) 7 (r—s) 3H00Em L

On the set {51 € [0,1] : > (t —s1)®}, from (8) and 6 < 1/2, one gets

1 h?
07 (O] 10178, (0.1)| <K s (Gt )

1 1
<K, —Ce———7 |-
= €(t_sl)exp< SSZ(t_sl)129>

Letting h ¢ 0, it then follows from the dominated convergence and the continuity
at 0 of y — pf(0,y) and y — d,p¢ (0,y) that

AT P = P 0) + aas (0)e” [ A 25 (6307, 0,001, (13)
Moreover, it follows from estimates (2) and (9) that
517 A P ()0, (0,0) € L' ([0,1).
Hence, one may iterate (13) so that

AgpE(x,.) =pf(x,0)+ Y (aae(0)e)PI5(t,x,0). (14)
p>1

Indeed, it follows from (8) and (9) that there exists K, such that for any positive
integer p

(aae(0)e")P |I5(t,x,0) |

n 1

—1
_ n _ n
gKg(aag(O)gZKg)ﬂ/A [T Gi—see) 25y 2 (e —s) "+ as,
B pt =1

= / »(sp)dsp.

The function G(s,) defined above satisfies for C¥ := ae‘a, (O)thz and any
r>0
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Zl /A ()dspGp<sp) (15)
p>174pl

1 Py (1+kn 7
=Ket 2 ;I(Cf)PHB<2,2
p_ —

_lin ny? 1
<Kgt™ 2 CiI'(5)) —— <.
P L) F

where we have used the inequality x"e™ < C,, x > 0, for the last inequality. Here, B
and I" denote the Beta and Gamma functions respectively. From this last estimate,
we deduce that the expansion (14) is satisfied. We then plug (14) into (13) and use
Fubini’s theorem in order to derive the small skew expansion (12). O

As an illustration of the theorem, we consider the case of the skew Brownian
motion that is we set oy = 0, 0 = 1, b = 0. Hence, p° is the fundamental solu-
tion associated to the operator 3€29? and is given by p(x,y) = g2, (y —x) so that
Theorem 2.1 asserts that for all (,x,y) € (0,7] x R x (R\{0})

t
pf(x,y) = pf (x,y) + oe** /0 ds 5 (x,0)0:p;_(0,y). (16)

This is one possible expression for the transition density of the skew Brownian
motion, see e.g. Lejay [17]. Hence, Theorem 2.1 appears as an extension of the
representation formula (16) to the more general class of skew diffusions.

Another application consists of measuring the distance between models.

Corollary 1. For any t € (0,T)], the total variation distance between the laws of Xf
and XF can be bounded by

[ 1) = pEeyldy < Keota ()"

for some constant K¢ := K¢ (T), uniformly bounded in € € [0,1] such that T — K¢ (T)
is non-decreasing.

Proof. Note that

(ctae (0)e) |15 (2,%,y)]

2

p—1 1
<K (aag(0)e'K p/ si—sie) s 2 (r—s1) lexp( —Coor— ) ds
<K¢(0tag(0) ¢) Ap(l)kI;I1( k= Sk+1) P ( 1) P( 882(t—sl)) p

so that

(ctae(0)€")” [ [15(1.x.5)] dy

p—1 1
sec;1/2<aae<o>ef>”f<é’“/A mdspH(srskm-l*%sp2<rfs1>—1/2.
4 k=1
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Now the same line of calculations using the Beta function and (10) yields the result.

3 Application to a financial model

We will consider the following stochastic differential equation as an extension of the
Black-Scholes model where the local volatility is given by a simple regime switch-
ing in the following sense

1
S; = So—i—/o 0 (S5)SsdBs, 17)
with
G(S) = 0] 1[0’51) (S) + (721[51’00) (S)
For more background on the financial meaning of the model, we refer the reader to

[10]. In order to transform this model into a skew diffusion, we let F : R — R be the
continuous increasing function defined by

Using It6’s formula, we have

In(S;) = In(So) + /0 t (G(Su)dBu . 62(25”)du> .

Furthermore, applying the Itd-Tanaka formula for X; = F(In(S;)), we obtain

1 6(Xy)
2

X, = Xo+ B, — / du+ Ay (57O (In(S)).
0
Here, Xo = F(In(So)), a1 :=s}/o1 and

6(x):= O'(eFil(x)) = 011 (_ooq))(X) + 0214, ) (%)

Similarly, we apply the It6-Tanaka formula to g(In(S;)) := |F(In(S;)) — @1]|. This
gives for AJ (671):=27! (o5 +oh,

() = ¢(In(s0)) + [ ¢/(n(S,))dIn(s,) +45 (5L (n(s). (18)
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Furthermore,

/OI sgn(X, —aj)dX, :/Ot sgn(F(In(S,)) —ay) (dBu — 6(2Xu)du)

!

:i/sgnU%h(Sﬂ)—wn)G’%XthﬂSﬁ

7/ & (In(S,))dIn(S,). (19)
Recall that an application of the Itd-Tanaka formula to |X; — a;| gives

ot
LX) = [X, —ar| — [Xo — ai _/0 sgn(X, —ar)dX,.
Comparing the above results in (18) and (19), we get
Az (67NL (In(S)) = L' (X).
This gives that
16X,
X, = Xo + B, 7/0 L(z W) dut oa L9 (X),

45, (671 -
AJ(~,]>€(—1,1)f0rAal( N:=2"1o,' -0/ ).

Using the techmque exposed in the previous section, we can now study an ex-

pansion of this model with € = 2(y +gi >0,0= —%, ¢ = 1. In this setting, we can
set-up

with ¢ :

be(x) :=6(x) = 01 + §<oz+ol)1[ahw)(x)
ag(x) =0p = 1.

There will be a slight difference in the definition of X¢ which will be given by

— (&3]
Xl :X()*I‘B[*?t.

Besides the above change the hypotheses (R) and (UE) are clearly satisfied. We
now mention the main modifications to the proof of Theorem 2.1. First, in Lemma
1, we obtain instead that for all f € €:°(R), for any x € R, one has

PEf( x) + / / PE (1) (be — 61) (1) s (1,0) £ ()i dyds
+a€ / / )OPr—s(ar,y) f(y)dyds. (20)
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Here p;(x,y) = g (y—x+ 3-1) is the density of X;. The above shows that the argu-
ment can be applied using the “error operator ” . given by

02 + O]

LY f(x)=¢ < 5 1a 00 (X) + Q1 O (x)) f(x).

The analysis of integrability of multiple integrals and the estimates in (6)-(9) are
straightforward because the density of X, can be explicitly written and in fact the
bounds can be improved in comparison with (7)~(10). This is due to the fact that the
diffusion coefficient is constant and previously it was a general Holder continuous
function.

Continuing with the argument, instead of /7 (#,x,y) in (12), we obtain

Py, LR, Py 2R, (8,()) ()

p—1—5p .
= | dxy...dxpps, (X, %p) (be(x1) — 01) 0 pr—s, (x1,y) + 01 €84, (x1) Ok Pr—s, (x1,))
p—1

X H ((be (Xk41) — 01 )8Xﬁ‘vkﬁvk+1 (Xkg1,%K) + 06185u| (xk+1)axl7sk7sk+l (xk+17xk)) .
k=1

In the present case the partial derivatives are explicit. In particular,

|axp-l(x’y)| S ﬁl(xvy)v

t

|92 (x,x)| <

<lagln

Therefore one can easily conclude an equivalent result to Corollary 1 so that for any
bounded payoff function f, it holds

[E[f(S)] —E[f(5)]| < Clo2 —a1].

Here S corresponds to the Black-Scholes model with volatility o;. By inspecting the
proof, one can see that with a little bit more effort, one can achieve a similar result
for linearly growing test functions f. Furthermore as p can be expressed explicitly
in the present case higher order expansions can be obtained.

A similar argument could be achieved for a more general class of regime switch-
ing models such as the following extension of the Black-Scholes model where the
volatility is subjected to n+ 1 regime switching models in the following sense

t
S, =S+ /O o(S,)S,dB,, @1

where o is defined by
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n+1

o(s) = Z o-il[si—lvsi)(s)'
i=1

Here 01,...,0,+1 € Ry and 0 =sp <s1 < -+ <5y < Sppp = 0.

Rather than continuing on this path, we would like to present how to compute
the full expansion of the density p?. First note that the first term in (20) gives as the
lowest order term of the expansion

b olep 5 Lep _
Py, L P, s, Py, L P (8y(1)) (x) =€PAp(5p,-ons51).

Sp
Here, for b(x) := D521, . (x)

Ap(Sp,...ys1) 1=

- dxi...dxpps, (x,xp) (l;(xl )OxPr—s, (x1,Y) + Q1 O, (x1) OxPr—s, (X1 ,y))

p—1 B
X H (b(xk—k—l)axﬁ\‘kfskﬂ (Xk1,XK) + 01 Oy (Xk41) Py 5y (xk+17xk)) .
k=1

From here one has the expansion

pte(x7y):ﬁt(xay)+ ng/ dSpAp(Sp,...,S]).
p=1 Ap(t)

The full expansion for the density of S; can be easily achieved by a change of vari-
ables formula. In the next section, we will return to our main problem which is
slightly more complex as the approximating densities also depend on €.

4 Asymptotics of the density ¢

Now we return to the general case studied in Theorem 2.1 and note that we have
reduced the problem of the expansion of p to the expansion of the density of X
which is a one dimensional diffusion. In order to carry out this expansion, we can
use classical techniques to expand its density in the case* 6y = 0. In fact, we will
use the Lamperti transformation as follows:

X o]
F(x) ::/0 mdy

Note that this function is well defined due to hypothesis (UE). Then a combination
of It6’s formula and the Girsanov measure transformation under hypothesis (R),
gives the following expression with Zf := F(x) + eW;:

4 The case 6y > 0 can also be achieved with further computational effort.
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E[f (X)) =E [f(F~1(Z)M;] (22)
b
P (F ()

—exp</bg yaw, — & /bZZE )

Using the explicit density of F(x) 4+ €W, and the fact that {W;;s € [0,#]} conditioned
to W; =y has the law of a Brownian bridge, we obtain :

5 (x,y) = WE[exp( /bg( B 2/ )}

Here B represents a Brownian bridge with variance €2 at time s, starting at F (x)
and arriving at F(y) at time ¢. From now on, we will assume the following hypoth-
esis:

be(x) :=— lcr’(F’l(x)) +e

(R’) The measurable functions bs : R — R are bounded uniformly in €.

Therefore in order to obtain an expansion for the above expectation, one may just use
the Taylor expansion for the exponential function and the following representation
for the Brownian bridge (see Section 5.6.B in [13])

B =F, (x, y)+£(t—s)/s Wi

0 t—u’

Fa(e.y) i=F () (1=2) + F(3) .
As the proofs on the order of the residues are cumbersome, from now on we only
give heuristic expansions so that the way calculations are performed is clear.

For example, the first term in the expansion requires the computation of

E[E/O[BS(Bf’y)dB?y} — [ /bs (a Foulx, y)—e/o ﬂ) ds]. (23)

Further calculations will require explicit values for the coefficient functions b, and
o but it should be clear that the only underlying law needed for this calculation is the
one related to the Brownian motion W. For example, assume that one may expand
be(By”) as follows:

BelB:7) ~belFos(03)) + Byl Fu )0~ 9 [

t—u

n %B’E’(Fy,z(w))(f —9)%€’ (/O‘ dWM>2'

r—u

Using the above expansion in (23), one obtains:
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t_ i t_ 3 [, s
E [s / be<B§=Y>dB§7~*} e [ BelFs(x,3) 0P (v y)ds =€ [ B (Fua(x) 2ds

3t
€ _
+ 5 [ BeB (s (5.3)) (1= 520 Fs () ds.
Putting the above expansions together, one obtains:

g£2t(F(x),F(y))
o(y)

!
(e [ bemateman o= [ e wy)as)
0

—: Boe). (25)

P (x,y) ~ (24)

This gives the expansion for the first term of the main result in Theorem 2.1. For the
following term, we see that one also needs an expansion for the derivative dypf (x,y).

In order to do this, we take f = 6, in (22) and differentiate with respect to x. This
gives:

075 (x.y) = "8 [BL(R)ME] +o(x) (8, (%)M 6)

=€ </ b (F +£W)de£/ bebl, (F(x )JrSWY)ds).

The second term in (26) can be treated as we did in the expansion of €. For the
first term, we need to use the integration by parts formula of Malliavin Calculus.
Without going into much detail into this theory>, let us just state the result:

E[8/(%F)Mf] =(o(y)er)'E [ay@f)M; <w e[ (Bg(Zf)dstdef)ﬂ
=:(0(y)%er) g2, (F(x),F ()AL (7).

The above expression can now be expanded as we did previously using the Brownian
bridge B*. The explicit expansion of A (¢) is performed in Section 6.

These are the essential mathematical elements required in order to obtain the ex-
pansions. The rest of the calculations, which are briefly explained in the Appendix,
require careful attention as there are many terms. We refer the reader to Appendix
2 for the explicit but long expressions. Taking into account the calculations in the
Appendix 2, we obtain the following result:

Result Let X be the unique solution of (1) with £ > 1 and (,x,y) € (0,T] x R x
(R\{0}). Assume the hypotheses (UE), (R) and (R’). Furthermore, assume that

be € C2 and that ||b||.. < C, i = 1,2. Then, it holds

PE(x.y) ~ Bo(e) + e’ (0(3) " ez, (F () IF()]) + By + €2By)

5 We refer the interested reader to [19] for definitions and notation.
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We quote the above statement as a result and not a theorem because proving
error rates is a technical and cumbersome argument which we have avoided here.
In particular, the error rate seems to be bounded by €3g,, (F (x),F(y)). In the case
that b, is not differentiable but explicit as in Section 3, a careful analysis about the
expansion of M is needed. We do not develop these issues here.

5 Appendix 1: The parametrix method applied to a skew
diffusion

In this section, we give a brief and sketchy argument to show what is claimed in
footnote 3. In this sense, it may be easier for a beginner as we will not deal with
technicalities.

Our goal is to prove the existence and some regularity estimates for the density
of the random variable X in (1). In order to simplify notation, we will just explain
how to obtain properties of the law of

t t
X,:x+/ b(Xs)der/ o(Xy)dW, + aL(X).
0 0

Recall that we are assuming that b is bounded and measurable and ¢ is Holder
continuous and bounded.

The approximation will be based on the skew Brownian motion with o € (—1,1)
and m € R which is the unique solution of the equation

X* =x+6W,+ ol (X%).
for some well-chosen G. Its density is given explicitly by

pi(x,y) i =g52(y —x) +sgn(y —m)og 52 (|ly —m| +[x — m])

8:(y) ::\/%m exp <§> :

Note that this density is in general discontinuous at y = m.
We will be using as the parametrix operator, the following linear operator which
is well defined for any bounded measurable function f:

RS = [ 10p )y
Pr(x,y) :=8162() (y — X) +sgn(y — m) &g, 52y (|y — m| + [x — m]).

Note that y — j;(x,y) is not a density but P, f is differentiable w.r.t. x with a second
generalized derivative which satisfies the transmission condition (3) with € = 1 for
any bounded measurable function f: R — R.
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From these properties, we see that the [t6-Tanaka formula can be applied (see e.g.
formula 2.5 in [11]) to Pr_, f(X;), t € [0, T]. This gives after explicit calculations ©

E[f(Xr)] - Prf(x)
—/ |: a PT .Sf ( ) (Xs)gxprsf(Xs) + ;Gz(xs)axszsf(Xs)l(Xﬁém)] ds

_/ { §)OcPr—s f(X;) + <8Pr f+3 0282PT Sf)( )1 x#m}ds-

Iterating the above expression one can obtain a semi-explicit expansion of the form:
E[f(%7)] =Prf(x) + ¥ /A POy, | 01 s f(¥)ds1.ds,  (27)
p=1“2p

0.1 ) bR 1)+ (~ORS+ 5°02F ) (91 s
Ap(T) :={(51,..,8p);0 <5p < ... <51 <T}.

Clearly, for the above expansion to be valid we need to prove convergence properties
for the above infinite sum. Direct calculations using the definition of P and the
assumptions on b and ¢ give (see (29) to guess why the estimate below is correct)

C
101 fles < NI

where 1) is the Holder exponent of 6. Therefore iterative integration over the sim-
plex’” A » gives that the infinite sum in (27) is absolutely convergent.

As this formula is valid for all bounded and measurable functions f : R — R, this
result also gives an expression for the density of X7 which can then be differentiated
term by term in order to obtain the claimed properties. In fact, the density p;(x,y)
of X; can be written as in the following expansion

Pi(y) = pilxy +2 P Qo O B st sy 28)

We remark here that
1
0s8,(x) = b(x)Iupi (x,3) + 5 (07 (¥) = S* (N P () ey (29)

From (28), one can easily deduce that p, (x,m=) exist. Moreover, by direct differen-
tiation one also obtains for x = m

6 Note that fOT 1 (x,=m)ds = 0 due to the time-space formula for semimartingales. For more details,
see formula (7.3) in Section 3.7 of [13].

7 This requires the use of the Beta function.
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axpt (xyy) = 8xpt (X,y) + Z A /axpsp (x7Z)QSp,1—SmeT—sl Sy(z)dzdsl ...dSp.
p=1 4

This gives the existence of the derivative d,p;(x, +m) and Gaussian type upper esti-
mates by using the inequality x” e < C(p,c) for x > 0. For a probabilistic inter-
pretation of a variation of this methodology, we refer the reader to [16].

6 Appendix 2: Explicit calculations for the expansion of p¢ and
o p°

In this section, we compute the explicit expressions for the expansion of p? up to
order €2g,2,.

The argument has already been explained in Section 4. The application of that
argument gives (24).

Now, we need to expand d,jf (x,y). This is done through the expansion of the
two terms appearing in the right-hand side of (26). Let us start with the simplest of
the two which is the second term. To expand this term one uses the same technique
as in the above expansion. That is,

GENNIEVE] ~ 8 (F(x),F(y)) "o, Xy L o oy B
16, (% wr et (E [ Beman —e [ B

5 5
wek | [ Bean [ be(rany )
0 0

nggeZI(F(x) F(y))

) ( [ BeEsae )2 s —e [ Bebl (s ()i

ot r
+ 8/0 blg (Fr,t(xay))aSEY.l (x7y)ds/0 bS (FY,I (xay))aSEY,l ('x?y)ds) .
Finally, for the first term in (26), we have for Ge(s,z) := be(z) (1 — sebl,(z))
t_ g2 gt i
w0 =2 |exp (& [ be(os)any - 5 [ 5(67as)

X <F(y)£F<") s /0 ' Ge(s, B)ds -+ 5B, (ij’)’)dij’}‘) ] .

Using the fact that exp(x) = 1 +x+ 33 + £x* + O(x*) gives
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2

exp (8/0 (B )dBw—% R )ds)

E 1+e/0t58(3§vy)d3§vy_%/o B2(BX)ds
Lo [ vy € [T 2

+5¢ (/O bg(vaY)stry—E/O B2(B™)ds
s [z vy € (172 peny g3

2 /0 be(B)dBY — /O B2(B)ds)’.

Using the previous expansion technique, we expand the above expression. This
gives

A1(0) ,\NJF(y)gl;w<1+g/0tl_)g(Fw(x7y))8Fwxyds/ B2(Fy(x,y))

s(t—s

7)85}757, (x, y)ds)

t

3 [T s & T
& [ BFae) ds+ 5 [ BUF )

—¢ (1 +e /0 t be(Fys(x,y))0sFy (x,y)dS)

X /Ot (Ge(s,Fyy(x,y)) — sb(Fys(x,y))0sFy s (x,y)) ds.

Now we need to put all these estimates together into the first order expression in
I£(t,x,y) defined in Theorem 2.1. That is,

2 2+L// x 0 xpt S(O y)d
~ae' (0(y) g2, (|F(x)|,|F()|) + By +€°B,) .

Here, we have used the identity (proven in Lemma 10 in [7])

[ P00 0F0) 2 ds = g (FLIFO)D.

The following terms in the expansions can be computed and give:
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. F(y) Bl (s
B :Z/o gszs(F(XLO)gsz(t—s)(O’F(y))cg; tl—(s) ds

Bmyf[h@@mmﬂﬁAmwm+K@Mﬁ@ﬁ@ﬂﬂﬂﬂw

F(y)Bj(s) + B3(s)
o(y)(r—s)

| R 1 [t
B(s) =5 | B(Fu(e,0)du—3 [ B2(Fus(0.)du

s _ T _
+/0 bE(Fu,s(xy0))8L¢Fu,x(x;O)du/ bs(Fu,t(an))auFu,t(an)du

ds

B = [ 8o (F (3,082 0.F 1)

B%(s) = /: be (Fus(0,y) — (u— s)E;(F,,,,((),y))auEu (0,y)du.

In fact, with the above formulas one can also compute B3 but as the reader can
guess the expressions are longer. Still, one can see some algebraic structure in these
constants. This is inherent to the parametrix approach and it will be interesting to
understand this structure which is clearly linked to the so called skeleton of Wiener
functionals.

As we have previously explained, our goal here is to explain the technique rather
than providing full technical details. For example, one may entertain the possibility
that condition (R’) is not satisfied and expand the density with the same technique
if one has an expansion of b, in powers of €.
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