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Abstract

We study a class of high-frequency path functionals of diffusions with a singular
threshold, including the case of sticky-reflection. The functionals are built upon a
test function and a normalizing sequence. We prove convergence to the local time,
advancing existing results on sticky, oscillating (regime-switching), and skew or
reflecting diffusions. Notably, we consider any normalizing sequence that diverges
slower than the observation frequency. Additionally, we allow for jointly sticky-
oscillating-skew thresholds. Combining these findings with an approximation of
the occupation time, we propose consistent estimators for skewness and stickiness
parameters.
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1 Introduction

It is known that the local time at the point ( of an It6 diffusion with smooth coefficients
X can be effectively approximated, up to a multiplicative constant, using high-frequency
statistics of the form

where ¢ is an integrable bounded function, (u,), is a sequence that diverges slower than

n, and (X;/,); are observations of the diffusion.

These approximations are used to estimate quantities of interest of a diffusion. For
instance, in [5], they are employed for localized estimates of the diffusion coefficient.
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tsara.mazzonetto@univ-lorraine.fr



Statistics like (1)) are also used to estimate stickiness, skewness and oscillation jump of a
diffusion [1} 13), (14} [15] [16, I8, 20]. It is possible that a diffusion spends positive amount
of time at a threshold upon contact. We call such threshold sticky and the amount of
time the diffusion spends at the threshold is governed by a parameter called stickiness.
Also, it is possible that the excursions of a diffusion exhibit total or partial reflection
at a threshold. We call such threshold skew and the reflection rate is governed by a
parameter called skewness. The oscillation jump of a diffusion is the jump-discontinuity
of the diffusion coefficient. This defines a regime-switching behavior as the dynamics on
each side of the oscillating threshold are different. The simplest cases of diffusion that
exhibit these features are the sticky Brownian motion [4], the skew Brownian motion [§],
and the oscillating Brownian motion [12]. It is possible to define an elementary process
that combines all these features, the sticky-oscillating-skew Brownian motion (SOS-BM).
This process, defined in Sections [2.2] plays a central role in this work.

In [I3] 15 18], local time approximations are employed to estimate the skewness parameter
of a skew Brownian motion. In [I6], the diffusion coefficient of the oscillating Brownian
motion is estimated using approximations of the occupation time for each half-line. For
some Lévy processes, local time approximations are employed to estimate the volatility
jump [20]. Convergence rates for the oscillating-skew Brownian motion are obtained in [18]
for the case u, = \/n. In [I], the consistency of an approximation of the local time at
a sticky threshold is demonstrated for normalizing sequences u,, diverging slower than
v, ie., (uy), diverges and (u?/n), vanishes as n diverges. This approximation is then
leveraged to propose an estimator for the stickiness parameter.

In this paper we aim to achieve the following objectives.

1. Prove that the local time approximation holds at a sticky threshold for any sequence
(un)n that diverge at a rate slower than n. This question was left open in [1], where
the author exclusively considers sequences diverging slower than n'/? in the case of
sticky Brownian motion.

2. Prove that the local time approximation holds at a skew and oscillating threshold
for any sequence (u,), that diverges slower than n. In existing literature, this has
been demonstrated only for u,, = /n [15], 1§].

3. Establish consistency of the approximation at a threshold that exhibits possibly
simultaneous oscillation, stickiness, and skew.

4. Devise consistent estimators of stickiness and skewness parameters at an SOS
threshold or a sticky-reflecting threshold. When possible, devise also consistent
estimators of the diffusion coefficient. The latter extends to SOS-BM the main result
of [16].

For simplicity, we consider a reflecting threshold to be an SOS threshold with skewness
B € {—1,1}. Therefore, the term SOS includes the cases of reflection and sticky-reflection.

The main challenge, especially in estimation, is that the limit is intricately dependent on
the process behavior in the vicinity of the threshold of interest, thereby encompassing
stickiness, skewness, and the volatility coefficient. For simplicity, we suppose there is a
unique SOS threshold, located at 0.



Another challenge is that the proofs rely on the time-scaling of the SOS-BM which,
at high frequencies, results in an exploding stickiness. This is handled by forcing the
test function g to vanish at the sticky threshold. We then prove that the action of the
exploding stickiness on the absolutely continuous part of the transition law is bounded.
Last, extending the findings from the SOS-BM to a diffusion with an SOS-threshold
necessitates singular versions of stochastic calculus results, specifically [to-Tanaka and
Girsanov. We prove explicit versions of these results in Appendix [A]

Outline: In Section [2] we state the main results of the paper. In Section [3| we prove the
local time approximation holds for the SOS-BM and SOS-diffusions by first assuming a
similar result holds for the sticky-skew Brownian motion that is proved in Section [6] In
Sections [4] and 5], we provide estimates on the SOS-BM semigroup and a preliminary local
time approximation. These are used to prove the main results of the paper. In Section [7]
we prove that the occupation times can be approximated by Riemann sums and then use
this to prove the estimation results in Section [§

Regarding auxiliary results, in Appendix [A] we prove, in presence of an SOS-threshold,
explicit versions of [to-Tanaka and Girsanov. We also prove the interplay between
oscillation and stickiness for the SOS-BM. In Appendix [B] we establish the time-scaling
of the sticky-skew Brownian motion. In appendix [C| we provide the proofs for Section [4]

2 Main results

We now state the main results of the paper. We first set notations and define notions of
convergence in which these results are expressed.

2.1 Preliminaries: some notations and notions of convergence

The local time approximation results are expressed in the following type of convergence.

DEFINITION 2.1. Let (A™),>0 be a sequence of processes defined on the probability
space (2, F,P). We say that (A™),>1 converges locally uniformly in time, in probability
or u.c.p. to A% if

Vt>0: sup‘A’;—A5| LN}

s<t n—-:o0

We denote this convergence with

An P-u.c.p. AO

n—aoQ

The following result gives a sufficient condition for u.c.p. convergence to occur.

LEMMA 2.2 (see [11], §2.2.3). If A" and A have increasing paths and A is continuous,
then .
Ar Ly A, VYt € D, with D dense in R = A" 2222 4,

n——aoo



For the estimation results, we consider the notion of conditional convergence in probability.
The reason is that these estimators are consistent conditionally on the event that the
threshold of interest (that we consider to be 0) is reached. For an event £, let P*(-) :=
P(:] £) be the conditional probability on L.

DEFINITION 2.3. Let (A"),>¢ be a sequence of processes defined on the probability
space (Q, F,P). We say that (A™),>1 converges to A° in probability, conditionally on L,
if A" — A° in PX-probability. We denote this convergence with

Ar P2 g0

n—oo

Let X be a continuous real semi-martingale. We denote by (¢¥(X)),er the right local
time field of X defined in [19, Theorem VI.1.2] via the Tanaka formula. We denote by
(LY(X))yer the symmetric local time field of the process X, defined for all ¢t > 0 and
y € R by

_ X))+ (X)

LY(X) =
t ( ) 2 ?
where
AH(X) = lim /T (X), (X)) = lim &V "(X).
h—0 h—0

It is not always the case that the right and symmetric local time fields are equal. An
example is the skew Brownian motion, see e.g. |2, Theorem 2.1]. Typically, path-wise
characterizations of diffusions are expressed in terms of the symmetric local time, see
e.g. [22]. Most results, like the occupation times formula [I9, Corollary VI.1.6] and the
representation of martingale diffusions |21, Theorem V.47.1] as a time-changed Brownian
motion are expressed in terms of the right local time.

2.2 Local time approximation for SOS-BM

The SOS-BM is the diffusion with state space I C R defined through (s, m), where s,m
are defined for all x € R by

R () — Lsen(@)B
N 1+sgn($)ﬁh( ) (dz) og(z)

() da + pdo(da), (2)

with p > 0, 8 € [-1,1] and
00(7) = L(=o00)(¥)0- + Lo 400)(@)0s > 0.

We note that we use the convention sgn(0) = 0.

If 5 € (—1,1), then I = R. The cases § = —1 and = 41 correspond to negative and
positive reflection. In these case I = (—o0,0] and I = [0, 00) respectively. For simplicity,
we avoid specifying I, and we write R. The information on the state-space is included in
the pair (s,m).



If X is an SOS-BM defined on a probability space (€2, (F3)i>0, P), then, from [22], (X, B)
solves the system

t
X, =Xy + / 00(Xs) Lix, 201 dBs + BLY(X),
t o (3)
/ Lix,z0pds = EL?(X%
0

for a standard Brownian motion B, where L?(X) is the symmetric local time X at 0. To
make explicit the dependence on the parameters, we refer to the SOS-BM defined in (3]
as the (p, B, 09)-SOS-BM. Also, we denote by m, s,,,) the measure defined in ({2)).

We are now ready to provide our first result.

THEOREM 2.4. Let X be an SOS-BM solution to (3) on the probability space (2, (F+)t>0, Pz)
such that Xo = x, P-almost surely. Let also (uy,), be a sequence that diverges slower that
n, i.e.

and let g be an integrable bounded function with g(0) = 0. Then,

[nt]

U_n . Pz-u.c.p. 0
23 ol X ) Zs ([ gam)20x) (5)

i=1

REMARK 2.5. We observe that the limits in Theorem [2.4] do not depend on p. Indeed,

since ¢g(0) =0,
/ gdm = gdm
R R\{0}

which does not depend on p.

Theorem is a straightforward consequence of a more general result, Theorem
(taking T the identity function). Passing through an intermediate function 7" is the key
for extending Theorem to more general diffusions with SOS-threshold. This is done in
the next section.

THEOREM 2.6. We consider the assumptions of Theorem and let T be a twice
differentiable function such that for some € > 0 and all v € R,

T(0) =0, T7'(0) = 1, e<T'(x)<1/e, T"(z)| < 1/e. (6)
and gn[T] be the sequence of functions defined for all n,x by
gu[T)(2) = g(un T (x/un)).

Then,

n——aoo

]
3 X 22 ([ gan) peo),
i=1 " R



2.3 For an SOS-diffusion

We consider the following system
t t
Xt = Xo + / b(Xs)]l{Xs7,g0} ds + / U(Xs)l{XﬁgO} dBS + ﬂL?(X),
0 0

' p
/ Lix,=o) ds = SLY(X),
0

where B is a standard Brownian motion, p > 0, 8 € [—1,1] and b,0 : R — R.

We suppose the following condition on (b, ) and the state space of the diffusion I C R
that guarantees existence and uniqueness in law (see [22]) and allows the usage of Girsanov
theorem in Section [3]

CONDITION 2.7. I =R, or one of the half lines: [0,00) if B =1 or (—o0,0] if f = —1.
The coefficients (b, o) are taken such that

1. weak existence and uniqueness in law holds for @ This is equivalent to the process
that solves the SDE dY; = b(Y;) dt + o(Y;) dB; having weak ezistence and uniqueness
mn law,

2. 0 € CHI\{0}),

3. if X solves (7)), Po(Xo = ) = 1 and 0 = (0/(X;) — s(())?t)))tz(b where o is the
right-derivative of o. Then, for all z € I and t > 0: E, (£(0);) = 1, where £(0) is

the process defined for allt > 0 by

t 1 t
E(Q)t:exp</ QSdBS—ﬁ/ egds).
0 0

Note that Condition Item 3| is equivalent to: £(0) is a P,-martingale. Also, when
[ =R, the function o: R — (0, +00) may have a finite jump at 0. We define o to be the
function defined, for all z € R by

o0() = T oe) (&) i 0() + Lo,y (2) lim or(e). (®)

The solution to the system above has an SOS threshold at 0.

THEOREM 2.8. Let X be a process defined on the probability space (2, (Fy)i>0, Px) such
that Xo = x, P,-almost surely. We assume that X is the SOS-diffusion such that (X, B)
solves for some Brownian B and (b, o) that satisfy Condition . Then, Theorem
holds for X on (Q, (Fi)i0,Ps), where m is the speed measure, defined in , of the
(p, B,00)-SOS-BM and oy is given by (g).

Clearly, Theorem [2.4]is a special case of Theorem [2.8] Regarding Theorem [2.8] we observe
the following. First, the approximation () is extremely localized. Indeed, for large n,
only the values of the process in the vicinity of the threshold, 0, matter. Second, the
approximated quantity is an additive functional of the process. Hence, it may be possible
to obtain a localized version of the results. This is the object of further research.
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2.4 Occupation times approximation

For any borelian set U we denote by OY(X) the occupation time of U by X, defined for
all t > 0 by

t
O?(X) _/ ﬂXseUdS-
0

We have already noticed that constants in the limit of the previous results do not depend
on the stickiness p. But, if one considers the occupation time of the threshold of the
SOS-diffusions we considered, then we have [; Ly,—ods = 2L(0). Hence, to estimate p,
we consider statistics which converge to the occupation times.

The following result states that the occupation time can be effectively approximated
by Riemann sums. It generalizes, and corrects [I, Lemma 5.1] which concerned sticky-
diffusions and U = {0}.

LEMMA 2.9 (Occupation times approximation). Let one of the following assumptions,

(i) X s an SOS-BM motion and U be an interval of R.

(i) X is an SOS-diffusion solving (7)) under Condition[2.7 and U € {(0, oc), (—o0,0), {0} }.

Then,
1

Py -u.c.p. U
=3 1k, ev 2R OV (X).
n < 1 n n—:>oo
1=

An important consequence of this result is the following:

%Z Ie o2 21X(0), (9)

n—oo 2

2.5 Estimation

Let us first assume o, defined in , is known. The result of the previous sections imply
that the parameters (p, ) can be estimated as follows.

For any non-trivial function g, let g>o := 1(000)g and g« := 1(_0)g. Also, for a process
X, let S97(X) and S9~(X) be statistics defined, for all n, by

[nt]

[nt
u 21 u
SIT(X) =2 g WXi), S9T(X) =2 E nXio1).
n( ) o ’LL 1 n() nﬁlg<0 diC g<0u 1

PROPOSITION 2.10. We consider X, g and (uy,), as in Theorem[2.8 If 7% is the hitting
time of 0 by X and L = {78 < t}, then, the following convergences hold
[nt]
2 2 l0a0 v, S SEO0
nSIT(X) 4+ 897 (X) n—eo pr Pl SIH(X) + 897 (X) n—roo

This yields consistent estimators of stickiness and skewness parameters.

Pn(X) =

7



In the proof of Proposition [2.10} in Section [8.1, we see that the estimators can only
be consistent on £. Indeed, on £¢, OY(X) = 0, LY(X) = 0, hence p,(X), B,(X) are
asymptotically 0/0 divisions. This confirms the following intuition: On £¢ we observe
nothing in the vicinity of the threshold of interest. Thus, it is not possible to assess
properties on the behavior of the process on the threshold with no relevant observations.

Let us now consider the case that oy is unknown. Note that in Theorem there are 5
unknown factors in the right-hand-side of (5)), namely (p, 8, 0(0+),(0—), LY(X)) and 3
asymptotic results @D and

SIF(X) = (L4 B)LF(0),  SI7(X) —= (1= B)L(0). (10)

In order to perform algebraic operations with these equations, one needs L?(X) > 0. Thus,
on the event £ = {L(X) > 0} we need to know at least 2 of the unknowns to infer all of
them, of whom LY(X) is always unknown.

In the particular case of the SOS-BM, it is possible to bypass this uncertainty principle and
estimate all parameters (p, 5,0_, 0, ) by combining local time statistics with occupation
time statistics. Indeed, (0_,04) can be estimated as follows.

PROPOSITION 2.11. Let X be an SOS-BM defined on the probability space (2, (F)i>0, Px)
such that P,(Xo = x) = 1. Also, let
H=inf{t >0: X; >0}, 7~ =inf{t > 0: X; <0},
LH={r. <t} and L; = {r_ < t}. Then, for allt > 0, in Py-probability,

nt nt _ _
ZEJ(X; - X)) Pfj ZE:]I(XL' - X, )? pLt
; n T N 0_+’ - n n : o_
15 1y g o 1My, <« "

n n

where X+ = max{0, X} and X = max{0, —X}.

We not that the case (p, ) = (0,0) is shown in [16] and the case p = 0 in [I§].

3 Proofs: Local time approximation for SOS-diffusions

In this section, we prove Theorem and Theorem [2.8] The necessary theoretical
foundations, the sticky versions of the Ito-Tanaka formula and Girsanov theorem, are
proved in Appendix [A]

We demonstrate that the problem in Theorem stated for SOS-diffusions, can be
reduced to the “simplest” similar process: SOS-BM. Indeed, the SOS-diffusion defined
by , like the SOS-BM, exhibits an SOS threshold at 0. Similarly, in the seminal
work of Jacod [10], the approximation of the local time of a smooth diffusion using the
functional is initially established by reduction to the standard Brownian motion.
Using the It6 formula and Girsanov theorem, the result is then extended to stochastic
differential equations (SDEs) with smooth coefficients. The tools used to reduce the
problem (It6 formula, Girsanov theorem) cannot remove the SOS feature of the threshold

(see Section [A]).



3.1 Proof of Theorem 2.6

We further reduce the problem: using the Ito-Tanaka formula, we can turn the oscillation
to skewness and vice versa (see Appendix . Hence, we can prove Theorem ,
assuming that we proved it in a special case: sticky-skew Brownian motion, the SOS-BM
with og = 1. We denote this process by (p, 3, -)-SOS-BM or (p, 3)-SOS-BM. We formulate
Theorem for the sticky-skew Brownian motion in Theorem [6.1] - T]and prove it in Section [6]

PROOF OF THEOREM 2.6l We consider the process X¥#) .= X500 /(X (P.5:00)),
By Proposition [A.3] it is a (p/, 3/, -)-SOS-BM, where

/ol 20_0+ 0—(1 + 6) — U-l—(l — ﬁ)
R G o e vy e ey ooy ey )

Also, let S be the function defined for all x € R by

T'(oo(x)z)
oo(x)

which, like 7', preserves the sign, is C*(R), C? on each half-plane and satisfies (6]).

S(z) =

We observe that

[nt] [nt] (p,B.00)
U T (u (ﬂﬁ o) u Z prals 0)) —
= gn|T X 7 — gn[T (unUO X n—g)
n — ! 00<X5€’1ﬁ’ 0))

n

Moreover, by the definition of X', we have that oo(X;) = 0¢(X]), hence the latter quantity
is equal to

[nt] [nt]
Up, . Unp, '8
n — (g<0 © ¢U—)H[S] (unnglﬁ )) + n §_1 (g>0 © ¢a+)n[s] (unnglﬁ ))7

where for all ¢ > 0, ¢, is the function defined for all z € R by ¢.(x) = cx. Thus, from
Theorem [6.1],

[nt]

Unp o P.-u.c.p. 1-p4
N7 g T (u X 7)) Uy ( P /g<oo¢a(x) dz
n — n n—>00 2
1+ 5 .
+ 26 /g>o0¢a+(w)d$>L?(X(p’ﬁ’))-

By Lemma (or Proposition [A.3]), we have

[nt]

Up o - U.C.p. g 1-—
“n gn[T](unXEiH@ 0)) P P/ (_—i—( 5) /g<()(l’> dx
R

n = 7 n—oo \O_ 20,0_
o (145)

04 20_+O',

/g>0(:v) dx> L?(X(””B’”O)).
R

This completes the proof. n



3.2 Proof of Theorem 2.8

Using Theorem the Ito-Tanaka formula and Girsanov theorem in Appendix [A] we
prove the result for the process of interest with non-trivial drift and diffusion coefficients.

PROOF OF THEOREM 2.8 Let us first assume that the diffusion coefficient and its
derivative are bounded. More precisely, we suppose there exists a real constant 6 > 0 such
that

§ <o(r) <1/0, o' (z)| < 1/0, (11)

for every x € 1. There exists a Brownian motion B such that (X, B) jointly solve [22].

We then remove the drift. Let Q, be the probability measure such that dQ, = &(0) dP,
where £(6), 0 are processes defined for all ¢ > 0 by

£,(0) = exp (/Ot 6, dB, — %/Ot 6 ds), 0, = o' (X;) — 3(<§'tt>)

From Lemma , under the new measure the process (X, E) jointly solves

1 ~
dXt = éa(Xt)o-,(Xt):H-{Xt;«éO} dt —|— O-(Xt>1]-{Xt?50} dBt + B dL?(X),

Ly, dt = g dLO(X),

where B = (Bt — fg 0, ds)
every x € I by

>0 18 & Q,-Brownian motion. Let S be the function defined for

S(x) = /Ow %(y) dy, (12)

a(y)

where oy is given by (§). The function S is strictly increasing, S(0) = 0, S € C*(I\{0}),
and for all x € T\{0} it holds

S/(]?) _ 0'0(1') S//(J?) _ —0'0<I> OJ(‘I) )

o(z)’ o?(x)

Also, from (L1), it satisfies (). Thus, from Lemma 7 the process (X' = (S(Xt))>o0, B)
solves under Q,

o0(X1) 1 o'(X¢)
21X dX, — 500(Xt)m d(X)¢ + BdLY(X)
= IL{X#O}JO(X{) dét + ﬁ dLS(X,)7

Iy dt = gdL?(X’),

dx] =

and hence is an (p, 8, 0¢)-SOS-BM.
From Theorem [2.6]



From the definition of g,[S] and X’, the fact that LY(X) is a version of LY(X’) (see Lemma

A1), and as P, ~ Q,,
i)

Unp, Py-u.c.p.
W Zg(unX%) —p> m(p,ﬁ,ao)(g)L?(X/)'

- n—»o0
=1

This proves Theorem in the case of bounded o, 1/0, ¢’. Using the localization argument
of [10, Section 2.5], the proof is extended to any locally bounded o € C*(T\{0}). O

4 Bounds on the law of the SOS-BM

Throughout the paper, let
1. (P¥P7)),_ o be the semigroup,
2. m(, 8,0, the speed measure,
3. P(p,8,00) the probability transition kernel with respect to m, g,q,)

of the (p, 8, 00)-SOS-BM. Also, let X (»#90) be the (p, 3, 79)-SOS-BM defined on a proba-
bility space (€2, (Ft)i>0, Ps) such that X, = x € I, P,-almost surely. For allt > 0, z € I
and any measurable functions h such that h(Xt(p & ’UO)) e LY(Q, F,P,), we have

PPPOR(2) = B, (WX = / W) 5.00) (b T W) Moy (dy).  (13)

Let v, be the aggregate action of the semigroup, defined for all measurable h as above,
t>0,zcTand n €N by

[nt]

WPt w) = Y B (h(V/nX D)), (14)
i=2 "
Also, for a measure m and vy > 0 and a measurable function A such that [ |h]dm < oo, let

m(h) ::/Rh(x)m(dx), m (h) ::/R|a:|“’|h(x)|m(dx).

The Lebesgue measure is denoted by .

In this section, we consider only the sticky-skew Brownian motion or (p, 8, -)-SOS-BM.
The results of this section are easily extended to the SOS-BM. We can remove or re-
introduce the oscillation effect via a space transformation and the Ito-Tanaka formula, see
Appendix [A.1} if X is the (p, B, 00)-SOS-BM, then X/oo(X) is a sticky-skew Brownian
motion. We denote with (Pt(p’ﬁ"))tzo, M3, P(p,3,) the semi-group, speed measure and

probability transition kernel of the (p, 3,-)-SOS-BM. Similarly, we denote (Pt("ﬁ"))tzo,
m(.g,, P(.8,) the same quantities for the skew Brownian motion or (-, 3, -)-SOS-BM and

with (P70, m....y, D, for the standard Brownian motion or (-, -, -)-SOS-BM.

In this section we only state the results. The proofs are given in Appendix [C]
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4.1 Transition density bound

The probability transition kernel p(, s.) of the (p, 8, -)-SOS-BM with respect to m, s,
computed in [23, Theorem 2.4], is given for all t > 0 and =,y € R by

1
p(p,ﬁ,') (ta x, y) = @ (ul(t7 X, y) - U,2<t, X, y)) + vp(t7 X, y)7 (15)
where a is the function defined for all x € R by
1
FRIRETIICE

and uy,ug, v, are defined for all t > 0, z,y € R by

Uq t’x’y) — 2\/12W€_(l‘—y)2/2t7

(
us(t, x,y) = 2\/;2W6—(\II-H?JI)Q/%7

= LMol /ptst/0 exfe <|w|+|y\ I %27) Vp >0,

V2t

REMARK 4.1. If p > 0 and 2y <0, then p(, 5.(t,2,y) = v,(t, z,y).

REMARK 4.2. The term v,(¢, z,y) does not appear in the probability transition kernel
of the standard BM and skew BM. The probability transition kernel of the skew Brownian
motion for § # 0 and of the standard Brownian motion with respect to their speed
measure are respectively

1
p('»ﬂf)(t xZ, y) = @ (ul(tv €, y) - u2(t7 €, y)) + u2(t7 X, y)7 P,y = (tv x, y)

LEMMA 4.3. There exists a constant K > 0 such that for allt > 0 and z,y € R,

Pps (tw,y) < Kug(t, z,y)

and K does not depend on p. In particular there exists a constant K > 0 (not depending
on p) such that for allt >0,p >0 and z,y € R,

U,0<t7xay) < Kul(t7x7y)'

4.2 Semigroup bounds

LEMMA 4.4. There exists a constant K > 0 such that, for all h € L*(R), t > 0 and
r € R,

2t K K
PO < K—L2L —msy([B]) < —=mp.(|R]).

12



LEMMA 4.5. For all v > 0, there exists a constant K, > 0, that does not depend on
(p,B), such that, for all h € L'(R), t > 0 and = € R,

(1) ()
1 my. s y(h) my;) s (h)
B 0(w) =m0 (M)p.5 (2, 0)] < By m (g () + L+ e/ 1+ /)

forallx e R andt > 0.

LEMMA 4.6. Let ”yr(f’ﬂ")[h] (z,t) be the functional defined in (14)).

1. There exists a positive constant K such that

P ), O] < Kmpym s ([R)Vnt.

2. If m( m,5.9(h) = 0 then there exists a positive constant K

yflp’ﬂ")[h] (w,t) < Km(.g.(h)(1+ max(0,log(nt))).

5 A preliminary approximation of the local time

In this section we establish a preliminary local time approximation result based on the
Tanaka formula. We prove also a property of this approximation.

The statistic used for our first approximation of the local time is the rescaled mean
absolute displacement. It is defined as follows.

Let p > 0 and 8 € [—1,1]. Let us consider the sequence of functions (g, ), defined, for all
n € Nand x € I, by

Gu(x) = B, (|JXPY"5)] = |2]). (17)

PROPOSITION 5.1 (local time approximation). The following convergence holds:

n—aoQ

ot
1 e B, P-u.c.p. .
_\/55 jgn(\/ﬂxggf Ny Py LO(X (B,
=1

PROOF. Since the process (Xt(p s "))tzo is a semi-martingale, the Tanaka formula (see
e.g. Ito-Tanaka formula in Lemma |A.1]) ensures that

t
X2~ o] = [ san(X00) 1w, 4B, + LX),
0

Since fg Sgn(X§p7187.))1{Xs7éo} dB; is a martingale,
E, (]Xt(p’ﬁ")| _ |X§pﬂ,~)|) =E, [L?(X(p’ﬂ")) _ LS(X(ﬂﬁf))]'
Also, from the scaling property (Corollary [B.3)),

1

TR (VX)) = By X000 - X F )

13



Thus, from [9, Lemma 2.14],

[nt] [nt]
1 . 5, : : P, :
—= n(\/ﬁx(gf )) — § E, [LU%_()((M,)) _ Lg?;l()((p,ﬁ,))’]:i:} — LO(X PPy

i=1 i=1
and, from Lemma, , the convergence is locally uniform in time, in probability (u.c.p.). O
We now provide a property of (g,),, that is useful in the next section.
PROPOSITION 5.2. Let (g,), be the sequence of functions defined in (17). Then,
M(pyip.)(Gn) — 1.

PROOF. For simplicity, let m,, :=m, m .- We observe that

/ / ( )e(yx)Q/Zd 1 1 / / e~ (y+a) /2d 1 1 1)
y—a)———=—dydz =, yde = <.
R, JR, V2T 2 R, JR, 4

We first consider the case p = 0. Then,
Mpmp) = M55 Gn =32 = B, (IX0P)) = Ja]).
Thus, from —,
ma@) = [ Fmeandn) = [ [ (ol = Do L mes(@mes, o)
// ly| — ]x\ ui (1, z,y)da(x dyda:—// ly| — \x! us(1, z,y)4a(x) dy dz
+ [ [ (ol = lel)ustt g tate)aty) dy
R JR
From ((18) and since for all t > 0 and z,y € R, us(t,z,y) = us(t,y, x),
// (|y\ — |a:])u1(1,x,y)4a(x) dydx =1,
R JR
// (9] — ll)us(L, 7, y)da(z) dy dz = 0, (19)
R JR
[ [ (w1 =1ehus(t . p0()aty) dyds =0,
R JR

Thus, m,(g,) = 1.

We now suppose that p > 0. Then,

nmw=4@mmmm:44mwuwwmmme@mmmy

14



Since my, is defined for all n € N and = € R by m,,(dz) = 2a(x)dz + py/nde(dx),
mal@) = [ [ (ol = 12 (1.2, p)tale)aly) dy do

" «ﬁp( [ Wt (1.0.902a(5) dy = [ falppa(1,2,0)20(0) dx). (20)
R R

We now show that the last additive term of the right-hand-side of vanishes. Indeed,
we observe that [, |y|p/mps.(t,0,y)a(y) dy < oo and that for all ¢ > 0 and z,y € R,

P(vnp,8,) (ta Z, y) = P(v/np,B,) (ta Y, l’) Thus7

/R [Ylp(ips.)(t:0,y)aly) dy = /R Iylp(ﬁp,g,.)(t,yﬁ)a(y) dy

and

i ( [ 1100020000 s = [ (1,02 ) =0
R R
For the first additive term of the right-hand-side of , from ,

/R / (9] = 12]) Dt ymp.y (1 7, 9)da(z)aly) dy de
- / / (Il — J2]) (u (L, 2, ) — ws(L, 2, ) dale) dy da
+ / / (1] — 2l) oy, (1, 2. y)4a(z)a(y) dy dz.

We observe that v s,(t, z,y) vanishes as n — oo. Also, from Lemma ,

(Iyl = |z vymp(t. 2, y)a(@)aly) < K (lyl + |2])ua(t, 2, y)

which is an integrable function with respect to (z,3) € R% Thus, from Lebesgue’s
convergence theorem,

lim /R/R (lyl = |z|)vymp(1, 2, y)a(z)a(y) dy dz = 0.

n—:oQ

Therefore,

lim m,(g,) = /R/R(’m — |2|) (w1 (1, 2, y) — us(1, 2,y))4a(z) dy dz

n—-oo

which is 1 by . This proves the result. ]

6 Proof of Theorem [2.6| for (p, 3,:)-SOS-BM

In this section we prove Theorem [2.6]in the special case of sticky-skew Brownian motion,
stated in Theorem . Throughout this section, X*#) is a (p, 8)-SOS-BM with p > 0

and ( € [—1, 1] defined on the probability space (€2, (F)i>0, Ps) such that Xép’ﬁ") =zel
(recall I = R if |5] # 1), P,-almost surely.

15



THEOREM 6.1 (Local time approximation for sticky-skew Brownian motion).

[nt]

Un . Pz-u.c.p. .
R

n n n—->:o00
i=1

where my, 5.y is the speed measure of X B given by with og = 1.

We prove Theorem considering separately normalizing sequences with different modes
of convergence.

1. The mode (uy), : n'/2. In this case we prove a more general result, Proposition .
The proof relies on linearization of the statistic with respect to the approximation
in Lemma 5.1

2. The mode (uy), : logn/u, — 0, u, — co. We prove Propositionvia rescaling
to the mode n'/2. This case includes the case u,, = n® with « € (0,1) (and so, also
a = 1/2) but excludes logarithmic cases.

3. The mode (uy,), : u?/n — 0, u, — co. We prove Propositionusing properties
of the local time of the process, namely its continuity on each half-plane and its

time-scaling (Lemma [B.2)).

6.1 The case: u, = n'/?

PROPOSITION 6.2. Let (g,)n be a sequence of function such that for all x € 1

<9n(\/_$) Mo/ 5, (90)
i
m(s 5 (9a) (1 + log(n)) g (v/nx) N (1 +log(n))m(yym5,)(I9n])
n vn

and 1imy, .o My /mp.5,)(gn) = M. Then, for all t >0,

lim
n—oo

+

+

) —0 (21)

[nt]

1 . .

NG > on(VAX L)) — MLY(X*2) (22)
i=1

in Py-probability. Also, if sup,, (m(ymp,s.)(|9al)) < 0o then the above convergence is localy

uniform in time, in P,-probability.

REMARK 6.3. We observe that if two sequences of functions (f,,)n, (gn)n satisfy (21 .
then the sequence (f, + gn)» also satisfies .

Before proving Proposition [6.2] we need to provide some other results which are relevant
on their own.

LEMMA 6.4. Let (gn)n be a sequence of function such that for all z € R, as n — o,
M(\/np,B,) (|gn]) + gn(v/nx)/\/n — 0. Then,

[nt]

Zgn

)—>0




locally uniformly in time, in L'(P,).

ProOF. We observe that

E. ( sup \[fjgn Vax ey )\) < lgn(@v/m] + vullgall (2, ).

s€[0,¢]

Thus, from Item in Lemma ,

[ns]
B (s |2 S antvixei| ) < B o gl Ve

which completes the proof. n
The next result is an adaptation to this context of [10, Lemma 4.2].

LEMMA 6.5. Let (g,)n be a sequence of functions that such that holds and for all
n €N,z eR: mm,p.(9n) =0. Then,

[t 2
(G Lot ) <o

Proor. It holds that

[nt]

(‘ Zg” \/_X(pﬁ )‘ > < g2(Vnz) + Ylg2] (t, z)
+2 sup {ialgal(s, )1 b (90 (V) + ulonlt = 1/m,2) ).

y€eR;s<t

From Lemma [.6] for some K; > 0,

s {algal(s )]} < Kemly (9n) 1+ log(),
Ynlgn](t, 7) < Kym M(/np,B,) (’gn‘)\/ﬁy
Wnlga) (6 2) < K g,, (92)V/n-

Thus,

(‘ [Z \/_X”B))><K< (\[x) P\f\/ﬁﬁ)(gi)

m(s 5(9a) (1 + log(n)) g (v/nx) S log(n))m(pﬁ,ﬂ,a(lgn!))
. NG ’

which converges to 0 as n — oo. O]

+
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LEMMA 6.6. The sequence of functions (Gn)n in satisﬁes . Moreover,

lim §,(0) = 0.

n—o0

PROOF. We observe that s(X (%)) is a martingale and z + |s~!(z)| is convex. Thus,
| X8| = |57 0 s(XPF))| is a supermartingale. From [21], p.277] or [23], for all n, there

exists a skew Brownian motion X% and a time change 7, defined via its right-inverse
by

_ JAVAL: . B.-
(0 =t + LI,

We observe that v, '(0) = 0, ;! is strictly increasing and that for all ¢ > 0, ¢t < 7,7 1(¢).
Hence, for all ¢t > 0, 0 < ~,(t) <t and

0 < Gulz) = B, (1XV)) = J2f) = B, (X505 = |21)
E. (X)) — |2]) = Gs(x) < KE, (|Bi| - |2|) = K§(x).

Since, from [10] g satisfies (21), to show that g, does too it remains to show that if
n — 0o

G2(0) — 0, (14 1ogn)g,(0) — 0. (23)

Indeed, since 0 < a(y) <1,

3u(0) = Eo (|X1V™5)) = / 1P (L 0. 9)mpym . (dy)

hence ((1+ logn)g,(0)) — 0 as n —» co. Similarly,

(3(0))2 < By ((XVPP2) < 9 / ly[20, (1,0, ) dy
R

_ 2 / ly[2eul/ova+s/oPn oy, <M n 2\/_> dy
v Jr V2 pvn

hence g2(0) — 0 as n —» oo. Thus, is satisfied. This finishes the proof. O

PROOF OF PROPOSITION [6.2l. Let (g, )nen, (hn)nen be the sequences of functions de-
fined for all x € R, n € N by

M (6, (Gn) ~ - (pv/7,8,°)
() = gnl) = —EELENG (@), Galw) = By (|XIYEM)]  Jal).
M(ip.5.) (Gn)
Note that g, was already defined in ([17)).
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From Proposition Remark [6.3]and Lemma [6.6] (h,), satisfies (21). Also, for all n € N,
M /mp,p,)(hn) = 0. Thus, from Lemma ,

[nt]

(‘\/_Zh \/_X )‘2>m0

which proves .

It remains to prove that the Convergence is locally uniform m time, in P -probability.
If (gn)n are all positive, the processes —= Egml gn(v/n X (p-00) ) are non-decreasing with

P,-almost surely, a continuous limit. Thus from Lemmaﬁ the convergence is locally
uniform in time, in probability (u.c.p.). More precisely, for an arbitrary (g, ), satisfying
the conditions of Proposition [6.2] let g, = g — g,,, where g (z) = max{g,(z),0} and
g, (x) = max{—g,(x),0}. Since (g;7), and (g, ), are both sequences of positive functions,
if iy, 00 M mp.,)(97) = My and limy, oo m( mp5.9(95 ) =: M_, then

[nt] [nt]
§ g nox PPy Dete hp 10X E g (nox PPy Do p0(X),
n n—r00 n n—r00

From the triangle inequality for the absolute Value and the L*°(0,t)-norm, the local
uniform convergence in time, in P -probability of is proven. n

6.2 A case including u, = n%, a € (0,1)
PROPOSITION 6.7. Theorem[6.1] holds under the additional assumption that

logn/u, —— 0.

n—oo
The proof relies on the following result.

PROPOSITION 6.8. Let (gn)n, (Un)n be respectively a sequence of functions and a sequence
of real numbers such that

1. if asn — oo: logn/u, — 0, u,, — 00 and u,/n — 0,

2. (gn)n a sequence of functions such that

sup A(|gn|) < oo, sup |gn ()| < o0,
lim m..y(gn) = M, limlimsup/ |gn(2z)|dz = 0.
Then,
nt]
Z Pa-ucp. ML?(X(’)”B")).
— n—--:oo
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PRrROOF. Let (k,), be the sequence of functions defined for all z € R by k,(x) =

\“}gn(\f z). Let sup, A (g,) < co. Then, for some K > 0,

|k (2)] < K—= m(.g.)([knl) =m 5.)(l9a]) < K,

1 \/ﬁ 2
mg.jg,.)(kn) = —m(‘”&‘)(gn) < u_nK7 Aky) = TA( ) < TK

We observe that from the hypothesis we made on (u,)n, (ky), satisfies (21). Thus, from
Proposition 6.2}

NG >k (VX)) PH_T? MLO(X 5. (24)
i=1 "
In the case sup, A)(g,) = oo, for all 7 > 1 consider h,,, := g,1(_.,y. Then, m )6 () <

rm(.g,.9(|gn|) < 00. Moreover, for all 7, m(. g.y(hny) — o asn —> 00 (up to considering
a subsequence) for «, such that a,, — M as r — 0o. Hence, from ,

[nt]

Zhnr unX(pB )) Pa- uCp} TL?(X(pvﬁv))

n—aoo

Since o, — M as r — 00, it remains to show that
[nt]

[nt]
lim lim sup B, 3 guwa X = S (@ XOP)| ) =0, (25
im lim sup (sup Zg (u . Z (u a4 ) (25)

T p—oo s€[0,¢]

If By (2) = go(2) — By (2) = gn(2)Ljg/>r, then the expectation in is bounded by

[nt
Up B Uy —

where hy , = 2, o (42) = [kin| Lajsryifu, a0d Yo o) (, 1) defined in (T4). Since [k, is
bounded by Ku,/\/n,

lim u—hnr(unx) = 0.
n—oo N,

It remains to check that for all x € R

1 ~
lim sup lim sup —=~, [ (2, 1) = 0.
n

r—00 n—oo

Indeed, since %W(O) = 0, Lemma [4.6| yields
1 ~ -
%’Yﬂ[hn,r](xvt) < Km(-,ﬁ,-)(|hn,r|)\/¥>

which converges to 0 as r — oo. O
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PROOF OF PROPOSITION [6.7. We observe

sup 0,[7](x) < g NaulT]) < Ma) |1/ Tl < Mo)/.

n—aoQ

Also,

DT ()] doe = u,T'(2))u, dz
[ el [ 1)

q
|$\>ﬁ

< 1/ g(unx)un dr < 1/ g(x) dx,
€ Junlz|>q &

which converges to 0 as ¢ — oo. Since g(0) = 0 and m(.g,) is equal to A up to a
multiplicative bounded weight, the conditions of Proposition are satisfied for (g,), =
(gn[T])n- The proof is thus completed. O

6.3 A case including u, = logn

Sections are an improvement with respect to [I, Theorem 1.2] because they allow
to consider n® for o € [1/2,1) for sticky-BM. They are also an improvement with respect
to the results for skew BM in [I5] and oscillating-skew BM in [I8] where only w,, = \/n
was considered. But, the results of Sections do not consider (uy,), with logn-like
asymptotic behaviors.

In this section we prove that the result holds for (u2),, that satisfy (), i.e.

w?/n ——0, u:——0. (26)

n—o0 n—oo

PROPOSITION 6.9. Theorem holds under the additional assumption that (uy)s,
satisfies .

For this, we use the following preliminary results.

LEMMA 6.10. If (un), is a diverging sequence and T a function that satisfies @, then
the following convergence holds

z/un . P, .
/Rgn[T](x)g( / )(X(pﬁ,))dx — myp s (g) L(X PP,

[nt]/n n—o0

PROOF. Note that there exists a skew Brownian motion X -#) defined on an extension
of the probability space such that X (»#) = (Xs'(’g"))tzo, where -~y is the time-change defined

by its right-inverse y~1(t) = t 4+ 2071 (X A7) (cf. [23]).

The skew Brownian motion X (**) is the unique strong solution to the following equation

X059 = Bl 4 GLY(X0),
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where B’ is a standard Brownian motion (see [§]) and
GHXOM) = (14 HLIXC), f (X)) = (1= BLIX ).

We observe that d(X %)), = dt. From [19, Theorem VI.1.6], the right local time field the
symmetric local time [(t,y) — ¢/(X %] is (¢,y)-jointly continuous on each half-plane
(Ry x(=00,0)), (Ry x[0,00)). From [19, Exercice VI.1.27], (X)) = £9 ,(X5)),
Thus, since 7! is almost surely continuous, ¢ — £ (X %)) is also (¢, y)-jointly continuous
on each half-plane and

HXPP) = (14 B)LY (X)), (7 (XPP) = (1 - B)LY(X ). (27)

From the a.s. piece-wise continuity of (¢,y) — /(X)) for all t > 0 and = > 0,

W[if{?z (XY — g7+ (X P))] —> 0, lﬁ[ntf/:" (X (PB)Y — 0= (X (05| n:soo 0.
(28)
We observe that almost surely
—00 < me < sup X < o0. (29)
s<t

Thus, from the Holder continuity of [t — ¢~ (X®HN] [z — ¢77(X5))] on [0, 00) x
(—00,0) and [0,00) x [0, 00), there exists positive finite random variables U_, U, such
that, almost surely, for all x # 0 and n € N,

[T (X 8y — 0= (X AN < U, e (X0P)) — 04 (X 0P| < U,

Let us fix an event €2y of full probability such that the above convergences hold and
such that the process X is finite, i.e. holds for all w € €.

We now prove that, on ),

| alTi@eln () de — x| gt s

n—oo

and o
/ GalT] (@)1 (XP5)) Az —— (0= (X1052)) / o) de.

n—00 oo

We focus on the first convergence. The second convergence can be proven with similar
arguments.

From dominated convergence, since |7”| is bounded and ¢ integrable, we can easily show
that [ g,[T](z) dz converges towards [;° g(x)dz. Hence, it remains to prove that on €

[nt]/n n—00

/0 T (0alT1(x) — gla)) (15 (X0BI) — @ (X)) dr — 0

and
/ g(x) (gx/Un (X(pﬂ,-)) _ €?+(X(p”3"))) dz s ().
0

n—00
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This holds by dominated converge. Indeed, as g is bounded for all ¢ > 0, it holds on £
\/ (9alT)(@) = g(w)) (L35, (XP5) = (X 05))) da|
0
< ZHgHOO/ |l (X @00y — (04 (X 05| da + U+/ 1gn[T](2) — g(2)| dw
O<x<q r>q
< 2lglliq + 20 sup [T'()| [ o) ds < .
xe q

Thus, from dominated convergence yields

/0 ga[T)(@) €555 (X P9)) dor 22 ( /0 g(@) dx) OF (X 05).

n—oo

With similar arguments on (—oo,0), we have
[ i@ (x0) as

e, ( / 0 g() dx)g?_(X(p’B"))‘f' ( /0 e dx)fi)*(X‘p’B 7).

n—00 oo

This and completes the proof. O

LEMMA 6.11. Let k be a bounded Lipschitz function with compact support that vanishes
on an open interval around 0, (u,), be a sequence that satisfies , T a function that
satisfies (6) and (kn[T))n, (Fu[k])n be the sequences of functions defined for all x € R,
n €N by

kalT)(2) = k(unT (/). EM%@=A(Q$%%[K)—MWW»®-

Then,
M(unp,B,) (Fn[k?]) — 0.

n—oo

ProoOF. Forall 6 > 0, let Us = {z € R: |z| € (4,1/0)}. We choose § > 0 such that
for all « € Uy, k(z) = 0. We observe that there exists some ng such that, for all n > ny
and |x| & Usja, ky[T)(x) = 0.

In what follows, we study separately the absolutely continuous and singular parts of
M(unp,8,)- By Fubini’s theorem,

(M. (Fulk])| = </0 (Pl kal T (e )—kn[T](fU))(d5)>m<-,ﬂ,->(dw)

/ (/|PS;‘:7nB )_kn[T](l’)|m(.,5,.)(dx)>ds_

0)] < / [Pk, [T](0) - kalT)(0)] ds.

Also,
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Lemma [£.3] yields

Pl k[T ()

su /n

— kn[T(
< /R |kl T)(y) = Fnl DY) [Plunps.) (51370 2, )10, Ay

SK/R\kn[T](y)—kn[T](x)\ul(SUi/n,xay)(dy)+K{kn[T](I)}Ul(SUZ/n’Ia0)- (30)

Regarding the second additive term at the right-hand-side of ,

e for all x € R,
lim K|k, [T](2)|u (suz/n,2,0) =0,

n—oo

e from the convergence on u?/n to 0, there exists some n; > ng such that for all
n 2 ny,

K|k [T)(2)|uy (su2 /n, x,0) < K||/€||Oou1(sui/n,O,x)]lUé/2
< K|lk|loo  sup {ul(sui/n,O,x)}Ian/g < KHkHooul(uil/nl,0,5/2)]1[]6/2

lz|>6/2;n>n
which is L!'(R).

Thus, from dominated convergence,

lim [ Klko[T)(2)|ui(sul/n, 0, 2)m, . (dz) = 0.

n—oo R

Regarding the second additive term, if Z is a Gaussian N (0, 1) random variable, then for
every n > ng and s € [0, 1],

[ [ 1) = k@ )fus(su fn, o) g o)

v
R
Un\/S
= (/R 1{'”“"7%52\<2/6}U{|w\<2/6} k[T (2 + . Z) = ku[T)(x) m(-,ﬁ,~)(dx)>

Un,
< ||’<?||Lip||T||Lip%E <|Z|/Rﬂ{lz<2/6+’j%Z}m(-,/ﬁ,-)(d“f))

Uy, 2 Uy,
< a1l Tl 25 B 1215 + 22121)

which, since F(|Z|), E(Z?) < oo, converges to 0 as n — 00.

k[T + “ﬁf Z) — ka[T)() m(-,m(dx))

Since the bounds do not depend on s, from Lebesgue’s dominated convergence theorem
on L*([0,1]),
m.g,.) (Fn[k]) — 0.

n—oo
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Regarding the singular part of the measures, from (15),

pun | P50k [T](0) = ka[T1(0)] < pun K /R |kl T)(y) — K T)(0) v, p(57 /2, 0, ) (dy)

= pun [ En[T)(y)|vu, (505 /1, 0,9)( dy).
Us /2

Thus,
oy / [ 7)) [0 (5222 /1,0, ) dy
Us /2

2/6 2
< || Ay /unp8uds/nud o2 o Y] + 2suz /1
- o P)

5/2 V2su2 /n Unp

2/5

2/8

U/n
< HkHOOKMillS/ P

—y?n/2su2 d
52 Unply| 44t 5 Y

e V2 dy < HkHooKMins/
5/2

which converges to 0 as n —» oo.

Again, since the bounds do not depend on s, from Lebesgue’s dominated convergence
theorem on L*([0, 1]),
lim (pu,)F,[k](0) = 0.

n—oo

This finishes the proof. n

LEMMA 6.12. Let X»%) be the (p, B)-sticky-skew Brownian motion and g an integrable
function. Then,

[ns]

E, (sup 3 g(ua X)) < lgln)] + (pla(0)] + e (lgD) )V

ProOF. We observe that
1
[ latta)imisofdz) = la0) + - [ lo@lm ()

From Lemma 4.4 and the fact that 71" i=1/2 < 2¢/nt, we have

[ns] [nt]

E, (Slggzg (un X125 ))> <> E (Ig up X O ))D
5 i=1

[nt]
1 vn
< lglma)| + (PAa(O)]+ me(lad) Do+
=2 t
1

< lg(unz)| + (p|g<o>| + =19 V2t
This finishes the proof. O]
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PROOF OF PROPOSITION [6.9. We observe that X®#) is a semi-martingale with
quadratic variation d(X(Pﬁ"))t = ILX(”’B">7£0 dt. Thus, from the diffusion version of the

occupation times formula [19, p.224],

t
/ f<X5(p”8"))]1x§p’B“)¢o dS:/f(y)lly;,éoﬁf;’(X(p’ﬁ"))dy
0 R

/tf( s = [ fueaee)ay, (31)

Applying consecutive change of variables and (| . yields

and if f(0) =

u, [ . [nt]/
- 9n [T](U"Xs% ’ )) ds = u, / Gn|T] (UnXs(p’ﬁ")) ds
n Jo ;

= U /R GulT) ()€, (X P7)) d = /R 9l TN ()7, (X)) de

And, from Lemma [6.10, we have

[n]/n n—s00

T/ Un . Ps-u.c. )
[ TV, (X0 i ZEE () (),

Therefore, by the two latter relations, to complete the proof, it suffices to prove that

[nt] [nt]
Un . Un . Py-u.c.p.
By T X0 =2 [ g ) X G) s Ry o
n i—1 n n 0 n——oo

First, let us note that

+n)) ds. (32)

Next, observe that the second additive term of the right-hand-side of is bounded by
2|9l cottn/n, hence

u, nt—[nt] . . s,
- /0 (gn[T](X&ﬁ’ )y~ gn[T](X&ﬁ;)ﬁ)) ds — 0.

™ p n—o0

To show that the first additive term of the right-hand-side of converges to 0 in
probability, since g is bounded, from [0, Lemma 9] it suffices to prove that

[nt]

Z/E ga[T)(X) = galT)(XET)

Fis ) ds 22 0,

n—oo
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Using the notation of Lemma [6.11 B} rewrites

From Lemma |6.12]
B (1B)) < 22| Efg)(un)] + 2 (pl Exlg)0)] + . (|Enlg]]) ) /2.

We observe that |F,[g](u,z)| < 2|/g|lco. We observe that, if ¢ is Lipschitz continuous, with
compact support and vanishes on an open interval around 0, then, from Lemma the
upper bound of the above inequality vanishes as n — oo. Thus, in this case,

L'(Px)
e

B{"(g) 0.

n——:oo

Since the limit is finite, convergence in probability also holds.

We now approximate g by functions which satisfy the assumptions of Lemma[6.11] Since g
is bounded and integrable, for every p > 0, there exists a Lipschitz-continuous function with
compact support k® that vanishes in the vicinity of 0 such that mp,5,9(lg — kP < 1/p
(see the proof of [10, Lemma 4.5]). By combining this, Fubini’s theorem and the fact that

“+00

+o0
/ Do paoo) (b T, )M, 5,.00) (dT) < / Plpyinpo0) (b T, Y) M /i .00 (dT) = 1,

[e.9] —0o0

we show that m(p,@.)(lﬂ(ﬁp’ﬂ")g— P PEIE®)|) < 1/p. Similarly, from (6) and a suitable
change of variables we obtain for all ¢ > 0

M5, (|9alT] = kKP[T]]) < 1/pe,
M5y (| PP g, [T] — PP EDT]) < 1/pe.

Thus, Fubini’s theorem ensures

su2 /n su2/n n

1
m(p,ﬁ,.)(|Fn[g] _ Fn[k:(p)ﬂ) S/ m(p,g,.)(|P("”p’ﬁ")gn[T] . P(Unp,ﬂv')k(P)[T”)dS
0
1
b [ i l0nfT] = KT ds < 2pe

Also, from —,

(PUR)P(unpy) (T2 /1,0, 4) = (PUn )V, p(tu /1, 0, y)

2\/2t
ylvn + ) s C' > 0.
V2tu,  /np/) n—oe

2
— 9yl funp+8t/mp? g <
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Hence, by dominated convergence

lim sup u,,| F,[g](0) — F,,[k®](0)]

(33)
n—oo
< limsup / un| PLs 1) g, [T1(0) = PLs 72 kP [T)(0)] ds
n—so00 n
< lim sup / / |9 T1(y) = kP [T (W) [tunpu,p (st /10,0, 4)M (.6, (dy) ds
n—aoo
(I

<(C/p)mepp.(|9T] = K >m|>.
From Lemma and ,
B, (IB"]) < = {Eulg) (wa)| + V2 (tapl Fu (V) O)] + g (Euk])) + — + =)

+—).
pe  pe
Thus, from Lemma [6.11],

Vp>0: limsupE, (|Bt(n)]) <2/p =

< lim E, (|B™]) =0
n—so00 n—:>oo
which is what we wanted to prove to conclude that
[nt]
—Zgn wn X)) (9) LY(X ).

With the same arguments, based on Lemma as in the closure of the proof of Propo-
o 5

sition m the locally uniform in time convergence, in P,-probability (P,-u.c.p.) is
proven.

]

7 Proof of Lemma on occupation time approxi-
mation

PROOF OF ITEM [(i)} Step 1: Let us first consider a closed interval U. Let us fix t > 0
For all e > 0, let U, = {y € R: dist(y,U) <e}. Foralle >0

[nt]
\_an e - OU(X ‘ ZILX e~ OV ’ an oo (30)
Proposition [6.2) with g, (x) := 1y.\v(2/y/n)/+/n ensures that
[rt]

Z]IX leUa\U ___> C.LY(X pﬂ,ao))

=1

1

where C; = limy, 0 M /mp.5,)(9n) < Ke+ ply\v(0) for some constant K € (0, 00) depend-

ing on # and o0y. Note that € can be chosen small enough so that 0 does not belong to
U \ U, hence C. vanishes as ¢ goes to 0.
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We now deal with the other term on the right hand side of . For all € > 0, let ¢, 9.
be the continuous functions defined by

6e(x) = Ly, () + max {1 - é dist(z,U1.), 0} Lo (2).

1
e(x) = 1y (x) — max {1 - dist(x, U,), O}HUE\U(I).
For all € > 0, we observe that

1y < '(ﬂg(l’) < ILUE < d)a(x) < ]]‘U2s <L

We observe that

[nt] [nt]

]

1 1 1

EZ%(XH) ~ 07 (X) < EZILX cev. — O (X) < EZ%(X@) - 07 (X).
i=1 i=1

n i—1
i=1

i—
n

Hence

n

[nt] [nt]
1 1
‘5 2 x e = OF <X>\ < ‘5 > 6x(Xos) = OF <X>‘ ¥

Also, the composed function ¢.(X;) and ©.(Xs) are both a.s. continuous functions of s,
hence a.s. Riemann integrable. Thus, almost surely

[nt] ¢ [nt] t
1 1
- § QSa(Xi*l) ? ¢5(Xs) dS, - § @Z)a(Xi*l) ? ¢5(Xs) ds. (35)

From ,
[nt]

LS ) 0 00| = | [ v as - 0 0] < [

lim
n—oo

Similarly for ¢.,

[nt]

1 t .
E;d)a(Xz"l) - O?(X)‘ = ’/0 ¢-(X,)ds — (’)tU(X)’ S/O ILUQE\UE(XS) ds.

lim
n—oo

Hence

[n1]

1 t t
S e - O00) < [ tnaw(as [ (X)as
i—1 0 0

n

lim sup
n—oo

Lemma and the fact that we can suppose that 0 ¢ Us. \ U, ensure that

E, ( /0 tILUS\U(XS) + ILUZE\US(XS)ds> < /O ', (]lUQg\U(XS)> ds

t
< KX(Up \ U) / sTV2ds < AKevVt
0
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for some constant K € (0,00) depending on p, 3, 0¢. The right hand side of the latter
inequality, vanishes as ¢ — 0 which implies convergence probability. Let us consider a
subsequence (gx)ren converging P, -almost surely.

Combining this with , we obtain that for all g, > 0

[nt] [nt]

1
hmsup‘—ZlX 1eU—OU( )| < lim _Z]lXFlEUEk\U

n—o0 i=1 i=1 n

n—0o0

: 1 Uix
—i—hmsup‘EZ]lXinleUek O, (X)| <

Taking the limit as k& — oo we obtain that P,-a.s.

¢
lim sup ‘— Z Iy, Lev O/ (X)| < klggo C., LY(X (PBro0)y +/0 kh_{go 1y, \v(Xs)ds = 0.

n—o0

This ensures that 1 [”t] 1x.  cv — OY(X)| converges a.s. to 0 as n goes to infinity.
1 t

Step 2: Fxtension to non-closed intervals. Let U half-open and a € U \ U. From the
previous case, since U is closed, we get

[nt] 1

[nt] [nt
1 a

—an L= Ay e —Z = OF(X) = 017 (X) = O (X)
i=1 n i=1

n n—>oo

Wlth a similar argument the convergence also holds for an open interval U.

Step 3: wu.c.p. convergence. We observe that (% Zgﬂ Ix,  ev)i>omen is a sequence of

increasing processes with a limit in probability (OV (X))o that is also increasing. Thus,
from Lemma [2.2] the convergence is locally uniform in time, in P,-probability. This
completes the proof in the case of SOS-BM. O

PROOF OF ITEM [(ii)} Proceeding as in the proof of Theorem (Section , letting
S be the function defined in , then under an equivalent measure Q, ~ P,, the process
X'=S(X) is an (p, 8, 0¢)-SOS-BM.

From Item
[nt] t
Qu
- E Lsx, hev —— | Lsxev ds,

n—aoo 0

or equivalently,

1 Q.
- Z Ix, jes—1w) —— [ lx,es—u)ds.

n — ZT n—->o00 0

Since Q, ~ Py,

[nt] ¢

1 P.

—Z]lXFl eS-1(U) —_— lXSES—l(U) ds.

n — = n—oo  Jq
Since S is strictly increasing and preserves the sign, S~1(U) = U. The proof is thus
completed. n
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8 Parameter estimation

In this section we prove the results regarding parameter estimation. We combine the
results on occupation time and local time approximations to find consistent estimators of
stickiness and skewness parameters.

In [18, 20], it is proven that one can infer the values o(0+) — 0(0—) of an oscillating
diffusion using local time approximations if 3 is known. Indeed o(04) — 0(0—) and 3
aggregate. We first assume that o is known. Similarly to [I8] (where p = 0), we estimate
separately o for SOS-BM in Section

8.1 Proof of Propositions [2.10

We consider the following statistics

[nt] [nt] [nt]

+) . Un Oy Uy
ZILX =0 Vi = I;‘%O(U”Xﬂl)’ V)= Z;g@(unXinl),

and

e . S (X) + 5 (X) o) . SEX) = S8 (X)

Let us recall @, which follows from and Lemma :

VO L2y (p/2)LX(0).

n

n—-aoo
From Theorem [2.8|
Unp, P 1 + B >
o nXii1) G X ,
0 ;%o(u =) T 00 0+ g(w )
U [nt] b 0
BN eotnX 1) —Fs / g(x) de ) LY(X).
n i1 n n—o0 U 00

Thus, holds, and so

W s LX), W) L2 BLO(X). (36)
n—>o00 n—m>00

We consider the event £ = {19 < t}. We observe that on (£)¢ all the aforementioned
statistics converge to 0. On £ = {7y < t} they converge to non-zero random quantities.

Thus, from ,
Bo(X) = WO JwH T g,

n—-ao0
Also, from @D, ,
pu(X) =2V, /WD = p,

This finishes the proof.
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8.2 Proof of Proposition [2.11

Let X be the SOS-BM such that (X, B) solves the system for a standard Brownian
motion B. We denote here oy by simply o. From the It6-Tanaka formula, X+ = max{X, 0}
solves

Ly,=odt = (p/2) dLY(X).

It is thus a semi-martingale with explicit Doob-Meyer decomposition and quadratic
variation given by

{ dX;" = (X)) 1x,50dB, + ZLdLI(X),

t t
(X1, = 0* (X)) 1 x,>0dt, <X+>t—/ 02(X3)1XS>Uds—ai/ Tx.>0ds.
0 0

From [19, Definition I.2.3] and Lemma [2.2]

[nt]

t
Z(Xf - XL’ rep, (X*) = Ui/ Ix,>ods.
n n 0

- n—»o00
=1

With similar arguments,
[nt]

t
_ _ P-u.c.p. _
SO(XT - X, )P e (v, = az/ Ly o ds.
" 0

a n n—»o00
=1

This, combined with Lemma [2.9] implies the results.

A Singular Ito calculus

In this section we prove stochastic calculus results regarding a process X that solves the
system

t t
Xt = XO + / b(Xs)]l{XS;éO} ds + / U(Xs)l{Xs7£0} dBS + ﬁL?(X)
0 0 (37)

t
/ 1{X5=0} ds = gLS(X)a
0

where B is a standard Brownian motion and LY(X) is the symmetric local time of X at 0.

LEMMA A.1 (Singular It6-Tanaka formula). Let (X, B) be a weak solution to (37). If
[ be a difference of convex functions, such that f' € C1(R\{0}), then f(X) = (f(X)i)i>0

satisfies

(

76) = 106+ [ (PO + 37X ) Ly s

Lf'(0)8 + Af(0)

t
+/ f/<XS)O'(XS)IL{XS¢O} dB, +
0
t

/ Lix,—oyds = ng(X),
\JO
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where Af'(0) = f/(04) — f/(0—) and S/(0) = J/(0+) + f/(0-).

If in addition, f is invertible and such that f(0) =0, Af'(0)5 + Xf'(0) # 0, the process
Y = (f(X1))i0 is an 1té diffusion, singular at 0, that is solution to

(

VYot (£ + G 00 YD ) Loy ds

L/10)8+ A0
Af(0)8+ %70

+ o

+/0 U)o (fHY)) Lyir0y ABs + iL ¥,

! B p
/0 o0 45 = X0y5 1+ £7700)

i particular it holds that

L(Y);

Af(0)5 +%f(0)
2

L)(Y) = Ly (X).

PROOF. The process X is a semi-martingale as,

t t
X, = X+ / B(X,)Lxzo dls + / o(X,)1x.20dB, + BLO(X),
0 0

where

<f0 s)1x,z0ds + BLY(X )) is a process of bounded variation,
>0
( fo s)1x,20dB ) is a local martingale.
>0

Thus, from [19, Theorem VI.1.5],

XA X ]

FX) = F(Xo) + e s [nooran ey

where f”(dz) is the measure defined such that for every g € C!,

/Rf’gdxz —/Rgf”(dl’)

Since f € CHR\{0}), f"(dz) = f"(x)1r\{o}(z) dz+Af'(0)d(dz) and from the occupation

times formula

3 | OO (@) -

From and ,

Fx) = 100+ [ (f’(X X + 11X ><Xs>2) x40 s

/ J(Xo)o (X)L, 0y ABs + Eﬂow; Af,(O)L?(X)- (40)

Af2'< ) 1 / F(X)Lx 0 (X)2ds. (39)
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This proves the first statement.

Assume now f is invertible and f(0) = 0. To complete the proof, it suffices to verify the
relationship between the local times. Applying to the function |f| yields

PO = 17060+ [ s 700 (FOEICE) + 37X Ty s

Af'(0)B8 + X f(0)
2

T / sen(£(X.) F/(X)o (X)L x,0) AB, + L9(X). (41)

The Ito-Tanaka formula also yields
PO = 1 £(X0)] + / sen(F(X.)) dF(X.) + LS (X)).

Thus, since sgn(f(0)) = sgn(0) =0,

PO = 1 £(X0)] + / sen(f(X.) (f'(Xs)b(Xs) + %f"(Xs)U(Xs)Q) 1ix 0y ds
T / sen(F (X)) F (X0 (X, Lix. 0 dBs + LUF(X)). (42)

From (41) and (42),
) — L0850

The proof is thus completed. O

Ly (X).

LEMMA A.2 (Singular Girsanov theorem). Let (2, (F)i>0, P) be a probability space and
X the process that solves with B a P-Brownian motion. Let 6 be a processes such
that P(fOT 0sds < 00) =1, E(0) the process such that

t 1 t
5}(0)26}@(/ esst—E/ efds),
0 0

for every t > 0 and Q the probability measure such that dQ = &(0)dP. Then, if Ep is
the expectation under P and Ep (&(0)) =1, the process X solves

dX, = (b(X,) + 0,0(X)) gL dt + 0(X,) g o dBy + BALY(X),

p = (43)
]]')?t:(] dt = 5 dL?(X)7

where B = (Bt — fg 0, ds)t>0 18 a standard Brownian motion under Q.

PROOF. Let v be the time-change v = [t — fo 1x, 7&0 ds] A the right-inverse of v and
Y = (Xaw)ezo0. Let B be the process defined by B; = fo 0, ds for every t > 0. Then,

from [I7, Theorem 6.3], B is a standard Brownian motlon under Q and the probability
measures P and () are equivalent. By substitution,

dX; = ((Xy) + 0,0(X)) 1 x 0 At + 0(X;) L x,0 By + BALY(X).
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Moreover, since P ~ Q and L?(X), (X); are defined as limits in probability,
t ¢
<X>t—/ ]1)( ?gOdS—t—/ ILXS:()dS.
0 0
Thus, under Q, X solves (43). O

A.1 Interplay between skew and oscillation

ProposiTiON A.3. If X ~ (p, 8,00)-SOS-BM, then

20_o+ o_(148)—oy(1—
1. X/og(X) ~ (pa,(1+5)+a+(1—5)’o,(1+,8)+a = 5 ) -SOS-BM, that is a sticky-skew
BM,
2. X/2a(X) ~ <p, . (f_—‘ﬁ _,3>> -SOS-BM, that is an oscillating sticky BM.

PRroOOF. The function f = [z — x/0g(x)] is difference of two convex function, invertible,
and z f(z) > 0 for all z # 0. Thus, from Lemma [A.1] the process Y = (X;/00(X}))i>0
solves

_ ' (0-+0)B+ (0= —04) o
o= +/o Loy AW (0-—0y)B+ (0 + 0+)L ')
' B po_oy 0
/0 Tiy,—oy ds = 0 —0)B+ 0+ U+)Lt (Y),

which proves Item .

The function f = [v — x/2a(z)] = [v — x/(1 + sgn(z))] is difference of two convex
function, invertible, and zf(x) > 0 for all  # 0. Thus, from Lemma the process
Y = (X¢/2a(X¢))i>0 solves

a0(Ys)
Y, =Y ——1 d
=+ [ em v,

' p
/ Liv,=) ds = SLY(Y),
0
which proves Item . O

REMARK A.4. For p = 0, we recover the interplay between skew and oscillating BM
(without stickiness), see [8] [18§].

B Time-scaling of the sticky-skew Brownian motion

Let O; (X) be the occupation time of [0, 00) by the process X, defined for all ¢ > 0 by

¢
O;_(X) :/ ]1)(520 ds.
0
Then, the following results hold.
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LEMMA B.1. The joint law of the (p, 5,-)-SOS-BM is
P.(X, € dy, LY(X) € d¢, 0} (X) € do)

= g(t, T — y)éﬂ((:w) (5t (dO) 1x,y>0 + 50(d0)1x,y<0) dy
+ h(o —pl,al +x, + y+)h(t —o,(1—a)l —x_— y_)]lgp/2<o<tm(dy) dl do,

where
(t2) = e ¥ hlt2) = e
s t, 7x = — t
g V 27rt 273
PROOF. See [23] and the corrections [3]. O

LEMMA B.2 (Scaling property) For any p >0, 8 €(0,1) and x € R let
PP = (Q,F, (Fi)is0, PLH))
be a family of filtered probability spaces and X »5) a process defined on 779(6"’5") such that
under PP X 05 js the (p, 3, -)-SOS-BM and that Pg(cp’ﬁ")(Xép”B") =) = 1. Then,
Law . (XE7), LE,(X@0)), 0F (X))t > 0)
= Law /v (\/EXt(p/\/E’ﬂ")y VEL)(X@IVePD) cOfF (X PIVERD) > 0),

(LO( ), O*( PEN) (LO(XPIVES)Y O (X (PIVER))
are the local times at 0, occupation time of Ry pairs of X PP and X P/Vel) respectively.

Proor. We observe that
Po(X$7) € dy, LY,(X ) € de, 04(X"P)) e do)
= g(ct,x — y)do(dl) (5ct(d0)ﬂx7y>0 + 50(d0)ll$7y<0) dy
+ h(o —plyal +x, + y+)h(ct —o,(1—a)l —x_ — y_)]lgp/2<o<tm(dy) dl do.

In particular,

g(ct,x —y)do(dl) (5ct(do)ﬂx y>0 + 6o(do) 1, y<0) dy

=5t 7z = Fe () (2 teamo+ 0 (2 bevea) 2
a(x

and since for all ¢ > 0, t > 0 and x € R, h(ct,x) = ¢ 'h(t,z//c), alcz) =
(cx)y = cxy, (cx)_ = cx_

),
h(o —pl,al + x4 + y+)h(ct —o,(1—a)l —z_ — y_)]l%<o<ct2a(y) dydido
= h(c(% - %%),aé—i—mr—i—gpr)h(c(t— g), (I—a)l—z_ —y_>]l%<%<t2a(y) dy dldo
(2ot (7). ().)
o210 (5) () gt () ()(2)
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Thus,

P,(X{7) € dy, (X)) € de, 0 (X)) € do)
ey d de d
— P, (Xt(p/f,ﬁ,) c 7% LO(XP/VEB)Y ¢ 707@;@(@/@5») c _0)

Y

which is the desired result. O

COROLLARY B.3 (Density scaling). Let p(, 3,y be the probability transition kernel of
the (p, B, -)-SOS-BM with respect to its speed measure m,a.y. Then, for any measurable
h:R?> —R,

xr
/ W@, y)pp,p. (et 2, y)mip, 5. (dy) = / W, Vey)pis e, (t,T,y>m<p/ﬁ,ﬂ,->(dy)-
R R ¢

PROOF. From the proof of Proposition

/R h(x,y)po,,(ct, ,y)mp 5, (dy)
- / / / B, 1) P (X9 € dy, L9,(X#49) € db,0%(X")) € do)
R, JRy

£ B, d 2 3. d/ 2 3. d
RQ

/Rh@ y)p(% )(

which completes the proof. O

COROLLARY B.4 (Semigroup scaling). Let X be the (p, 3, -)-SOS-BM and (Pt(p’ﬁ"))tzo
the associated semigroup. Then,

Pﬂfﬁ ($\/_) ( (\/EX(pﬁf)))'

i
n

PROOF. It is a special case of Corollary [B.3] O

C Proofs of the results in Section 4]

PROOF OF LEMMA (.3l Let uy, u2, v, be the functions defined in —. We first
observe that

ﬁ(ul(t,x,y) us(t, z,y)) < aly) ™ ur(t, 2, y)1i(y) < Kua(t, 2, y) (44)

for some positive constant K, since a(y) > (1 — ]6[)/2 if 8 € (—1,1), otherwise a(y) = 1.
From the Mill’s ratio (see [7, p.98]), erfe(z) ~ e *°/z and thus there is a constant



Kygins > 0 such that erfe(x) < KMiHSe*"”Z/a:. Thus, if p > 0,

A(lal+HyD /o8t 0 ot <|x| + lyl X 2\/27)

vp(t, x,y) = —e

V2t p
KM11152 pV2t ezl +yD?/2t KMiHsie—(\wlﬂyl)Q/?t
po(lel + Jyl) + 4t - plz|/2 + 2t
K ills —(|z
< %6 (lal+w)?/2t < 2v/m Kvinsua (¢, @, y). (45)
If p=0, from ,
vo(t, z,y) = ua(t, z,y) < wi(t,z,y). (46)
Combining (44)),([45) and (46), completes the proof. O
PROOF OF LEMMA (4.4l From (13)),
PPPIa) = [ bt 00 ().

This, with Lemma and since p(pﬁ’,)(t, z,0) = v,(t,2,0), yields

PR < [ 1H0) gt 25 ()

= p|h’<0)‘p(p,,8,) <t7 z, O) + \/R ’h(y)|p(p,,8,) (tv z, y)m(7ﬁ7)(dy>

< Ko B O]+ (1D < 2500000+ 1),
which proves the results. O
PROOF OF LEMMA (.5l We observe that
| PP (a ) M (.5 (M)D(o 5. (8,2, 0) (47)
— ‘/ Pt T, y) — p(pﬁ,)(t,x,O))m(.,@.)(dy)’

‘/ ) (ui(t, z,y) — wi(t,z,0))(2dy) +‘/ uzta:y)—ug(txO))(Qdy)‘
| [ r) (e, = vatt,0)) e )|
For every v > 0, there exists a constant K7 > 0 such that for every x € R,

efxz/t < efx2/2t < K" 1

g=am -

From [10, Lemma 3.1], for every v > 0, there exists a K! > 0 such that

‘/ [ur(t,z,y) — ur(t,z,0)] dy‘ < K (A(l)(h) + N :(IZE}I}ZIV + f\i)fj%) (49)
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For the second additive term at the right-hand-side of (47 ,

/h(y)[m(twy)—mtx() dy—// us(t, z,0¢) d¢ do.

There exists a constant ¢ > 0 such that for every z € R: ze=*" < ¢. Thus,

2 s, = L L s /2T
¢ 20/27 /1 <

and for ¢ = ¢/2+/2m,

A(l)(h)
rant

(50)
We now bound the third additive term at the right-hand-side of and first consider the
case p = 0, where for all (t,2,7) € (0,00) x R?, vy(t,x,t) = uy(t, z,y). We observe that

)/ )ua(t, ,y) — us(t, z,0) dy‘<//‘h —ugtx,(%)’d{dﬁgcl

/]R+h(y)[u2(t,x,y) txO dy—/ /]R+ —ugtxHC)dCdH
/_h(y)[m(ta:y)—thxO dy—// us(t, z, 0C) dC 6.

Thus, with the same arguments as for the second additive term,

,mélfg .)(h)
‘/ (vo(t, z,y) — vo(t,,0))my.g, )(dy)‘ — (51)
For the case p > 0, let M be the function defined for all ¢t > 0 and =,y € R by

_pltiay) VAt (x]+ [yl +4t/p
ME29) = ey = Vai o < NeT )

where f(z) := e erfc(z). Then,

Up(taxay) - U,Q(t,l’,y)M(t,l’,y) = u2<t,$,y)(M(t,[lf,y) - M(t,ZE,O) + M(t,l‘,O))
and

vp(t, x,y) — v,(t, ,0) (52)
= us(t,z,y) (Mt z,y) — M(t,2,0)) + (ua(t, z,y) — ua(t, 2, 0)) M(¢, z,0).

We observe that for all £,z > 0 and x,y € R,

0< M(t,z,y) < M(t,z,0) < \/\/:4; (%)

Since 0 < zf(z) < 1/y/7, then and 0 < M(t,z,y) < M(t,2,0) < 1. Thus, from (51,

‘/ [un(t, 2, y) — ua(t, 2, 0)] [M(t, 2, )| m(. 5 )(dy)) L )
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Moreover

lyl/v2t
M(t,2,0) — M(t,z,y) = \/\Cif/

Since |f'(¢)| = %(1 —/7Cf(Q)) is decreasing,

p (,0\/_)‘ - |y|% (1 - ﬁpf/%f (,0:4/%)) '

Note that [0,00) 3 = — z(1 — \/7ze®” erfe(z)) € R takes values in of [0,1/4). Hence, we
have

’/ [us(t, 2, )| [M(E, 2, y) = M(W’O)]m(-,ﬁ,o(dy)‘

1
< — h us(t, x,y)|me.g.y(d
< oo [ Wl ua(t. )l ()
Lo 2 1KY G

TN
where the last inequality comes from . From ,.,.,

" m
\/ )(plt,2,9) = vplt, 2, 0)) i ()] < 1 (¢ + Aff)( " <h>+%)

(55)
From 7,,, and since that for all v > 0,
(1= 1BDAD (R) <m{T) J(h) < (1+|B)AD(h),

if I = R (equivalently 5 € (—1,1)), otherwise mgg)(h) = 2\0)(h), the desired bound
holds for

, (x| +4t/p
()

2 , , K//
K,y:]-_—w<K,y+C)+<C 4\/_>

if || # 1, otherwise take f = 0 in the formula above. This completes the proof of
Lemma, [4.5] O

PRrROOF OF LEMMA [£.6. From Corollary [B.4] which is a consequence of the scaling
property,

[nt] [nt]

%(10/3 Ea: \/_Xﬂﬁ prpﬁ )

1=2
Thus, from Lemma [4.4{ and since Zyﬂ*l iz < 2v/nt,

[nt]
AR (2,0 < Y | PN () |
1=2
[nt]—1

1
<KDY %m(p\/ﬁﬁ;)ﬂhn < 2Kmy, 5 5.5 (|h])Vnd,
=1
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which completes the proof of the first statement.

When m s, 5.)(h) = 0, from Lemma (4.5) (with v = 1) and the fact that Zgﬂfl it <

1 + log(nt) we obtain

[nt]

I L < 3 IR h(ia)|

=2
(1) Oy (1)
< Koy () Y~ < Kmgll,  (h)(1+max(0, log(nt))
i=2
which proves the second and last statement. The proof is thus completed. O
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