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Coupling distances between Lévy measures and
applications to noise sensitivity of SDE
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Abstract

We introduce the notion of coupling distances on the space of Lévy measures in order to
quantify rates of convergence towards a limiting Lévy jump diffusion in terms of its characteristic
triplet, in particular in terms of the tail of the Lévy measure. The main result yields an
estimate of the Wasserstein-Kantorovich-Rubinstein distance on path space between two Lévy
diffusions in terms of the couping distances. We want to apply this to obtain precise rates
of convergence for Markov chain approximations and a statistical goodness-of-fit test for low-
dimensional conceptual climate models with paleoclimatic data.

Keywords: Lévy diffusion approximation; coupling methods; Wasserstein-Kantorovich-
Rubinstein metric; Skorohod’s invariance principle; statistical model selection.

2010 Mathematical Subject Classification:
60J60; 60J75; 60F17; 60G51; 60H10; 62G32; 62P12.

1 Introduction

This article introduces a family of distances on the set of Lévy measures on R%, which we shall call
coupling distances since they are based on the coupling-type Wasserstein-Kantorovich-Rubinstein
distance between probability laws. They measure the distance between the appropriately truncated
and normalized tails of Lévy measures. Their construction aims at quantifying the rate of conver-
gence in limit theorems and approximation schemes of Lévy driven jump processes in terms of the
underlying Lévy measures. In particular we are interested in their distribution on path space.

Let us outline briefly two areas where this notion turns out to be useful.

Recall Gnedenko’s theorem about the weak convergence of the row-wise sums S, = Y ;_; &gy, Of
triangular arrays (§xn)k=1,...» of independent and row-wise identically distributed random variables.
See for instance Chapter 19, Theorem 2 in [19]. The main condition is the convergence in a
proper sense of the family of Lévy measures II, (du) = nP (&1, € du) to the Lévy measure II of a
limiting infinitely divisible distribution. The very same condition appears in theorems of Skorokhod
invariance principle-type on the convergence of step-wise processes to a Lévy process in D, which
are also constructed via partial row-wise sums [8]. These classical results allow for generalizations
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to the case of step-wise processes constructed via Markov chains, as treated for instance in [22]
and [23].

In all these results weak convergence is proved, but the rate of convergence is not addressed.
A first step in this direction is to quantify the convergence of Lévy measures 1, to Il in terms
of an appropriate metric. This step is made in the current paper. A functional limit theorem
with an explicit bound for the rate of convergence of step-wise processes for the Markov chain
approximation is subject to a separate paper [24].

A second question we would like to discuss concerns the sensitivity of the solution to a one-
dimensional Lévy driven stochastic differential equation (SDE) with respect to perturbations of
the noise. Consider a sufficiently regular function V' : R — R, two Lévy processes (Z;(t))=o0,
j=1,2 and the SDEs

Xj(t):er/OtV(Xj(s))ds+Zj(t) t>0, z€R. (1)

If the characteristic triplets (see Section 2 below) of the two Lévy processes Zj,j = 1,2 are
close in a sense, it is natural to expect that the laws of the respective solutions Xj, j = 1,2 should
not deviate too much. To make such a statement precise, the proposed metric turns out to be
particularly valuable. Such problems have a strong motivation coming from statistical inference.

Let us sketch the problem of model selection for low-dimensional climate models. Such sys-
tems can be derived as zero dimensional energy balance models perturbed by random fluctuations
and have been studied extensively, see for instance [1], [2], [4], [12], [14] and [15]. These studies
focus on the transition behavior, metastability and stochastic resonance phenomena for Gaussian
perturbations. The study of climate dynamics suffers from a poor quantity of available (proxy)
data covering climate intrinsic time scales. One of the richest (and best-studied) time series stems
from annual temperature proxies taken from ice cores of the Greenland ice sheet dating back to
80.000 years before present [21]. In [5] Ditlevsen linked the fast non-Gaussian transition behavior
exhibited in the data to the presence of jumps. The analysis of the relation between the frequency
and the size of the large jumps justifies the assumption of a bistable model given by equations of
type (1). This gave rise to further studies of a great variety of such models [10], [13], [16], [17] and
[18]. In [8] and [9] the authors solve the corresponding model selection problem within the class of
a-stable diffusions based on a fine analysis of sample path properties.

The deviation bounds obtained in Section 2 of the current article provide an quantitative in-
strument to asses model selection in the class of general Lévy diffusions with additive noise. The
coupling (semi-) distances proposed here are weak enough in order to be statistically tractable and
allow for an empirical evaluation of a large class of standard diffusion models. In a separate paper
[7], we will carry out this procedure in an empirical analysis of the aforementioned time series. On
the other hand they are sufficiently strong in a toplogical sense in order to measure convergence
rates in functional limit theorems [24].

The present article is organized as follows. We first develop the concept of coupling distances
of Lévy measures and address basic properties. Then we introduce set-up under consideration and
state the main results in Theorem 1 and 2. Section 3 is devoted to the example of a-stable Lévy
measures. The article closes with the proof of the theorems in Section 4.

2 Main Results

Recall that a Lévy measure on R? is a o-finite measure II on R? such that

/ (Jul2 A D)TI(du) < oo
R4
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and denote by £ the space of such Lévy measures. We do not exclude point masses in {0} here.
For a given IT € £ and given > 0 we want a decomposition of II into two o-finite measures IT*"
and II7" of the form

I =17 4+ 1", (2)

such that
e the total mass of I is r and
e there exists () > 0 for which

supp(IF7) = {u: Jul <e(r)}  and  supp(II™") = {u: [u| > £(r)} U{0}.

Here “H” and “I"” stand for “head” and “tail” of the measure, respectively. Such a decomposition
always exists if II has infinite intensity (II(RY) = oo) and is unique if II is continuous. Let us
assume for a while that we have such a unique decomposition for all > 0; a work-around for the
cases omitted here will be given below. For » > 0 we define a probability measure

1
ro_ 7HT,7'. 3
"= (3)
Recall that on a metric space (S,d) the Wasserstein-Kantorovich-Rubinstein metric of order 2,

between two probability measures p, v on (S,d) is defined by

W- ,V) = inf Ed*(¢, 1/2,
2,41, V) (m)ec(u’y)( & m)

where C(u,v) denotes the set of all (u,v)-couplings. The space C(u,v) consists of all pairs (£,7)
of S-valued random elements, defined on the same probability space, such that Law(£) = p and
Law(n) = v. For further details we refer for instance to [6], Chapter 11, or [26]. In what follows,
we will consider the metric p on R? defined by

p($,y):|1'—y|/\1, x??/eRd'

The following notion will allow to transfer the concept of optimal couplings from probability dis-
tributions to the space of Lévy measures £.

Definition 1. For Lévy measures Iy, II; € £ define

(I, 1) i= r' 2 Wa o (nf, ), 7> 0, (4)
T'(Iy, ) = sup Tp.(I11, II). (5)
r>0

We shall call T,. and T' coupling distances on the space £.

The (semi-) distances T, capture a compound Poisson approximation by coupling the jumps in an
optimal way, which we will make precise in Section 4.
Let us address the decomposition (2) for general Lévy measures.

e If II(RY) < r, then clearly II”"" := 0 (the zero measure). In order to produce the mass
required in (5) we formally define

0" =11 + (r — TI(R%))do (6)

artifically introducing a point mass in 0.



e In general, (r) is defined as the unique £ > 0 such that for some (unique) p € [0,1)
(Jul > &) + pIl(ju| =€) =r.
In this case we set

HT’T(du) = (1{|u\>e} + p1{|u‘:€})n(du), i .= -, (7)

Remark 1. Note that the choice (7) is not a unique, because instead of the “symmetric” additional
term plyj,j—c}11(du) therein one could take an “asymmetric” one of a form g(u)1y},—c}I1(du) with

any function g such that
| st =p.
{lul=e}

To specify uniquely the construction, we define the coupling distances T, and T by (4) and (5) with
7" defined by (3) and the convention (7).

The following statement, proved in Section 3 below, gives the basic properties of the coupling
distances T, and T'.

Proposition 1. 1. For every r > 0 the function T, defines a semimetric on £, that is, it is
nonnegative, symmetric, and satisfies the triangle inequality.

2. For any 11,1l € £

1/2

(I, 1) < (/Rd(|u|2 A 1)H1(du))1/2 + (/Rd(w A 1)H2(du)> oo (8)

The function T is a metric on £.

In Section 3 below we give two examples for the calculation of the coupling distance between
two a-stable Lévy measures 11, 7 = 1,2 with the respective “shape” parameter o; and the “scal-
ing” parameter c¢;. These calculations illustrate the topology of these measures in terms of their
parameters.

As a first application let us return to the analysis of one-dimensional SDE (1). We shall quantify
the sensitivity of solutions with respect to perturbations with respect to the driving Lévy noise in
terms of T'. In what follows, we assume that the drift V satisfies the following weak monotonicity
or one-sided Lipschitz condition:

(V(2) = V)= —y) <Lz —y)?, zyeR, (9)

then it is well known that unique (strong) solution to (1) can be obtained via usual Picard - type
successive approximation procedure.

Example 1. Generic examples satisfying (9) are polynomials of odd order and negative leading
coeflicient

n—1
V(z)=Bpa" + Y Bia',  Bn <0, €R.modd
=0

In applications such a polynomial is often considered as the gradient of an “energy potential”
U : R — R with several local minima such that V = —U’.



e The FitzHugh-Nagumo model in neuroscience is an example of such a fourth order potential.
Equation (1) models in this case the membrane voltage under random excitation, recently
studied in the literature e.g. [3], [11], [27].

e Another class of examples can be derived from energy balance models in climatology, see [2],
[5]. Here V describes the interaction between an idealized black body radiation of the Earth
and albedo feedback. Under the proper choice of the parameter the potential U admits two
local minima that correspond to two climate equilibrium states.

Now, let us consider two Lévy processes Z;, j = 1,2 with the characteristic triplets (a;, b;,11;).
Recall that the law of Z; is uniquely determined by its cumulant function or Lévy exponent 1);
given as

Ee# %) = ¢ix) 2 e R, t>0,

linked to the characteristic triplet via the Lévy-Khinchin formula
Y(z) =lajz — %ijQ + /]R [ — 1 —izr(u)] ILj(du), z€R, (10)
where a; € R, b; > 0,1I; is a Lévy measure and
7(u) = (Ju| A 1)sign (u), u € R.

This choice of the cutoff function 7 has some technical advantages. We denote by X;, j = 1,2, the
solutions to equation (1), driven by Z; and initial values x;. ID(0,1) denotes the space of cadlag
paths and is the state space of our solutions. Introduce the following metric ¢ on ID(0, 1) by

C(w,y) = sup p(x(t),y(t)) =z =yl AL, [z -yl = sup |z(t) —y(t).
t€l0,1] te[0,1]

The main results of this article estimate the deviation between the laws of the solutions X; on
(D(0,1),¢) in terms of the metric induced by T and T, on the set of quadruplets of parameters
(25, aj, by, 11;).

Theorem 1. Let V : R — R be C? and satisfy condition (9) for some constant L > 0. Let
(aj,b;,1L;) be two Lévy characteristics and x; € R given initial values, j = 1,2. Then for any two
solutions X; of equation (1) driven by Lévy processes Z; with the respective characteristics and for
any r > 0 the following estimate holds true

Wi, (Law(Xl), Law(Xg)) < Qlek/aretan(1/2) 4 (92

where

4 33/4
QF = 2% (w1,20) + — (S5-lar — azl + (Vo1 = VE2)? + Uy (L) + Uy (112) +

+ (7 4 33N T2 (1}, 1) + 3%/* min(IL, (Ju] > 1) 4+ Ha(ju| > 1), 7)/2T, (11, Hg)),

Q= \/32(br — Va2 + (2 2(U, () + Uy (TTy) + T2, Thy)),

and
U, (Hj)—/ Tl (du),  j=1,2.
Jul<e;(r)



The proof of Theorem 1 will be postponed to Section 4. When r — oo, we have ¢;(r) — 0 and
Up(Ilj) — 0, j = 1,2. By construction of the metric 7' we obtain the following more theoretical
result after polishing the constants.

Theorem 2. Under the assumptions of Theorem 1 there are constants ci,co > 0 such that
Wi, (Law<X1),Law(X2)> <oy Qlel/aretan(l/2) o 92 (11)
where
Q' = p*(w1,2) + |a1 — az| + (Vb1 — V/b2)? + T2(Iy, 1)

+ (Mi(Jul > 1) + a(ju] > 1) /*T(1, 1),

Q? = (Vo1 — Vo) + T2(I1;, Thy).

Each of the theorems exists in its own right, since they target different ranges of applications.
Clearly, Theorem 2 gives a shorter and a more elegant deviation bound in terms of the metric
induced by the coupling distance T" on the set of Lévy characteristics. The bound of Theorem 1
however is sharper but stated only in terms of the semi-distance 7}., » > 0. From the point of view
of practical applications, for example the statistical inference scheme mentioned in the introduction,
it has the advantage that its quantities are easier to handle. Obviously the right-hand side does
not contain a supremum in r, which in particular can be seen as a free parameter defining the
threshold €;(r) between large and small jumps. We refer to [7] for further details.

To illustrate the notion of coupling distances for Lévy measures of infinite intensity we calculate
upper bounds for this quantity for a-stable Lévy measures.

3 Two examples: the value of the coupling distance between one-
sided a-stable measures

Recall that for a one-sided a-stable process, its Lévy measure has the form
II(du) = acu_o‘_ll(u)[om) du,

where o € (0,2) and ¢ > 0. Here we introduce the factor a for further convenience in the calculation.
Parameters o and ¢ are naturally interpreted as the “shape” and the “scaling” parameters, and
one can expect heuristically that two one-sided a-stable measures are “close”, if their respective
parameters are close. As we will see in two examples below, the coupling distance T quantifies this
convergence.

Example 2. Let II;,j = 1,2 be two a-stable Lévy measures with the same shape parameter o
and different scale parameters ¢; # co. We will show that in this case

(e}

2

1o ) < (20 ) e - o (12)
—

7

2

which tends to 0 for converging scale parameters. By the explicit formula

o0
/ acu " du = e,
€

6



valid for a one-sided a-stable Lévy measure, we have that

r -1/«
G- (2) L i-1e (13)
Cj
Using this, we obtain
cj r\ e (14)
M) =1-% o> (2)

Recall that a quantile function of the distribution function F is defined as FI=1(y) = inf{z : F(z) > y},
and that for a uniformly distributed random variable U the random variable F[=1(U) has distri-

bution function F. Denote by F 1]

vj » J=1,2 the quantile functions of w7, j=1,2. Then

_1 -1 T T
(Fr[,l ](U)vFr[g ](U)) € C(my, m3).
Due to the optimal coupling property of the Wasserstein-Kantorovich-Rubinstein distance we obtain

1
W3, (xl,m) < Bo? (FL ), ) = /0 (

_ _ 2
R - R ) 0s)

Using (14) we get the quantile function for 7, j =1,2:

. —1/a
F[_l](y) — (M) , 0<y<l, j=1,2. (16)

77 C]
2
} A 1) dy.

. By a change of variables z = r(1 — y),

Consequently,

1
I
1/a 1/«
o _ o

To shorten the notation let us denote A. = ‘cl

1/a 1/«
€1 G

F0) — F ) A1) ay= [ ([ira -

we get eventually

(0%

T2(I1, 1) < / [|z\—2/a Ag} Al dz = A% +/ 122/ A2 dz = AY + A2,
0

0 2 —
as claimed.

Example 3. Let II;, j = 1,2 be two one-sided Lévy measures with the same scale parameter c, but
different shape parameters 0 < oy < as < 2, say. We will show that in this case for ¢* = (14 /5)

(0= a1)? (2 =2l In (2£2) n0) )

T2(11;,15) < | 2
(Hh 1) ( G-a)@- )l Faz—am) | I-am

(17)

X (c* +In(ay) — In(ag — 041))7042 )

which tends to 0 if a; 7 ao, strictly away from 0 and 2. Like in the previous example, we reduce
the problem to the estimation of

L

2
FE ) - ) ) s r>o,

7



where

N
<
N
“r—‘
<.
|
\'b—‘
]
=
N

—1/ay
1, (r(1—y) 7
Fr,j (y) - ( c 9 0

Changing the variables t = r(1 — y)/c, we get

r/c 2
I = C/ ((t—l/al _ t—l/a2> A 1) dt, (19)
T Jo

S 2
T2(11,, 1) < c/ ((t_l/al - t‘l/”) A 1) dt. (20)

0

hence

On (0,1), the function (t_l/al — t‘l/o‘2)2 is decreasing from +o0o to 0. On (1, 00), this function is
bounded by 1. Consequently there exists unique ¢, € (0,1) such that

e g e — (21)
2 1 t<t
—1/a1 _ 3—1/a o ’ X Ux,
(t t ) N = { (tfl/Oél _ t*l/o&)z7 t>t,.

The explicit calculation gives

o0 “1/a “1/a 2 B o0 “1/a 1/a 2
/0 ((t 1/1—t1/2) /\1>dt—t*+/t (t 1/1—751/2) dt

*

— [ 2(a — aq)? —2/as 2a1 (g — 1) o2 | 2
* (2—0(1)(2—0&2)(0[14-0&2-0[10[2) * (2—0&1)(0&14—0&2—0(10&2) * 2—&1
< 2(0&2 - 041)2 £a2—2)/a2 + t* (22)
(2—&1)(2—&2)(041 + o —a1a2> 2—oq
Denote
y=t (23)

Then (21) can be written in the following form:

yo/on —y =1, (24)
To simplify the notation we denote
a9 — (X1
= . 25
p=2" 25
Then for (24) we get
1\ /58
Y= (1 + ) . (26)
Y
If we differentiate equation (26) with respect to § and obtain
dy d ( 1)1//3 ( 1)1//3 1 1. 1 y 1ldy
—=—(1+= =—|1+- —h(l+-)+s———5-5 27
g dp y y (62 ( y) Bl+yy*d ) @7



We resolve the equation for % to obtain

dy (1+1/y" 1) Inl+1/y) 18
a5~ (1 125 ) g (L+1)

Ly (L 1/y) 7\ (1 + 1)
T8 N

——(a+ 1w
Using In(2)z <In(1+z) for 0 <z < 1 we get

1/8A1
dy _ () 30+ 1/y) /PN

= 1
BBy 1+ L

The differential of y is strictly negative. Hence y is decreasing in (3, in particular y(8) < y(1) =
$(1+V5), for 3> 1. On theset 0 < S < 1

dy _ @ +1/y) ) ERET _ ()
g = yB 1455 wB 1+g; 0 yB

With ¢* = y(1) we obtain the estimate

y(8) < \Je? —2m@)m(B),  0<B<L.

In the light of convention (25) we remark that although the right hand side explodes as 5\, 0 the
terms of order fy(/3) that appear in equation (17) are bounded and converge to zero. In fact we
have

(g — 1)t 2" < (a9 — o1)? (c*2 —2In(2)In (0‘2; YA 0) . (28)
1

Now bearing in mind that 1/y € (0, 1) we estimate equation (27) from below

d N1 1 1d 1

y>—(1+> (gt pag) =%

dp Y y g pdp B
we obtain y > ¢* — In(3) such that

Q2 — a1

t*é(c*—ln(

)2, (29)

which tends to 0 as ay * ag. Combining (28) and (29) we obtain the bound in (17) and this
completes the proof.

aq

4 Proofs

4.1 Proof of Proposition 1

Statement I follows immediately from the fact that W5, is a metric and the following estimate.
Let IT € £ and the zero measure 0 € £. For every r > 0 the element 0" is the delta-measure dg and
for every (£,m) € C(7",0") one has 7 = 0 a.s. Therefore

Ep?(€,0) =/

o (u, 0) (du) = / (12 A DT (du).
R4 T JRd

9



Hence

2 = u? T (du) < u? U 0.
TT(H,O)_/Rd( AT (d )</Rd( A)TI(du) < (30)

Then by the triangle inequality

T, (113, 11,) < T,(II1,0) 4+ 7,113, 0) < (/Rd(UQ A 1)H1(du)> v + </Rd(u2 A 1)H2(du)> v .

Since this bound does not depend on r, also 7" is finite and (8) holds true. Now, since Ws , is a
true metric, T'(II;, IIy) = 0 implies that

m =my, forallr>0,

which implies that 1I; = Il,. This means that 7" is a metric. ]

4.2 Proof of Theorem 1

The proof consists of two parts. In the first step (“construction”) we construct a coupling of the
Lévy processes (Z1, Z3) with given characteristic triplets and a certain optimality property. The
second step (“estimation”) uses It6’s formula to obtain a bound for the difference of the respective
solutions of the SDE driven by the components of our coupling.

Let (aj;,bj,11;), 7 = 1,2 be two given Lévy triplets. It is well known that a Lévy process Z; with
this characteristic triplet has the Ito-Lévy representation

23(t) = (a; ~ L(Jul > 1))t + /505 (1) + //

Jul<1

u v;(ds, du) + // uv;(ds,du), t=0,
Ju|>1

where W; is a Wiener process, v; is a Poisson point measure on R* x R with the intensity measure
dsIlj(du) and j(ds,du) = v;(ds,du) — dsIlj(du) is the respective compensated Poisson point
measure. Furthermore, W;, ’7J'||u\ <, and Uj’lﬂ\>1 are independent. Note that the additional term
IT;(u > 1) which appears in the drift corresponds to our choice of compensating term in (10) equal
to i27(u), instead of usual izulyj,<1}-

The coupling (Z1, Z2) of our choice satisfies the following. The diffusive parts of the components
Zji, j = 1,2 will be generated by a single Wiener processes W. For given r > 0 we split the Lévy
measures II; according to relation (2). The “large jump” part Z7" = (ZIT’T,ZZT’T) of (Z1,2) is
given as a compound Poisson process

N"(t)

ZTT Z ks (31)

where N" is a Poisson process with the intensity 7, and the random vectors & = (&1, &k 2), k > 1

are i.i.d. and independent of N". The law of & ; equals 77 = (1/r)H;‘.F’T, j =1,2, and the coupling

is chosen in such a way that for each k the joint law x of (& 1,k 2) is the optimal coupling in the
Wasserstein-Kantorovich-Rubinstein sense [26], i.e

E[p* (&1, 6k2)] = // p* (w1, up)k(duy, dug) = Wi (7, 75).

The jump part AZ" of the remaining processs 7r = (Z1,Z5) — ZT7 stems from a Lévy measure

TI(duy, dug) = 8o (dun) T (dug) + T (duy ) 8o (dus ) (32)

10



concentrated on the axes, and is realized by a random Poisson measure
V=0 QU (33)

with two independent components and which are jointly independent of W and Z7". We introduce
the compensated random Poisson measure

" (ds, du) := 0" (ds, du) — dsT(u1 + uz)IT" (du)

which is also concentrated on the axes almost surely. Therefore marginal processes Z]T, j =12
have the following shape

20(t) = ast + /oW (t) + /O /R w; % (ds, du) — t /R ()T (du). (34)

In the second step (“estimation”) of the proof we derive upper bounds for {-difference between
the solutions Xj;,7 = 1,2 for equations (1) with initial conditions z;,j = 1,2 driven by noise
coupling (Z1, Z3) constructed above. We consider the difference process Y (t) = X;(t) — X»(t) and
the smooth and bounded auxiliary function

F(y) = arctan ¢°.

Due to 4
yAN1l< —arctany, fory>0 (35)
77
we obtain A
E sup p(X,(), Xa(t)) < = sup F(Y(1)). (36)
te[0,1] T telo,1)

The process Y has the Ito differential representation
Sr or T,T AT,’I‘
av(t) = (V(X2(0) = V(Xa(t))) dt + d(Z1(0) = Z50) + (207 (0) - 257 ®),  (37)

which can be extended further, using the identities for Z; and Z]T’T given above. Recall the definition
of " in (33) and denote by v™" the Poisson point measure on R* x R2, which is realized by the
compound Poisson process Z7" = (ZlT " ZQT ") of equation (31). By construction its Lévy measure
equals

HT’T(dul, dUQ> = T’Ii(duh dUQ).

For convenience we abbreviate o; = /b, 7 = 1,2. Then

ay(0) = (V(X0(0) ~ V() de+ (01— az)d — [

RQ
+ (01 — 0'2) dW(t) + /Rz

(T(ul) - T(uz))HT’T(du) dt
(38)

(w1 — us) [a(dt, du) — dtﬁ(du)} + /R (= u) ™ (dt, du).

11



Now, we apply Itd’s formula for the function F(y) (see [20] Chapter 2)
F(Y(t) - F(Y(0)) = /O FI(Y(5)) (V(X1(s)) — V(Xals)) ) ds
+ (a1 —az)/o FI(Y(3)) ds
- / F'(Y(s))(T(ul) - T(Ug))HT’T(du)ds
0 JR2
+ (01 — ) / F(Y (5)) dW(s)
. L. (39)
+ 5(01 - 02)2/0 F"(Y(s))ds
+ /O /R P =)+ (=) - F(Y(s—)} [ﬁ(ds, du) — ﬂ(du)ds}
+/0 /R2 _F(Y(s—) + (w1 —u)) — F(Y(s—)) — F'(Y(s—))(u1 — uQ)}H(du)ds

. /Ot /R F(Y(5) + () — F(¥ ()] (ds. du).

We separate the martingale parts, which come from line 4 and 6 in (39). Since F' is bounded we
can also compensate the compound Poisson part in line 8

M, = (01 — 0) /O " F (v () dW ()
+ /Ot /RQ [F(Y(s—) + (w1 — ug)) — F(Y(s—)} [ﬁ(ds,du) - dsﬂ(du)} (40)
+ /O t /R 2 [F(Y(s—) + (w1 — uz)) — F(Y(s—)] [VT’T(ds, du) — dsHTﬂ’(du)]

Hence we can rewrite (39) as
FY (1) = F(Y(0) + /0 9(X1(s), Xa(s)) ds + M, (41)

where

9(2’1, 2’2) = (V(Zl) — V(ZQ))F/(Z1 — ZQ) + (CL1 — GQ)F/(Zl — 22) + %(0’1 — O'Q)QF”(Zl — 22)

+ /RQ [F(z1 ~ o)+ (w1 — us)) — F(z1 — 29) — F'(21 — 20) (1 — ug)}ﬁ(du)
+ /R [F((zl ~29) + (1 — us)) — F(21 — 20) — F'(21 — 22) (T(ul) . T(uz)ﬂHT’r(du)

=: g1(21, 22) + 92(21, 22) + g3(21, 22) + ga(21, 22) + g5(21, 22)-
For the function F' and its derivatives, we have the following explicit expressions and bounds:
3/4

2y 3
/ /
F = F < —
(y) 1 y4 ) | (y)’ D) (42)

12



2y° 1 F(y)

F'(y)y = T+ 41 < (27 A1 =2(7 A 5) < arctan(1/2)’ (43)
Py =2 7 ) <2 (44)
O ESTIER s
2
F(y+9) = Fly) = F')d] < G sup | F"(0)] < 6% (45)

Hence, we can bound every summand on the r.h.s. of (42). By the Lipschitz condition (9) and (43)
L

< —F — .
g1(21, %) arctan(1/2) (21 = 22)
Estimates (42) and (44) yield
33/4 )
g2(z1, 22) < 7|a1 — as|, 93(21,22) < (01 — 02)°.

and (45) and (32),
ga(z1,22) < /R (i —ua)M1(duy, duo) = /R T () + /R CTE (du) = U, (T1) 4+ U, () . (46)

To estimate g5(21, 22), we rewrite it in the following way

g5(21,22) = </| —|—/|u1_u2>1) |:"':|HT’T(d'LL),

up—uz|<1
and note that in any case the absolute value of the term under the [ . } does not exceed m + 3%/4,

In the case when |u; — ug| < 1, we have the inequality
F((z1 — 22) + (u1 — ug)) — F(21 — 22) < F'(21 — 2) (u1 — ug) + (w1 — ug)?,

which comes from the Taylor expansion because |F"(z)| < 2. Hence, after simple rearrangements,
we get

g5(21,22) < (m+ 33/4)/ ((u1 —ug)* A 1>HT’r(du)

R2
+ F’(zl — 29) S [(ul —ug) — (7(uy) — T(UQ))}HTW(CZU)
/
= (r + 3/ T2 (10, ) + 3324 /Imw (w1 = wz) = (r(un) = () |7 (du).

Here we have used that 117" = rk, where  is the law on R? which minimizes the expectation in
the definition of Wy ,(7,75). Consequently,

/ <|u1 —ug? A 1)HT’T(du) = 7’/ P2 (u1, ug)k(du) = TW?(WI,WE) = T2(IIy, I1y). (47)
R2 R2
The absolute value of the integrand in the remaining integral can be estimated by

lur — ug| + [7(u1) — 7(u2)| < 2(|lur —uz| A1),

13



on {(u1,ug) : |ug —ug| < 1}. If, in addition, |ui| < 1,|ug| < 1, then 7(u;) = uj,7 = 1,2 and the
integrand vanishes. Hence by the Cauchy-Schwarz-Bunjakovski inequality and equation (47)

/|u1u2<1 {T(ul —ug) — (7(u1) — T(uz))} 177 (du) < 2/

(\ul — ug| A I)HT’T(du)
[u1|>1 OT |uz|>1

<2 </R2 ((m —ug)? A 1)HT’T(du)) v (HT”"({u ug| > 1 or |ug| > 1}))1/2

1/2
< 2(min(H1(]u| > 1) + y(ful > 1),7) rW;p(w{,wg)) . (48)
Therefore we obtain
g5(21, 22) < (m + 33/Y)T2 (10}, o) + 33/* min (11 (Ju| > 1) + Ha(ju| > 1),7)/? T,(II;, IIy).

Then, summarizing all the above, we get

L 33/4
7}4_‘ _ - _ _ 2 UT H UT, H
arctan(1/2) (21 = 2) + 2 a1 — az| + (01 — 02)” + Uy (IL) + Uy (I12) +

g(z1, 22) <
+ (m + 3¥HT2(1y, o) + 3% 4 min(11 (Ju > 1) + Ha(ju| > 1),7)Y2 T,(11;,ITy).  (49)
Denote by
R 33/4
Qr = T'al —as| + (01 — 02)* + U, (II) + U, (Il2) +
+ (m + 3T, o) + 3%/ min(IL (Ju] > 1) + Ha(fu| > 1),7)"? T,(11, 1),

and also we denote

Qr = Qr + (1/2)p* (1, 22).
Recall that
Fy) <yA(m/2) < (7/2)(y A1),

and therefore F (Y (0)) < (7/2)p?(x1,z2). Then, due to F > 0 and @, > 0, representation (41) and
bound (49) yield that for ¢ € [0, 1]

L t R
< -~
FY() < FYV(0) + o [ P79 a5+ G+ 0
L 1
< _ .S.
<Qr+ arctan(1/2) /0 F(Y(s))ds + M, a.s
Hence we get that
L 1
< S — 50
BP(Y(0) < Qr+ s | BF(YV(9)ds (50)
and
L 1EF(Y( ))ds +E | M|
E sup F(Y(t <QT—|—/ s))ds + E sup . 51
t€[0,1] ( ( )) arctan(l/2) 0 te[0,1] ¢ ( )
Applying the Gronwall lemma, we obtain from (50)
EF(Y (1)) < @ exp(———) 5
S fer &P arctan(1/2) (52)
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which makes it possible to re-write (51) to the form

E sup F(t) < Qrexp(————=) + E sup |M,]. 53
te[0,1] (¥ (arctan(1/2)) t€[071]| ! (52)

To estimate martingale term in (53) we apply Doob’s maximal moment inequality
» \?
E sup M < () E|M; P,
t€[0,T p—1
with p = 2:

1
E sup M? <4EM? = 4(oy — 02)2/ E(F'(Y(s)))* ds
t€[0,1] 0

' 4/01 /Rz E[F(Y(S) + (u1 — u2)) — F(Y(s))} 2dsf[(du) (54)
+ 4/01 /R2 E[F(Y(S) + (u1 —ug)) — F(Y(s))rdSHT,r(du);

the last identity comes from (40), note that the noises involved in the three summands in the right
hand side of (40) are independent.
Now, let us estimate three terms in the r.h.s. of (54).

1. Using the inequality (42) and the bound (52) we have

1 3/2
Aoy — 02)2/0 E (F'(Y(s))2ds < 4(0y — "2)237 3320y — 0y)2.

2. Using Taylor estimate and inequality (42) and the analogous reasoning to (46) yield
2 33/4 2
[F(Y(s) 4+ (u1 — u2)) fF(Y(s))} < [7r/\ (7]@“ fuzl)} < 772(]u1 fuz|2/\1>.

Then

4/01 /R E[F(Y(s) ¥ (w1 — u2)) — F(Y(s))rdsf[(du) < 47r2/

RQ
= 472 U, (II) + U, (II2)] .

(|u1 —ug? A 1>f[(du)

3. Similarly,

4/01 /RQ E[F(Y(s) +(ug — uz)) — F(Y(s))rdsHT”“(du) < 47r2/

R
= 47 T2 (114, T1,).

. (|u1 - ug\Q A I)HT’r(du)

Eventually the martingale estimates amount to

1/2
E sup M| < (B sup M2) " </3/2l01 = 02 + (2m)2(Uy (T0) + Uy (ITo) + T2(ITy, Tho)).
t€[0,1] t€[0,1]
(55)
Collecting (53) and (55) yields the final bound for (36). This completes the proof. O
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4.3 Proof of Theorem 2

Theorem 2 is almost a direct consequence of Theorem 1. Recall that when r» — oo, we have
gj(r) = 0, U.(II;) — 0 for j = 1,2 and T, (I}, IIy) — T(II;,1I). For r — oo, QF — QY and
Q? — Q?, where

33/4

/ 4
Q" = 2p%(x1,22) + ;(7|a1 — as| + (Vb1 — Vb2) '+

(4 3T, Th) + 3% (1T (Jul > 1) + Tha(Jul > 1)*7 (11, 1) ),

0? 4\/33/2 Vb — /b2)? + (27)2(T2 (111, I1p)).

In a last step we take the maximum of all prefactors. O
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