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Abstract

We give a sufficient condition for the existence of an invariant measure for Heath-
Jarrow-Morton model of forward rate function driven by a Lévy process. We also
prove that there exists an invariant measure for the model, if noise is small enough.

1 Introduction

Stochastic process has mean reversion property if it moves towards its average value.
Since mean reversion may not reveal itself over short horizon, it is worthwhile to exam-
ine long-time behaviour. Whenever process converges in law, it also moves towards a
long-run equilibrium level. It is believed that interest rates have mean reversion prop-
erty as practitioners use to say: rates drop when they are high and rise when they are low.

We consider the existence of an invariant measure for Heath-Jarrow-Morton model of
forward rate function in Musiela parametrization. If P(t¢,60) denotes price at time t of
bond paying 1 at moment 6 > t, then forward rate function f; is given by

filz) = —%lnp(t,t + ).

Heath, Jarrow and Morton [6] assumed that for fixed 6 > 0, (fi(0 — 1)),y is an Ito
process with d-dimensional Wiener noise. We work with parametrization proposed by
Musiela [8]. Forward rate HJM model in Musiela parametrization with Lévy noise on
separable Hilbert space H of real functions defined on [0, 4+00) is given by equation

t t

fi= 8@+ [ St=sa(ads+ [ 8- 9o(£)iz(s)
0 0
where S(t);>¢ is the semigroup of shift operators, Z(t);>¢ is a Lévy process. We consider

one-dimensional noise, so the coefficient ¢ (the volatility) is a mapping from H into H.
We assume that o is bounded and Lipschitz mapping. We make no assumption about



«a : H — H, because no-arbitrage implies that « is given, once we have o. More precisely,
it was proved in Jakubowski and Zabczyk [7] that

xT

a(f)@) = 7| [ atpis)ds | o()(o)

0

where function J : R — (—o00, +0c|, which we will call Laplace exponent of Lévy process,
is connected to Z(t);>0 by

E =221 — J(2)

The main result of this paper is Theorem 4.1, which gives a sufficient condition for the
existence of an invariant measure for HJM model on extended weighted L? space. We will
also present condition (4.6) - more restrictive, but simpler - that also implies the existence
of an invariant measure. Proposition 5.1 ensures the existence of an invariant measure for
the model, if noise is small enough.

In conditions for the existence of an invariant measure appear expressions of the form
sup ‘J (k)(z)|, where J*) denotes derivative of J of order k. In Proposition 2.1 we prove
that

sup [J® (z)| = max {|J® (inf A)|, |J*) (sup A)| },
z€A

where A is a subset of the domain of function J.

Invariant measures for HJM model with Hilbert space valued Wiener noise are considered
by Tehranchi in [11]. He gives a sufficient condition for the existence of an invariant
measure for HJM model on weighted Sobolev space H,,, proposed as appropriate state
space in Filipovic [3]. In Tehranchi [11] the condition is derived from a known theorem on
invariant measures for stochastic evolution equations with Wiener noise (Da Prato and
Zabczyk [1], Theorem 6.3.2).

We derive our condition from general theorem on invariant measures for stochastic evo-
lution equations with Lévy noise (Rusinek [10], Theorem 4.1).

In Filipovic and Tappe [4] it is shown that HJM function 7°

T(f)(x) = T / f(s)ds | f(x),

is locally Lipschitz mapping on H? = H,, N{f: f(co) = 0}.

We consider HJM model on a different space. Computing Lipschitz constant of a, we
prove that HIM function 7 is locally Lipschitz mapping on weighted L? space.

In Filipovic and Tappe [4] the existence of solutions is considered, but not the existence
of invariant measures. For the existence of solutions it suffices to know that « is Lipschitz
mapping. For the existence of invariant measures it is worthwhile to examine its Lipschitz
constant. It makes difference if it is large or small. In Proposition 2.1 we obtain results
on expressions appearing in Lipschitz constant of «.



In Section 2 results on Laplace exponent are stated. Section 3 presents forward rate
HJM model in Musiela parametrization. In Section 4 we define space chosen as a state
space and formulate the main theorem. In Section 5 we give a few examples. Section 6
contains the proof of the main theorem and Section 7 is devoted to the study of Laplace
exponent.

2 Properties of Laplace exponent

Let Z(t)i>0 be a one-dimensional Lévy process, i.e. a process with independent and
stationary increments taking values in R. Its Laplace exponent J : R — (—o0, 00| is
given by

Ee 220 = /() (2.1)

Let Dy = {z € R: J(z) < +00}. By Lemma 8.1 and Lemma 8.2 from Appendix for
every k derivative of J of order k, denoted by J®), is well-defined on interior of D;. The
following result will be proved in Section 7.

Proposition 2.1. Suppose that A C Dj;. Then Sup‘J(’“)(z)‘ < +oo if and only if
z€A

J®) (inf A), J® (sup.A) are well-defined. For every k > 1

sup ‘J(k)(z)‘ = max{‘J(k) (inf A)|, J® (sup A} (2.2)
z€A
If Z has only negative jumps, then for k > 2
sup ’J(k)(z)| = J® (sup A). (2.3)
zeA
If Z has only positive jumps, then for k > 2
sup |J(k)(z)‘ = |J(k) (inf A)|. (2.4)

z€A

We abbreviate J) to J’ and J® to J”. Since J” is always positive, as a corollary from
Proposition 2.1 we obtain the following result.

Proposition 2.2. Suppose that 0 € A C Dy and J'(0) = 0. Then

2161}2 |J'(2)| = max {—J' (inf A), J" (sup.A)}, (2.5)
sup |J"(2)] = max{J" (inf A), J" (sup.A)} . (2.6)

If Z has only negative jumps, then

sup |J"(2)| = J" (sup A) . (2.7)
z€A

If Z has only positive jumps, then

sup |[J"(z)| = J" (inf A) . (2.8)
z€A



3 HJM model

Let H be a separable Hilbert space of real functions defined on [0, 4+00). Forward rate
HJM model on H driven by a Lévy process Z is given by equation

fo=S(t)fo+ / S(t — s)a(f)ds + / S(t — s)o(£.)dZ(s), (3.1)

where fy € H and
- S(t)s>0 is the semigroup of shift operators, i.e. (S(t)f) () = f(z +1).

- 0 is a mapping from H into H such that J’ is well-defined on set

O = /U(f)(s)dS:xZO,fGH
0
- a: H — H is given by

a(f)() = J / o(f)(s)ds | o(f)(x).

0

Let Z(t)t>0, Zm(t)i>0 be two Lévy processes with Laplace exponents J, .J,, given by

Eesz(l) — eJ(z) Eeszm(l) — 6Jm(z)

) Y

such that Z,,(t) = Z(t) + mt. Then E Z(1) = 0 if and only if E Z,,(1) = m. For mapping
o : H — H coefficients «, a,, are given by

xT

a(f)(z) = J / o(f)(s)ds | o(f)(x).

0
T

() () = T, / o(f)(s)ds | o(f)(x).

The following proposition shows that without any loss of generality one can restrict con-
siderations to HJM equations (3.1) driven by Lévy processes with mean zero.

Proposition 3.1. Process (fi),, satisfies equation

fr= 5o+ [ S an(fds+ [ 8= s)atf)azus)
0 0
if and only if it satisfies equation

fo=S(t)fo+ / S(t — s)a(f)ds + / S(t — s)o(£.)dZ(s).

0 0



Proof of Proposition 3.1. Since —zZ,,(1) = —z (Z(1) +m), we have
Jm(z) = ’](Z) — mz,
from which

am(f) = a(f) —mo(f).

Therefore

t t

fo=S(t)fo + / S(t — $)am(f)ds + / S(t — $)(f.)dZn(s)

0 0
t

—S() fo+ / S(t— 5) (a(f.) — mo(f.)) ds + / St — s)o(£.) (dZ(s) + mds)

— 5(t)fo + / S(t — s)a(f)ds + / S(t — s)o(f£.)dZ(s).

0 0

From now on we assume that E Z(1) = 0 and denote
A= Var Z(1).
Set O is an interval containing 0. From (2.1)
J'(0)=-EZ(1) =0,
therefore we can apply Proposition 2.2 to expressions 8161(19) |J'(2)], 8161(19) |J"(2)|. Those ex-

pressions appear in conditions for the existence of an invariant measure for HJM model.
From now on we make the assumption:

J" (inf O) < 400, J" (sup Q) < +o0.

Example Suppose that function o(f) € H is positive for every f € H and Z has only
positive jumps. We claim that

sup |J"(2)| = \. (3.2)
z€0

Indeed, to obtain (3.2) from (2.8), see that inf O = 0 and J"(0) = .

4 The main theorem

We will denote by L! the space of all functions f : R, — R such that

+o0
Ifll = [ |f(2)]dz < +o0.
/



+o0

For v > 0, let L? denote the space of all functions f : Ry — Rsuch that [ |f(z)[*¢""dz <
0

400, with inner product

<f79>L3: /f(x)g(x)e”dx.

By Holder inequality

N|=

1
2 +oo

400 +00
0/ f (@)l < / fperas | | [ o)

0

SO L?/ Cc L' and
_1
||f||L1 <7z ||f||Lg (4.1)

We define I:% to be the space of all functions f : Ry — R for which there exists ¢(f) € R
such that f — ¢(f)1 € L2, with inner product

(1,9 2 = 2(Helg) + (f = o(N)1,9 = () 1)z -

The following theorem will be proved in Section 6.

Theorem 4.1. Assume that o : LA?Y — Lz C I:% and there exist K., M, > 0 such that for
every f,g € I:%

lo(f) =@l < B 1f =allp (4.2)
o)l < M, (4.3
Let
0, = /a(f)(s)ds w0 >0,feL2). (4.4)
0
If
—y7 4 (XKVZ + 2K, sup ]J'(z)]) ~v? + 2K, M, sup |J"(z)| <0, (4.5)
2€0, 2€0,

then there exists an invariant measure for HIM model (3.1) on I:?Y

For o : [:?y — L2 C [:% we will always define K., M, and O, by (4.2),(4.3) and (4.4). We
also define

ry = sup [[o(f) .-
fer?

From (4.1)
O, C -y C [_7_%Mw7_%Mv] .

6



Remark The following easier to check condition

-1
sup |J(2)] < 9% (K23 + 4K ) (4.6)

2€04

also implies the existence of an invariant measure. In fact, it is stronger then condition
(4.5).

Indeed, O, is a convex set containing 0, so for z € O, by Lagrange theorem, J'(z) =
J' (z) — J'(0) = J"(€)z, where £ € O,. We get

sup |J'(2)]y2 < sup |J"(2)| My, (4.7)

2€0, 2€0,

since for z € O,,, we have |z| < 7_%]\/[7. Assume that (4.6) is fulfilled. Then

v2 > sup [J"(2)|K,2y7 + 2 sup |J"(2)| K, M, + 2 sup |J"(2)| K, M,

2€0, 2€0, 2€0,

> XKf’y% + 2 sup |J"(2)| K, M, + 2 sup |J"(2)| K, M,,

z€0, 2€0,
since A = J”(0). Now, from (4.7), we get

NE > XKA,%% + 2K, sup ()72 + 2 sup |J"(2)| K, M,,.

2€0, 2€0,

5 Examples

Consider HJM model with volatility & such that condition (4.6) does not hold. If, for
small € > 0, we consider HJM model with volatility e¢ instead of &, then condition (4.6)
will hold. The following proposition states that there always exists an invariant measure
for HJM model, if noise is small enough.

Proposition 5.1. Assume that 7 : I:% — Lz C I:?Y 15 Lipschitz and bounded mapping and
for some r* >0

(x) J', J" are well-defined on [—r*,r*].

Then for € sufficiently small there exists an invariant measure for HIM model (3.1) on
L2 with o given by

o(f)(x) = ea(f)(x).
Proof of Proposition 5.1. There exist f(v, J\;L, > 0 such that for every f,g € LA?Y

16(f) =@l < K|\ f - 9llzz »
H&(f)HLg M’Y‘

IN



Then for some 7, > 0, we have [|6(f)| . <7, for every f € I:% Fix € > 0 such that

’

< — 5.1

<L 5.1)
3 -1 ~ 1 ~ ~ -1

g2 <2 (|max J”(z)) (Kf/y? + 4K7M7> : (5.2)

Let 0 = 0. Then M, = 5]\;[7, K, = 5l~(7. It follows that J' is well-defined on O, since
O, C [—efy,efy] C [=r", 7],
by (5.1). And from (2.6)

sup |J"(2)] < sup |J"(2)] = max J"(z).

2€0, |2|<r= |f=r

Inequality (5.2) now leads to
o o\l
sup |J"(z)| < v (52[(375 + 45KV5M7)

2€0

1 -1
(K23 4kt )

Remark Condition (x) is fulfilled if and only if J"(—r*), J"(r*) < +o0.
If o(f) is positive for every f € L2, then the proposition still holds if we replace () by
assumption: J"(r*) < 4o0.

In the following proposition we compute constants K., M., r., for volatility of the form
o(f)(x) =v(f(x))d(x), (5.3)
for some real functions v, . The proof is left to Appendix.

Proposition 5.2. Consider volatility given by (5.3), where |||« < 400, and v is a real
function such that for some K, M >0

[o(z) —o(y)| < K|z -y,
o(z)] < M,

for every x,y € R. If in addition for some v >0 ¢ € L,Qy, then

K, = V2K max { [0l . [l |
M, =M ||¢||Lg , Ty=M ||77Z)||L1 :

As an application of Proposition 5.2 we have the following result.



Proposition 5.3. Assume that X\ = 1 and Z has only positive jumps. Let v : R — R
satisfy

o

|I’ - y|7
L,

z) —v(y)|
0 <o(x)

v >1+14/1+4v2 ~ 3,5801,

then there ezists an invariant measure for HJM model (3.1) on I:% with o given by

o(f)(@) = v (f(z))e ™.

Proof of Proposition 5.3. Applying Proposition 5.2 with K = M =1 and ¢(z) = e 7,
we compute

IAIA

for every x,y € R. If

K, =V2, M,=~y".

Thus condition (4.6) takes the following form:

sup |J"(2)]| (27% + 4\/57’%> <9t

2€04
Multiplying by 7%, we get

sup |J"(2)] (27—1—4\/5) <2

2€0,

But sup |J”(z)| = 1, which follows from (3.2). Hence

2€0~

—2 4+ 2y +4V2 < 0.

6 Proof of Theorem 4.1

Let H be a separable Hilbert space of real functions defined on [0, +00). It is worthwhile
to rewrite HJM equation (3.1) on H as

@p:&%ﬂ+mﬁ0ﬁ+a@mﬂw (6.1)

Let n be a random variable with distribution £(n). A probability measure p on H is an
invariant measure for equation (6.1), if for all ¢t > 0, we have L (f;) = p, where ( ft) =0 18
a solution of equation (6.1) with a random initial condition 7 such that £(n) = pu.

We recall Theorem 4.1 from Rusinek [10], which gives a sufficient condition for the exis-
tence of an invariant measure for equation of the form

dX(t) = (AX + F(X))dt + B(X)dZ(t). (6.2)

The theorem will be formulated in case Z takes values in R and E Z(1) = 0.

9



Theorem 6.1. Let (H,||-||) be a separable Hilbert space. Assume that

- Stroungly continuous semigroup S(t)i>o is generated by A - linear operator on H
with dense domain - which in general may be unbounded.

- F, B are bounded mappings from H into H.

- Z is a one-dimensional Lévy process such that Var Z(1) < +o0 and EZ(1) = 0.

If
IS@)z]| < e ||,
1F(z) = Fll < Lrllz =yl
[B(z) = Byl < Lg ||z —yll,
and
—2B 4 2Lp + Var Z(1)Lp* < 0, (6.3)

then there exists an invariant measure for equation (6.2).

Remark Let (f}"),5, denote the solution of HJM equation (3.1) on Zf?y with initial con-
dition n € [:3 Theorem 4.1 from Rusinek [10] ensures the uniqueness of an invariant
measure. Hence in the proof of Theorem 4.1 we obtain that if k,n € [:?y are such that

H—cl,n—cléLi,

for the same ¢ € R, then £ (ff), L (f;') converge to the same invariant measure ., de-
pending only on c.

Dependence between the coefficients o and o in HIM equation (3.1) is a consequence
of no-arbitrage and it was proved in Jakubowski and Zabczyk [7] that a(f) = T (o(f)),
where 7 is the so-called HJIM function given by

T(f)(x) = 7' / f(s)ds | f(@).

In order to prove Theorem 4.1, we show that « : lf?Y — L?Y C [:3/ is Lipschitz mapping,
whenever ¢ is Lipschitz and bounded, computing Lipschitz constant of « in the following
lemma.

Lerirllma 6.2. Assume that o : [:% — L2 C IE Let a(f) =T (a(f)). For every F,G € I:%,
we have

la(F) = (Gl 2 < (Sup | (2)ly™2 My + sup |J’(2)|> Ky [[F =Gl

2€0, 2€0,

where K., M, O, are given by (4.2), (4.3), (4.4).

10



Proof of Lemma 6.2. Let F,G € I:% and write f = o(F), g = o(G). Then f,g € L?Y and

for every x > 0
/f / s)ds € O,.

Throughout the proof, V; stands for sup |J'(2)|, V2 stands for sup |J”(z)|. With this

2€0, 2€0,
notation,
J f(s)ds) (6.4)
/
By Lagrange theorem, J’ <ff(s)ds) —J (fx g(s)d ) =J"(& f s)ds, where £ €
O,. Hence ’ ’ ’
f(/f@ﬂ%«f(/ﬁwﬂg <Vallf = gl
0 0
Thus
f(/f@ﬂ%af(/ﬂ$@) < Ver Hf = gllg. 05
0 0

by (4.1). With the notation h = 7 (f) — 7 (g), we have
IT(5) = To)l%s = (T() ~ T(9) bz = I + I

where

= +/OOJ/ (7 f(S)dS) (f(x) = g(x)) h(z)e™dz,

e T (o (1w o ()i

From (6.4), (6.5)

400
|msm/uw—mmmmww@

L) < Vay b Hf—gHL%/\g(:c)Hh(x)|era:.
0

11



By Holder inequality,

L] < VAl = gllz I0lle
_1
1] < Vay 3 1 = gl llgll e Il 2
SO

(T(f) = T(9).h)pz < |L| + 12|
< (ver * llgllz +Va) 1 = gllua 1Al
Therefore
la(F) = (@2 = 1T(F) = T(@llz < (VorHllgllz +2) IF = Lz
< (Vv M, +VR) K I = Gl

Proof of Theorem 4.1. For n € [:'27 let ¢ = ¢(n). Then

n“=n-—cle Li.
Let 0%, a1 L2 — L2 be defined by o°(f) = o(f + c1), a°(f) = a(f + c1). Consider
equation on L3

t t

o= S+ [ 5= 9yactgds + [ it = s)o*(g)azs). (6.6)

0 0

The idea of defining ¢, a“ and working on subspace comes from Tehranchi [11]. Let us
apply condition (6.3) from Theorem 6.1. In our case [ = %7. From Lemma 6.2

2€04

Lp = (sup |J"(z)|7_%M7 + sup |J’(z)|> K.,
z€05
And Lp = K, so condition (6.3) will take the following form:

—y+2 (sup |J"(z)|7_%M7 + sup |J'(z)|> K, + MK, <0.

2€0~ z€04

After multiplying by ~2, you get exactly condition (4.5). Tt follows that L (g;) converges
to £ (X,) for random variable X, such that E X,? < +oo. If (9t)¢= 18 a solution to (6.6),
then (f;),5o given by f; = g; + ¢l is a solution to

t t

fo= St + / S(t — s)a(f)ds + / S(t — s)o(f.)dZ(s).

0 0

So L (f;) converges to L (X.+ c1), hence u. = L (X, + cl) is an invariant measure for
HJM model space L2. O

12



7 Proof of Proposition 2.1

Let Z(t)i>0 be a Lévy process taking values in R. Associated with Z is the so-called Lévy
measure of Z, denoted v, measure on R, given by

v(I)=E ( > 1r (Z(s) —Z(S))> :

0<s<1

where T is a Borel subset of R such that ' C R\ {0}. And v ({0}) = 0. It is well-known
that v satisfies the following conditions

/ y*v(dy) < 400, (7.1)
ly|<1
/ v(dy) < +o0. (7.2)
ly[>1

Process Z(t) can be represented as

Z(t) = at + JaW () + (1),
where a € R, ¢ > 0, W is a standard one-dimensional Wiener process and £(t) is a

jump process. We can present function J given by (2.1) in terms of a, ¢ and function Jy
connected to measure v. We have

1
J(2) = —az + 5(]22 + Jo(2),
where function Jy is given by

Jolz) = / (e — 1+ zg)u(dy) + / (e — 1)(dy).

ly|<1 ly|>1

J(z) is well-defined if and only if [ e *v(dy) < +oo by assumptions (7.1), (7.2) and
ly[>1
Lemma 8.1 from Appendix.

-1
Under assumption (7.2) integral [ e *v(dy) is well-defined for every z < 0 and integral

— 00

+00 -1
[ e *¥v(dy) is well-defined for every z > 0. If [ e v (dy) < +oo for some r > 0 and
1 —00
-1 400
z <r, then also [ e #v(dy) < +oo. If [ e ™v(dy) < +oo for some r < 0 and z > r,
—00 1

+oo
then also [ e *¥v(dy) < +o0. Define
1

“+oo
r;=inf{r<0: / e "r(dy) < o0 p, (7.3)
1
-1
rf=sup{r>0: / e "u(dy) < oo p . (7.4)

13



Then interior of D; = {z € R: J(z) < 400} is given by

intD; = (r,,ry)). (7.5)

vI)y'v

By Lemma 8.1 and Lemma 8.2 from Appendix function J as well as derivative of J of
any order are well-defined on set intD;. We have

J(2)=—a+qz+ / (—ye*'zy + y) v(dy) + / —ye v (dy),
lyl<1 ly|>1

J"(z) =q+ /erzyz/(dy).

R

And for k > 3

I9(:) = [ (wfe iy,

Proof of Proposition 2.1. Throughout the proof, ¢ = inf A, d = sup .A. The proof will be
divided into 2 steps.

I. Assume that A = [¢,d] C intD;. Consider F': [¢,d] — R such that F” and F” exist on
[c,d]. The proof is based on the following observations.

(i) If F,F”" >0 on [c,d], then sup |F(x)| = max{|F(c)|,|F(d)|}.

z€lc,d]

(ii) If F" > 0 on [¢,d], then sup |F(z)| = max{|F(c)|,|F(d)|}.

z€[c,d]

(iii) If F, F" > 0 on [c,d], then sup |F(z)| = F(d).

z€[c,d]

(iv) If F >0, F' <0 on [c,d], then sup |F(z)| = F(c).

z€[c,d]

(v) If F <0, F" >0on [c,d], then sup |F(x)| =—F(c).

z€[c,d)
Applying (i) to J® for even k and (ii) to J® for odd k, we obtain (2.2).
If Z has only negative jumps, then for k£ > 3

-1

J0(z) = / (—y) e u(dy) > 0,

—00

so applying (iii) to J*), we obtain (2.3).
If Z has only positive jumps, then for k > 3

—+00

Iz = (-1 [ g i),

1

14



Thus function J® is positive for even k& and negative for odd k. Applying (iv) to J*) for
even k and (v) to J® for odd k, we obtain (2.4).

II. Now let A C D, be any. To avoid technicalities, we shall prove that if sup |.J'(2)| =
zeA
M < 400, then J'(d) is well-defined. Let {d,},.y C A, d,, /" d. Then sequence {X,},

given by X,, = J'(d,) is nondecreasing and bounded, since |X,| < M, so there exists
X = lim X, from which

n—oo

|J(d)] = [X| < M =sup|J'(z)].
z€A

In the same manner we obtain |J'(c)| < sup |J'(z)|. It follows that
z€A

max {|J()], |(d)]} < sup|J(2)] < sup [J(2)]

2€|c,d|
= max {[./'(c)|, [J'(d)[}.
O

Remark If E Z(1) = 0, then J'(0) = 0, J’ is negative on (—o0,0) and J’ is positive on
(0, 4-00). Therefore, since J(0) = 0, we have J > 0, so (2.2) holds for .J instead of J*) as
well. If EZ(1) = 0, then

1

J(z) = qu2 + / (e — 1+ zy) v(dy).

8 Appendix

Let ¥ x denote moment-generating function of a random variable X. Then function J
is simply J(2) = Intz1)(—2). Moment-generating function together with characteristic
function px (and ¢y is connected to ¥x by @x(t) = ¥x(it)) are basic concepts of prob-
ability theory, but we add to the paper two well-known statements about function J also
with proofs, which use concept of Lévy measure of a Lévy process.

Lemma 8.1. Under assumption (7.1) for every z € R integrals

/ (7 — 1+ 2) wldy), / y (e — 1) u(dy),

ly|<1 ly|<1

/ yFeu(dy) k> 2,

ly|<1

are well-defined.

Proof of Lemma 8.1. For every x € R and n € N there exists 6 € [0, 1] such that



So

k

e’ _Zkl

For n =1 we get |e” — 1| < el*l|z|, for n = 2 we get [e” — 1 — 2| < Lel”l|z|?, thus

1 1
/ e — 1+ zy| v(dy) < / §€|Zy“zy’2’/(dy) < §€‘Z|‘Z’2 / y'v(dy),

n .

nl

ly|<1 ly|<1 ly|<1
[l =vyalutan < [ dpzy vy < gl [ ot
ly|<1 ly|<1 ly|<1
And for k > 2

O

ly[>1

are given by (7.3), (7.4).

Lemma 8.2. For k > 0 define D% = {z eR: [ |ylfe *v(dy) < +oo}. For every

k>0, we have (r;,r}) C DX, where v, ,r}

v

Proof of Lemma 8.2. For k = 0 we have (r,,r}) C DY by definition of r; and r. We
now proceed by induction. Assume that (r,,7) C D% Let z € (r,,r}). We shall prove

l/ » v

that z € D5 Fix € > 0 such that z +¢ < r} andz—5>ry Then z — ¢,z +¢ € D~
We have

/ g e (dy) = / gl lyle==We W=y (dy).

ly[>1 ly|>1

Let F(y) = ye~¥, y > 0. Then F'(y*) = 0 for y* =&~ ', F(0) =0, F (¢7") = (ee) " and
F(400) =0, so
- 1
sup ye®’ = —
y>0 ge

It follows that

/Iyl’“+1 “y(dy) < /Iyl’“ Wlem=vy(dy)

ly|>1 |y|>1

— +OO
1 1
_ L / lylFe M (dy) + = / ylFe W (dy).
& ge
% 1

Hence [ |y/*e v (dy) < +oo, since z — ¢,z + ¢ € DE. O
ly|>1

We end Appendix with the proof of Proposition 5.2.
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Proof of Proposition 5.2. Let f,g € [:% We have

lo (Dl = /|v DI ()] de < M [l

lo (I = / (@) [(@) e dr < M2 )2

And

lo(F) - o9l = / o( (@) — v(g@) [p(@) ¥ da

< K? / (@) — g(@)? |9 (z) 2 *da.
0

Let ¢ = ¢(f),d = ¢(g) € R be such that f —cl,g —dl € L2. Then
+oo
lo(5) = o(@l3; < 2K [ 17(0) = = (gla) - D [o(a)*
0

+oo
—|—2K2/|c—d|2 (@) e da

< 2K )2 1 — e = (g — 1) |35 + 2K ]2 e — dP
2 2 2
< 2K masc {13 613 1 = 917

]
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