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regularity of processes with an application to Lévy
processes
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First version January 2006, this version April 2006,

Abstract

We investigate the connections between the mean pathwise regularity of stochastic pro-
cesses and their L"(IP)-functional quantization rate as random variables taking values in some
LP([0,T], dt)-spaces (0 < p < r). Our main tool is the Haar basis. We then emphasize that the
derived functional quantization rate may be optimal (like for the Brownian motion) or not (like
for the Poisson process). As a first application we establish the O((log N )_% )-upper bound for
general It processes which include multi-dimensional diffusions. Then, we focus on the specific
family of Lévy processes for which we derive a general quantization rate based on the regular
variation properties of its Lévy measure at 0. The case of compound Poisson processes which
appears as degenerate in the former approach, is studied specifically: one observes some rates
which are in-between finite dimensional and infinite dimensional “usual” rates.

Key words: Functional quantization, Gaussian process, Haar basis, Lévy process, Poisson process
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1 Introduction

In this paper, we investigate the connection between the functional L"(IP)-quantization rate for
a process X = (Xt)icpo,r] and the L"(IP)-mean pathwise regularity of the mapping ¢ +— X; from
[0,7] — L"(P) in an abstract setting with a constructive approach (we mean that all the rates are
established using some explicit sequences of quantizers).

First let us briefly recall what functional quantization is and how it was introduced. Let (E, || . ||)
denote a finite-dimensional (F = R or R?) or infinite-dimensional (E = L?([0,T],dt), 1 < p < oo,
C([0,T1),...) separable Banach space (or complete quasi-normed space like E = LP(]0,T],dt),
0 <p<1)andlet « C E be a finite subset of size card(a) < N, N > 1. The Voronoi quantization
of an E-valued random vector X : (2, A,P) — E with respect to the codebook « is simply the
projection of X onto « following the nearest neighbour rule i.e.

X% = 10 (X)

where
Ta = ) 10,(a);
a€a
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(Ca())aca Borel partition of E satisfying for every a € «

Cola) CQueE : |lu—al| < min [ju—29b| ;.
bea\{a}

Then, the L"-mean quantization error (0 < r < oo) is defined by

1
X - X2y = (Emin]lX —al) "

This quantity is finite as soon as X € L;(IP). The set « is called N-codebook or N-quantizer. One
shows that such random vectors X are the best approximation of X among all a-valued random
vectors. The minimal N** quantization error of X is then defined by

eN,'r

(X, FE) := inf{(Emein |X —a||")V": a € E,card(a) < N}. (1.1)
aco

When E = LP(]0,T],dt) (with its usual norm or quasi-norm denoted |. | L, from now on), an E-

valued random variable X is but a (bi-measurable) stochastic process X = (X;)e[o,r) defined on

the probability space (€2, A, [P) whose trajectories (X (w))o<t<7 (almost) all belong to LP([0, 17, dt).

The L"-integrability assumption then reads

E ((/OT |Xt|pdt>g> < +oo.

It is still an open question whether L™-optimal N-quantizers for Gaussian random vectors always
exist (see [13]) in an abstract Banach setting. However in many situations of interest for process,
including all the LP([0,T],dt)-spaces, 1 < p < 400, the existence of at least one such L"-optimal
codebook has been established (provided E|| X ||" < 4+00). Note however that this is not the case for
the space C(]0,7]) of continuous functions. For more details on the existence problem for optimal
quantizers we refer to [13].

On the other hand, optimal L™-quantizers always exist when £ = R% d > 1. In this finite
dimensional setting this problem is known as optimal vector quantization and has been extensively
investigated since the early 1950’ with some applications to Signal processing and transmission
(see [9] or [10]). In d-dimension the convergence rate of ey, is ruled by the so-called Zador
theorem

1 d i
lim Niey,(X,R%) = J.4 </ gd_“(@d&)
N ’ R4

where g denotes the density of the absolutely continuous part of the distribution P, of X (see [11]).

Since the early 2000’s much attention has been paid to the infinite dimensional case. This is the
so-called functional quantization problem for stochastic processes: the aim is to quantize some pro-
cesses viewed as random vectors taking values in their path-spaces, supposed to be an LP([0, T, dt)
space, 1 < p < +o0o. Many results have been obtained for several families of processes with a
special attention paid to Gaussian processes and (Brownian) diffusion processes by several authors.
Thus, in the purely Hilbert setting (r = 2, E = L?([0,T],dt)) the sharp rate of quantization of the
Brownian motion (W;)e(o,7] is given (see [15]) by

V2T

_ves 1.2
m(log N)2 (12

en2(W, L2([0,T), dt)) ~



The existence of such a sharp rate for Brownian motion has been extended to LP([0,T1],dt) spaces
for 1 < p < oo (see [6]). Similar sharp rates hold for a wide class of Gaussian processes including
the fractional Brownian motions with rate

c(H,T)

exa(WH, L2(0.7). dt)) ~ G

where H denotes the Hurst parameter of the fractional Brownian motion W, the Ornstein-
Uhlenbeck process, the Brownian sheet, etc, in the purely Hilbert setting (see [15]). The exact
rate has also been established in [14] for a wider class of Gaussian processes. In [14, 15], these
results are based on the (sharp or exact) asymptotic behaviour of the eigenvalues of high order of
the Karhunen-Loeéve expansion of the Gaussian process. As a by-product, this approach provides
very simple explicit sequences of rate optimal asymptotic quantizers (provided the Karhunen-Loeve
expansion of the process itself is accessible). Their numerical implementation has lead to some unex-
pectedly promising numerical applications in Finance, especially for the pricing of path-dependent
options like Asian options in several popular models of asset dynamics (Black-Scholes, stochastic
volatility Heston and SABR models, etc). For these aspects we refer to [18] or [21].

Still for Gaussian processes an important connection with small ball probability problem has
been made (see [4, 12]). Some exact or sharp rates of convergence for different classes of Brownian

diffusions have also been proved recently (see [16], [5]) with a rate driven by (log N )7%

The common feature shared by all these results is that there is a one-to-one correspondence
between the exponent a that rules the (L"(IP), LP(dt))-quantization rate of these processes in the
log(N)~% scale and their mean pathwise regularity i.e. the lowest exponent a that satisfies

Vs, te [0,T), X — Xsllpre) < Crlt — 8| (1.3)

Although such a correspondence is not really surprising given the connection between quantiza-
tion rate and small ball probabilities in the Gaussian setting, this leads naturally to try deriving a
general abstract result that connects these two features of a process. This is the aim of the Section 2
of this paper in which we show that the mean pathwise regularity always provide an upper-bound
for the (L"(IP), LP(dt))-quantization rate (0 < p < r). We retrieve then the rate obtained by more
specific approaches for all the processes mentioned above. We also extend, to general Brownian
diffusion processes and even general It6 processes the rate formerly obtained for specific classes of
diffusions in [5, 16]. We also obtain some first quantization rates for some classes of Lévy processes
like a-stable processes. The main tool is to expand a process on the simplest wavelet basis — the
Haar basis (known to be unconditional when p > 1) — and to use a non-parametric version of the
Zador theorem (coming out as a slight improvement of the Pierce Lemma, see [11])

At this point, the next question is to wonder conversely whether this always provide the true
quantization rate. In this naive form, the answer to this question is clearly no because equation (1.3)
only takes into account the mean-pathwise Holder regularity of a process and one can trivially build
(see [14]) some processes which smoother mean-pathwise regularity (like processes with C*, k > 1
trajectories). We did not extend our approach in that direction for the sake of simplicity but
there is no doubt that developing similar techniques as those used in Section 2 one can connect
higher order mean pathwise regularity and quantization rate like in the Holder setting. In fact we
point out in section 4 devoted to general Lévy processes that the answer maybe negative — the
quantization rate can be infinitely faster than the mean pathwise regularity — for different reasons
in connection with the dimensionality of process: a Poisson process is in some sense an almost finite
dimensional random vector which induces a very fast quantization rate which does not take place
in the (log N)~® scale although the mean-pathwise L"(IP)-regularity of a Poisson process is Holder
(and depends on 7, see e.g. (3.14) and (3.15)).



The main result of Section 4 is Theorem 2 which provides a functional quantization rate for a
general Lévy process X: this rate is ruled by the behaviour of the Lévy measure v around 0 (e.g.
the index of X for a stable process). As an example for Lévy processes which do have infinitely
many small jumps, if the (infinite) Lévy measure v satisfies

C
Fe>0,  Lypcpu<grlde) < Wl{oqx\gc}dﬂﬂ

for some @€ (0, 2], then, for every p, r€ (0, 6] such that 0 < p <r and X; € L"(P)

IS

en (X, L7(0, T, dt)) = O((log N) £).

This makes a connection between quantization rate and the Blumenthal-Getoor index ((X) :=
inf{@ >0 : f{|m|§1} lz|Pv(dz) < —|—oo} € [0,2] of X when v satisfies the above upper-bound with
0 = B(X). In fact, more generally when the “O-tail function” v : = — v([—z,z]) has regular
variation as x goes to 0, with index —@, then § = 3(X) (see [3]) and we establish a close connection
between the quantization rate of X and v and € (provided 8 € (0,2)). When the Lévy measure is
finite (then § = 0), we also establish some quantization rates for the compound Poisson processes
and show they are infinitely faster than the above ones. To this end, we design an explicit sequence
of quantizers which can clearly be implemented for numerical purposes. In fact the whole proof is
constructive provided the Lévy measure is “tractable” enough.

The paper is organized as follows: Section 2 is devoted to the abstract connection between mean-
pathwise regularity and quantization rate of processes, with some applications to various families
of processes. As far as we know, some of this rates are new. Its main result is Theorem 1. Section 4
provides an upper-bound for the quantization rate of general Lévy process in connection with the
behaviour of the Lévy measure around 0. The main results are Theorem 2 and Proposition 4.

NoTATIONS: o L2 := LP([0,T],dt) and |f],0 = (Ji |£(t)|Pdt)7.

e Let (an)n>0 and (by)n>0 be two sequences of positive real numbers. The symbol a,, ~ b, means
ap, = by + 0(by).

e [z] denotes the integral part of the real number z and z, = max(z,0) its positive part.

e log,. (x) is for the m times iterated logarithm function.

o YL, :=|[YLprpy for any random variable Y.

e Throughout the paper, the letter C (possibly with subscripts) will denote a positive real constant
that may vary form line to line.

2 Mean pathwise regularity and quantization error rate: an upper
bound

In this section, we derive in full generality an upper-bound for the (L"(PP), L )-quantization error
en(X, L) based on the path regularity of the mapping ¢ +— X; from [0, 7] to L#(IP). The main
result of this section is Theorem 1 below. Then we will illustrate on several examples that this rate
may be optimal or not.

One key of the proof is the following extension of Pierce Lemma (see [11], p. 82) which is
the main step of Zador’s Theorem for unbounded random variables. Its proof relies on random
quantization.



Proposition 1 (Eztended Pierce Lemma) Let r,6 > 0. There exists a real constant C. s such that,
for every random variable X : (Q, A) — (R,B(R)),

YNZL ey (XR)= | inf X - K9 < Crgl X N7

Proof: It follows from the original Pierce Lemma as stated that there exists a universal real
constant 6’9’5 > 0 and an integer N, s > 1 such that, for every random variable X : (Q, A) —
(R, B(R)),

VN > N,s, inf E|X — X" <C%(1+E|[X|"T)NT.
’ card(a)<N ’

Using the scaling property of quantization: for every A > 0,
- 1 A
X = X%, = $1OX) = AX .

where Ao = {Aa, a € a}, one derives from Pierce Lemma by considering X /|| X||,4+s and setting
A:=1/||X]|,,; that

VN > N, inf X — X < (20°)71X] . N~
- 7’7(5? Cardl(I;z)SN || Hr —_ ( 7’76) || Hr+6

Now, for every N e {1,..., N, s — 1}, setting o := {0} yields

inf X — X <|X|. <N,s|lX N-L
CardI&)SN\| I < 1X, < Negll XI5

Combining the last two inequalities and setting Cr75:max((2C797 5)%,]\7”;) completes the proof.
Let (e )n>0 denote the Haar basis defined as the restrictions on [0, T of the following functions

_1 _1 n
€ep = T 2 1[0,T]7 ey .= T2 (1[O,T/2) — l[T/Z,T})a €on | 1= 22 61(2”. — ]{?T), n > 07 ke {O, . ,2” — 1}

With this normalization, it makes up an orthonormal basis of the Hilbert space (L2, (.].)) where
(flg) = fOT fg(t)dt and a (monotone) Schauder basis of L?, p€ [1,+00) i.e.

(fleo)eo + >n>0 >o<k<an—1(fleanyx)ean 1f converges to f in LP, for every fe& LP (see [20]). Fur-
thermore, it clearly satisfies for every fé& L; and every p > 0,

T 2"-1

2" —1
vnz0, [ 1Y (lemer P = 2EDTE ST ((flemol. (2)
k=0 k=0

The second key to establish a general connection between quantization rate and mean pathwise
regularity is the following standard properties of the Haar basis: for every f & L;,

(2k+1)T2~(n+1) (k+1)T27 "
(/ flu)du — / f(u)du)
k

T2-n (2k+1)T2—(n+1)

=

(fleanir) = 22T
L pT2- (D
_ Q%T*E/ (FRT2™ 4 ) = F((2k+ DT2 O f) ) du. (2:2)
0

Let (Xt)te[o,T] be a bi-measurable process process defined on a probability space (2, .4, P) with
P-almost all paths lying in L; such that X; € LP(IP) for every t € [0,7] for some positive real
exponent p > 0. When p € (0,1), we assume that X has cadlag paths (right continuous, left
limited) to ensure the measurability of the supremum in Assumption (2.3) below.



We make the following ¢-Lipschitz assumption on the map t — X; from [0, 7] into L”(P): there
is a non-decreasing function ¢:R; — [0, 400], continuous at 0 with ©(0)=0 such that
() Vs te0,T], EIX, - X, < (ot — s’ ifp> 1,
(Lyp) = ) . (2.3)
(i7) Vhe (0,T],  E(subicscrnyar [Xs — Xel?) < (@(h))? i 0<p <1
(One may assume without loss of generality that ¢ is always finite but that (7) and (éi) are only true
for |t — s| or h small enough respectively). Note that this assumption implies that E(]X|7, ) < 400
T
so that, in particular, P(dw)-a.s., t +— X;(w) lies in L? (which in turn implies that the paths lie in

LLifp>1).
We make a reqularly varying assumption on ¢ at 0 with index b > 0 i.e. for every ¢t > 0
t
lim 202 . (2.4)
20 (z)

In accordance with the literature (see [1]) this means that = — ¢(1/z) is regularly varying at
infinity with index —b (which is a more usual notion in that field). When b = 0, ¢ is said regularly
varying at 0.

Let r, p€ (0, p). Our aim is to evaluate the L"(P)-quantization rate of the process X viewed as
an L -valued random variable induced by the “Haar product quantizations” of X defined by

2n 1
aps oy “Non
X = éévoeo + Z Z £2n2+gk€2n+k (25)
n>0 k=0
where &, := (X|ey) e LP(P), k > 0, and £V denotes an N-quantization (N > 1) of the (real-valued)
random variable £ i.e. a quantization of X by a codebook oV having N elements. A quantization

taking finitely many values, this implies that Nonip = 1 and %Yf:gk = 0 for large enough n (which

may be a non optimal 1-quantizer for 5%212’“)

We will see that this local behaviour of ¢ at 0 induces an upper-bound for the functional
quantization error rate of X (regardless of the values of r and p except for constants).
Relying on the following two well-known inequalities:

[flog STV <y
T L7,
for every Borel functions f : [0,7] — R and
12|l <\ Z)lr,  r <7
for every random variables Z : Q — R, one may assume without loss of generality that, either
1<p=r<p or O<p=r<p<l
Theorem 1 Let be X = (X;)icjo,7] @ bi-measurable process defined on a probability space (2, A, IP)
such that Xy € LP(IP) for an exponent p > 0. Assume that X satisfies (2.3) (the yp-Lipschitz
assumption (L, ,)) for this exponent p where ¢ is regularly varying (in the sense of (2.4)) with
index b >0 at 0 (then ]X\LPT € LY(P)). Then
o(1/log N) if b>0,
$(1/logN) if b=0,

with (x) = (fg(go(g))rAldg/g)1/(7““), assume moreover [y (p(€))"NdE/E < +oo if b = 0. In
particular if p(u) = cu®, b > 0, then

en (X, I2) = O((log N) ™). (2.6)

vr, pe (0,p), eny (X, LY) < Cr,p{



Proof. Cast 1 (1<p=r<p): Let N > 1 be a fixed integer. One considers a Haar product
quantization X of X with a (product) codebook having at most N elements i.e. such that Ny x
[1.x Nonyx < N. Its characteristics will be be specified further on. Then, using (2.1)

2" —1

2NN
Z (Sanyk — §2n2:;k)€2n+k
k=0

~ 11 ~
X =Xy < TP 206 - &1+ )
n>0

L

11 ~ 11 11 2l ~N. v

= Trig - @0+ TrE Y 2 (Z 2k &ﬁ;ﬁ’“l’“)
n>0 k=0

so that, both ||.||, and ||.||, being norms,

o1 o
S 11 2N 11 11 “Non
X =Xl L, < T772) 6 = &°) I, +T772 ) 27 (Z |f2”+k—52n2+zk|r>
n>0 k=0
s
11 “No 1_1 n(3-1) gl “Non 4o "
= T2 & —&° ||, +T772 Y 2"y [eanin — &y
n>0 k=0 1
1
11 N, 11 11 Non i v
< T a0 1 Tl St (2 [l - 8257 )

n>0

~]

1_1 Iy 1_1 n Y
= THE -0 |, + T EY 28 max gk — L 1
n>0

1
T

0<k<2n—1

. 1_1 “No 1_1 n ENon g
= TR G-&" |+ T2 e -6
n=z

(2.7)

Let § := p —r. It follows from Proposition 1 (Pierce Lemma) that, for every N > 1, and every
r.v. (e L(P), R
inf —&Y . <C N1
nt_ e = €1, < Crlil
Now, using the monotony of the LP-norms with respect to the probability measure 27+! 1[072_(n+1)T] (t)dt)T,
Fubini’s Theorem, the (L, ,)-Lipschitz continuity assumption (2.3)(i) and (2.2), yields

Bl = El(Xlear sl

y 9—(n+1) P
< 23T PR X - X du
= 0 | 2= T+u %T-ﬁ-u’

IN

2—(n+h)p
2p 9—(n+1) /2 _ +1
22£ 2~ (nTUpP E(/o |X2%T+u X%TJWVQ" du/T)

IN

2—(n+h)p
—po—Fptn+lpp/2-1 _ p
27P27 2 T 0 E|X2%T+u X;ﬁi}TJﬂA du

. o—(n+1)
< 2_50+"+1_PTP/2—1/0 (o(T/27+1))? du

< Cxrn2 20 (p(T/20h)". (2.8)

At this stage, we assume a priori that that the size sequence (Nani),>0, k=0, on-1 of the
marginal codebooks is nonincreasing as 2" 4 k increases and satisfies

1< J] Nk <N
k>0



We assume that all the quantizations induced by these codebooks are L"-optimal up to n < m 1.e.

_é — inf _ ¢
|éon 4 — Eonyil|, Card(al)%NQnMH&wk Eonyill,

and that &nyy = 0 otherwise. Then combining (2.7), (2.8) and Proposition 1 yields

_ 1 p(r2” ")
X=Xl < Cxrep |+ 2 Ty
[ P NO T; N2n+1
L 1R eer/em + k)
< C ~N. T 7
= UXTre | N + T nz>0 ];) Non+1 4y,
1 1 O(2T/k)
— C NT T N
HTre Ny T ize Nk )

where ®(z) := z¢(z), € (0,400). This function @ is regularly varying (at 0) with index b + 1.
This implies in particular that there is a real constant ¢ > 0 such that ®(T/k) < c¢®(1/(k+1)) for
every k > 2. Hence, inserting for convenience the term ®(1/2)/N; and modifying the real constant
Cx,1.rp in an appropriate way finally yields

- @(1/k)
H ’X_X‘LT CXTrpZ .
is1 Ne-1
Now set for convenience v = ®(1/k), k > 1. Note that in case b = 0, the integrability condition

fO ©(€)/€dE < 400 implies Y v < +00. Consequently an upper-bound for the quantization rate
is given by the solution of the following optimal allocation problem

6]\[77»()(7 L;) < CX,T,r,p min {Z

I N <N, Noz- o> N> 21
k>1

N1’ k>0

m
:CX,T,r,pmin{Z N 1—{—21/;% m > 1, HngN, No>--- ZleZl}' (2.9)

k>m~+1 0<k<m-—1

The rest of the proof follows the approach developed in [14] (Section 4.1, especially Lemma
4.2, Theorem 4.6 (i)-(i73) and its proof) and [15]. However, one must be be aware that we had to
modify some notations.

Proposition 2 (See [14] for a proof) Assume v, = ®(1/k), k > 1, where ®(z) = zp(x), ¢ :
(0,4+00) is an increasing, reqularly varying function at O with index b > 0 (with fol cp(f)% < 400
when b=0). Then

(Z) hmk Vk/]/k+1 = 1,

n o
1) (H I/k> ~ ey,
k=1

(13i) Z v +nuvg ~ctp(l/n) wherec=1+1/bifb>0andc=1if b=0 and
k=n+1

v =pla) F b0 ad  de)= [W©OF i b=o



—1/m
m
Set m =m*(N) = max mzlzN%Vm(Hyj) >1,,
j=1

—1/m
m
and Nig_1 = Ng_1(N) := N%Vk (H V]) >1, k=1,...,m.
j=1

It follows from Proposition 2 (ii) that
log N

m=m"(N) 1 as N — oo.
1
m ]/k. 1 m m
Then, Z N < Il??i{(l +1/Ng_1)mN ™ m H vj
k=1 j=1
1
log N m "
< 2me Tm H vj
j=1
< 2mvuy,.

Consequently using this time (7i¢) in Proposition 2

iN];:k t 2o < C(m”m+ > Vk)
-1

k=1 k>m+1 k>m—+1
= O(¥(1/log N))

so that R
X =Xz |, = O(1(1/log N)).

CASE 2 (p <1). One relies this time on the pseudo-triangular inequality
. 7" < . ” 7 T
\f + gl <IflL: +lglz:

which follows from the elementary inequality (u +v)" < u" 4 v".

2n71 T
v -z oy ~Non
X = X[, < T8 6 — &0 + D0 | Y (Gonn — it )eantn
n>0| k=0 L

2" —1

_r N, _r r_ “Non

= TG - &0+ TR 2GS o — 1
n>0 k=0

so that,
H |;< ;<|LT H: = H |;< ;<|ZT H1
T T

—~

o1 N
D €k — Skt
k=0

IN

T3 o — &°F |I, + 772 Y- 26
n>0




< TR G- &P+ TR Y 272" max|[leen s — 6

n>0 0<k<2n—1
_ pl-Z ZNo |~ 1-z nr pe
= TR G0 TR 2 e e - &
— Tl g — ENr £ 775 N 9 H Nan | |” 2.1
2|l &0 — & llr + 2;0 Voemmax (G — St - (210)

This inequality replaces (2.7). Then, one notes that
Eleyiil? < 250707 (270D Tp(r/20))
_n P
= Oxrrp2 3 (w(T/27))

so that

~ (T2~ (n+1)yr
11X — Xle 17 < Cxiry ( ey 2 )

n>0 N§"+1
Then, set @(u) = (¢(u))", Ny = Nj and N := N”. One proceeds for || |X — )?]LTT | with these
“tilded” parameters like for || | X — X| L ||l in the case p > 1.

Remarks. When p > p > r, the (L"(P), L2 )-quantization problem remains consistent. But there
is a price to be paid for considering a p exponent greater than p. Thus, if ¢ in (L(p#,) has regular
variations with exponents b > 0 at 0 and if b+ % — % > 0, the same approach yields the rate

1_1
L

eN,r(X7 LI;) < CX,T,(S,T,p (p(l/ log N)(log N)

We do not know whether it comes from our approach or if it is the best possible rate.

3 Applications and examples

In this section, we give some examples which illustrate that the upper-bound derived from the
mean pathwise regularity may be optimal or not.
3.1 Application to It6 processes and d-dimensional diffusion processes

e Let W denote an R%valued standard Brownian motion defined on a probability space (€2, A, IP)
and let (F"),e0.7] denote its natural filtration (completed with all the P-negligible sets). Let X
be a 1-dimensional 1t6 process defined by

dXt Gt dt+Ht th, XO :CU(]GR

where (Gt)icpo,r) is a real-valued process and (Hi)iecpor) is an R-valued process, both assumed
(}}W)te[O,T]—progressively measurable. Assume there exists a real number p > 2 such that

sup E|Gi? + sup E|H” < +oc. (3.11)
te[0,7) te[0,7)

where | . | denotes any norm on R?. Then, it is classical background, see e.g. [2], that the ¢-Lipschitz
Assumption (L ,) (%) (i.e. (2.3)(¢)) is satisfied with ¢(u) = cu?. It follows from Theorem 1

vr,pe (0,p),  eny(X,L2) =0 ((log N)~V/?).
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o Let X = (X',..., X% be an R%valued diffusion process defined by
dX, = b(t, X;) dt + o(t, X;) dW;, X = zge R?
where b: [0,7] x R — R%, 5 : [0,T] x RY — M(d x q,R) are Borel functions satisfying
Vte[0,T], Yze R, |b(t,z)| + |jo(t,z)|| < O+ |z|)

and W is an R%valued standard Brownian motion(!). Then, every component X' is an Ité process
(with Gy = b'(t, X;) and H; := o*(t, X;)) for which Assumption (3.11) is satisfied for every p > 0
(see e.g. [2]). On the other hand, if (u!,...,u?) denotes the canonical basis of R? and |.| denotes
any norm on RY, then for every p > 1 and every f := Y ey fiu’ : [0,T] — R,

d
’f’L;d([O,T},dt) < ; FAIZAAE

Now, one can quantize each Itd process (Xf)tE[O,T], i=1,...,d using an (L", L? )-optimal quantizer
o of size [¥/N]. It is clear that the resulting product quantizer []%; a® of size [/N]? < N
induces an (L", Lp,([0, T], dt))-quantization error O ((log N)_l/z) (see e.g. [16]). Combining these
obvious remarks finally yields

Vr,p>0, en (X, L3 ([0,T],dt)) = O ((1Og N)71/2) ‘

As far as quantization rate is concerned, this extends to general d-dimensional diffusions a first
result obtained in [16] by stochastic calculus techniques for a more restricted class of Brownian
diffusions (which included 1-dimensional ones). This also extends (the upper bound part of the)
the result obtained in [5] for another class of (possibly multi-dimensional) Brownian diffusions. For
the class investigated in [16] it is shown that under a mild ellipticity assumption on o, this rate is
optimal. In [5], still with an ellipticity assumption, the rate is sharp. This leads us to conjecture
that this rate is optimal for non too degenerate Brownian diffusions.

3.2 Application to fractional Brownian motion

The Fractional Brownian Motion W with Hurst constant H € (0, 1] is a Gaussian process satisfying
for every p > 0,

E Wi —wWie = Crylt — sl and  (WT)ocuey & (Wl o<s<t-

S

So, using Theorem 1, we obtain ey, (WH, L2) = O((log N)~*) as an (L"(P),|. |2, )-quantization
rate for every r,p > 0. This rate is known to be optimal: a sharp rate is established (see [15] when
p=r=2or [6]).

3.3 Stationary processes

Let X be a centered weakly (square integrable) stationary process. Then

E|X, — X,|> = E|X;_s — Xo|* = 2 Var(Xo)(1 — ¢(|t — 5|))

IThe above assumption does not imply that such a diffusion process X exists. The existence holds as soon as b
and o are Lipschitz in  uniformly with respect to ¢t € [0, 7]

11



where ¢(t) denotes the correlation between X; and X(. Hence if

clu) =1—ku*®

then the L"(IP)-rate for L -quantization, 0 < p,r < 2, will be O((log(N))~¢). If furthermore, X is
a Gaussian process, then this O((log(N))~%) rate holds for any r, p > 0 since for every pe N*,

E|X; — X,” = E|X;_s — Xo|” = C,(Var(Xo)(1 — (|t — s)))*/2.

3.4 Self-similar processes with stationary increments

Let X = (X¢)eo,r] be an H-self-similar process with stationary increments (H € (0,00)). Assume
X € LP(P) for some p > 1. Then

E|X; — Xs|P =C,lt — s|PH

for every s, t € [0,T]. Since X is stochastically continuous, it has a bi-measurable modification.
Then, Theorem 1 gives

vr,pe (0,p),  ens(X,LE) =O((log N)~").
If, furthermore, X is a-stable, a€ (1,2), then X; € LP(IP) for every p€ [1,a) so that
Vr,pe (0,a),  en (X,LP)=O((logN) ).
This class of examples comprises e.g. the linear H-fractional a-motions with a€ (1,2), H € (0,1)
and the log-fractional a-stable motions with av€ (1,2), where H = 1/« (see [19], [8]).
3.5 Lévy processes: a first approach

A (cadlag) Lévy process — or Process with Stationary Independent Increments — is characterized by
its so-called local characteristics appearing in the Lévy-Khintchine formula. These characteristics
depend on the way the “big” jumps are truncated. We will adopt in the following the convention
that the truncation occurs at size 1. So that

E(eXt) = e ™™ where t(u) = —iua + 1UQuQ - / (e® —1 — iurlyg<1y)v(dr)
2 R\{0} -

where a, 0 € R, v is a non-negative measure on R\ {0} such that v(2? A1) < 4+00. The measure v

is called the Lévy measure of the process. One shows that a Lévy process is a compound Poisson

process if and only if v is a finite measure and has finite variation if and only if / |z|v(dx) <
{l|<1}

+o00. Furthermore

X e L°(P) if and only if / |z|Pv(dz) < +oo.
{l==1}

As concerns Assumption (2.3) note that the very definition of a Lévy process implies that

E | X; — X, =E | X¢—s|P and E sup |X;—XP=E sup |X,|f
sE€[t,t+h] s€[0,h]

so that we may focus on the distribution of X; and X; := sup,cjo 4 [Xs|.- Finally, note that it
follows from the usual symmetry principle that for any Lévy process, P(X} > u +v) < P(| Xy >
u)/P(X} <v/2) so that E|X;|" and E|X}|" are simultaneously finite or infinite when r > 0.

The following result is established in [17].
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Lemma 1 (Millar’s Lemma) If there is a real number p€ (0,2] such that / |z|Pr(dz) < 400, then

there exists some real constant a, € R such that
Vte [0,1], E| sup |Xs—ays|’ | <Cpt (3.12)
s€[0,t]
for some real constant C, > 0. Furthermore, one may set a, =0 if p > 1.

Hence, it follows as a consequence of Theorem 1 that
vr, p€ (0,p), eny(X,L2) =0 (log N)*%) . (3.13)
This follows from the following straightforward remark: let 8 C LP be an N-quantizer and let
§e LP (here £(t) = apt); then
with &+ 3 ={{+ [, fe i}

However rate (3.13) may be sub-optimal as illustrated below with a-stable processes and Poisson
processes. In Section 4 we establish two improvements of this rate under some natural hypothesis
(see Theorem 2 for a broad class of Lévy processes with an infinite Lévy measure an and Proposi-
tion 4 for compound Poisson processes).

- —— &0
X = X7 0l = X +6) = (X +&)° e ll,

e The a-stable processes The (strictly) a-stable processes are families of Lévy processes in-
dexed by a€ (0,2) satisfying a self-similarity property, namely

Vte Ry, X, AtY°X,  and  sup \Xslgztl/o‘ sup | X
0<s<t 0<s<1

Furthermore,

sup{r : E( sup [Xs|") < o0} =« and E|X;|* = +oo.
0<s<1

Consequently it follows from Theorem 1 applied with ¢(u) := uw that

1
Vp, re (0,a), eny (X, LP) =0 ——5|.
(e ew ) ((ng)é)

Although we provide no proof for it in this paper, it seems clear that this rate is optimal.

e The I'-processes These are Lévy processes whose distribution Py, at time ¢ is a y(«,t)-

distribution

th

Px,(dz) = ml(om)(:ﬂ)xt_le_wdx.
So, easy computations show that for every p > 1,
L't +p) L'(p)
E| X’ = ~ .
| Xt aPF(t+1)t aPP(l)t as t—0
Consequently it follows from Theorem 1 that
1
Vre[l,400), Vp €[0,7], eNW(X,Lp):O(i), Ve > 0.
! (log(N))

13



e Compound Poisson processes from the pathwise regularity viewpoint One considers
a compound Poisson process

K
Xt = Z Uka
k=1
where K = (K)icjo,r) denotes a standard Poisson process with intensity A = 1 defined on a

probability space (€2, .A,P) and (Uk)g>1 an i.i.d. sequence of random variables defined on the same
probability space, with U; € LP(IP) for some p > 0. Then, standard computations show that,

K 14 Ky
E sup U < EY |UGfP =t|th]? if0<p<1, (3.14)
Oss<t|p—1 k=1
K P . th=11p
E ];Uk < t|h]l? x |e” kz;l o if p>1, (3.15)

Consequently, Assumption (2.3) is fulfilled with ¢(u) = cub, b = 1/p, ¢ positive real constant.
Theorem 2 then yields

vr, pe (0,p), en (X, LP) = O((log N)~/#),

Note that when p < 2, this is a special case of (3.12). These rates are very far from optimality as
it will be seen further on (in Section 4 some faster rates are established by a completely different
approach based on the almost finite-dimensional feature of the paths of such elementary jump
processes). This will emphasize that the mean pathwise regularity of ¢ — X; does not always rule
the quantization rate.

4 A quantization rate for general Lévy processes

One aim of this section is to prove the following theorem for Lévy processes having no Brownian
component. Before stating the theorem we need some further notations related to Lévy processes.
Set

0 := inf {«9 >0: |z|%v(dz) < —i—oo} € [0,2], (4.16)
{lz|<1}

r* = sup {’I“ >0 : / |z|"v(dx) < +OO} < +oo. (4.17)
{lz[>1}

The exponent 6 is known as the Blumenthal-Getoor index of X (and is often denoted 3(X) in
the literature). Then, one defines on (0,00) the tail function of the Lévy measure v : u — v(u) :=

1
v([—u,u]). Finally we set for every 8 > 0, £(t) := tv(t2) and for every p > 0

2

Ap() = £(t) + \JL(t) + (L)7 + (L) P 1 1<per

if v is not symmetric and

Ap(t) == () + (L) + (L) P 1 1cpeny

if v is symmetric.
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Theorem 2 Let X = (Xi)ic(o,) be a Lévy process with Lévy measure v without Brownian compo-
nent. Assume r*, § > 0.

a ssume 6 € (0, . z|v(dxr) < 400 (i.e. 8 holds as a minimum) or if the Lévy
A fe (0,2]\ {1}. If Ou(d .e. 0 hold f the Lé
{lz|<1}
measure satisfies
C

dce (0, 1], 1C > 0, 1{0<m§c}lj(d$) < W1{0<|m|§c}dx (4.18)

then .
Vr, pe (0,0 A1), enr(X, L’;) = O((log N) 2). (4.19)

(b) Assume 8 € (0,2) \ {1}. If the tail function of the Lévy measure v has regular variation with
index —b at 0, then b = 0 and the function £ is slowly varying at 0. If furthermore, the functions

1
t— t2A,(t) are increasing in a neighbourhood of 0, then
1
Vr,pe (0,8 Ar*), en(X, LI;) =0 ((logN)_EAp((logN)l)) , pE (rVp,0). (4.20)

(c) Assume 8 < r*. For every re [0,7*) and every p € (0,r],
en (X, L) = O((log N) ™=+, ¥ > 0. (4.21)
(d) If § =1 and v is symmetric the above rates (4.19) and (4.20) are still valid.

Remarks. e In (a) we only used (4.18), not the definition of § as the Blumenthal-Getoor index of
X.

e When f € {1,2}, some rates can also be derived (even when v is not symmetric): thus in item (a),
if = 1, one can show by adapting the proof of case € (1,2) in Proposition 3 below that

log log N)

X, LP) =
en (X, r) O( log N

e In (4.20), there is always a dominating term in the definition of A,,.

e Note that this theorem provides no rate when 8 = 0 which is the case of an important class of
Lévy processes including compound Poisson processes. In fact for these processes the quantization
rate is not ruled by the mean regularity of their paths, as emphasized in Section 4.1.

e The proof of this theorem relies on Theorem 1, i.e. on the mean pathwise regularity of X, hence
the critical value @ for p cannot be overcome by such an approach since Assumption (L ,) for
p > 0 would imply that X has a pathwise continuous modification by the celebrated Kolmogorov
criterion.

ExAMPLES. e Note that for a-stable processes, r* = 0 = «, v satisfies (4.18) and lim, o f(u) €
(0, 00) so that both rates obtained from (4.19) and (4.20) coincide with that obtained in Section 3.5,
i.e. O((log N)fé). This rate is most likely optimal.

o Let uéﬁ(dm) =k |z 787 (= log |#]) "L (o q(|z|)dz, with 0 < ¢ <1, K >0, a > 0 if §€ (0,2), then

L(u) ~ 0% H(—logu)~® as u — 0. If a Lévy process X has 1/;79 as a Lévy measure, then r* = 400
and

Vr, pe (0,0), eny(X,LP) =0 «log]\/) é(loglogN)“) .

Such a rate improves the one provided by (4.19)
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o Let Vg,g(dx) = £ |z| 27 (= log |z])*L (¢ (|z])dz, £, a > 0,0 < c <1, 0€ (0,2). Then £(u) ~
0! (—logu)® as u — 0. Note that 2, does not satisfy (4.18). If a Lévy process X has 12, as a

Lévy measure, then r* = 400 and

(S

O ((1ogN) "2 (loglogN)Z7) , ne (0,0) if 0 <1

Vr, pe (0,8), eny (X, LP) =

IS

O ((logN) (loglogN)QQ—_a” , ne (0,0) if fe[1,2).

e Hyperbolic Lévy motions have been applied to option pricing in Finance (see [7]). These processes
are Lévy processes whose distribution Py, at time 1 is a symmetric (centered) hyperbolic ditribution

Px, = Ce v 1+(x/7)2dx, v,6 > 0.

Hyperbolic Lévy processes are martingales with no Brownian component, satisfy r* = +o00. Their
symmetric Lévy measure has a Lebesgue density that behaves like C 272 as 2 — 0 (so that (4.18)
is satisfied with § = 1). Hence one obtains for every r, p€ (0,1),

eny (X, L2) = O((log N)™1)
and, for every r > 1 and every p € (0,7], en(X, LY ) = O((log N)7%+’7), n > 0.

The proof of this theorem is divided in several steps and is deferred to Section 4.3. The reason
is that it relies on the decomposition of X as the sum of a “bounded” jump and a “big” jump Lévy
processes which are treated successively in the two following sections..

4.1 Lévy processes with bounded jumps

We consider in this section a Lévy process X without Brownian component (o = 0), with jumps
bounded by a real constant ¢ > 0. This means in term of the Lévy measure v of X that

v([—c, ) = 0. (4.22)

Then for every p > 0 and every t > 0, X; € LP(P) i.e. r* = 400. In Proposition 3 below we
establish Theorem 2 in that setting.

Proposition 3 Let (X;)icjo,7) be a Lévy process satisfying (4.22) and 8 > 0. Then claims (a)-(b)-
(¢)-(d) in Theorem 2 hold true with r* = co.

Proof. The proof of this proposition is decomposed into several steps. We consider 8 as defined

in Theorem 1. Note that in the present setting § = inf{6 > 0 : [|z|’v(dz) < +oc} and that

[|x|?v(dx) < +oo for every 6 > §. The starting idea is to part the “small” and the “big” jumps
1

of X in a non homogeneous way with respect to the function s — s2. We will inspect successively
the cases f€ (0,1) and f € [1,2].

STEP 1 (Decompositions of X): When §€ (0,1), then
E| Y AXJ|<E Y |AX,| :Tﬂm(d:g) < 400
0<s<T 0<s<T

consequently X IP-a.s. has finite variation and one can decompose X as

Xe=¢t)+ ) AX.. (4.23)

0<s<t
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where £(t) = at is a linear function.
Assume now g€ [1,2]. One may decompose X as follows

X, =€)+ X9 + MY (4.24)
with () = tE(Xy),
© ._ / ' /
X = AX 1 1 — [ds| 1 zv(dr).
' 0;@ gaxi>sty  Joo St clai<e}

Note that X(@ has finite variations on [0, T] since

t
ds/ , |:C|1/(dx):/ 12| (|2[% A £)v(dx) g/ 2|0 (dz) < +oc.
/o {sE <ol e} {lol<c} {lol<c}

Both X@ and M@ are martingales with (non-homogeneous) independent increments. Their in-
creasing predictable “bracket” processes are given by

<X® > /ds/ 1 z?v(de) and <M©® > /ds/ 1 2v(dx).
{lz|>s%} {lz|<s?}

We may consider from now on the (supremum process of the) Lévy process X, = X, — ¢ (t)
where ¢ is the the linear function defined by (4.23) and (4.23) respectively. Since the linear function
§ lies in LE, it does not affect the quantization rate which is invariant by translation.

STEP 2 (Increments estimates in LP(IP)) : In this step we evaluate supg<,<; |X,|in LP(P), pe (0,2].
Throughout this step, letter ¢ comes from (4.22).

Lemma 2 (a) Assume 6 (0,1). For every p€ (0,1] and every t€ [0,T],

o
N 2 gt
E ( sup|Xs|p> < C, ((/ds/ 1 v (dx) ) +/ds/ 1 |x|Pv(dx)
0<s<t {lz|<s2} 0 J{s&<|z|<c}
p
/du/ 1 xu(dm) ) . (4.25)
{|lz|<ul}

(b) Assume @€ [1,2]. For every pe (0,2] and every te [0,T],

4
t 2 t
E X)) o< ol fasf _y atvan) + [as] Pu(d
(02?;15’ ‘ ) o p(( 0 ° {|m|§sé}x V( -%') 0 ° {sé<\x\§c}‘x’ V( x)
(/ds/ x21/dm>)+sup /du/ xv(dx)
{s2<|z|<c} 0<s<t {ul<|z|<c}

Proof: (a) Using pe (0,1] and Doob’s inequality yield

+ sup
0<s<t

’ (4.26)

E sup [X,* < Esup | Z AX,1 1 [P+ E sup | Z AX,1 [P
0<s<t 0<s<t o< {|AX,|<ul} 0<s<t (Zy<s {|AXu\>u‘9}

)

2\ 2
< | Esup Z AX,1 1 +E Z |AX|P1
(OSUSS {'AX“E“Q})

1
0<s<t 0<s<t {|AX;|>s2}
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2\ 2
< C E su AX,1 1 —/Sdu/ 1 zv(de
o (OS%:S {\Axuwéué} 0 ™ Jperzaby™ ))
+ sup

/du/ 1xudm /ds/ |z|? Vdm))
0<s<t {lz|<ul} {s? <|z|<c}
P t
(// 1x1/dac> + sup /du/ 1xydx —{—/ds/l |x|P v(dx) | .
{lz|<s2} 0<s<t {|z|<ul} 0 {s2<|z|<c}

(b) It follows from Doob’s inequality (and 0 < p/2 < 1)

4

5 ¢ 3
< (4/(15/ 1 :UQV(dac)) .
0 Hlz[<s?}

0<s<t 0<s<t

E sup (MOp < [E s <Ms<ﬂ>>2]

On the other hand, since p€ (0,2], on uses that

sup [X{)|7
0<s<t

IN

(Z ]AXS\‘EI 1 ) + sup

/du/ zv(dx)
0<s<t {lAXs[>s2} 0<s<t {u? <|z|<c}
Z IAX,|51 /ds/ 2|5 v (dx) </ds/ 1 x2ydx)>
0<s<t ‘AXS‘>50} |$|>86} lz|>s2}
p)

/du/ zxv(dr)

{u? <|z|<c}

E sup |X |p<C(/ds/1 |x|Pv(dz)+ (/ds/l |ﬂ:|21/ dac) + sup /du/ zxv(dr)
0<s<t {s2<|z|<c} {s2<|z|<c} 0<s<t {ul <|z|<c}

Hence, using again Doob’s inequality
Lemma 3 (First extended Millar’s Lemma) (a) Assume § € (0,2] \ {1}. If the Lévy measure
satisfies Assumption (4.18) then

IN

+ sup
0<s<t

0.

L
)

Vpe (0,0), Vte [0,T], E sup |X,” <C,t
0<s<t

(4.27)

(b)Assume € (0,2)\ {1} and that the function u — v(u) has regular variation with index —b at 0.
Then b =0 and, for every pe (0,0), there exists T,€ (0,T] such that

- 1
Vite [0,T,], E sup | X |7 < C,(t2A,(t))°. (4.28)
0<s<t

(c) The above upper-bounds still hold if = 1 provided v is symmetric (with the appropriate A,).

Proof: (a) On just needs to investigate all the integrals appearing in the right hand side of
Inequalities (4.25) and (4.26) in Lemma 2. Let p€ (0,6) and let t€ [0,c? A T]. Then, if € (0,2),

t t ¢
/ds/ , 2?y(dr) < C/ ds/ 1 |zl < C/ s s = ctt
0 {o<|z|<s2} 0 {0<|z|<s2} 0
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where the real constant C' comes from (4.18). If § = 2,

/otds /{0<|x|§sé}m2y(dx) = /$2u(dx) /35 v(dr)t

Then, still for for every t€ [0,c% A T1,

-1 C t L_q L
/ds/ z|Pv(dz) <C/ds/ |z|P2 dxg—/sﬁ ds = Cte.
{s2 <|$|<C} {s2<|z|<c} 0—pJo

When € (0,1),

1
/du/ 1xudac // L |zlv(de) < C 1d5: ¢ ¢
{|z|<u@} {lz|<sZ1} o 1-80 1-0

Similarly when 6 € (1,2], still for for every t€ [0,c? A T],

o C i
/du/ xv(dr) /ds/ 1 |z|v(de) <C/ ds——t_
{u? <|z|<c} |m|>s‘9} 60— -1

t B t C t
/ds/l |:c|2l/(dx)§C/ds/l |z| /826 ds = Ct>?
0 {s8<|z|<c} 0 {s2<|z|<c} 0

One derives from (4.25) and (4.26) that there exists a positive real constant C, such that

ICDIN)

sup
0<s<t

sup
0<s<t

Itbl73

Vie [0,c¢2 AT, E sup |X,f < Cyt

The inequality holds for every t € [0,T] by simply adjusting the constant C,.

(b) The fact that b = @ was first established in [3]. We provide below a short proof, on the way to our
main result, for the reader’s convenience. It follows from Theorem 1.4.1 in [1] that v(u) = u="¢(u)
where ¢ is a (non-negative) slowly varying function. Consequently by the Markov inequality, one
has, for every p > 0 and every u > 0

W) < / l2|Pu(dz).
{ol>u)

Now, the left hand side of the above inequality goes to co as u — 0 as soon as p < b since £ has

slow variations (see Proposition 1.3.6 in [1]). Consequently p < 6. Letting 6 go to b implies that
b<4.

We will make use of the following easy equality which follows from the very definition of v: for
every non-negative Borel function f: R, — R,

[ flawta) == [ fa)(a), (4.29)

In particular, for every xz € (0, ¢| and every a > 0,
C
/ lu|*v(du) = —/ u®dy(u)
{lulza} x
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Assume b < . Then, it follows from Theorem 1.6.4 in [1] that for every a€ (b,0),

¢ b
/ udy(u) ~ 5 zy(z) = mw“_bﬁ(aﬁ) —0 as z—0,

—a

since ¢ is slowly varying. This contradicts [ |u|*v(du) = +oo. Consequently b = 6.
Now, Theorem 1.6.5 in [1] implies that for any a > 6

0
lul®v(du) = —/ wdy(u) ~ ——z%(z) as x —0.
/{u|§x} (0,z] a—40

Since § # 2,this yields

which in turn implies that

[ t 2 1
/ / . 2lu(de) sy(sl)ds as t—0.
{lz|<s¥} T 226 Jo

1
The function s +— v(s?) has regular variation (at 0) with index —1, hence Theorem 1.6.1 in [1]
implies

¢ 9 2,17 1
/ ds/ 1 zv(dr) ~ Cote p(tl) as t—0.
0 {lz[<s2} -

</0td8/{|x|si}x2y(dx)>gw ”’Q(lté (é(t))%)p a8 t—0. (4.30)

When g€ (0,1) and pe (0,8), the same approach leads to

/ du/ v zv(dr)
{lz|<ul}

Then, it follows from Theorem 1.6.4 in [1] that, for every pe (0,8),

e :_/
/{ismsd =) s

Finally,

sup
0<s<t

/ds/ 1 |z|v(dr) ~ C, géﬁ() as t— 0.
{lz]<s2} N

xPdy(z) ~

o= O

so that

' Pu(d 0 t 2 %d c %E 1\7 0
~ o, ) stulst)ds ~ t2(L(t))e t— 0.
/0 /Ségmgc} =/ (dz) Q_p/o stu(st)ds ~ Cpp ( (£()) ) as  t—

Similarly (by formally setting p = 1 in the former Equation) one shows that if § € (1, 2],

/ du/ zv(dx)
u6<\x\<c}

Finally, one shows similarly for the last term in (4.26) that when pe€ (0,8),

</0t /sésmsc} ’x‘gy(d@f ~Cpp (té(ﬁ(t))
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sup
0<s<t

/ ds/ |z|v(dx) ~ Cyt éﬁ( t) as t—0. (4.31)
59<|a:|<c} N

o o

p
) as t— 0.



Plugging these estimates in (4.25) and (4.26) yields that X satisfies Assumption (Lg,p) with
the announced function ¢, .

(¢) When v is symmetric (and @€ (1,2]), for every se [0,T],

/ du/ 1 zv(dr) =0
0 ul <|z|<c}

so that the condition 8 # 1 induced by (4.31) is no longer necessary. Similarly, when 0 € (0, 1],

Sdu/ 1 zv(dr).
/0 {lz|<ul} ¢

STEP 3 (Higher moments and end of the proof): Claims (a) (when # holds as a minimum) and (c),
when r < 2, straightforwardly follow from Millar’s Inequality (3.12) by applying Theorem 1 to the
1 1
function ¢(u) = u? with p = @ for item (a) and ¢(u) = wr with pe (r,2] for item (c).
Item (a) when Assumption (4.18) is fulfilled follows from Lemma 3(a) and Theorem 1 applied
1
with the function ¢(u) = u?. Finally item (b) follows from Lemma 3(b) and Theorem 1.
Item (d) follows from Lemma 3(c) and Theorem 1. At this stage it remains to prove Item (c)

when r > 2. This follows (when r > 2) from the extension of Millar’s upper-bound established in
the lemma below.

Lemma 4 (Second Extended Millar’s Lemma) Let (X¢).ejo,r) be a Lévy process without Brownian
part such that v([—c,c]®) = 0. For every p > 2, there exists a real constant C, 7 > 0 such that

vie [0,T],  E(sup [X,|") <Cprt.
0<s<t

Proof. One considers again )Z't = X; — tEX; which is a martingale Lévy process. Let k, :=
max{l : 2! < p}. For every k=1,... ,ky, one defines the martingales

M = 3 |AX, P _t/|;c|2’“y(dx).
0<s<t

The key of the proof is to apply the B.D.G. Inequality in cascade. It follows from the B.D.G.
Inequality that

E sup |X,|’
0<s<t

IN

p/2
C,E ( Z (AXS)2>

0<s<t
C, (E (Nt(l))p/2 + (t/xzy(dx))p/2> .

Now, for every ke {1,...,k, — 1}, still using the B.D.G. Inequality yields

IN

p/2" !
2k
E(Mt(k))p/ < CME( > mxﬁ““)

0<s<t

k+1 p/2F+1
Coi (E (N,f’““))”/ Ty (t / |x|2’““y(dx)> )

IN
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Finally, one gets

- ko p/2 p/2te !
E sup | X, < C, (t/\x!Qky(dx)) —i—E( > \AXSIQICPH)
Oss<t k=1 0<s<t

kp p/2F

< ¢, Z( /|x|2 dw> LE Y |AXs|p)
k=1 0<s<t
kp p/2F

e Z( /|x|2 dw> +t/|x|pu(dac)> .

since p/2F»T1 < 1. The conclusion follows from the fact that ¢2° = o(t). o

4.2 Compound Poisson process

In this section we consider a compound Poisson process (X;); defined by

Xt = Z Unl{SnS)\T}’ t Z 0.

n>1

where S, = Z1 + -+ + Z,, (Zp)n>1 is an iid. sequence of &rp(1) distributed random variables,
(Un)n>1 is an i.i.d. sequence of random variables, independent of (Z,,),>1 with Uy € L?, p > 0 and
A > 0 is the the jump intensity. For convenience we also introduce the underlying standard Poisson
process (Ki)i>o defined by

Kt = Zl{sng)\T}, tEO
n>1

so that (with the convention that Y 3 = 0)

K
X => U (4.32)
k=1

Proposition 4 Let X be a compound Poisson process. Then for every p,r€ (0,7%), p <r,

Ve 0,  enn(X,I2)=0 (exp (—\/ﬁ\/log(l\ﬂ 1og2(N)>> L (433)

Furthermore when X is a standard Poisson process, then, one can replace p+1+¢ by p+¢ in (4.33).
Remarks. e Note that (4.33) implies that
Va >0, eny (X, LP) = o((log N)™%).

e In fact the rate obtained in the above proposition holds as soon as X has the form (4.32) where
(Zy,) is as above and (Uy,) is L"(IP)-bounded for every r < r*, independent of (Up)pn>1.

Proof. We divide the proof in two steps, one is devoted to the standard Poisson process, the second
one to the general case. We will assume that r* > 1 throughout the proof so that, so that as it
was already emphasized in the proof of Theorem 1 we may assume without loss of generality that
r, p€ (0,7*) N [1,400). The case r* < 1 is left to the reader but can be treated by replacing the
“triangular” Minkowski inequality by the pseudo-triangular inequalities |f + g|z£,% <| f|7£,% + | g|z£,%
and [[U + V[T < [U[I7 + [V}
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STEP 1 (Standard case): One quantizes the standard Poisson K in a very natural way by setting
Kyi=Y g oy 120,
n>1

with

~ —an

S, =S,
where oy, = o}, U{AT}, o, is an L" -optimal (N, —1)-quantization of S := S, 15, <xry and 7' = =
Furthermore, one assume that the sequence (N,) is non-increasing and satisfies [],, N, < N (so
that N, = 1 for large enough n). Then, for every p > 1, it follows from the (extended) Minkowski
inequality

K~ Klp <> Ms,ny — Lg onyliz

n>1

Now

T
p _
Lisnany = Lganyle = /0 [Lisu<ny = Lig, <oyt

_ % 1S A (AT) = S A (AT)| = % 1S A AT) — G,

Now {Sp > AT} C {5, = AT} since max a,, = AT so that and S,, = AT on {S,, > AT'}. On the
other hand S,, = S on {S,, < AT} so that

S0 A (AT) = Syl = [Sn A (AT) — §n|1{5n§>\T} =|S) — §§|1{Sn§)\T} < |8t — Strl.

Also note that when N, = 1, S, = AT so that |S, A (AT) — S| = (AT — S,,)1. Consequently, for
every r > 1,

1K =Kl |, < Z|||1{Sn9.}—1{§ngx.}|L’%Hr

n>1
1 1

< Ly usaon -5
AP n>1
1

SN D O LR S [CCR AN
AP n,Np>2 n,Np=1

1 T
< T(Z |sir — g ||P+ ST (AT - Sy) +H)

AP\ N, >2 n,Np=1

The extended Pierce Lemma (Proposition 1) yields that, for every n > 1 such that N,, > 2, for
every & > 0,

o B
1S =St "I, < 1S 45, Crp Nn = 117

2(|Sn (s, <7yl rs Crps Ny
p

IN

Set,u::r'—i—é/p:%fssothat,up:r—i-é.

S+ Y (AT = Sy) +||p)

n,Np>2 N n,Np=1

) . (4.34)

_ 1 s
IE —Klpgl, < Cp,r,é—;( ) HSnl{SnSAT}HfZ

P

—_

B =

< CppsT7 (Z (P(S,, < AT))7r

n>1 NP
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Now, standard computations show that

n 1 "
P({S, < AT}) = (ff)m /0 e NTugy < % |

Hence, setting A = ()\T)ﬁ, yields

(B(s, < sy < QD7 A
(n)ie  (nl)ie

Ll. This function reaches a unique minimum at some xg > 0
[(z+1) kP
and then decreases to 0 as z — co. We modify the function a by setting ag(x) := a(x) V a(zg) so

that the function ag becomes non-increasing and log-concave since I' is log-convex. Now let

Set for every x > 0, a(x) :=

an = ap(n), n > 1.

Finally, the quantization problem (4.34) for the standard Poisson K is “upper-bounded” by the
following optimal integral “bit allocation” problem

. an
mln{z 1 anl,HNngN}. (4.35)

n>1 n n>1

Then let m > 2xg + 1 be a temporarily fixed integer. We set for N > 1,
1
P Nm
Nn:la"—ﬁl, 1<n<m, N,=1, n>m-+1.
(ngkgm ar)m

The sequence N,,,1 < n < m, is nonincreasing. This will ensure that
N, > 1, 1<n<m.
We wish to choose m as a function of N so that
1
amNPLm > ( H ak) .
1<k<m
Using log-concavity, this is clearly satisfies provided
4 N7 > ag((m +1)/2) = a((m + 1)/2) (4.36)
(since (m +1)/2 > x). Inequality (4.36) reads by taking log, to
m—1

1 1
log A+ —1log N > — (log(I'(m + 1)) — log(I'(1 4+ (m +1)/2)) . (4.37)
pm Hp
We will make use of the following classical inequalities: for every ¢ > 1/12,
0 <log(T'(t+1)) —log(v2r) — (t+1/2)logt +t <1

Then, after some tedious computations, one shows that Inequality (4.37) is satisfied as soon as

m—1

1 1 1 5
logA+ —log N > — (mlogm— m ——logm—i——).
pm up \ 2 g8 2 2
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If one sets (this is probably optimal)

m=m(N) := ’72 logN—‘

'ulogQ N

then the above inequality is satisfied as well as m(N) > 2z + 1, for every large enough N, provided
that one increases the value of A. With N, and m settled as above and using that z < 2 for

[z]

every x > 1, one gets

m
Z a"l SQ%mez%m(Hak)l/m—i- Z an,

n>1 NP k=1 n>m-+1
On the one hand, N,, > 1 reads

m
N7 ([] @)™ < anm.
k=1

On the other hand the log-concavity, the monotony of the function a over [xg+ 1,00) (and the fact
that @’ is non zero) imply that

a(zg+ 1)
(zo +1)

Z ap <

n>m+1

o ‘ Ay = o(Mm am,)

(this follows from a straightforward adaptation of the proof of Proposition 4.4 in [14] to which we
refer for details).

Am
may, = m-—p
(m!)re

< exp (—imlogm + O(m))
Hp

1 1og3N)))
< - log Nlog, N (1 4.
< Cexp ( p,u‘/'u og N log, ( +0 (10g2 ~ (4.38)

Note that p\/it = \/p-ppt = /(r + 0)p. Finally this yields in particular that for every £ > 0,

— 1
1K = Rlzg . = 0 (exp (- loa Nlora ) ).

STEP 2 (Compound case): Starting from Equation (4.32), it is natural to quantize (X;) by setting

~ I?t A~
Xi=> U
k=1

where K is a N (_quantization of the standard Poisson process K as described in Step 1 and, for
every n > 1, U, is an L"-optimal NT(L2)—quantization of U, with 1 < N1(2) X eee X N,S2) ... < N®@
and NON®) < N. Then, setting j(\tU = Zf:tl Up and K := Zf:tl ﬁk, one gets

KV =K < > Ukl |1gs,<ary — g oyl

n>1
= 1 PN ~ 1
so that X =K 0l < = N0kl IS0 A (AT) = Su A (AT
P n>1

ASTRESET

sup,,>1 ||Un|l, -
_ a1 1l 5y 0 a7y~ 8, 8 (1))

AP n>1
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where we used that the sequences (U,) and (S,,) being independent, so are (U,,) and (S,,). Using

~ ~ ~ A7(2)
1Tall, < U = Tall, + UL, = UL = TN, + U0,

shows that sup,,>1 |Un ||, < 400. Hence, it follows from Step 1 that, for every ¢ < \/%,

|1X — f(\U\Lz% I, =0 (exp (—c\/log(N(l))logz(N(l)))) )

-~

On the other hand, with obvious notations, and using that (U,, — U,,) and (S,,) are independent

11X KOl = IEV D,
< U= Ul gsu<aylze Il
n>1
1 R 1
= <D NU0=Uall IAT = Sp)4|I7
P n>1
1 n
1 (AT
< 1 Z HUn - UnHr%
AP p>1 (nh)7
_ (AT
< O U - T, B2
n>1 (nh)7

Now, it follows from the (extended) Pierce Lemma that

i AT ™
KY - KV < Cy, » _Qn)r
H ’ ’L‘}Hr = Ui, T; (n!)%NT(LQ)

= 0 <exp (—%\/Iog(N(Q)) logz(N(Q))>) .

The rate follows from the resolution of the optimal bit allocation problem (4.35) obtained by setting
formally up = r and p = 1. Then, note that, on the one hand

11X = Kl < 01X = KO o, + 1 1ED = Ry -
and on the other hand R @
j(\U = ijn 1 (1)
' ,; tE on

can take at most

H NOINZ < NO « N < N

rc2 1
values. Let ¢ < \/%. Setting N = [NT+?], N = [NT+] yields a rate

|HX>—thnr=c)§mp(—;ﬁﬁ%¢7yhmxwungAm))

i.e.
1

m log(N) 10g2(N)>> . %

Ve, |wx—2uguzo<mp(—
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4.3 Proof of Theorem 2

Any Lévy process X can be decomposed as the sum X = X1 4+ X of two (independent) Lévy
processes, one having bounded jumps and one being a compound Poisson process — according to
the decomposition of its Lévy measure

v(dz) = v (de) + P (dz)  with vW (dz) := 1jz<1y¥(dx) and v (dz) = 1jg)>1yv(dr).
Then, it is clear that, for every r,pe (0,7*)

en (X, L) < Cr(eqmy (XN, L) + ey o (XP L)

)

where 7’ = r V p. Now, it follows from Proposition 4 that ey (X%, L;/) = o(eNﬂ,/(X(l),L;l)) S0
that
enr(X, L{;) < C;/e[\/ﬁ] r,(X(l)’L;).

Now, using that £ has slow variations at 0, one derives that
ety (XN, L) = Ofen (XU, 1)),
Proposition 3 completes the proof of Theorem 2.
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