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Summary. Consider a semimartingale of the form Y; = Yy +f; asderfOt os— dWs,
where a is a locally bounded predictable process and o (the “volatility”) is an
adapted right—continuous process with left limits and W is a Brownian motion. We
consider the realised bipower variation process
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where r and s are nonnegative reals with r + s > 0. We prove that V(Y;r,s)i" con-
verges locally uniformly in time, in probability, to a limiting process V(Y; 7, s); (the
”bipower variation process”). If further o is a possibly discontinuous semimartingale
driven by a Brownian motion which may be correlated with W and by a Poisson
random measure, we prove that v/n (V(Y;r,s)" — V(Y;r,s)) converges in law to a
process which is the stochastic integral with respect to some other Brownian mo-
tion W', which is independent of the driving terms of Y and o. We also provide a
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multivariate version of these results, and a version in which the absolute powers are
replaced by smooth enough functions.
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1 Introduction

For a wide class of real-valued processes Y, including all semimartingales, the
“approximate (or, realised) quadratic variation processes”
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where [z] denotes the integer part of x € Ry, converge in probability, as
n — oo and for all ¢ > 0, towards the quadratic variation process V (Y;2),,
usually denoted by [V, Y];.

This fact is basic in the "general theory of processes” and is also used
in a large variety of more concrete problems, and in particular for the sta-
tistical analysis of the process Y when it is observed at the discrete times
i/n i = 0,1,... (sometimes V(Y;2)7 is called the “realised” quadratic
variation, since it is explicitly calculable on the basis of the observations).
In that context, in addition to the convergence in probability one is inter-
ested in the associated CLT (Central Limit Theorem), which says that the
VR (V(Y;2)F — V(Y;2):)’s converge in law, as processes, to a non—trivial lim-
iting process. Of course, for the CLT to hold we need suitable assumptions on
Y. This type of tool has been used very widely in the study of the statistics
of processes in the past twenty years. References include, for example, the
review paper [10] in the statistics of processes and [1], [2], [3], [6] in financial
econometrics. [2] provides a review of the literature in econometrics on this
topic.

Now, when Y describes some stock price, with a stochastic volatility possi-
bly having jumps, a whole new class of processes extending the quadratic vari-
ation has been recently introduced, and named “bipower variation processes”:
let 7, s be nonnegative numbers. The realised bipower variation process of order
(r, s) is the increasing processes defined as:
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with the convention 0° = 1. Clearly V(Y;2)" = V(Y;2,0)". The bipower
variation process of order (r,s) for Y, denoted by V(Y;r,s)¢, is the limit in
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probability, if it exists for all ¢ > 0, of V(Y;r,s)}. It has been introduced
in [4] and [5], where it is shown that the bipower variation processes exist
for all nonnegative indices r, s as soon as Y is a continuous semimartingale
of “Itd type” with smooth enough coefficients. These papers also contain a
version of the associated CLT under somewhat restrictive assumptions and
when r =s=1.

The aim of this paper is mainly to investigate the CLT, and more precisely
to give weaker conditions on Y which ensure that it holds and which cover
most concrete situations of interest, and also to precisely describe the limiting
process. We prove the existence of the bipower variation process for a wide
class of continuous semimartingales (extending the results of [4] and [5]). We
establish the CLT in a slightly more restricted setting. The restriction is that
the volatility of Y (that is, the coefficient in front of the driving Wiener process
for V) is a semimartingale driven by a Lévy process, or more generally by a
Wiener process (possibly correlated with the one driving Y') and a Poisson
random measure.

We also investigate the multidimensional case, when Y = (Y7)1<;<4 is d-
dimensional. It is then natural to replace (1.2) by the realised “cross—bipower
variation processes”:
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We state the results in Section 2, and the proofs are given in the other
sections. The reader will notice that we replace the powers like |Y%' —Yiou|"
in (1.2) by an expression of the form g(y/n(Y: —Yiz1)) for a suitable function
g: this can prove useful for some apphcatlons and it is indeed a simplification
rather than a complication for the proof itself. Written in this way, our results
also extend some of the results of Becker in [7], and of the unpublished paper
8]

It is also worth observing that, apart from the notational complexity, the
proofs when r > 0 and s > 0 are not really more difficult than when r > 0
and s = 0, that is, when we have only one power in (1.2). That means that,
obviously, the same types of results would hold for the ”realised multipower
variation processes” which are defined by

V(Y7 YN NP
e [nt]
ritedry 4 ‘ 4
=n" 7 Y Yoyl v - Y+N NG L™ (1.4)
~ = = o
for any choice of r; > 0 and any fixed N. We do not prove those more general
results here, but simply state the results.
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2 Statement of results

We start with a filtered space (2, F, (F¢)i>0, P), on which are defined various
processes, possibly multidimensional: so we systematically use matrix and
product—matrices notations. The transpose is denoted by *, all norms are
denoted by ||.||. We denote by My 4 the set of all d x d’~matrices, and by
Maar a the set of all arrays of size d x d’ x d”, and so on. For any process
X we write ATX = Xi/n — X(i—l)/n-

Our basic process is a continuous d-dimensional semimartingale ¥ =
(Y?)1<i<q. We are interested in the asymptotic behavior of all finite fami-
lies of processes of type (1.3), that is for all j,k € {1,...,d} and all finite
families of pairs (r,s). So in order to simplify notation (which will neverthe-
less remain quite complicated, sorry for that !), we introduce the following

processes:
[nt

]
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where g and h are two maps on RY, taking vakues in Mg, 4, and Mg, 4,
respectively. So X™(g, h); takes its values in My, 4,. Note that, letting

fia(x) =12, (2.2)

we have V (Y7, Y*;r, )" = X"(f;,, fr.s), and any finite family of processes
like in (1.3) is a process of the type (2.1) with the components of g and h
being the various f; ;.

2.1 Convergence in probability

We start with the convergence in probability of the processes X™(g,h). We
need the following structural assumption on Y:

Hypothesis (H): We have

t t
Y, =Y, +/ asds +/ os_ dWs, (2.3)
0 0

where W is a standard d’~dimensional BM, a is predictable R%valued locally
bounded, and o is M g-—valued cadlag.

Below px denotes the normal law A'(0, 2X"), and px(g) is the integral of
g w.r.t. px.
Theorem 2.1. Under (H) and when the functions g and h are continuous
with at most polynomial growth, we have

X"(gh)e — X(g.h), = / P (@)po. (h)ds, (2.4)

where the convergence is local uniform in time, and in probability.
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If we apply this with the functions g = f;, and h = fj s, we get a result
of existence for the bipower variation processes. We denote by pu, the rth
absolute moment of the law N(0,1).

Theorem 2.2. Under (H), and if r,s > 0, we have
‘4yayﬁn@g-aquayhngﬁzuﬂ%/mwyrwﬁﬁd% (2.5)
0

where the convergence is local uniform in time, and in probability.

This result is essentially taken from [4]. The assumption (H) could be
weakened, of course, but probably not in any essential way. For instance the
cadlag hypothesis on ¢ can be relaxed, but we need at least the functions
u +— |oJ7|" to be Riemann-integrable, for all (or P—almost all) w. The fact
that the driving terms in (2.3) are ¢t and W; is closely related to the fact that
the discretization in time has a constant step 1/n. If we replace (2.3) by

t t
m:YO+/ anAS+/ os_dM,,
0 0

where A is a continuous increasing process and M a continuous martingale,
then a result like (2.5) can hold only for discretization along increasing se-
quences of stopping times, related in some way to A and to the quadratic
variation of M. If further Y is discontinuous, this type of result cannot pos-
sibly hold (with the normalizing factor n%sfl), as is easily seen when Y is
a simple discontinuous process like a Poisson process. As a matter of fact,
this observation was the starting point of the papers [4] and [5] for intro-
ducing bipower variations, in order to discriminate between continuous and
discontinuous processes.

Finally, we state the multipower variation result: the processes of (1.4)
converge (under (H)) towards

t
VO o Y = syt [ du
0
(2.6)
2.2 The central limit theorem

For the CLT we need some additional structure on the volatility o. A relatively
simple assumption is then:

Hypothesis (HO0): We have (H) with

t t t
o = 09 Jr/ alds +/ ol _dW Jr/ Vs_dZs, (2.7)
0 0 0
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where Z is a d”—dimensional Lévy process on (£2, F, (F;)i>0, P), independent
of W (and possibly with a non—vanishing continuous martingale part). Fur-
thermore the processes ¢’ and v, and a of (2.7), are adapted cadlag, with val-
ues in My 4.0 and Mg 4 ¢ and Mg g respectively, and a' is My g—valued,
predictable and locally bounded.

This assumption is in fact not general enough for applications. Quite often
the natural ingredient in our model is the "square” ¢ = oo* rather than o
itself, and it is this ¢ which satisfies an equation like (2.7). In this case the
”square-root” o of ¢ does not usually satisfy a similar equation. This is why
we may replace (HO) by the following assumption:

Hypothesis (H1): We have (H) with

t t t
oy = JOJr/ a/sds+/ ag_dWSJr/ ve_dVy +
0 0 0
t t
// pow(s—, x)(pn—v)(ds,dx) +//(w—apow)(s—,a:),u(ds,da:).(2.8)
0JE 0JE

Here o’ and o’ and v are like in (HO); V is a d’—dimensional Wiener process
independent of W, with an arbitrary covariance structure; i is a Poisson ran-
dom measure on (0, 00) X E independent of W and V, with intensity measure
v(dt,dx) = dtF(dz) and F is a o—finite measure on the Polish space (F,E);
© is a continuous truncation function on Rdd’ (a function with compact sup-
port, which coincides with the identity map on a neigbourhood of 0); finally
w(w, s,z) is a map 2 x [0,00) x E — My 4 which is Fy ® E-measurable
in (w,x) for all s and cadlag in s, and such that for some sequence (S) of
stopping times increasing to +o0c we have:

sup lw(w,s,z)|| < ¥r(z), where /(1\/1/1k(x)2) F(dx) < o0. (2.9)
wENR,s< Sk (w) E

This hypothesis looks complicated, but it is usually simple to check. The
conditions on the coefficients imply in particular that all integrals in (2.8) are
well defined. It is weaker than (HO): indeed if (HO) holds, we also have (H1)
with £ =R%" and V being the Wiener part of Z if it exists, and p being the
random measure associated with the jumps of Z (so F' is the Lévy measure of
Z), and w(w,t,z) = v (w)x (note that v is the same in (2.7) and in (2.8); the
processes a’ in the two formulae are different, depending on the drift of 7).

We also sometimes need an additional assumption:

Hypothesis (H’): The process oo* is everywhere invertible.

Set once more ¢ = oo*. If the processes ¢ and c_ are invertible, (H1)
holds if and only if the process ¢ satisfies an equation like (2.8), with the same
assumptions on the coefficients. This is not longer true if we replace (H1) and
(2.8) by (HO) and (2.7).
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As for the functions g and h, we will suppose that their components satisfy
one of the following assumptions, which we write for a real-valued function
f on R%; if f is differentiable at x, we write V f(x) for the row matrix of its
partial derivatives:

Hypothesis (K): The function f is even (that is, f(—xz) = f(x) for all
r € RY) and continuously differentiable, with partial derivatives having at
most polynomial growth.

Hypothesis (K’): The function f is even and continuously differentiable on
the complement B¢ of a closed subset B C R? and satisfies

Iyl <1 = [flz+y) - f@)] < OO+ zf”) [yl (2.10)

for some constants C' > 0, p > 0 and r € (0, 1]. Moreover:
a) If r = 1 then B has Lebesgue measure 0.
b) If r < 1 then B satisfies

for any positive definite d x d matrix C' and any
N (0, C)—random vector U the distance d(U, B)

from U to B has a density ¢ on R, such that (2.11)
SUPzeRry,||C||+]|C-1]|<A Yo(x) < oo for all A < oo,
and we have
C ||
. d(z, B) IVF@)] < Gaael,
e s 1/\ 2 :> CA+lzI")yll
va(x +y) — Vf(.%‘)” < @B
(2.12)

The additional requirements when r < 1 above are not “optimal”, but
they accomodate the case where f equals f; ., as defined in (2.2): this function
satisfies (K) when r > 1, and (K’) when r € (0, 1] (with the same r of course).
When B is a finite union of hyperplanes it satisfies (2.11). Also, observe that
(K) implies (K’) with r = 1 and B = (). For the concept of “stable convergence
in law”, introduced by Renyi in [11], we refer to [9] for example; it is a kind
of convergence which is a bit stronger than the ordinary convergence in law.

Theorem 2.3. Under (H1) (or (H0)) and either one the following assump-
tions:

(i) all components of g and h satisfy (K),

(i) (H’) holds, and all components of g and h satisfy (K’),
the processes \/n (X™(g,h) — X(g,h)) converge stably in law towards the lim-
iting process U(g, h) given componentwise by

dy ds

. t . A 2 -/ !
UG =3 Y [ alog iy aws™ (2.13)
0

J'=1k'=1
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where
oS (X, g, h)TRIma( X, g, h)T R M = A(X, g, h)ikIF
and A(Z, g, bR =35, (Pz(g'jlgj/l/)Pz(hlkhl/k/)
+p5 (g )ps (W) ps (g7 h%) + ps (g’ )ps (') ps (g7 hIY)

—3pz (gjl)PE (gj/l/)Px(hlk)Pz(hllk/)) )

(2.14)

and W' is a dids—dimensional Wiener process which is defined on an extension
of the space (2, F,(Fi)t>o0,P) and is independent of the o—field F.

The first formula in (2.14) means that « is a square-root of the dyds X dyds—
matrix A, which is symmetric semi-definite positive. Observe that the right
sides of (2.4) and (2.13) always make sense, due to the fact that ¢ — oy is
cadlag and thus with all powers locally integrable w.r.t. Lebesgue measure.

Under (H) and if both g and & are even and continuous, the processes

[nt]
U (190 = = 3 (/i APV )h(V AL, Y)
~E(g(V ATY)h(VR Al Y)|Fn))  (215)

still converge stably in law to U(g, h) provided a and o have some integra-
bility properties in connection with the growth rate of g and h (so that the
conditional expectations above are meaningful): see Theorem 5.6 below for a
version of this when a and o are bounded. But such a CLT is probably of
little practical use.

Remarks: For simplicity we state the remarks when all processes are 1-
dimensional and when h(z) = 1.

1. When g is not even we still have a limiting process which is the process
U(g,1) plus a process which has a drift and an integral term w.r.t. W:
for example if g(z) = x, then X(g,1) = 0 and of course v/n X"(g,h); =
Yint)/n, 50 the limit is Y itself (in this case U(g, 1) = 0). For more details,
see [8].

2. In view of the result on (2.15), when h = 1 the CLT is essentially equiva-
lent to the convergence of

[nt]
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n

to 0 (locally uniform in ¢). This in turn is implied by the convergence to
0 of the following two processes:
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% > (Pam (9) —n /r Po., (g)dU> : (2.17)
i=1 "

n

3. For (2.17) we need some smoothness of o: e.g. u +— o, is Holder with
some index > 1/2. Hypothesis (H1) is of this kind (although o can have
jumps, (2.8) sort of implies that it is "Holder” of order 1/2 and further
some compensation arises).

4. The differentiability of g is in fact used for the convergence of (2.16).
Another natural idea would be to compare the transition densities of Y
and W for small times, provided of course the former ones exist: that
allows to get the results for functions ¢ and h which are only Borel—
measurable, in Theorem 2.3 and in Theorem 2.1 as well, but it necessitates
quite stringent assumptions on Y (like a Markov structure, and non—
degeneracy).

2.3 Applications to bipower variations

Let us now explain how the general CLT above writes for bipower variations.
The most general form is given below, but for simplicity we first consider the
1-dimensional case for Y, with a single bipower process.

Theorem 2.4. Let r,s > 0 and assume that d = d' = 1. Assume (HI)
and also that either r,s € {0} U (1,00) or (H’) holds. Then the processes
(vVn (V(Y;r,8)" =V (Y;r,s))) converge stably in law to a process U(r,s) of
the form

t
U(r, s)e = \/Hartizs + 24 fspirts — S22 / o] AW, (2.18)
0

where W' is a Wiener process which is defined on an extension of the space
(2, F,(Fi)t>0,P) and is independent of the o—field F.

For the general case we consider simultaneously all cross-bipower varia-
tions for any finite family of indices. We need some more notation: we de-
note by u(X;r,s;j, k) the expected value of |U;|"|Uk|® when U = (U;)1<j<a
is an NV(0, X' X*)—distributed random variable, and also by u(X;r;j) the ex-
pected value of |U;|" (so u(X;7;7) = w(Xsr,0; 4, k) for any k, and p(X;7;j) =
|CI3|7/2 ., where C = X 5*).

Theorem 2.5. Let (17,s;) be a family of nonnegative reals. Under (H1) and
either one of the following assumptions:

(i) r, 8 € {0} U (1,00),
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(i) (H’) and ry, s; € [0,00),

the L x d x d—dimensional processes
(Vn (VY7 YR, s)" = VY7, Y r,8)): 1<I<L, 1<jk<d)

converge stably in law to a process (U(ry,s1,7,k) : 1 <1< L1 < j,k <d)
having the form

L d d

U(lesl,j,k)t _ Z Z Z / a(o_u)ljk,l’j'k/ dW;l/j/k,7 (219)

I=14'=1k'=1
where
25121 Z?H:1 ZZ“:1 ()R T K o (VIR TR gLk
and  A(DYIRVIE = 1(2r g, (S sy, sk K
Fu( D5 ) p(Zs s KD (s 7, 50557, F) (2.20)
Fu(Z5 s 5 ) (25 515 k) (s 70, 505 5, K
=3u( X s (X5 s §)u(Es s k) (X5 s k')

and where W' is an L x d x d—dimensional Wiener process which is defined
on an extension of (£2,F, (Fi)i>0,P) and is independent of the o—field F.

This result readily follows from Theorem 2.3, upon taking dy = Ld, dy = L,
ds = d, g(x)!9" = |23 |" ey (e is the Kronecker symbol) and h(x)b7 = |z]5.
Apart from Theorem 2.4, several particular cases are worth being mentioned
(recall that ¢ = o0™):

1. If j = k then \/n (V(Y7;r,5)" — V(Y7;r,s)) stably converges to

t
\/MZTMZS + 200 plsplrys — 3”%/‘2/ |CZI,]| 2 qulr
0

This is also, of course, a consequence of Theorem 2.4.

2. The bivariate processes with components v/n (V(Y7;7,0)" — V(Y7;r,0))
and /n (V(Y*;0,5)" — V(Y*;0,s)) stably converge to a continuous mar-
tingale with (matrix—valued) bracket C' given by

Ot = (nze = 1i3) Jy |l | du
O = [y (u(ouir,s:5.0) = propusleld | P21elF1/2) du g (221)
CP = (nzs — i2) Jy |l ] du
The same is true for the processes with components \/n (V(Y7;r, 0)" —
V(Y7;r,0) and /n (V(Y*;5,0)" — V(Y¥;5,0)). When j = k we get
ty it
Ot12 = (/-LT-&-S - Mr,us) f() |C%J|

2 du.
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Finally we state the multipower variation result, in the 1-dimensional case
only for simplicity. We consider the processes of (1.4) and (2.6), which are
written V(Y;ry,...,ry)" and V(Y;7r1,...,rn) here. For any choice of r; > 0,
and under (H1) and also under (H’) if any of the 7; is in the set (0,1}, the
processes /n (V(Y;ri,...,ry)" =V (Y;r1,...,rn)) converge stably towards
a limiting process of the form

t
Ulrn, i) = \/A/ o[ g
0

where W’ is a Wiener process independent of the o—field F, and where

N N N—-1 N N—k
A= H,UQm - (2N - 1) H/fle +2 Z H,U'Tz H Hory H Koyt -
=1 =1 k=1 1=1 I=N—-Fk+1 =1

2.4 Outline of the proof

The remainder of this paper is devoted to proving Theorems 2.1 and 2.3:

1. In Section 3 we replace the ”local” assumptions (H), (H1) and (H’) by
"global” ones called (SH), (SH1) and (SH’): these stronger assumptions
are likely to be satisfied in many practical applications, and the ”local-
ization techniques” using stopping times are standard: so the reader can
very well skip most of that section and read only the assumptions and
(3.6).

2. The idea of the proof is simple enough. First, replace the increments A'Y
of the process (2.3) by o(;—1)/n A7 W: then the CLT is a simple conse-
quence of the convergence of triangular arrays of martingale differences,
and the convergence in probability follows from the CLT: this is basi-
cally the content of Section 4. In Section 5 we prove the CLT for the
processes of (2.15): this easily follows from Section 4. Hence proving The-
orems 2.1 and 2.3 amounts to control of the differences X™ (g, h)—U"(g, h)
or v/n (X"(g,h)—U"(g,h)): for Theorem 2.1 this is simple, see Section 6.
For Theorem 2.3 it is done in Section 8: we have to split the above differ-
ences into a large number of terms, which are estimated separately. So we
gather the necessary (very cumbersome) notation and technical estimates
in Section 7.

3 Some stronger assumptions

Under (H) we have a sequence Ty of stopping times increasing to +o0o and
constants ), such that

s < Ty = las| + |os—| < Ch.
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Setas)—as/\Tk,andcr()—031f5<Tkandos):0 _if s > T). We
associate Y %) with a®®) and o(®) by (2.3), and X™*) (g, h) with Y *) by (2.1),
and similarly X*)(g, h) and U*) (g, h) with o(®) by (2.4) and (2.13) (and the
same process W' for all k).

Suppose that we have proved Theorem 2.1 for X™*) (g h), for each k.
Observing that X™®) (g,h), = X"(g,h); and X®) (g, h), = X(g,h); and
U®) (g, h)y = Ul(g, h), for all t < T}, and since T}, increases to 0o as k — o0, it
is obvious that the result of Theorem 2.1 also holds for X" (g, h). So, instead
of (H), it is no restriction for proving Theorem 2.1 to assume the following
stronger hypothesis:

Hypothesis (SH): We have (H), and further the processes a and o are
bounded by a constant.

Now we proceed to strenghten (H1) in a similar manner. Assume (H1) and
recall the sequence (Si) in (2.9): it is no restriction to assume in addition that
S < k. Set for k,[ > 1:

Ek,l = {CL‘ eFE: wk(l‘) > l}, Rk,l = inf(t : ,u((07t] X Ek,l) > 1)
Then we have
P(Ri; < Sk) < E(u((0,Sk] X Exy)) = F(Ek;) E(Sk) <k F(Eg)).

In view of (2.9) we have lim;_,o F'(Ex,;) = 0. Hence we find I} such that
P(Ri1, < Sk) < 27 and obviously the sequence of stopping times S, =
Sk A Ry1, has sup, Sj, = oo a.s.

Next, just as above, we find a sequence S}/ of stopping times increasing to
400 and constants C} such that

s< S8 = llasll+ llos—|I + llasll + lot- ]| + [[vs— | < Ci.
Then if T}, = S}, A S}/, we still have sup;, T, = oo a.s., and further

s<T, = |asl]| + |los—[| + llasll + [los_ || + [[vs—|| < Ck7}
w((0,Tk) X Exy,,) = 0.

Set

0 if s>1Ty

S IV S ) .f <T
(@), 8 o) ) (5, 2)) = (as, 0l vs,w(s,x)) if s &

~—

(0,0,0,0) if s> 1Ty,
p®)(ds, dx) = p(ds, dz) 13;% (z),
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v ¥ (ds, dz) = ds ® Fy,(dz), where Fy(dz) = F(dx) 1E§,zk (z).

Then ) is a new Poisson measure, still independent of W and V, with
compensator v(¥) and v, is square-integrable w.r.t. F},. We then put

t t t
o =0yt [ a®ds s [ Baw.r [ v,
0 0 0

t
+ [ pou®ma)u® — ) ds,da)

/ / (w® — o w®)(s—, 2)u® (ds, dz) (3.2)
— 0o +/ (@™ + af )ds+/0 o B aw, +/Otv§'i)dvs
/ / w® (s p® — ) (ds, dx), (3.3)
provided " = [, (w® —pow®)(s—, z)Fy(dz). Then o{¥) = o, when s < T},

and Hozsk)H < C}, for all s, for some constant CY,.

We associate Y *) with a(*) and ¢ by (2.3), and X™*) (g, h) with V)
by (2.1), and similarly X *)(g, h) and U*) (g, h) with o) by (2.4) and (2.13)
(and the same process W' for all k). We clearly have X™*) (g, h); = X™(g, h);
and X®) (g, h); = X(g,h); and U (g,h); = U(g, h); for all t < Tj,.

Hence, exactly as for (H), for proving Theorem 2.3 it is no restriction to
replace (H1) by the following stronger assumption (recall (3.3)):

Hypothesis (SH1): We have (SH) with

¢ ¢ ¢ ¢
Ut=0'0—|—/ a;ds+/0;7dWs+/vs,st—&—//w(s—,m)(,u—u)(ds,dw)
0 0 0 0JE

(3.4)
with V', p and v as in (H1), and &, 0/, v and a are like in (HO) and uniformly
bounded. Finally w is like in (H1), with further

sup lw(w, s, )| < ¢(x), where /w F(dz) < oo, 9(x)<C.
we,s>0
(3.5)

In a similar way, under (H’) we find a sequence T} of stopping times
satisfying (3.1) and also ||(os0%) || < Cy if s < Tj. So the same argument as
above allows to replace (H’) in Theorem 2.3 by

Hypothesis (SH’): We have (H’) and further the process (co*)~! is
bounded.

Finally, let us denote by M’ the closure of the set {7, (w) : w € 2,u > 0}
in Mg 4. Then there is a constant Ay such that:
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under (SH) we have Y e M’ = || Y| < Ay (36)
under (SH’) we have Y e M’ = [[(ZX*)7!| < A,. .

In view of the previous results, we can and will assume in the sequel either
(SH), or (SH1), and sometimes (SH’).

. . P
Let us also fix some conventions. We write V" — V for a sequence (V")
of processes and a continuous process V when sup ., ||[V]* — Vs|| goes to 0

in probability for all ¢ > 0. When V" takes the form V)" = yﬁ ¢ for an

array of variables ((I"), and when V" i 0, we say that this array is AN, for
Asymptotically Negligible.

The constants occuring here and there may depend on the constants in
(SH) or (SH1) and on the functions g and h and are all denoted by C' and
change from line to line; if they depend on another external parameter p, we
write them Cp.

4 A first simplified problem
In this section we prove the CLT in a slightly different setting: in some sense,

we pretend that at stage n, o is constant over the interval [(i — 1)/n,i/n).
More precisely, we introduce the following R% valued random variables:

B = Vi o AW, B = Vo AT W (4.1)
and we write p = ps,, . To begin with, we consider an My, 4,~valued

adapted cadlag and bounded process  and an My, q,—valued function f on
R<. Then we introduce the Mg, 4,—valued process (recall (4.1)):

[nt]

T2 Y0 (FOD) (). (1.2

Uy =
In a similar way, for g and h like in (2.1), we set
1 I
% Z (g(@‘n)h(ﬁz{n) - p?—1(9)ﬂ?—1(h)) . (4.3)
i=1

Our aim in this section is then to prove the following two CLT’s:

mo__
U" =

Proposition 4.1 Under (SH), if [ is at most of polynomial growth, the se-
quence of processes U™ in (4.2) is C-tight. If further f is even, then it con-
verges stably in law to the process U defined componentwise by
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di ds t
Ujk — / 5gk7j/kl quij’k/7 (44)
where
d] d3 d2
>3 R A = ST (o () = o (1), (1) ) 62061
=1 m=1 =1

(4.5)
and W' is a didz—dimensional Wiener process defined on an extension of
(02, F, (Ft)t>0, P) and which is independent of the o—field F.

Proposition 4.2 Under (SH) and if g and h are continuous with at most
polynomial growth, the sequence of processes U™ is C-tight. If further g and
h are even, then it converges stably in law to the process U(g,h) described in
(2.13).

Before proceeding to the proofs, let us mention the following estimates,
which are obvious under (SH):

E(18717) +E8"1) < C. (4.6)

Next, saying that f is of at most polynomial growth means that for some
constants C' > 0 and p (we can always choose p > 2),

reR' = |f(2)] < O+ |fe|?). (4.7)

Observe also that Propositions 4.1 and 4.2 imply respectively

1 nt] P t
g;(s% f(ﬁ’ ) - A 5u pau(f) du7 (48)
[nt] )

i;g(ﬁ?)h(ﬁ;n)i) /0 oo (@) (B) dus. o)

Proof of Proposition 4.1. We have U;j' = yﬂ 5, where (' =
0i—1 (f(B) — p_1(f))/+/n. Recalling (4.6) and (4.7), we trivially have

C

E((1Fz) =0, B(IGIFm) < . (4.10)
. AN ]_ . AN
E(EGTE 1 Fi) = - AT
n n n

where A7k 'K is the right side of (4.5). Moreover since o is cadlag we deduce
from (4.7) that s — p,, (f) also is cadlag. Thus by the Riemann integrability
we get
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[nt] t
SCEGTE F) - [ AT qu, (4.11)
i=1 . 0
Then (4.10) and (4.11) are enough to imply the tightness of the sequence
).
Now, assume further that f is even. Since the variables A?W and —AW
have the same law, conditionally on F;_1y/,, we get

7

da
E(FATWFim) = > SN BAW! f(Vn 0 APW) ™| Fiz) = 0,
m=1 " " "

(4.12)
Next, let N be any bounded martingale on ({2, F, (F¢)t>0, P), which is orthog-
onal to W. For j and k fixed, we consider the martingale M; = E(g(81")7*|F:),
for t > % Since W is an (F)-Brownian motion, and since ! is a function
of o(i_1y/n and of APW, we see that (M;);>(i—1)/m is also, conditionally on
F(i-1)/n, & martingale w.r.t. the filtration which is generated by the process
Wy — Wi—1. By the martingale representation theorem the process M is thus

of the form My = Mi—1 + [ ; 1sdW for an appropriate predictable process 7.
It follows that M is orthogonal to the process N/ = Ny — Ni—1 (for t > 1),

or in other words the product M N’ is an (Fy),~ -1 7martingiale. Hence

E(APN g(vVn 021 AfW)¥|Fior) = B(AYN'M; | Fiz1)
=E(APN'APM|Fin) = 0,

and thus
E(('ATN|Fi-1) = 0. (4.13)

If we put together (4.10), (4.11), (4.12) and (4.13), we deduce the result
from Theorem IX.7.28 of [9]. O

Proof of Proposition 4.2. A simple computation shows that U™ =
t]+1
SR 4 A = A4y, Where

G = = (oA A = o) + (0(87) = s (@) a ().

= % (9(87) — 21 (9)) Py (h).

We trivially have (4.10), while (4.12) and (4.13) (for any bounded martin-
gale N orthogonal to W) are proved exactly as in the previous proposition. We
will write pj' 5, 1(9,h) = [ g(oizrx)h(oi2x)p(dx), where p is the N'(0, I)
law. An easy computation shows that ’



CLT for bipower variations 49

E(( I Fi)
1 & . ,
== Z[ (B (o (B = (W) ey ()

9BV P () ”,hlk>—p?_2<h”“>p?_1<g”>)

( —2,i—1
S I o (N S 2<hlk>p (g >)
i (WF)piy (') (pifl(gﬂg] ") = pa(gria

and thus by (4.8) and since the components of g and h satisfy (4 7) and are
continuous and o is cadlag (hence in particular p' 5 ; 1(g,h) — pi'_5(gh) goes
to 0, uniformly in ¢ < [nt] + 1), we get with the notation (2. 14)

[nt]+1

t
I R R
" 0

=2

Then exactly as in the previous proof we deduce that the processes > ;" nt]
are C—tight, and that they converge stably in law to the process U(g, ) of
(2.13) when further g and h are even.

On the other hand ~!* is the transpose of the jump at time i/n of the
process U™ of (4.2) when d,, = p,, (h*) and f = g*, so Proposition 4.1 yields

SUP;<[ny] 177 2,0 for any #: hence the results. O

5 A second simplified problem

So far Y has played no role, but it will come in this section. Recalling (4.1),
we set

& =+\/n AMY — 37, " =n AP Y — B (5.1)
Observe that

i

E,Ln: \/ﬁ (/” audu—i—/n (qu _U”)qu> ’
i1 i1 n

n n

and a similar equality for £, with the integrals between i/n and (i + 1)/n.
Then under (SH) we have for any ¢ € [2,00), by Burkholder Inequality:

E([vn ATY(7) + E(IE 1) + B(IE" ) < Cq. (5-2)

We can now consider the processes U™ (g, h) of (2.15): in view of (5.2), the
conditional expectations in (2.15) are finite as soon as g and h have polynomial
growth.
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Theorem 5.6. Under (SH) and if g and h are continuous with at most poly-
nomial growth, the sequence of processes U™ (g, h) of (2.15) is C—tight. If fur-
ther g and h are even, it converges stably in law to the processes U(g,h) of
(2.13).

We first prove three lemmas. The first one is very simple:

Lemma 5.1. Let (¢") be an array of random variables satisfying for all t:

[n4)
n P
E(|CP* | Fizx) — 0. (5.3)

i=1
If further each (' is F(i11)/mmeasurable, the array (¢ — E(C! | Fi—1y/n))
is AN.

Proof. Of course the result is well known when (I is F;/,~—measurable. Oth-
erwise, we set n;' = E((]' | F;/,). This new array satisfies also (5.3) and now
ni' is F;/,—measurable: so the array (9" — E(n] | F(i—1)/5)) is AN.

Next, (5.3) and Lenglart’s inequality (see e.g. 1-3.30 in [9]) yield

Zyﬂ E([[¢M? | Fijn) £, 0, so the afore mentioned well known result also
yields that the array (¢]' —n}") is AN, and the result follows. O

Lemma 5.2. Under (SH) we have for all t > 0:

[nt]

1
SR (I 182 — B) = 0. (54)
i=1

Proof. First, the boundedness of a yields

1 =
E(|l&?) < © (n +nE ( / " Jou- - amnzdu)) .

n

We also trivially have

E(|81 = BI1°) < CE(los — o1 [|?)

< CnE (/ <||0u_ —oia|?+ |lou — 01”2) du) .
i1 n n

Hence the left side of (5.4) is smaller than

¢ t+/tE(|"u——U[ Yl + 100 = O aurvyall?) du).
n 0 nuf/n nu n

Since o is cadlag, the expectation above goes to 0 for all u except the fixed
times of discontinuity of the process o, that is for almost all u, and it stays
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bounded by a constant because of (SH): hence the result by Lebesgue’s theo-
rem. O

For further reference, the third lemma is stated in a more general setting:

e f and k are functions on R satisfying (4.7);

o A1 ™ M are R%-valued variables, (5.5)
o Z7' =1+l + "l + 1™ satisfies E((Z]")P) < Cp.

Lemma 5.3. Under (5.5) and if further k is continuous and

[nt]

-~ ZE (lvi" =17 — 0, (5.6)

then we have for all t > 0:

[nt]

- ZE( W)~ KGE)) = 0. (5.7)

Proof. Set 87 = (f(17)(K(1{") — k(3™))” and ma(e) = sup((F(x) — k(y)| :
le —y|l <e,llz|| < A). For all € € (0,1] and A > 1 we have

07 < O (APmalel + Ao ypoey

n\4
HZE) T (Lipi>ay + Lym>ay + 1{|Iv,‘/"II>A}))

A4p mo__ A tm||2 zn 4p+1
S C <A2pmA(€)2 + ||’Yz 82 Yi || 4 ( 11)4 > )

Then in view of (5.5) we get

1 [nt] 1 A4p [nt]
=Y EO) <O | APma@) + 5 + 5 > E(Ih =)
i=1 i=1

This holds for all € € (0,1] and A > 1. Since ma(e) — 0 as € — 0, for every
A, (5.7) readily follows from (5.6). O

Proof of Theorem 5.6. In view of Proposition 4.2, it is clearly enough to
prove that U™(g,h) — U™ .0. Set

G = = (dWRAYIE A Y) —g(BONE) (59

and observe that U™ (g, h); — U/ = >°." [t} (C" —E(¢" | .7:(1-,1)/”)> and that
¢;" is F(i41)/n-measurable. Then by Lemma 5.1 it suffices to prove that
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[nt]
E(||¢]']1*) — o. (5.9)

i=1

For proving (5.9) it is clearly enough to consider the case where both g
and h are 1-dimensional. Recalling v/n A?Y = 3 + £, we then have

16717 < S (v A YV (o5 +€0) — 9(51))
() (BB + €a) — BT + g5 (B ) — h()?):

Then (5.9) immediately follows from (4.6) and (5.2) and from Lemmas 5.2
and 5.3. 0

6 The proof of Theorem 2.1

As stated in Section 2, we can and will assume (SH). We use the notation ¢
of (5.8), and set

ni = E(g(Va APY)R(Vi AL Y) | Fir ), 0l = gy ()i, (b)

and V* = Zyﬂnf and V/" = Zygn;” Theorem 5.6 implies that
L(X"(g,h) = V") LN 0, and Riemann integrability yields + V'™ — X(g,h)
pointwise in w and locally uniformly in time. So we need to prove that
Loyn — vy 250, Since i — " = i E(C | Fio1ym), it clearly suf-
fices to prove that

1 [nt]

— E(||C" 0. 6.1

\/ﬁ; (e — (6.1)

By the Cauchy-Schwarz inequality, the left side of (6.1) is smaller than
1/2

(t sl E(||¢g1||2)) and thus (6.1) follows from (5.9). 0

7 Technical preliminaries for Theorem 2.3

As said before, for proving Theorem 2.3 we can and will assume (SH), and also
(SH’) when at least one of the components of g or h satisfies (K’) instead of
(K). In fact, this theorem is deduced from Theorem 5.6, provided we can show
that /n (X™(g,h); — U"™(g,h);) goes to 0 in probability, locally uniformly in
t. This amounts to proving that the array

= % E(g(\/ﬁ APY)h(y/n ALY | ]—"%) - \/ﬁ/; Po.(9)ps, (h)du
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is AN. Obviously, we can work componentwise, and so we will assume w.l.o.g.
that both g and h are 1-dimensional (they still are functions on R?, though).
We have (" = (/™ + (/'", where

¢ — % (E(g(\/ﬁ APY)h(Vn A7 Y) | f%)

~E(9(8") | Fa) B(h(B) | Fia) ), (7)
= [ o pos )~ a1 )01 () 72

So we are left to prove that both arrays (¢/™) and (¢/™) are AN. For the second
one this is relatively simple, but for the first one it is quite complicated, and
we need to split the difference in (7.1) into a large number of terms, which are
treated in different ways: this section is devoted to estimates for these various
terms.

7.1 Some notation

First, we fix a sequence of numbers ¢,, € (0, 1] (which will be chosen later in
such a way that e2n > 1), and we set E, = {z € E : ¢(z) > &,}. Then,
recalling the product-matrix notation, under (SH1) we can introduce a (long)
series of R%valued random variables:
( / alds
i—1

—|—/ (ol —o'imy)dWs —l—/ (vs— — UU)d%) AW,

cwr =it [ @ —aca)dusva [
i—1 n i—1

i—1
n n

C(l);n:\/ﬁ</n a’sds—l—/j (0;_—02;1) AW

n n

+ [ o - w;)dv;) AW,

((2)7 =vn <1 Qiz1 + 0%y / (Wy = Wizt )dW,

n
n n n i—1

7
n

vos [T e - vi-l)dwu> ,

i—1

C2)" =/n (gﬁ;lA?W + ng?V) AP W,

</j1 /;"; wls=z)(n = V)(d57d$)> AWy,

@y =i |
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(// (5=, 2) (1 — v)(ds, dx)) AW,
@wz—wz;<ﬂﬁé(m&x>ngﬂﬂ)wmmﬂmm,
a®r=—n<[ié%@wﬁm—wﬁgﬁﬂ)wmﬂm>mm
o) =i [ I/ nw(’;l,x) v(dsydm) aw,

(BN =~V ( / /| n w(1) v(ds,dm) AW,

(o) = v ( / | (w60 = w(* ) ) u(ds,dm) aw,.
(o) = v ( / /| (wts=2) - w (1)) u(ds,dm) AW,
<m%wg101LWﬁl)mm@dw

w(ds, dx)) A W

I
S
=3
I
B
VR
Saa
g
—~
N
3|
—
~—

We also set
& = C)P + B +CAr +CO)r, & =)+ O+
€ = G+ CBY™ + () + ¢ (6),
" = @)+ +

gl/n — z+1 _’_é-//n S;n — z+1 +§//n

(7.3)

In view of (5.1), a tedious but simple computation shows that
VLAY - B =€ =+ & VALY S B = g =GN (T4)
Next, we put ¢(e f{l\d)(w <oy V(@ )2F(dx), so that
el = p)—0

o€ [0’ 2] = f{w(w)>6} ’l/)(x)eF(dx) < 520*9’ (7~5)
6>2 = f{w(x)ge} V()P F(dz) < p(e) €272
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Finally, set

n,qg _
v n‘Z/2

E ((n 7 (o= o 2+ ol = o2+ o = 0ss |2
2 q/2
+/ F(dx)) du) , (7.6)
E

7.2 Estimates for {(k)} and ((k)7"

w(u—,x) — w(i 7_1 1,30)

n

Here we estimate moments of the variables ((k)? and ((k);™. A repeated use
of the Holder and Burkholder inequalities gives us for ¢ > 2, and under (SH1):

E([¢)z ) +EIC@)9) < Cq a1 /n?, } -
E([C@7 1) +E(IC(2)1(|19) < Cq/n?>.
Lemma 7.4. Under (SH1), and for any even integer g > 2, we have
n m €q72
E([[¢3)IM%) +E(I¢3)i" 1) < Cq o(en) (7.8)
Proof. Apply the Holder and Burkholder inequalities repeatedly to get
i 2 q/2
B(I¢@)1) < CE [ (n [ w(s,)(n — v)(ds.da)| - du
<C /n ( (s,z)( — v)(ds, dz) du)
A /2
<, / </ / ||wsa:|udsdx)> du
i qa/2
<C,E </ (@) u(ds,dw)>
izl Jpge
=E((28 - Z21L.)"?),
where Z' = fo /, EC 21(ds, dx) is an increasing pure jump Lévy process,

whose Laplace tranbform is

A — E(e %20y = exp t/ (ff)‘w(””)2 71> F(dx).
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We compute the ¢/2-moment of Z, , — ZI' by differentiating ¢/2 times the
Laplace transform at O: this is the sum, over all choices uq, ..., uy of positive
integers with Zf 1 Ui = q/2, of suitable constants times the product for all
i =1,...,k of the terms thc (x)?% F(dz); moreover this term is smaller

than tsz’“_zgo( n)- Since further en <1 and (1) < oo, we deduce that
a/2

E((Z, — 23)"?) < Caplen) Y el < Cyplen) (el ? +72).
k=1

We deduce (7.8) for ((3)7 (recall ne2 > 1), and the same holds for ((3)/*. O

7

Lemma 7.5. Under (SH1), for any q > 2 we have

E([CA? ) +EC@ 1) + ECG) ) + B(UIC(G)" 1) < 6;;q~

(7.9)

Proof. Applying the Holder and Burkholder inequalities and |w(s,z)| <
Y (x) yields for j = 4,5:

E(IC@IN + ISGim ) <

<C,E / (/ / Y(x)v(ds dw))2 du
<y <ﬁj1 ds/ETL@b(x)F(dx)) < (/ U(x dw) . (7.10)

The result readily follows from (7.5). O

a/2

For ¢(j)* and ¢(j)/" with j = 6,7 the analogous estimates are not quite
enough for our purposes, and we need a bit more. Below, we consider a pair
(r, B), where r € (0,1] and B is a closed subset of R¢, with Lebesgue measure

0, and such that (2.11) holds when r < 1 and that r =1 if B = (). Let also

r=1 = Ar=1 _—

m
i

r<l = A =1+ gy, witheither /' = g7 or 9} =

Lemma 7.6. Under (SH1) and the previous assumptions, and if further (SH’)
holds whenever r < 1, for any q € (1,2) and | € [0,1) we can find u > 1
(depending on q and 1) such that

E ([l¢6)7117 (7)) +E (llc®) 17 (37)') < %

(7.12)
E (<7l @GHY +B(IKMe AR < oo
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Proof. We set M = supse[(z 1) /mif) W = Wiiziymll and wy(s,x) =
w(s—,z) —w(*=L z) for =1 < s < L and

Zf—// U(a) plds, o), 2" = // (s, )| u(ds, ).
0

Observe that Z™ and Z'™ are nondecreasing, piecewise constant, and Z;" —
Z"™ <2(Z} — Z7') whenever s < t. Then

IS@O)F ]| < Cvn MP(ZI = Zi2y).

Set v/ = 1 (1 +1A q_%), which satisfies v’ > 1 because I < 1 and ¢ € (1,2).
With 67 = (y/n M) (37)% we then have (since v/ > 1 and u/g—u/+1 > 0):
1 ’

ICO)11 G < Cy (87 (22 = Ziy) s+ 1) (2 =z )5,

n

and Holder’s inequality yields
E ([l<@)717(M)")
1 w'—1

<, (E (5gl (22 - 22,0 u+1)) (E(Z’" ZQ”%I)) " (7.13)

Now, if we combine (2.11) and (3.6), we see that when r < 1 (so (SH’)
holds) the variable d(v;", B) has a conditional law knowing J;_1)/, which has
a density which is bounded uniformly in n, ¢ and w, so E((3]")* | Fi—1)/n)
is bounded by a constant C for all s € [0, 1)7 whether r =1 or r < 1. Also
E((vn M?)? | Fi—1ym) < Cq for all p > 0. Then by Hoélder’s inequality
we get E ((5? | .7-'(2»,1)/”) < Cy,1- Since further the variable Zl"/n — Z(Té—l)/n is
independent of 6}, conditionally on Fi-1, we deduce

E (07 (22 = 22, ) 07 M) < Cu B((Z2 - Zi) 0. (1.4)

Next, we estimate the moments of Z™ and Z'™. Observe that Z'" = A'™ +
N'" where

ar= [ t /| o, ), ), N = / t /| (o, 2 = ) ),

On the one hand, since F(E,) < C/e2 by (7.5) and ne2 > 1,

i

Sl ([ F(dx>)2

n

(AP — AT, )2 <

n

S|

i

/ ds F(E,) [ (o, 2)|? Fla)

< / ds/ lwn (s, 2)||2 F(da).
i—1 B,

<

S|
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On the other hand N’ is a square—integrable martingale, and thus

E ((N%” _ NQGTI)Q) <E (/_ ds/E ||wn(s,x)||2F(d:E)> :

and thus

m m\2 c a?’z
E((z7 - 71%)%) < L (7.15)
If we replace ||w, (s, x)| by ¥(z), we obtain in a similar fashion
C
B((2: - 2L)) < (7.16)

Then if we combine (7.13), (7.14), (7.15) and (7.16), and since v'¢—u'4+1 < 2,

we obtain the result for ((6)F, with u = u%’i, > 1, and the proof for {(6)/™ is

1
similar. Finally if we replace w,, by w (then a?"Q is replaced by a constant),

we get the result for ¢(7) and ¢(7)}™. O

7.3 Estimates for the variables of (7.3)

Here we derive estimates on the variables defined in (7.3). Below, the pair
(B,r) and the variable 37 are like in Lemma 7.6. We also consider positive
random variables Z* which satisfy

B(Z))<C, Va>2. (7.17)

Observe that £ and £™ do not depend on the sequence &, but @ and a”
do. Remember also the variables ;"7 defined ibn (7.6).

Lemma 7.7. Assume (SH1) and (SH’) and (7.11) and (7.17). Let p > 2 and
1€ (0,1). Then if 6 € (1,2) we have

Sn|l6 (o Sin |0 (an Choo,
B((z7) 1§17 G)') + B(E0) 1§10 GI') < =55 (718)

Moreover one can find a sequence €, > 0 with ne2 > 1 and a sequence z, > 0
with z, — 0, both sequences depending on | only, and also two numbers q,q >
1 depending on | only, such that

n ol (an Cp, 7, n, 4
E((ZPPIE G < B (20 + (@)Y + (0 H)/),
E((Z7)P 1€ I7)1) < S (2 + (@)1 + (g Ve (7.19)

7
Hal T + (o)1),
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Proof. We prove (7.18) and (7.19) for £ and 5? only, the proofs for £/ and
&I™ being similar. We have seen in the proof of Lemma 7.6 that, by (7.11),

sel0,1) = E((3')") <Cs. (7.20)

Although & does not depend on the sequence ¢, we need to introduce a
suitable sequence ¢, to prove (7.18): so we prove (7.18) and (7.19) simulta-
neously, with some fixed 6 € [1,2) for the first result, and with § = 1 for the
second one. If t = % (1 + % A %), by (7.17) and Hélder’s inequality we get

E((Z)P €210 G2)) < Cpaa (B(IEPI® GPYM)",
(7.21)

o P 1/t
B((Z €] Gr)) < Cou (BUE G1)D)

Next, let s be the biggest number in (1,1/tl) such that its conjugate
exponent s’ is of the form s’ = 2m/tf for some m € N with m > 2,
and put ¢ = s’tf. Note that s’ and ¢ depend on 6 and [ only. The set
{y > 0 : ylo(y/\/n) < 1} is an open or semi-open interval whose left end
point is 0, and whose right end point is denoted by al,, and since ¢(y) — 0
as y — 0 it is clear that a, — oco. At this point, we set a,, = 1\/(a,, — 1/n):
then a,, — oo, and for all n big enough a,, < a,, and thus aly¢(a,//n) < 1.
Then we choose the sequence ¢, as €, = a,/y/n, thus ne2 > 1. Observe that
both sequences ¢, and a, only depend on # and .

Now we apply (7.8) and (7.9) with ¢ and &, as above, plus (7.20) and
Holder’s inequality, to get

~ 1/t C L)/ Z—Q/s/t c c
(E(ICE)® Gy < Coarelen) 2 < Gor < Coi

= 0/2 — 2/s't — pb/2»
nb/ ne/zan/s nb/

E(IC@r® @MY + (BCG)R? G < Lo, < o

n/2q0 — nb/2°

(7.22)

<

In a similar way, (7.20) and (7.7) and Hélder’s inequality give (with the same
q as above):

n ~n 1/t Cy, 0‘?7‘1 o/a
(E(lc(ryp)e Fpyt)Yt < L lo D0

(7.23)
(E(IC@)21* Gt < Cou
Finally applying (7.12) and t0 < 2 yields
am/d
(B(llcO)7]) Gyt < Corled DT 7o
(E(IC(n2® Fr)t)" < Cot

for some ¢’ > 1 depending on tf and ¢/, hence on # and [ only.

Then if we put together (7.21), (7.22), (7.23) and (7.24), and in view of

7.3) and (7.4), we readily get (7.18), and also (7.19) with z, = aﬁz/slt +at
( n

(note that for (7.19) we take 6 = 1). O
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7.4 Final estimates

The previous subsection gave us estimates on the variables of (7.3), which in
view of (7.4) are the building blocks for obtaining the difference occuring in
(7.1). Now we procees to give estimates for this difference itself. We start with
a lemma about the variables of (7.6).

Lemma 7.8. Under (SH1) we have for all ¢ > 2 and ¢ > 1 and t > 0:

[nt]

> (ot — 0. (7.25)

i=1

1
n,q
ai S Oq, ;

Proof. We can of course forget about the term 1/n9/2 in (7.6), whereas the
first part of (7.25) is obvious. For the second part we set

7n(u) = Hau - a[nu]/n”2 + ”U;— - Ufnu]/n”2 + HUU— - U[nu]/nHZ

+/E w(u—,x)—w(izbl,m) i

F(dx).
Then the Holder inequality yields

[nt] nt] i a/2\ \ V7
1 n,q\1/q’ [Tlt] 1 /n
- v < E n(u)d
n ;(az )< TR n ) T (w)du
. 1/q’
[nt] i
1 n
<0 (1S s (o[
o\ ] i=1 =

a1 t 1/q/
<t (E (/ vn(u)q”du)) :
0

Since vy, is uniformly bounded and converges pointwise to 0, we get the result.
O

Let us now introduce a list of growth or smoothness assumptions on a
real-valued function f on R? with complement (4.7). Below, C' > 0 and
p > 2 are suitable constants, and the pair (B, r) is given, with the properties
stated before (7.11). We list some conditions, for which we assume that f
is differentiable on the complement B¢. Below, each W4 . is an increasing
continuous function on Ry with ¥4 .(0) = 0.

reBS = |Vf@)|<Cl+|z|?) (1+ (7.26)

zyeRY = |fle+y) —f@)] OO+ ||”+ylP) Iyl (7.27)
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el < A, llyl <€’ <e<d@ B) = |Vf(x+y)-Vf(@)| <Pacle) (7.28)

0 <yl < 422
— IVfa+9) = V@] < O+ alP + [olP) g G (129)

The connections with our assumptions (K) and (K’) are as follows (with B
and r identical in (K’) and above, or B =) and r = 1 in the case of (K)):

(K), or (K') with r =1 = (4.7), (7.26), (7.27) and (7.28), (7.30)

(K') with r <1 = (4.7), (7.26), (7.27) and (7.29) (7.31)

Next, we consider the setting of (5.5), with k is differentiable on B¢. We
let 4™ be either B or 3/, and we introduce the following subsets of (2:

AP =Alli" =" > d(vi™, B) /2}, (7.32)

(observe that A? = () when B = (). Let also 7} be an auxiliary variable which

for each w is on the segment joining v/ and /", and let 37" be 1 when r =1

7 2

and 1+ 1/d(y/™, B) when r < 1. Then we set

@ = (1) ((ROF") = kO™ Lay = RO )" = 1)Ly
H(VR(TY) = VRO 00 =" apye ), (7.33)
&} = FOF) VKOO = i) (7.34)

(by the fact that B has Lebesgue measure 0, we see that k is a.s. differentiable
at the point /", which is either 8 or 8/, so (7.33) and (7.34) make sense).

7

Lemma 7.9. Assume the following:
(i) (SH1) and (5.5) and k satisfies (7.26) and (7.27);
(i) if r =1 then k satisfies (7.28);
(i11) if B # 0 then (SH’) holds;
(iv) if r < 1 then k satisfies (7.29).
(a) If /™ = B and 7" =" = &, orif " = B and v — " = &, we
have for all t > 0:
[n]

% > E(|2}) — o. (7.35)
i=1

(b) If /™ = BT and A" — A/ = €7, or if 4/ = B and A" — 4 = €M, we

A i % i

have for allt > 0:

1

[nt]
- > E(27) — 0. (7.36)
=1

Bl
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Proof. 1) We first prove (7.35) when r» = 1. We choose &,, = 1 for all n and
putting together all estimates in (7.7), (7.8), (7.9) and (7.12) (with [ = 0, so
this estimate holds for ¢ = 2 as well) to get

mn n C
¢>2 = E(|y" - H")Sﬁ~ (7.37)

Then (4.7) and (7.26) and A? C {d(v/", B) < e} U {||7/™ — /™| > €/2} yield
for all A >0, e > 2 > 0:
/n”

/)
o7+ 18] < €z (vaote) + 1

Hllv" =" (6 + E,) + 1{d<vg"%B><e}> 9" =il (7.38)

If B = () the indicator function above vanishes. Otherwise, the variable ~/'"
has a conditional law knowing ;-1 which has a density (on R?) that is smaller

than some (non-random) Lebesglnle integrable function ¢ (see (3.6)), so it also
has an unconditional density smaller than ¢. Therefore

wa%msas%:/’ o(z)dz,
{z:d(z,B)<e}

and lim. o = 0. Then (5.5), (7.37), (7.38) and the multivariate Holder
inequality yield

~ C 1 1 1 1
n Ny < / - - - 1/4 )
E(|¢1D+E<‘¢z|)— ﬁ(WA’E(E)+A+n1/4 <€+5/> +a5 )

Hence (7.35) readily follows: choose A big, then ¢ small, then &’ small.

2) Now we suppose that r < 1, hence B # ). We have

@51 < (2% (I = 3" Lag + " = 7" Lay

(e IO et il
L — LN — e T
Ty e e 0
< O ol = 12 )2, (7.39)

where the first inequality follows from (7.26), (7.27) and (7.29) for k, while the
second one is obtained by using the definition of the set A}'. Hence Lemmas
7.7 and 7.8 readily give (7.35).

3) Finally, in all cases we have
P3| < C(Z2)% |l =~ () (7.40)

Therefore (7.36) follows from Lemmas 7.7 (see (7.19)) and 7.8 again. O
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8 The proof of Theorem 2.3

1) As said at the beginning of the previous Section, we can assume that ¢
and h are 1-dimensional, and that (SH1), and also (SH’) when either g or h
satisfies (K’) instead of (K), and we need to prove that the arrays defined in
(7.1) and (7.1) are AN.

2) Let us prove first that (¢/") is AN. If f is continuously differentiable, and f
and V f have polynomial growth, we readily deduce from Lebesgue’s theorem
that X — px(f) = E(f(XU)) (where U is an N(0, I4)-random vector) is
bounded, continuously differentiable and with bounded derivatives over the
set M’ defined in connection with formula (3.6). Hence if both g and h satisfy
(K) we have (recall the notation (3.6), and set ¢(X) = px(g9)p=(h)):

DN+ Ve < C
(&) -2 < Cl|X =2
) =

(2) = (&) = Ve(2)(X = X))
<w([|2 = 2PIX =27

|
Y eM = e (8.1)
|

for some constant C' (depending on Ay in (3.6)) and some increasing function
¥ on R, continuous and null at 0 (here, Vi is Mg g-valued, and Vp(X') (X —
X" is R—valued).

If g or h (or both) satisfy (K’) only we also have (SH’), and since

1 1 1
pZ(f) :/ (27r)d/2det(22*)1/2 f(x) exXp (—2 x*(ZZ*)— ;L') dx

we see that as soon as f has polynomial growth the function X' — px(f) is
C* with bounded derivatives of all orders on the set M’. Hence we also have
(8.1), which thus holds in all cases.

Since we can write (7.2) as (/" = ff(lz/nl)/n (0u) = ©(0(i—1)/n)du, we

have ¢/ = n* + /™ where

i

W =i Velos) [ ou - o) du,

n

i
n

nr =i [ (000 — elr) = Velo)(on - 0.) du.

n n n

n

and we need to prove that the two arrays (n}*) and (/™) are AN.
We decompose further 0} as 7 = pi' + p;", where

:\/ﬁVga(Ug)/j du/i a.ds
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i

/Ag":\/ﬁVgo(all)/; (ﬁuode—&-/ul _dV
// = 2) (i — v)(ds, dx))du

On the one hand, we have || < C/n3/? by (8.1) and the boundedness of a’,
so the array (u]') is AN. On the other hand, we also get by (SH1) and (8.1)
and Cauchy—Schwarz applied twice:

E(ué" | f%l) =0, E((ué")2 Ifi—Tl) <

Then the array (u;") is AN, as well as the array (n}").
Finally, using (8.1) once more, we see that for all £ > 0,

" < v / o =i ]) o= du

C
<\f@()/ ||0u—011\|du+ f ||Uu—071|\2du

n

Since E([loy, — 0i-1||?) < C/n when u € ((i —1)/n,i/n], we deduce that

[nt]

> B < 00 (v + =)

From this we deduce the AN property of the array (n/*) because ¢ > 0 is
arbitrarily small and lim._.o ¥ (e) = 0. Hence, finally, the array (¢/™) is AN.

3) Now we start proving that the array (¢;") also is AN. Since (0 (i—1)/n) =
E(g(B7)MB") | Friz1)/n), we have ;" = E(6;* | F(i—1)/n), where
1

6 = = (9 ARV A Y) = g (8RB,

Let us set
AP = (VA ATY — 2 > d(Br, B)/2},
A ={llvn ALY = 57| > d(B", B)/2},
where B (resp. B’) is either empty or is the set associated with g (resp. h),
according to whether that function satisfies (K) or (K’). We can express the

difference g(v/n A'Y’) — g(3F") using a Taylor expansion if we are on the set
(A")¢, and we can thus write
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g(Vn A}Y) — g(B7)
= (9(Vn APY) = g(B7))1ar — Va(B7)(Vn AFY — B)1an
+(Vg(77) = Va(B))(Vn ATY — B') Lian)e
+Vg(B7)(Vn AY — B}, (8.2)

where 77 is some (random) vector lying on the segment between /n A"Y
and G7': recall that Vg(77) is well defined because on (A")¢ we have 7}' € B¢,
while Vg(8) is a.s. well defined because either B is empty, or it has Lebesgue
measure 0 and 37 has a density. Analogously, h(y/n A}, ,Y) — h(5{™) can be
written likewise, provided we replace A}Y, g, A%, 7' by A}, Y, gi", A",
i

Now observe that

no__ 1 n n m
o = NG g(Vn AYY) (h(\/ﬁ Al Y) — h(B; ))

+% (g(\/ﬁ AY) — g(ﬁ?))h(ﬂé”),

Therefore we deduce from the decomposition (8.2) and the analogous one for
h, and also from (7.3) and (7.4), that 67 = S°0_, §7(k), where

0P (1) = —= g(Vn APY)VR(B/)E™,

51(2) = —= g(v/n APY)VR(B™)ER

57(3) = % h(BM)Vg(Br)En,

(90 APY)VR(BME" + h(B)V9(BE) .

Sl= gl

L
\/ﬁ
705) = = a(Vi A1) (VT ALLY) = (B La
VBBV ALY — B L
+(VA") = VR(BM) (VA Al Y = B) Liam: )
—= 1) (o ATY) =371y
V() (Vi ALY — B7)Lag
H(V9(T) — ValBI)(WR ALY — B7) Teapye )

57(6) =
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If we combine (5.2) with Lemma 7.9, we readily get 21" E(||67(k)[|) — 0
when k = 4,5,6. So we are left to proving that

the array {ﬂf(k) = E((S?(/ﬂ) | ]—';1)} is AN. (8.3)
for k =1,2,3.
4) Let us introduce the Mgy y—valued martingales

0 if ¢ <=t
M(n7i)t = + i1 .
Vi1 (Vi = Viea ) + [ion [ w4, 2)(n — v)(ds, dx) otherwise.

n ?

We see that £ = ((2)1" + ((5) + ((T)} = Vn (" + mj"), where

1 n

n

i
n

o / " M (0, 0)dW, = AP M (n.0) AW / "M (n, ), W

Now we can write
1 (3) = pis (h) B(Vg(Wi 0. APW) (" + 1) | Fiza ).

g is even, so Vg is odd; hence the variable Vg(y/n i1 AZW)n? is multiplied
by —1 if we change the sign of the process (W, *7W(¢—1)/n)sz(i—1)/m and
this sign change does not affect the F;_1)/,—conditional distribution of this
process. Hence we get

E (Vg(\/ﬁ o AW | ]—";> ~0.

On the other hand, the processes M(n,i) and W, — W(;_yy,, are inde-
pendent, conditionally on F(;_1)/,, when the times goes through ((i —

1)/n,i/n]. So if F° denotes the o—field generated by F(;_1y/, and by
(Wu = Wiim1y/n) (i=1)/n<u<s, We get that M(n,i) is an (FY)-martingale for
s € ((i—1)/n,i/n], and thus E(n§”|.7-'?/n) = 0. By successive conditioning, we
immediately deduce that

E (Vo(vn o AW | |Fi ) =0,

and therefore p?'(3) = 0. In a similar way, VA is odd and £/™ is the product of
an F(;_1)/»measurable variable, times A7, ;W. So exactly as above we have

B(VA(B") €4 | F 1) =0,
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and so a fortiori ul*(2) = 0.

5) It remains to study p!"(1). With the previous notation M(n,i), it is easy
to check that

pi' (1)

S B (o ATy AW AN 1)) | Fi).

=1 m=1

where 2" = [0y, h(0i- 1!L‘) T p(dz) and p is N(0, Ip) (the law of W7), so
|z lmH < C. Recalling once more /n ATY = 7 4 £ + €7 we see that

/

p(1) = i (B @m) | Fur ) + B (i 1m) | Fir ) ),

=1 m=1

where

—_

lm
i) = —= (g5 + & €)=g(80) ) (e AW+ APM ()
1 Ilm
i m) = 2 g(B7) (A ATW + APM(n0))
Use (5.2) and (7.37) and the property E(||A?W||?) + E(]|A?M (n,q)]|?) <
C,/n for all ¢ > 2 to get that YU E(|u?(1,m)|) — 0. Finally, since g is
even and A?W and A? M (n, i) are mdependent conditionally on F (1), and
E(A? M (n, z) | Fiza /n) = 0, we find that indeed E(u;" (I, m) | F(;—1)/m) = 0.
So we get (8.3) for k = 1, and we are done.
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