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Abstract Consider a semimartingale of the form Y; = Yp + fot asds + fot 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 define the realised bipower variation process V(Y;r, s)ff = n Zyﬂ Vi —
Yio1|"|Yit1 —Y. |, where r and s are nonnegative reals with r+s > 0. We prove that
V(g/; T, s)fL con\;Lerges locally uniformly in time, in probability, to a limiting process
V(Y;r,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 a central limit theorem, in the sense that
vn (V(Y;r, )" — V(Y;r,s)) converges in law to a process which is the stochastic
integral with respect to some other Brownian motion W', which is independent of
the driving terms of Y and o. We also provide a multivariate version of these results.
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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”

[nt]

VYir =3 (Vs - Vs ), (L1)

n
i=1

where [z] denotes the integer part of x € R, converge in probability, as
n — oo and for all ¢ > 0, towards the quadratic variation process V(Y;2);
(usually denoted by [Y,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 statistical
analysis of the process Y when it is observed at the discrete times i/n : i =
0,1,... (sometimes V(Y;2)} is called the “realised” quadratic variation, since
it is explicitly calculable on the basis of the observations). For such a question,
not only the above convergence is used, but also the associated CLT (Central
Limit Theorem) which says that the /n (V(Y;2)} — V(Y;2);)’s converge in
law, as processes, to a non—trivial limiting 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 pos-
sibly having jumps, a whole new class of processes extending the quadratic
variation has been recently introduced, and named “bipower variation pro-
cesses”: let r, s be nonnegative numbers. The realised bipower variation process
of order (r, s) is the increasing processes defined as:

[nt]
V(Y;’/‘, S)? = ’I’L%_1 Z |YL —Yia ‘T |Yﬂ —-Y.

i=1

s, (1.2)

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)s, is the limit in
probability, if it exists for all ¢ > 0, of V(Y;r,s)f. 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 “It6 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
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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 Y) 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);<;<q is d—
dimensional. It is then natural to replace (1.2) by the realised “cross—bipower
variation processes”:

[nt]

VY7, Y"1 s)

Yzj " |Y1+1 Yﬂs. (1.3)

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%- — Y% |
in (1.2) by an expression of the form g(y/n (Yz —Yi-1)) 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

VY7, YN )]
[nt]
_ MAZDM Ygl YN S YIN LY, (14)

for any choice of r; > 0 and any fixed N. We do not prove those more general
results here, but simply state the result.

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
Ma,q ¢ 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(ifl)/n-
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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]

XM=+ gVt AV )RV ALY, (2.1)
=1

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 Mg, 4,. Note that, letting

(@) =127, (2.2)

we have V(Y7 Y*; 7, 8)" = X"(f;r, 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 Mg g-—valued cadlag.

Below pyx denotes the normal law A(0, XX"), and px(g) is the integral of
g w.rt. px.

Theorem 2.1. Under (H) and when the functions g and h are continuous
with at most polynomial growth, we have

X"(g.h) — X(g.h)y = / Po(9)p0. (), (2.4)

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

If we apply this with the functions g = f;, and h = fi s, we get a result
of existence for the bipower variation processes. We denote by u, the rth
absolute moment of the law N(0,1).
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Theorem 2.2. Under (H), and if r,s > 0, we have
t

VY YE st — V(Y YR s), = MrMs/ |o39|" | ok |5 du, (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 — |037|" 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
Yi=Y) +/ asdAs +/ 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%’l), 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
V(le,. L YIN JTN )t = My e oo / |af}jl ™. .. |0Z;NjN|TN du.
0
(2.6)

2.2 The central limit theorem

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

Hypothesis (HO0): We have (H) with

¢ ¢ ¢
oy =0y + / alds —|—/ ol _dW; —|—/ vy_dZs, (2.7)
0 0 0

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 o ¢ and Mg 4 ¢ and Mg 4 respectively, and o’ is Mg g—valued,
predictable and locally bounded.
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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
7square-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
or = oo+/ a;ds+/ a;,dWS+/ ve_dVy +
0 0 0

/Ot[E pow(s—,z)(n—v)(ds,dz) +/Ot/E(w — pow)(s—,z)u(ds, dz). (2.8)

Here @’ and ¢’ and v are like in (HO). V is a d”’—dimensional Wiener process
independent of W, with an arbitrary covariance structure. u is a Poisson ran-
dom measure on (0,00) x E independent of W and V', with intensity measure
v(dt,dz) = dt® F(dz) and F is a o—finite measure on the Polish space (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) Xx E — Mg which is Fs ® E-measurable
in (w,z) for all s and cadlag in s, and such that for some sequence (Si) of
stopping times increasing to 400 we have:

sup |lw(w, s, z)|| < r(x), where /E(l/\wk(x)2) F(dz) < 0.

w€ENR,s<Sk(w) ( )
2.9

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 E=R%" and V being the Wiener part of Z if it exists, and u being the
random measure associated with the jumps of Z (so F' is the Lévy measure of
Z), and w(w,t,x) = vi(w)z (note that v is the same in (2.7) and in (2.8); the
processes @’ in the two formulae are different, depending on the drift of Z).

We also sometimes need an additional assumption:

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

Set once more ¢ = ogo*. If the processes ¢ and c_ are invertible, (H1)
holds if and only if the process c¢ 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).

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 R4 if f is differentiable at x, we write V f(z) for the row matrix of its
partial derivatives:
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Hypothesis (K): f is even (that is, f(—x) = f(z) for all z € R%) and
continuously differentiable, with partial derivatives having at most polynomial
growth.

Hypothesis (K’): f is even, and continuously differentiable on the comple-
ment B¢ of a closed subset B C R?% and satisfies

Iyl <1 = |flz+y) = f@)] < CA+[]”) [lyll" (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 Ry, such that (2.11)
SUPeR, ||C|+[c-1]<a Yo (x) < oo for all A < oo,
and we have
C P
. d(z, B) IVF(@)ll < Sl
e n s 1/\ 2 :> CA+lzIM)yll
(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 » = 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

dq ds

B t . -/ ’ -/ !’
UgniF =3 / o (0s g, hY*I Wk (2.13)
0

j=1k'=1

where
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Ly ooy a(Z, g, bR (D, g, ) KM = A(Z, g, h)TRI
and  A(Z,g,h)TRI% =30 (pz(gﬂgj'l')Pz(h”@h”“')
+p2(g)ps (B )ps(g? ! B*) + px (g ) ps (B*)ps (g7 R F)

“3o(")ps (g Yon (W) (HF)),

(2.14)

and W' is a did3—dimensional Wiener process which is defined on an extension
of the space (2, F,(Fi)i>0,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 h are even and continuous, the processes

[nt]

U™ (f. 9); = ﬁ S (9(v APY)h(v/A A, Y)

=1

~E(g(Vn APY)R(Vi A7 Y)|Fe))  (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 6.1 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) = =z, then X(g,1) = 0 and of course v/n X" (g,h); =
Y[nt]/n, 80 the limit is V" 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]

= (E(g(\/ﬁ AY)F)-n [ " <g>du>
i=1

n

to 0 (locally uniform in t). This in turn is implied by the convergence to
0 of the following two processes:
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[nt]

> (Blovn A1Y)|Fes) = Blg(Wn o A7W)|Fis)) - (216)

[nt] i
% Z (PUT (9) - n/;1 Po., (g)du> . (2.17)

=1

1
vn

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 ¢ 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 g 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).

Let us now explain how this CLT 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. Under (H1) and
if either r,s € {0} U (1,00) or (H’) holds, the processes (v/n (V(Y;r,s)™ —
V(Y;r,s))) converge stably in law towards a limiting process U(r,s) of the
form

t
U(r,s)e = \/partias + 2firfhsprss — Sp2p2 / o™ dW, (2.18)
0

where W' is a Wiener process which is defined on an extension of the space
(02, 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;|"|Ux|® when U = (U;)1<j<d
is an N(0, X X*)—distributed random variable, and also by u(X;7;7) the ex-
pected value of |U;|" (so u(X;r; j) = p(X;r,0; 4, k) for any k, and p(X;r;j) =
|CI7|7/2 ., where C' = £X*).

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

(i) T, 80 € {0} U (1,00),

(ii) (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)
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converge stably in law towards a limiting process (U (ry, 81,7, k) : 1 <1< L,1 <
j,k < d) having the form

L d d

t
U(re, s1,5,k)e = Z Z Z/ G AR (R (2.19)
0

U=1j'=1k'=1
where
St Sy Sty (D) ()UK AR
and  A(D)IRVI* = (S, s 4§D s, 805k K
(570 §) (s 005 K ) X5, 80557 k) (2.20)
+u( 25y 5 V(D5 s ) (70, s34, K
=3u( T s D p(Es s §)(Es s k) (Zs 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, ds = L,
ds = d, g(z)"""" = |27|" ey (e is the Kronecker symbol) and h(z)"7 = 27|,
Apart from Theorem 2.4, several particular cases are worth being mentioned
(recall that ¢ = o0™):

1. If j = k then /n (V(Y7;7,5)" — V(Y7;r,s)) stably converges to

t
\/MQT,UQS + 24 posfirgs — 3“%“%/ [Era qui
0

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

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

O = oy — pi2) [ 1ed3|" du
Ci2 = [y (ulouiry 54, k) = gl el |7/2]eEH*/2) du p - (2.21)
C22 = (g — i2) Ji |c37]* du

The same is true for the processes with components /n (V(Y7;r,0)" —

V(Y7:r,0)) and vn (V(Y*;5,00" — V(Y*;5,0)). When j = k we get

07512 = (Hrts — Hrfhs) f(f |Cij|% du.

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;7q,...,7n)" and V(Y;rq,...,ry) here. For any choice of r; > 0,
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and under (H1) and also under (H’) if any of the r; 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
U(ry,...,TN)t = \/Z/ |0 |T1 N g
0

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

N—-1 k
A= H/’I’ZTI 2N -1 H'U’Tl +2 Z H/‘LT’Z H Hory H /‘LTZ+TI+k
k=1 1=1 I=N—-k+1

The remainder of this paper is devoted to proving Theorems 2.1 and 2.3.
We start by showing that we can replace the assumptions (H), (H1) and (H’)
by stronger assumptions on Y.

3 Some stronger assumptions

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

s < 1Ty — |as|+|057|§0k.

Set ag ) = asaT,, and U( ) = os if s < T} and O'( ) = = op,— if s > T},. We
associate Y (%) with a(¥) and O‘(k) by (2.3), and X™®) (g, h) with Y *) by (2.1),
and similarly X®)(g, h) and U®*) (g, h) with ¢(®) 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, 1), for each k.
Observing that X™®) (g, h); = X"(g,h); and X*)(g,h); = X(g,h); and
U®) (g, h)y = U(g, h); for all t < Ty, and since T}, increases to oo as k — oo, 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 (Sy) in (2.9): it is no restriction to assume in addition that
Sk < k. Set for k,1 > 1:

By ={z € E:¢p(x) > 1}, Ry = inf(t : p((0,¢] x Egy) > 1).
Then we have

P(Ryy < Sk) < E(u((0, Sk] x Exy)) = F(Eg) E(Sk) < k F(Eg).
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In view of (2.9) we have lim;_,o, F'(Ey;) = 0. Hence we find [, such that
P(Rku, < Sk) < 2% and obviously the sequence of stopping times Sj =
Sk A Ry 1, has sup,, S), = oo a.s.

Next, just as above, we find a sequence S}/ of stopping times increasing to
+o00 and constants C}, such that

s< S = llasll+ llos—II + llasl| + llos_|| + [[vs—|| < Ck.
Then if T}, = S, A S}/, we still have sup,, T}, = oo a.s., and further
s<Th = llasll +llos—Il+ llagl + lloc [l + [[lvs- | < Ck,} 51)
1((0, Ti) X E ) = 0.

Set N
S0 aly if s <Tj
’ 0 if s> T}

S5 (ga Ss 5 if < T

(agk),U;(k),vgk),w(k)(s,;p)): (as, 0%, vs, w(s, x)) if s k

(0,0,0,0) if s> 1Ty,
1 ®)(ds, dz) = p(ds, dz) 1E,§ylk(x)’

v ¥ (ds, dx) = ds ® Fj,(dz), where Fj,(dz) = F(dx) lgg, ().

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

t t t
»#) :UH/ agmdﬁ/ g;<f>dwg+/ vMav,
0 0

0
t
+/ / pow® (s— z) (™ — v*))(ds, dx)
0 E

t
+ / / (w® — @ ow®)(s—, 2)u® (ds, dz) (3.2)
0o JE
t t t
:ao+/ (a;(k)+agk))ds+/ og(f)dWS—i—/ vgli)st
0 0 0
t
+/ /w(k)(s—,x)(,u(k) — v ™) (ds, dz), (3.3)
0o JE

provided ol = fE(w(’“) —pow®)(s—, ) Fj(dz). Then o{¥) = o, when s < T},
and ||agk)|| < O}, for all s, for some constant Cj,.

We associate Y *) with a*) and ¢®) by (2.3), and X™*) (g, h) with Y'(¥)
by (2.1), and similarly X*) (g, h) and U®) (g, h) with ¢(*) 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.
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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

t t t t

o = 09 —|—/ alds +/ ol _dW, —|—/ vs—dVs + / / w(s—,x)(u —v)(ds,dr)
0 0 0 0JE

(3.4)

with V', p and v as in (H1), and a/, ¢/, v and a are like in (HO) and uniformly

bounded. Finally w is like in (H1), with further

sup |w(w,s,x)|| < (x), where / Y(z)? F(dr) < 0o, (z) <C.
w€ef2,s>0 E
(3.5)

In a similar way, under (H’) we find a sequence T} of stopping times
satisfying (3.1) and also ||(cs0%) 71| < Cy if s < T. So the same argument as
above allows to replace (H’) in Theorem 2.3 by

Hypothesis (SH’): We have (H’) and further the process (oco*)~! 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 Ag such that:

under (SH) we have Y e M’ = || < 4 (36)
under (SH’) we have Y e M’ = |(ZX*)71 < Ao.

4 Preliminary computations

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

Let us fix some conventions. We write V*TV for a sequence (V™) of pro-
cesses and a continuous process V when sup,, ||V — V|| goes to 0 in prob-

ability for all ¢ > 0. When V" takes the form V,* = Zg’j ¢ for an array of
variables (¢!*), and when V" T0, we say that this array is AN, for Asymptoti-
cally 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 C,.

4.1 Applying (SH)

Let us introduce some R%valued random variables of interest:
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B = vn U%A?VV’ @m =vn U%A?JAW (4.1)

G=vnAY =57, &' =vn ALY -5 (4.2)
Observe that

& = /n ( / " audu + / " (ou_ — au)dwu> :
i—1 i—1 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 APY (1) +E(6717) +EI5 1) +E(IE ) +E(IE™ 1) < Cq. (4.3)
We have in fact a bit more:

Lemma 4.1. Under (SH) we have for all t > 0:

[nt]

1
-~ Y E(IE1? + 118 = 811%) — 0. (4.4)
=1

Proof. First, the boundedness of a yields

i

1 n
B(l?) < (n B ( [t~ ai”andu)) .

n

We also trivially have

E(|821 - 8"I°) < CE(lo s — oisf?)

i
n

< CnE </1 (|oue — cica |? + [|ou — o':-L”?)du) .

Hence the left side of (4.4) is smaller than

t t
¢ <n +/O E(lou- = opnuy/nll?® +lou- = o(nuy1)/al1?) du) '

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
bounded by a constant because of (SH): hence the result by Lebesgue’s theo-
rem. O

4.2 Applying (SH1)

First we introduce some notation. We set ¢(g) = f{\lw(w)\l<€} ¥(x)2F(dr), so
that -
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el = p)—0
0€(0,2] = [iym)se (@) F(dz) < e (4.5)
022 = [im<a ¥(2)?F(dz) < ¢(e) 2.

Set also

7
1 n
af! = — 5 +E <<n / (law = @zt 2 + 11— = Fics I+ fJou = vica |

/ w(u—, z) (L 2)||2F (dz) ) du)q/2> L (6)

Lemma 4.2. Under (SH1) we have for all g > 2 and ¢ > 1 and t > 0:

[nt]

a?t<Cy, = Z nayl/d . (4.7)

Proof. We can of course forget about the term 1/n9/2 in (4.6), whereas the
first part of (4.7) is obvious. For the second part we set
’Yn(u) = Ha’u - a[nu]/n”2 + ||O—1l¢— - /nu]/n||2 + ||’Uu_ - [nu]/nH2

+ [ lwtum ) (2 a) P Fe).

Then the Holder inequality yields

[nt] [nt] i a/2\ \ /7
1 n,q 1/q/ [nt} 1 /"
- ; <— | E n d
- ;(az ) s ] ; nof - m(u)du

1/q'

IN

nt 1 9
o MZE</ Wd“)

o t 1/q'
<t (E (/ Vn(u)q/Qdu>) .
0

Since 7, is uniformly bounded and converges pointwise to 0, we get the result.
O

Next, we fix a sequence of numbers &, € (0, 1] (which will be chosen later
and satisfy e2n > 1), and we set E,, = {z € E : ¢(x) > ¢,}. Then, recalling
the product-matrix notation, under (SH1) we can introduce a series of R4~
valued random variables:
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f/ —aldu—i-\f/ (/ o ds

+/ (o, — o 1)dW —I—/ (Vs — vs 1)dV> dW,,

n

<(1>;"=ﬁ<[jads+/ () —ol) aw,
"’/ (Vs— —viz 1 ) i W,

g(z)y:\/ﬁ<a“+azl/ (Wy — Wit )dW,

+vi-1 /" (Vu— - V’*l)qu> )
n ﬂ n

n

Oy AW 0t ATV ) AW,

cay =i [, ( / [ @smm) () u<ds,dm>> aw,

/ ’ [ ws=a) — w(=.a) V(ds,dx)> A7 W,
(B = v / ( / /| nw<i L) u(ds,cm) aw,.
(BN =~V ( / ’i’l | w20 u(d&dm) AW,

cor=va [ ([ /. =)~ w2 ) u(d&dw)) W

n

<<6>;"=w€( / i / (w(s—, z) - w(*=2 2)) u(ds,dx>> AT W,

(T = v / ( N /| nw(’;lm u(ds,dm) aw,,

<<7>;"=w€( / ’ | w2 u(ds,cm) AW,
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The connection with (4.1) and (4.2) is as follows:

7

7
= Z COHNE &= (€I +CHIM- (4.8)

Jj=1

The aim of the remainder of this subsection is to estimate moments of
these random variables. First, a repeated use of the Holder and Burkholder
inequalities gives us for ¢ > 2, and under (SH1):

E([c71?) +B(lc(W)i]19) < Cq a1 /n/2, }
E(lc@)7 1) +E(2)"[19) < Cq/n/2.

Lemma 4.3. Under (SH1) and for any q > 2 which is an even integer, we
have

(4.9)

q—2

B(ICE) 19 + B < Cy plen) = (4.10)

Proof. Apply the Holder and Burkholder inequalities repeatedly to get

q/2
E([¢(3)7]|%) < C,E n/ i

o oI )
Cy % (/ / w(s,z)||*u(ds dac)) - du
<C,E (( / R u(ds,dm)W

= B(7} - 71,)7),

n n

| w(s,z)(pn — v)(ds, dz)

c
n

[

| /\

(s,z)(n — v)(ds, dx)

L

IN

where Z7' = fo / Ev 2u(ds,dz) is an increasing pure jump Lévy process,
whose Laplace transform is

A B(e M2 Z0) = exp t/ (e_’\w(“')z —1) F(dz).

We compute the ¢/2-moment of Z7,, — Z7 by differentiating ¢/2 times the
Laplace transform at 0: this is the sum, over all choices u1, ..., u of positive
integers with Zk 1 Ui = q/2, of suitable constants times the product for all
t =1,...,k of the terms thC (x)?% F(dz); moreover this term is smaller

than t62“’ 2p(ey). Since further £, < 1 and ¢(1) < oo, we deduce that
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q/2
E((Z}, — Z0)?) < Cyplen) Y t7eiF < Cypl(en) (ted 2 + t9/2).
k=1

We deduce the result for ¢(3)? (recall ne2 > 1), and the same proof holds for

K2

¢(3)i"- O
Lemma 4.4. Under (SH1), for any q > 2 we have

E([CAFIT +EUC@ 1) + EUACG)T) + BICG)" ) < 5%031‘1'

(4.11)

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

E(ICEI? + N1¢GE" 1)

ccm((nf ([ [ viom dsd@)zdu
<c, (/ ds/Enw(x)F(dx)> <% (/ e ) (4.12)

The result readily follows from (4.5). O

q/2

We have analogous results for ((§)? and {(j)/*, for j = 6,7, but we need

7
a bit more. Below, we consider a pair (r, B), Where r € (07 1] and B is a

closed subset of RY, with Lebesgue measure 0, and such that (2.11) holds
when r < 1. Let also

r=1 = Ar=1

Ar=141 (4.13)

r<l = d(v7.B)” with either 4j* = 8" or 7} = ;"

Lemma 4.5. Under (SH1) and the previous assumptions, and if further
(SH’) holds whenever r < 1, for any q € (1,2) and I € [0,1) we can find
u > 1 (depending on q and l) such that

n2y1/u

n ~n n =n Cv 'i/
E (llc)2le (1)) + B (lc6)mle Gy < Setor )
’\n n =n C q
E ([IKDzle GMY) +E (ST G < wark-
Proof. We set M = supgc,;_ 1)/n in) [Ws — Wi || and wp(s,z) =

(4.14)

w(s—,z) —w(*=Lt z) for =L < s < L and

Z;u// U(x) p(ds, dz), Z" = // l[wn (s, 2)|| p(ds, dz).
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Observe that Z™ and Z'™ are nondecreasing, piecewise constant, and Z;™ —
Z" < 2(Zp — Z') whenever s < t. Then

[CO)F ] < v MNZE — Z1).

Set v/ = 1 (1 + 1A %), which satisfies v’ > 1 because | < 1 and ¢ € (1,2).

If we set 07 = (y/n M)*'? (37)*"! we then have (since u/ > 1 and u/q—u/+1 >
0):

Q

1
=~n n n n ’LL/ —u/ wu’ n n g
IOl @) < Co (57 (27 = Zi) o)™ (2 — 21) "7

n n

)

and Holder’s inequality yields
E ([l<6)7 114G

<q, (E (5? (7% - 2, )“’q—“’“)) v (E(Z’; -z )) L (4.15)

n

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 Fi-1 which has

a density which is bounded uniformly in n, i and w, so E((3}")*|Fiz1) is
bounded by a constant C for all s € [0,1), whether » = 1 or r < 1. Also,
E((v/n M]*)?|Fi-1) < C, for all p > 0. Then by Hélder’s inequality we get

E (5?|.7-' Q) < Oy, Since further the variable Z% — Z7_, is independent of

07, conditionally on Fi-1, we deduce
E (0 (22 = Z2,)" 07 ) < Cou B(Z2 - Z2s) 170 (416)

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

A = / t /| s, 2) (s, de), N = / t /| o, 21 = ), ).

On the one hand, since F(E,) < C/e2 by (4.5) and ne? > 1,

i

IR )

Iy n

(A — A )2 <

n

S|

3

1
< -

n
w
<
i—1
n

s F(En)/E lwn(s,2)|? F(dz)

n

ds/E lwn, (s, z)||* F(dz).
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On the other hand N’ is a square-integrable martingale, and thus

E ((NT - Nz’zl)?) <E (/ ds/ ||wn(s,x)|2F(dx)> ,

and thus )
m m \2 ¢ Ck?’
E ((Zi- —zn) ) <% (4.17)
n = n
If we replace ||wy, (s, z)|| by ©(x), we obtain in a similar fashion
E((z2 - 7)) < = (4.18)
n n n

Then if we combine (4.15), (4.16), (4.17) and (4.18), and since v'¢—u'+1 < 2,
we obtain the result for ¢(6)?, with u = 2“— > 1, and the proof for ¢(6)!" is

u' —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

We end this subsection with a summary of the results. Let us set
& =+ BT +C@F+CO)F, & =) +C6)F +¢(T)7
&M = U + )™ + ) + ¢ 6),
Em = (@) + <O+ D
gr ==& +8m, gr=&n+ &
In view of (4.2) and (4.8), we then have
Vi ATY - B =& = e Vi ALY - B =6 =60 6 (4.20)

In the next lemma, the pair (B,r) and the variable 37 are like in Lemma 4.5.
We also consider positive random variables Z* which satisfy

(4.19)

E((Z/)) <C, Vq>2. (4.21)

Observe that &' and & do not depend on the sequence &,, but gf and f:’”
do.

Lemma 4.6. Assume (SH1) and (SH’) and (4.13) with r < 1 and (4.21).
Letp > 2 andl € (0,1). Then if 6 € 51,2) we have

~ m ~n ¢ ’
E((ZP 1€1° GY +EW(Z0?P 1€M° G < n’;’f217 (4.22)

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
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E((Z7 P8 1GT)) < Sz + (o)1 + (0] )/,
E((ZP)PIEMIGY) < D (zn + (a4 + (af5) e (4.23)
)Y+ (0l )V,

Proof. We will prove (4.22) and (4.23) for £ and gf only, the proofs for &
and E;” being similar. We have seen in the proof of Lemma 4.5 that, by virtue
of (4.13),

sel0,) = B <C. (4.24)

Although & does not depend on the sequence ¢,,, we need to introduce a
suitable sequence &, to prove (4.22): so we prove (4.22) and (4.23) simulta-
neously, with some fixed 6 € [1,2) for the first result, and with § = 1 for the
second one. If t = 3 (1+ + A\ 2), by (4.21) and Hélder’s inequality we get

1/t

B((Z) I€71° G < Cpau (BN GY)""
Bz 181 G0 < Coa (BOE GY0)

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: yl(y/+/n) < 1} is an open or semi-open interval whose left end
point is 0, and whose rlght end point is denoted by a,, and since ¢(y) — 0
as y — 0 it is clear that a], — co. At this point, we set a, = 1\/(al, — 1/n):
then a,, — oo, and for all n big enough a,, < a}, and thus alp(a,/v/n) < 1.
Then we choose the sequence €, as €, = a,//n, thus ne2 > 1. Observe that
both sequences ¢, and a, only depend on # and I.

Now we apply (4.10) and (4.11) with ¢ and €,, as above, plus (4.24) and
Holder’s inequality, to get

(4.25)

~ 1/t C /st g0-2/s"t C c
(E(ICE)7® Gy < Coreleal T an 2 < Lo 0.

nt/2 = /24 2/” = 0/2>
~n 1/t 1/t Co. Co,
BRI G + EBACERI G < moer < s

In a similar way, (4.24) and (4.9) and Hélder’s inequality give (with the same
q as above):

(4.26)

Co, (al9)?/d

~nyiy 1/t L (o
(B(lcp|e @ < Corlar D e
(E(lc@)rl® Gy < S
Finally applying (4.14) and t0 < 2 yields
n,2y1/q’
ECG?W &\?tll/tgce,l(ai) ,
(E(ICO)P11* FMY) e (4.28)

(BICTp)® @) < Sex
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for some ¢’ > 1 depending on tf and tl, hence on 6 and [ only.
Then if we put together (4.25), (4.26), (4.27) and (4.28), and in view of
(4.8) and (4.19), we readily get (4.22), and also (4.23) with z,, = an 2/t +ayt

(note that for (4.23) we take 6 = 1). O

4.3 Technical lemmas

Let us now introduce a list of growth or smoothness assumptions on a real—
valued function f on R%. Below, C > 0 and p > 2 are suitable constants.
First,

zeR? = |fl@)<C+ ), (4.29)

which amounts to saying that f has polynomial growth. Second, with a pair
(B, r) being given, where B is a (possibly empty) subset of R% with Lebesgue
measure 0 and r € (0,1] and with » = 1 when B = () and with (2.11) when
r < 1, we list some conditions, for which we assume that f is differentiable on
the complement B¢. Below, each W, is an increasing continuous function on
R, with 4(0) = 0.

re B = |Vf(x)|<CO+|=z|?) (1 + W) , (4.30)

zyeRY = [fla+y) — f@) <CA+ P+ lylP) lyl",  (4.31)
[zl <A, 0 <yl e <d(xz,B) = [[Vf(z+y) = V()] <Pale) (4.32)

0 <yl < 222
— 97 +) = VI < O+ alP + 11P) g (.39

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 = (4.29), (4.30), (4.31) and (4.32), (4.34)

(K') with 7 < 1 = (4.29) , (4.30), (4.31) and (4.33) (4.35)

In the forthcoming lemmas, we consider the following setting:

e f and k are functions on R? satisfying (4.29);

m

o M A AU are R¢—valued variables, (4.36)
o Z0 =14 |52l + Il gl satisties B(Z)P) <
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Lemma 4.7. Under (4.36) and if further k is continuous and

[nt]
1 n n
- S B =) =0, (4.37)
i=1
then we have for all t > 0:
[nt]
1 n n n
- D E(fOMPRG) = k(™)?) — 0. (4.38)
i=1

Proof. Set p' = (f(77)(k(7") = k(v/™)))” and m.a(e) = sup(|k(z) — k(y)| :
|z —y|| <e,llz|| < A). Forall e € (0,1] and A > 1 we have
pi < C(APma(e)® + AW Lym yom>e

n\4
HEZE)P(Agym>ay + > ay + Lnre>ay))
AP ||y — | (ZZL)“”“)

+

< A2p 2
< C( ma(e)” + = I

Then in view of (4.36) we get

L L e I
- E(o?) < A2p 2 - E mo__ Im||2
2 2B S C [ APmaef + 3+ 1 3 B(R — ol

This holds for all € € (0,1] and A > 1. Since m4(e) — 0 as ¢ — 0, for every
A, (4.38) readily follows from (4.37). O

For our second lemma we need additional assumptions. First, v/ will be
either B or B{". Second, we consider a pair (B,r) as in (4.30)—(4.33), and k
is differentiable on B¢. We introduce the following subsets of 2:

A} ={lln" ="l > d(™, B)/2}, (4.39)

(observe that A” = () when B = 0)). Let 77 be an auxiliary variable which for

each w is on the segment joining /" and /", and let 47" be 1 when r = 1 and

1+ 1/d(v/™, B) when r < 1. Then we set
@ = ) (R4 = R(E™) Lay = VG (3" = 7" Lay
H(VR(T) = VRO (0 = ") 1apye ) (4.40)

B = F(0F) VRO (7 = AL (4.41)

(by the fact that B has Lebesgue measure 0, we see that k is a.s. differentiable
at /™, which is either 5 or 5", so (4.40) and (4.41) make sense).

2
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Lemma 4.8. Assume the following:
(i) (SH1) and (4.36) and k satisfies (4.30) and (4.31);
(i) if r =1 then k satisfies (4.52);
(iii) if B # 0 then (SH’) holds;
() if r < 1 then k satisfies (4.33).
(a) If vi'™ = B and ™ — /"™ =&, orif 4™ = B and 4" — )™ = &, we

have for all t > 0:
1

n

Bl

[nt]
> E(g}]) — 0. (4.42)
i=1

(b) If " = B and Af" — " = &, or if 7™ = B and " A" =€, we

K2

have for allt > 0:

[nt]
1 ~
— E(|2}|) — 0. 4.4
7 LB — 0 (1.3

Proof. 1) We first prove the two results when r = 1. We choose ¢, = 1 for all
n and putting together all estimates in (4.9), (4.10), (4.11) and (4.14) (with
[ =0, so this estimate holds for ¢ = 2 as well) to get

C
=2 = E(y" ") <t (4.44)
n

Then (4.29) and (4.30) and the property A? C {d(v/",B) < e} U {||y/™* —
7| > £/2} yield for all A > 0, £ > 0:

//nH

o7+ 1811 < o1z (wa(e) + 1271

" =" . :
+”€7” + 1{(1(%’"»8)9}) |y — ™. (4.45)

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

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

P(d(y/",B) <¢) < a. = / ¢(x)dx,
{z:d(z,B)<e}

and lim. g« = 0. Then (4.36), (4.44), (4.45) and the multivariate Holder
inequality yield

n ATL C 1 1

Hence (4.42) readily follows: choose A big, then ¢ small.
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2) Now we suppose that r < 1, hence B # ). We have

971 < (2% (I = "1 Lag + I = 27" La

(e O et
Lt T T ] 4n LU
Y R CON e
< PP I = G (4.40)

where the first inequality follows from (4.30), (4.31) and (4.33) for k, while
the second one is obtained by using the definition of the set A}. We also have

B < C(ZP)%P ||y — 7™ (A (4.47)

Therefore, Lemma 4.6 readily gives (4.42), and also (4.43) if we further use
Lemma 4.2. O

5 A first simplified problem

To simplify the notation, we write p}' = p,, .. To begin with, we consider an
Mg, .4,—valued adapted cadlag and bounded process § and an My, 4,—valued
function f on R?. Then we introduce the Mg, 4,—valued process (recall (4.1)):

nt)

[
U = o= > i (FO0) = (). (5.1)

Proposition 5.1. Under (SH), if f satisfies (4.29), the sequence of processes
U™ in (5.1) is C-tight. If further f is even, then it converges stably in law to
the process U defined componentwise by

. dl d3 ¢ . N N
v =0 > [ e aw, (5.2)
jl:1 k,:]. 0
where
d] d3
Z Z 6;jk,lm5;j'k/,lm _ A_Zk,j/k:' =
=1 m=1
> (poa 1) = pou (FF)p0 () )01, (5.3)
1,I'=1

and W' is a didz—dimensional Wiener process defined on an extension of
(02, F, (Fi)t>0,P) and which is independent of the o—field F.
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Proof. We have U = Y"1 (7, where ¢ = 61 (F(87) — o}y (f)/ V0.
Recalling (4.3) and (4.29), we trivially have

|Q

(5.4)

[\v]

E((M|Fiza) =0, E(I¢M*Fz) <

’
n

. . 1 L
BT FL) = Al
n n

Moreover since o is cadlag we deduce from (4.29) that s — p,_ (f) also is
cadlag. Thus by the Riemann integrability we get

[nt]

¢

S BT Fi) - / AR, (5.5)

z=1 n 0

Then (5.4) and (5.5) are enough to imply the tightness of the sequence (U™).
Now, assume further that f is even. Since the variables A?W and —A?W

have the same law, conditionally on Fi-:, we get

do
B ATW Fi) = ) S BAMTW! f(Vn 0ima APW) ™| Fis) = 0.
m=1 " " "

(5.6)
Next, let N be any bounded martingale on (£2, F, (F¢)¢>0, P), which is orthog-
onal to W. For j and k fixed, we consider the martingale M; = E(g(81)7%|Fy),
for t > =1, Since W is an (F;)-Brownian motion, and since 87 is a function
of o(;_1y/n and of APW, we see that (M;);>(i—1)/n is also, conditionally on
F(i—1)/n, @ martingale w.r.t. the filtration which is generated by the process
Wi — Wi—1. By the martingale representation theorem the process M is thus
of the form My = Mi—1 + [ f;l nsdW for an appropriate predictable process 7.
It follows that M is orthogonal to the process Ny = Ny — Ni—s (for t > =1),
or in other words the product M N’ is an (.’F‘t)tzﬂ ~martingale. Hence

E(A'N g(vn 0ios APW) ¥ Fioi ) = E(APN'M; /| Fiot)
=E(A'N'APM|Fi-1) = 0,
and thus
E((J'APN|Fi-1) = 0. (5.7)
If we put together (5.4), (5.5), (5.6) and (5.7), we deduce the result from
Theorem IX.7.28 of [9]. O
In particular we deduce that

[nt]

1 t
3 e SET [ b g (1) du. (53
i=1
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Now we consider two successive increments, writing (with g and h like in
(2.1)):

[nt]

U;”f}z (BYR(B) — 7 (g)pa () - (5.9)

Proposition 5.2. 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).

Proof. A simple computation shows that U/" = ZEZ@H G T = Vg1
where

= = (9B = () + (087) = o1 (@) (1),

= % (@(B7) — o0 (9)) PPr ().

We trivially have (5.4), while (5.6) and (5.7) (for any bounded martingale
N orthogonal to W) are proved exactly as in the previous proposition. We
will write p" 5 ; 1(g9,h) = [ g(oi 1 2)h(o =2 2)p(dx), where p is the N(0,Iy)
law. An easy computation shows “that ’

B G Fi)

2

dso
]. n n 1yl n 1.0 n n 1y
= - Z (9081 g (B Y (2o (BT ) = iy (W) pr o ()

+g(ﬁi—1) it Pi—1(hl k,) (Pi_o i—1(9j/ll hlk) - ?—2(hlk)0?—1(9jlll))

)

+9(Bi-0)™" P () (021 (g7 W) = pPa (W )01 (7))
I ()P (%) (i (097 ) = s ()P (67 ))).

and thus by (5.8) and since the components of g and h satisfy (4.29) and are
continuous and ¢ is cadlag (hence in particular p* 5 ; (g, h) — pi'_5(gh) goes
to 0, uniformly in ¢ < [nt] 4+ 1), we get

[nt]+1

t
Z BN 1) — /A(Uu,g,h)jk’k/j/ du.
" 0

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 Ul(g, h) 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 (5.1) when d,, = p,, (h*) and f = g*, so Proposition 5.1 yields
SUP;<[ny) |77 TO for any ¢: hence the results. O
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In particular we deduce that

nt)

[ t
=S aEENT [ o (@)on ) du (510)

6 A second simplified problem

So far Y has played no role, but it will come in this section. We consider the
processes U™ (g, h) of (2.15): in view of (4.3), the conditional expectations in
(2.15) are finite as soon as g and h have polynomial growth.

Theorem 6.1. 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 state a very simple lemma:

Lemma 6.2. Let (¢I") be an array of q—dimensional random variables, which

satisfies for all t:
[nt]

E([[¢P[I*|Fi=1) TO. (6.1)
=1

If further each (I is F i+1 —measurable, the array (¢ — E(¢"|Fiz=1)) is AN.

Proof. Of course the result is well known when (j* is F;/,,~measurable. Oth-
erwise, we set n;' = E((]'|F;/n). This new array satisfies also (6.1) and now
n;i' is F;/,~measurable: so the array (n;" — E(n;'|Fiz1)) is AN.

Next, (6.1) and Lenglart’s inequality (see g.g. 1-3.30 in [9]) yield

Zyﬂ E(|[¢"I?|Fi/n) TO, so the afore mentionned well known result also yields
that the array (¢ —n!") is AN, and the result follows. O

Proof of Theorem 6.1. In view of Proposition 5.2, it is clearly enough to
prove that U™(g,h) — U™TO0. Set

n 1
Ci_%

and observe that (I is F i+1 -measurable and that U"(g, h),—U;™ = Zyﬂ (r—
E(¢l'|Fiz1)). Then by Lemma 6.2 it suffices to prove that

(9VmAY (Vi AL, Y) = g(BOREM)  (62)

[nt]
E(ll¢7']I*) — 0. (6.3)
i=1
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For proving (6.3) it is clearly enough to consider the case where both g
and h are 1-dimensional. Recalling \/n AY = G + £, we then have
n||2 c n n n 7Y\ 2
IGH 1% < — (h(Vn AR Y )2 (9(B + &) — 9(87))
+g(B7)? (h(Bley + €41) — h(B41))? + 9(B7)* (h(B41) — h(B™))?) -

Then (6.3) immediately follows from (4.3) and from Lemmas 4.1 and 4.7. O

7 Proof of Theorem 2.1

As stated in Section 2, we can and will assume (SH). We use the notation ¢
of (6.2), and set

ni =E(g(Vn APY)h(Vn AL Y) [ Fiea), o0 =i (9)pi1 (h)

and Vr = S Mym and v/m = My Theorem 6.1 implies L(xX"(g,n) —
V™) T0, and Riemann integrability yields + V'™ — X(g,h) pointwise in w
and locally uniformly in time. So we need to prove that L(V™ — V'™)TO0.
Since n* — ni™ = /n E(¢*|Fi=1), it clearly suffices to prove that

1 [nt]

EZE(IIC?II) — 0. (7.1)

By the Cauchy—Schwarz inequality, the left side of (7.1) is smaller than
1/2
( g (||gg|\2)) , and thus (7.1) follows from (6.3). 0

8 Proof of Theorem 2.3

The proof goes through a number of steps.

1) As said before, we can and will assume (SH1), and also (SH’) when at least
one of the components of g and h satisfy (K’) instead of (K). By Theorem
6.1, we see that it is enough to prove that the following array

= % E(g(vn APY)h(v/n A7y, Y)|Fior) — ﬁ/; Po.(9)ps, (h)du

is AN. Obviously, we can work componentwise, and so we will assume w.l.0.g.
that both g and h are 1-dimensional (they still are functions on R?, though).

As for the required AN property, it is obviously enough to prove that the
following two arrays, where ¢(X) = px(g)ps(h), are AN:
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o = % (E(g(\/ﬁ ATY)h(vn A?-HY)U:%) - d)(a%)) ’

=i [ (9(0.) - olos) du.

n

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, I;)-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))

[P+ IVe(2)| < C

5 e s HD—oZ)<CIE- 2
— (X

[6(X) = ¢(2) — Vo(2) (X — 2|
<w(|2 =2y =2

(8.1)

for some constant C' (depending on Ap in (3.6)) and some increasing function
¥ on Ry, continuous and null at 0 (here, V¢ is My 4—valued, and Vo (X') (X —
") is R—valued).

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

1 1 * *x\—1
o) = [ e 1) o0 (<3 (ED) ) da

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.

Observe that ¢ = n* + 7™, where

n

w =V Volr) [ oo du,

= \/ﬁ/n (¢(0u) —¢(0iz1) = V(oiz1)(ou — 0%)) du.

and we need to prove that the two arrays (n1*) and (n;™) are AN.

3
We decompose further nf* as nl* = ul + p;"*, where

(3

ul=+/n ng((n%l) /:1 du /iil alds,



CLT for bipower variations 31

i

1 = /R V(o1 1)/; (/i oadW, +/u _av,

n

/ / s— 2) (i — v)(ds, dx)) du.

On the one hand, we have |u?| < C/n?/2 by (8.1) and the boundedness of a/,
so the array (p) is AN. On the other hand, we also get by (SH1) and (8.1)
and Cauchy—Schwarz applied twice:

n n c
E(u"|Fizr) =0, E((u")*[Fizr) < 3

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

|m"\<f/ V(o - o) o~ o] du
Cyn [+
£

llow — oi1]]? du.
1 n

i—

< Vi B(e) / o

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

[nt]

ZEM"\ <Ct< ()+€\1/ﬁ).

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. Recall the notation
of Subsection 4.2. Since ¢(o;—1y/n) = E(g(B87)h(B")|Fiz1), we have (" =
E(0]"|Fi-1), where

07 = = (a7 ATY IRV ALY) - a(BORE).
Let us set

AP ={llVn AYY = B > d(6], B)/2},
AT =A{lIVn ALY = B0 > d(5]", 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
(A1), and we can thus write
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g(Vn AYY) — g(B)
= (g(Vn APY) — g(B]"))1ar — Vg(B7)(Vn APY — 7)1 4n
+(Vg(77) = Va(B)(Vn ATY = B}") 1ane
+Vg(B7)(Vn A}Y — B}, (82)

where 7 is some (random) vector lying on the segment between /n ARY
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 ;" has a density. Analogously, h(y/n A} Y) — h(B;") can be
written likewise, provided we replace A}Y, B, A7, 77 by AP\ Y, 3", A",
i

Now observe that

57 = % g/ ATY) (h(\/m A Y) — h(BM))
+% (9(V AZY) — g(B2)) h(BL"),

Therefore we deduce from the decomposition (8.2) and the analogous one for
h, and also from (4.19) and (4.20), that §7" = 22:1 0" (k), where

0P (1) = —= g(Vn APY)VR(B/)E™,

g(\/ﬁ A?Y)Vh(ﬂ;"):ﬁ_l,

57(3) = % h(Bm)Vg(BrEn,
1

10) = = (oVm AY)V(EME + h(EMVa(BE)

7(2) =

Sl= gl

6;'(5) = % 9(v/n ATY) (h(\/ﬁ APLY) = h(B™)Lap

—Vh(B")(Vn AP LY — Bi") 1 am
HVR) = ThBM) ALY = 57 Tamye),
57(6) = = h(A") ((a(v ATY) = () 1ag
V(B (Vi APY — 5L
H(Vo(77) ~ VBV ALY = B7) eapye)-
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If we combine (4.3) with Lemma 4.8, we readily get Zg’ﬂ E(|67(K)]) — 0
when k& = 4,5,6. So we are left to proving that

the array (ul'(k) = E(6"(k)|Fi=1)) is AN. (8.3)
for k=1,2,3.
4) Let us introduce the Mgy g—valued martingales

0 if t<&t
M(n,i)t =

n ?

via (Vy = Viea ) + [ies [, w53, 2) (1 — v)(ds, dz) otherwise.

We see that &' = ¢(2)7 + ((5) + C(T)I = v/ (o} +1}"), where
S +/ (W, = W )dW,,

n n i—

n

= / M(n,i)udW, = APM (n, i) APW — / AM (1, i)y Wi
i—1 i—1

Now we can write
W2 (8) = pi 1 (NE(Vg(V oy APW)(f + 0| F i ).

g is even, so Vg is odd; hence the variable Vg(y/n 0i—1 APW)nP is multiplied
by —1 if we change the sign of the process (Ws — W(;_1)/n)s>(i—1)/n, and this
sign change does not affect the Fi—1—conditional distribution of this process.

n

Hence we get

E (Vg(\/ﬁ ai;lA?W)nﬂfg) =0.
On the other hand, the processes M (n,i) and Wy — Wi—1 are independent,
conditionally on Fi-1, when the times goes through ((i — 1)/n,i/n]. So if
FY denotes the o—field generated by Fi—1 and by (W, — Wiz1)(i—1)/n<u<s),

we get that M(n,i) is an (F°)-martingale for s € ((i — 1)/n,i/n], and thus
E(nz’-"|}"?/n) = 0. By successive conditioning, we immediately deduce that

E (Vg(vi ot ATW)n"| Fis ) =0,
and therefore pl*(3) = 0.

In a similar way, Vh is odd and B is the product of an F_1y/,—
measurable variable, times A7, ; W. So exactly as above we have

E(VA(B") €] Fijm) =0,

and so a fortiori uf*(2) = 0.
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5) It remains to study p*(1). With the previous notation M (n, ), it is easy
to check that

d d
S E (Vi ATY) (0l ATW + ATM (1) Fi )

n
=1 m=1

w1 =

)
K3

”Z:le” < C. Recalling once more /n A'Y = " + EZTL + g;t’ we see that

where 2™ = [ 8,,h(0i-12) T p(dz) and p is N(0, L) (the law of W), so

d d
(1) =303 (B m) | Fe) + B (m)| Fes) )

=1 m=1

where

it 0m) = —= = (087 + &+ 8 =87 (s LW +-A7 M (1))

) = <= = g(07) (o APW 4 AP M (0 0)'™)
Use (4.3) and (4.44) and the property E(||ATW||9)+E||A? M (n,)||7) < Cy/n
for all ¢ > 2 to get that Zyﬂ E(|u?(l,m)]) — 0. Finally, since g is
even and A?W and A?M(n,i) are independent conditionally on Fi-1 and
E(A?M(n,i)|Fi-1) = 0, we find that indeed E(u}" (I, m)|Fi-1) = 0. So we
get (8.3) for k :nl, and we are done. ! O
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