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This article presents a weak law of large numbers and a central limit theorem for the scaled realised
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semimartingale framework. The proofs rely heavily on recent developments in Malliavin calculus.
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1. Introduction

Within the realm of stochastic processes that fail to be a semimartingale, the recent literature
has devoted particular attention to the Brownian semistationary (BS8S8) process, a process that
has originally been used in the context of turbulence modelling in [2], but has been subsequently
employed as a price process in energy markets in [11]. The BSS8 process in its most basic form can
be written as: .

Y, = / g(t — s)os dWs,
— 00
for a deterministic kernel function g, a stochastic volatility process o and a Brownian motion W.
[34] proved that BS8§ processes have conditional full support and thus may be used as a price
model in financial markets with transaction costs. Also, BSS processes can be used in the context
of option pricing, through the modelling of rough volatility (see [24] and [14]). In this context, [15]
present a hybrid simulation scheme used in Monte Carlo option pricing.

Its spreading use in applications has led to many theoretical questions, some of which have only
recently obtained an answer.

Still, the stochastic-analytic properties of the Brownian semistationary process are not yet
completely understood. The univariate case has been studied in detail, and in particular, numerous
papers have been published that deal with its asymptotic theory of multipower variation.

The theory of multipower variation for semimartingales was first introduced in [4] and expanded
in several subsequent papers (see [5], [6], [7], [29], [27], [31], [36]). One of the main applications of
multipower variation is the construction of robust estimators that allow to disentangle the impact
of the jump risk from the stochastic volatility risk in the price of financial assets.

Outside the semimartingale class a general theory seems to be impossible to achieve and results
have to be proved for the particular collection of processes under consideration. For the univariate
B8S process, one can see for example [10] with their study of multipower variation through Malliavin
calculus and the more recent paper [12] which deals with the multipower variation of higher order
differences of the BS8S process in order to estimate its smoothness.

In the present paper, we define and work with the bivariate Brownian semistationary process.
The introduction of a second dimension greatly increases the complexity, but also allows for novel
possibilities in terms of modelling dependence. Given the importance in practical applications of
the Brownian semistationary process, the first natural result in the multivariate theory must be a
limit theorem allowing inference to be performed on the dependence between two components.
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In the semimartingale case, inference on the dependence can be performed through the quadratic
covariation between two processes. Applying the same ideas to this setting immediately poses
the question of whether the quadratic covariation can be successfully defined between two B8S
processes. There are very few results in the literature concerning quadratic covariation between two
non semimartingales. As an example, [23] deal with this problem, but they only consider [X, F/(X)],
where X is a semimartingale and F' is an absolutely continuous function with square integrable
derivative. In this case F/(X) is not necessarily a semimartingale, while X always is.

We instead propose the study of [Y (1), Y], when both Y1) and Y are B8S processes and
are not semimartingales. Hence the aim is to show convergence of an appropriately scaled version
of the following realised covariation process:

Lnt]
> (v vl (v -vE). 1)

i=1

A weak law of large numbers in such a setting has recently been obtained in [25]. Here, we
tackle the arguably more difficult case of deriving a suitable central limit theorem. Central limit
theorems for processes are results which are usually hard to prove, and techniques to prove them
vary from case to case. The most celebrated result of this kind is Donsker’s theorem, which states
that an appropriately scaled, symmetric random walk converges weakly to Brownian motion (a
standard reference is [17]). The high frequency limits of semimartingales are typically processes
with a mixed Gaussian distributions, and these central limit theorem results are typically stronger
than the standard ones that only state weak convergence in the Skorokhod space, in order for
statistical inference to be performed in a feasible way. They instead involve stable convergence of
processes, which involves proving weak convergence in an extended sample space, where typically a
new Brownian motion lives, which is independent from the original processes. We will see that
such results can also be obtained in our more general non-semimartingale setting.

The methods we use in our proofs rely heavily on the powerful Fourth Moment Theorem which
was proven in [33]. Their theory was developed by combining Stein’s method with Malliavin calculus.
The most comprehensive reference on the subject is the monograph [32].

The outline of the remainder of this article is as follows. Section 2 introduces the notation and
defines the bivariate Gaussian core and the bivariate Brownian semistationary process. Moreover,
we formulate assumptions which ensure that we are outside the semimartingale setting (since the
corresponding theory is well-known in the semimartingale framework). The main contributions
of our article can be found in Sections 3 and 4, where we state the central limit theorems for a
suitably scaled version of the realised covariation of a Gaussian core and a Brownian semistationary
process, respectively. Section 5 concludes. The proof of the central limit theorem in the case of
the Gaussian core is presented in Section 6, and in the case of a Brownian semistationary process
in Section 7. A brief self-contained summary of the key concepts of Malliavin calculus and the
celebrated Fourth Moment Theorem needed for proving our results and some of the proofs of our
new results are relegated to the supplemental article [26].

2. The setting

Throughout this article we denote by (£2,.%,.%;,P) a filtered, complete probability space and
by B(R) the class of Borel subsets of R and we consider a finite time horizon [0, T] for some T' > 0.
We will assume that (£2,.%,.%,,P) supports two independent .%;-Brownian measures W) W (2)
on R, for which we briefly recall the definition.

Definition 2.1 (Brownian measure). An %#;-adapted Brownian measure W: 2 x B(R) — R
is a Gaussian stochastic measure such that, if A € B(R) with E[(W(A))?] < oo, then W(A) ~
N(0, Leb(A)), where Leb is the Lebesque measure. Moreover, if A C [t,+00), then W(A) is
independent of F.
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Let us first define the so-called bivariate Gaussian core, which is in fact a bivariate Gaussian
moving average process with correlated components.

Definition 2.2 (The Gaussian core). Consider two Brownian measures W) and W®) adapted

to F; with th(l)th(Z) = pdt, for p € [—1,1]. Further take two nonnegative deterministic functions
g1, g € L?((0,00)) which are continuous on R\ {0}. Define, for j € {1,2},

G\ ;:/ g (t — s)dwD).

Then the vector process (G¢)i>0 = (Ggl), G?))tho is called the (bivariate) Gaussian core.

If we add stochastic volatility to the Gaussian core, then we obtain a bivariate Brownian
semistationary (B88) process defined as follows.

Definition 2.3 (Bivariate Brownian semistationary process). Consider two Brownian measures
WO and W adapted to .F, with th(l)th(Q) = pdt, for p € [—1,1]. Further take two nonnegative
deterministic functions gV, g € L?((0,00)) which are continuous on R\{0}. Let further o) o)
be cadlag , Fi-adapted stochastic processes and assume that for j € {1,2}, and for all t € [0,T]:
ffoo g2 (t — s)ogj)2 ds < co. Define, for j € {1,2},

t
¥ ::/ g9 (t — )0 aw ),

—00

Then the vector process (Y¢)i>0 = (Yt(l), Y,;(Q));O is called a bivariate Brownian semistationary
process.

2.1. Technical assumptions

Let us now introduce a few working assumptions. Most of them are standard and already appear
in similar forms in the literature, for example in [21].

2.1.1. (Non-) semimartingale conditions

As mentioned in the introduction, we are exclusively interested in the non-semimartingale setting
since the corresponding asymptotic theory for semimartingales is well established in the literature,
see e.g. [35, 3]. It turns out that the (non-) semimartingale property of GU) or YU) (for j = 1,2)
depends on the properties of the functions ¢(/).

Let us for a moment suppress the superscripts and write G; = fjoo g(t — s)dWj for a univariate

Gaussian core. Consider the filtration (ﬁtW’oo> which is the smallest filtration with respect to
>0

which W is an adapted Brownian measure and recall the classical result due to [30]:

Theorem 2.4 (Knight). The process (G¢)i>o s an ytw’oo-semimartmgale if and only if there
exists h € L*(R) and o € R such that: g(t) = a + fot h(s)ds.

In the case of a univariate Brownian semistationary (B8S) process given by

Y; = / g(t — 8) o5dW, (2)

— 00

[2] derived the following sufficient conditions for a B8S§ process Y to be a semimartingale:
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Theorem 2.5. Under the assumptions that (i) g is absolutely continuous and g’ € L*((0,00)),
(1) lim, o+ g(x) =: g(0") < oo, (iii) the process g'(—-)o. is square integrable, then Y; defined as
in (2) is an .F,">°-semimartingale. In this case Y; admits the decomposition: Y; = g(0T)W; +

bl [ I g s)os dWs} .

Let us now return to the bivariate case and formulate conditions which ensure that the bivariate
processes G,Y are not semimartingales. This can be achieved by relaxing the first two assumptions
in Theorem 2.5 since both assumptions are necessary for G) to belong to the semimartingale
class (see [13]) for j =1,2.

Assumption 2.1. For j € {1,2}, we assume that g9 : R — Rt are nonnegative functions and
continuous, except possibly at x = 0. Also, g¥)(x) = 0 for x < 0 and gV € L?((0,+00)). We
further ask that g\9) be differentiable everywhere with derivative (g(j))/ € L*((g,00)) for alle >0

and ((g(j))/)2 non-increasing in [b\9), 00), for some bU) > 0. Moreover, we assume that, for any

t>0: - ) )
/ (g(i)(s)) (Ut(i_)s) ds < oo.
1

In the following we will set b = max{b(") >}, then (g(j))/ € L*((b,0)) and ((g(j))’)2 is
non-increasing in [b, co) for j =1, 2.

It is important to note that we are not imposing that (g(j))/ € L%((0,00)) in order to be able to
exclude the semimartingale case.

2.1.2. Technical assumptions for the cross-correlations

We need some additional technical assumptions to control the terms arising in the covariation
between the two components of the bivariate Gaussian core and the bivariate BS8S process. Such
assumptions will be formulated in terms of slowly varying functions, for which we briefly recall the
definition, see e.g. [18].

Definition 2.6 (Slowly and regularly varying function). A measurable function L: (0,00) —

(0,00) is called slowly varying at infinity if, for all X > 0 we have that lim,_, LL(();:)) =1. 4

function g: (0,00) — (0,00) is called regularly varying at infinity if, for x large enough, it can be
written as: g(z) = 2° L(x), for a slowly varying function L. The parameter § is called the index of
regular variation. Finally, a measurable function L: (0,00) — (0,00) is called slowly varying at
zero (resp. regularly varying at zero) if © — L (%) is slowly varying (resp. regularly varying) at
infinity.

For i,j € {1,2}, we write p; ; = p for i # j and p; ; = 1 for i = j. Also, let us introduce the
functions mapping R* into RT, with 4,j € {1,2}:
o -] -

2 2 N
€)1 ] — (4) ()
R P G B

We note that we can write R (t) = Ci; + 2p;; [ (99 (2) — 99 (z + 1))g"D (2)dx, where
Ci = ||g(")||i2 + ||g(j)||i2 —2p;; [ 99 (2)gV) (z)dz, where in particular C;; = 0. This enables
us to formulate our next assumption.

Assumption 2.2. For allt > 0, there exist functions Léi’j)(t) and Léi’j)(t) which are continuous
on (0,00) and slowly varying at zero, such that

ROD () = Oy + pat® O HLED 4y fori j e {1,2}, and (4)
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S (REDY (1) = it T ILED (W), foriyje {1,2),

where M, 6@ € (=3,2)\ {0}. Also, if we denote iéi’j)(t) = L(()i’i)(t)Léj’j)(t), we ask that the
functions Léi’j)(t) an Lg’j)(t) are such that, for all A > 0, there exists a H"7) € R such that:

(4,5)
im Lo (A (A) =H0JD) < 0o (5)
t—0+ z/(()i’j)(t) ’
and that there exists d € (0,1), such that:
limsup sup N(zi)(y) < 00. (6)
z—=0t ye(z,zd) Loz’] (I)

In this situation, the restriction 6U) € (—%,0) U (0, ) ensures that the process leaves the
semimartingale class.

Remark 2.7. A consequence of Assumption 2.2 is that: \/RD (t)RG:I) (1) = té(i)"“s(j)“'lf/(()i’j)(t),

where iéi’j)(t) is again a slowly varying function at zero which is continuous on (0, 00).

Example 2.8. In the univariate case, condition (4) reads (suppressing superscripts):

R(t) = t2 T Lo (t). (7)

The so-called Gamma kernel given by g(x) = e_”x‘sl{$>0}, for A > 0,6 > —%, has attracted

attention in applications (both to turbulence and finance), see for instance the review paper by [1].
In the case when § € (—3,0) U (0, 3], g satisfies Assumptions 2.1 and condition (4), see [10].

Example 2.9. Condition (5) in Assumption 2.2 is satisfied if lim;_,q4 L((f’j)(t) = M) < o

and lim;_,o4 Léi)(t)L(()j)(t) = NI < 0o with % = H). In the case when i = j, we have
H%J =1, so condition (5) is satisfied.

As a consequence of Assumption 2.2, we highlight a fact that will be particularly useful for our
purposes.

Lemma 2.10. Define

@)= [ gV s+ [T (6064 0) - 900 (o954 0) - 92)) s

0

If Assumption 2.2 holds, then it is possible to show that:

C(,’L‘) — x5(1)+6(2)+1L£1,2) (x)7 (8)

where Lfll’2) is a continuous function on (0,00) which is slowly varying at zero, and s 53 ¢

(—=%,3) \ {0}. Moreover, there ezists a constant |H| < oo such that

LM (@)
S =gy = (9)
Ly ()

H12) 4 g0y,
(B2 + HED)

More precisely, H = %
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Example 2.11 (Gamma Kernel). If the kernel function is the Gamma kernel g (s) = 35(i>6_>‘(i)51{320},

for XD >0, 6 ¢ (f%, %) \ {0}, and similarly for g, then one can show directly that Lemma

2.10 holds, and give an explicit expression for the constant H :

I(=6M) r(—6@)

o1+ 45 I +60)r(3460)
500y

0o ( W +1)r(=1-6M —5@) @ +1)r(-1-60 — 5<2>)>

A proof of this result can be found in the supplemental article [26].

2.2. Discrete observations and scaling factor

While the stochastic processes we are going to consider are defined in continuous time, we
work under the assumption that we only observe them discretely which is the case of practical
relevance. Moreover, our asymptotic results rely on so-called in-fill asymptotics where the time
interval is fixed, but we sample more and more frequently. This is in contrast to the, in time series
more widely used, concept of long span asymptotics where the stepsize between observations stays
constant, but the number of observations grows, meaning that a bigger and bigger time interval is
considered in the asymptotic case.

Suppose that we sample our processes discretely along successive partitions of [0,77]. A partition
II,, of [0,T] will be a collection of times 0 = tg < -+ < t; < t;41 < -+ < t,, = T, where, for
simplicity, we assume that the partition is equally spaced. The mesh of the partition will therefore
be A,, = % and we have lim,,_,, 4, = 0.

We will use the following notation for (high-frequent) increments of the stochastic processes
we are considering: For instance, for the process G, we denote its increment by A?G(j) =

GEQH — Gg)fl)Au for j = 1,2. A straightforward computation shows that the increments can be

represented as

. (i_l)An A . :
APGU) = / (99 (140 = 5) = gD (1= 1) An = 5)) aW )
AL (10)
- / g4, — ) dWD.
(i_l)An

We define the realised covariation as

Lnt)
> ArGIANG?, forn>1,t€[0,T].

i=1
We know that in the case when G is a semimartingale, then

Lt
> AGHAIGD " (GD, G, as n— oo,

i=1

where the convergence is uniform on compacts in probability (u.c.p.) and the limiting process is the
quadratic covariation. However, outside the semimartingale framework, the quadratic covariation
does not necessarily exist. [25] recently considered the non-semimartingale case and showed that,
under suitable assumptions, the (possibly scaled) realised covariation converges u.c.p. to an
appropriate limit which can be viewed as the correlation between the two non-semimartingale
components. In the present work, we would like to go a step further and prove a central limit
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theorem associated with the scaled realised covariation. In order to do so, we need to define the
suitable scaling factor. It turns out that the following choice is appropriate. For j € {1, 2}, set

) = E[(Awﬂ# /0“(g<j><s+An>—gu><s>>2ds+ /A (99)(s)* ds. (1)

The scaled realised covariation of the Gaussian core is then given by

% APGM APG)

L0 P

Our aim is now to derive a central limit theorem for the suitably centred and scaled realised
covariation of the Gaussian core. As soon as we have that result, we will generalise it to the case
when the underlying bivariate process is a bivariate Brownian semistationary process and, hence,
also accounts for stochastic volatility in each component.

The key component for proving the two central limit theorems is the so-called Fourth Moment
Theorem, see [32]. The supplemental article [26] gives a very brief self-contained introduction to
Malliavin calculus and reviews the Fourth Moment Theorem.

3. A central limit theorem for the realised covariation of
the Gaussian core

This section focusses on the Gaussian core G as defined in Definition 2.2; we will use the notation
from Subsection 2.2 and from the supplemental article [26] in the following.

Since G is a Gaussian process, we can apply the Hilbert-space techniques depicted above, using
the Hilbert space of L2-Gaussian variables. To this end, let 3 be the Hilbert space generated by
the random variables given by the scaled increments of the Gaussian core:

<Alng(j)

e

>n>1>1<z'< lnt].je{1,2}
equipped with the scalar product (-,-)5¢ induced by L%(2,.#,P), i.e., for X,Y € H, we have
(X,Y)s = E[XY].

Denoting by I; the multiple integral of order d, acting on H®?, with values in L?(§2), we can
write:

ArGgM <A?G(1) > ArGQ2) (A?G@) )
=11\ /3y | =11

7_7(11) 7_7(11) 7_T(LQ) 7_T(LQ)

Recall the definition of the symmetrisation of the tensor product: z®y := % (r®y+y®x). Using
the product formula (2.20) in [26], the product of two multiple integrals becomes:

ArGa() An(2) ArG() AnG(2) ! 1\ /1 Ara) _ AnG@)
o= (P ) 6 () =2 () () (B i)
Tn Tn Tn Tn r r Tn Tn

r=0
I (A?G(1)~A?G(2)) [A?G(l) A?G@)]
= 12 (2
7_T(Ll) 7_7(12) 7_él) 7_7(12)

Rearranging, this yields:

ArGH ArG®@ [A;LG@) A?G(Q)} (A?G(l) ~ A?G(2)>
— s

7_7(L1) 7_7(12) 7_7(L1) 7_7(12) 7'7(12)

Let us hence define the function f: L?(£2) x L*(2) — R given by f(X,Y) = XY — E[XY], and
the process:

e

[nt] [nt]

1 ArGH ArG® 1 ArGgH - ArG®

Ztn:\fzf(u)’@))zzb( ORI )
n3 Tn ) vn P n

(
n Tn
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3.1. A uniform bound for the covariance
We can now formulate a uniform bound for the covariance term r(TL)(k) =E {Ang)( ! An(fm],
for i,7 € {1,2}.
Theorem 3.1. Lete >0, withe <1 —60 — U fori j € {1,2}. Define:
rig(k) o= (k — 187 H00 1 s g

and r; ;(0) = r; ;(1) = 1. Under Assumption 2.2, there exists a positive constant C < oo and a
natural number ng(e) such that:

2Y)

™ (e )] < Crij(k), fork >0, (12)

for all n > ng(e). Moreover, define p(”)(()) = pH fori+# j and pf;’j)(O) =1 fori=j, and for
any i,j € {1,2} set

i,j 1 i\
P (k) = P HOD (k=17 =2k + (k+1)7) . fork>1. (13)

Then it holds that:

lim (k) = pS) sy (B), for all k >0, i,j € {1,2}. (14)

3.2. Convergence of the finite dimensional distributions of the Gaussian
core

In order to look at the convergence of the finite-dimensional distributions, let {ay}, {bx} be two
increasing sequences of positive real numbers, with a; < by < apy1, and consider, for any d € N
the vector:

(Zgl1 — 23 L~

a

)"

d

whose generic k—th component is:

RS AnGO _ AnG® 1 & ang _arg
I2< i i > =L == Z i

Vi NONMGO Vi NONMGO

i=|nak]+1 i=|nag]+1

Theorem 3.2 (Convergence of the finite dimensional distributions). Take a Gaussian core as
defined in Definition 2.2. Let Assumption 2.2 be satisfied and suppose that 6V € (—1 )\{0}, 53 e
)\ {0}. Consider f: L?(£2) x L?*(2) — R given by f(X,Y) = XY —E[XY], and the process:

% (A”G(U AnG<2>) 1 % (A"G(U A”G(Q))
z RE = TP Vi & 72 )

Let {ai},{br} be two increasing sequences of positive real numbers, with ar < by < a1, and
consider, for any d € N the vector:

(7§a1

Zp = (Zp — 70, 20— 7)) = (Fin...,Fun)'

Then Z} = N ~ A43(0,C), where C; j = lim,,_, o E[F; , F} ], 1 <4,j < d. Finally, the matriz C
is diagonal, and the general j-th diagonal element is equal to C(1,1)(b; — a;), with

2
c(1,1) = 22(;)%}12 péiéz(k‘)-i-(pg%fldm(/ﬁ))) (14 PHY) < oo (15)
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In order to compute C(1,1) we remark that the definition of the terms of the form pq(;’j )(k) was

given in equation (13).
The series in (15) converges absolutely, thanks to Theorem 3.1, as it is bounded by:

oo

Z 261 425 1202
4 (k _ 1) + +2e ,

k=1

which converges if and only if 26 +262) +2e —2 < -1 <= ¢ +63 +¢ < L, which is implied
by our assumption that 61 € (=3, 1)\ {0},6@ € (=%, 1)\ {0}.

3.3. Tightness of the law of the realised covariation for the Gaussian
core
As customary when proving weak convergence, we also need a tightness result for the law of the
realised covariation process. This turns out to be a lot simpler than the convergence of the finite

dimensional distributions.

Theorem 3.3 (Tightness). Let the assumptions as in Theorem 8.2 hold. For all n € N, let P be
the law of the process:

ArGH ArG@) o rarg) S Are
- s (5 A - S e (U,

on the Skorokhod space D[0,T]. Then, the sequence {P"},en is tight.

3.4. The central limit theorem for the Gaussian core

With Theorem 3.2 and 3.3 at our disposal, it is immediate to prove the fundamental theorem
stating weak convergence of the realised covariation of the Gaussian core:

Theorem 3.4 (Weak Convergence of the Gaussian Core).  With the same setting and assumptions
of Theorem 3.2, we obtain:

nt)
ArG ArG2 ArGH ArGR)
\Fz< O 5| )] () 0

t€[0,T)
t€[0,T]

where By is a Brownian motion independent of the processes GV, G2, 3 = C(1,1) from (15) and
the convergence is in the Skorokhod space DI]0,T] equipped with the Skorokhod topology.

Remark 3.5. We remark that the above central limit theorem (Theorem 3.4) can be formulated
under more general conditions which do not require the particular integral representation we
are working with throughout the paper. Le. consider a bivariate Gaussian stationary process
G = (GW,G*)T. Define fori,j € {1,2} and t > 0: RO (t) := E[(GEJ) - Gél))z}. Suppose that
Assumption 2.2 is satisfied in this setting, where p; j € [-1,1] is linked to the correlation between
G and GY) and is such that pii=1fori=7jandp;; =0 if G9 and GY) are uncorrelated,
also Ci; = E (G%) + E (6§%) - 2B (G§'G().

Then Theorem 3.4 holds for 8 = C(1,1), where in the definition of C(1,1) the parameter p is

replaced by p1 2. The proof of this extended result is contained in the supplementary material to
this article, see [26, Section 4.3].
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4. A central limit theorem for the realised covariation of
the Brownian semistationary process
The weak convergence result for the Gaussian core obtained in the previous section is the
cornerstone needed to obtain the general central limit theorem for a Brownian semistationary

process Y, which includes stochastic volatility in each component, recall Definition 2.3.
We will need two additional assumptions:

Assumption 4.1. For k € {1,2}, we require that o®) has bounded moments of order two, that

2
i8: SUPye (oo, 1) E [(Ut(k)> ] < 00.

Example 4.1. Assumption 4.1 is easily satisfied in many cases of interests, for example, if the
stochastic volatility processes are second-order stationary.

Assumption 4.2. The stochastic volatility process oV (resp. 0®) ) has oV -Hélder (resp. o))
continuous sample paths, for o) € (%, 1). Furthermore, both the kernel functions ¢ and g
satisfy the following property: For j € {1,2}, write:

_ SVt An) - g9(x))” ds
IS (99D (z + Ay) — g<j>(x))2 ds’

and note that 7r7(1j) are probability measures. We ask that there exists a constant \9) < —1 such

that for any e, = O(n™"), it holds that:

7D ((ens00)) = O (007

4.1. The central limit theorem

We are now in the position to formulate our key result: the central limit theorem for the suitably
centred and scaled realised covariation of a bivariate Brownian semistationary process. We remark
that the notation 2% is used for stable convergence in law, whose definition and basic properties are
reviewed in the supplemental article [26].

Theorem 4.2 (Central limit theorem). Let & be the sigma algebra generated by the Gaussian
core G, and let ¢ and 0@ be G—measurable. For the bivariate BSS process, provided that
Assumptions 2.1, 2.2, 4.1 and 4.2 are satisfied with 6V, 5(2) e (—%7 i) \ {0}, the following 4 -stable
convergence holds:

[nt]

1 Ary () Ary(2) ArGW ApGPY 1ty )
7n oo V'E T o @ 05057 ds
1 T ™ U ™ 0
t€[0,T]
t
2 (VB [ oo an) . an
0 te[0,T]

in the Skorokhod space D[0, T, where 8 = C(1,1), see equation (15). Also, B is Brownian motion,
independent of % and defined on an extension of the filtered probability space (£2,.F%, %, P).

We note that the central limit theorem implies a weak law of large numbers, which we present
next, cf. also [25].
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Proposition 4.3. Assume that the conditions of Theorem 4.2 hold. Then

[nt] t
A
A ; Ary W Ary () 5 p/o cMe? ds, as m — 0o.

So Theorem 4.2 implies a weak law of large numbers. It is to be stressed though, that the law of
large numbers can be formulated in a more general way, modulo some different assumptions on the
volatility processes. We refer to the discussion in [25] for the details. In particular, for the weak
law of large numbers to hold, we do not need the restriction that 6V, 62 e (—%, i) \ {0}, but we
can have the whole range 61,6 ¢ (f%, %) \ {0}. On the other hand, we remark that the weak
law of large numbers formulated in [25] required the kernel functions to be decreasing, and we do

not have such a restriction for the central limit theorem.

5. Conclusion

In this article we have employed techniques that were successfully used in the univariate case
for the power, multipower, and bipower variation of the BS8S process and of Gaussian processes,
(as appearing in [10], [8], [9], [21]) to show a central limit theorem for the realised covariation of
the bivariate Gaussian core and the B88 process.

This result, apart from being interesting from a purely mathematical point of view, can be
viewed as the starting point of the use of multivariate BSS processes in stochastic modelling.
The central limit theorem unlocks inference on the dependence parameter for the multivariate
BS8S process. There are still parts of such a multivariate theory that need to be developed in
the future. For instance, one interesting aspect would be to allow for the correlation coefficient
to be stochastic. Another direction of future research would include extending our results from
the realised covariation to more general functionals, obtaining a fully multidimensional theory of
multipower variation of the B8S process. Also, one could investigate whether similar results can be
obtained for other forms of volatility modulated Gaussian processes outside the semimartingale
setting.

6. Proofs for the Gaussian core

The proofs of Lemma 2.10 and Example 2.11 are relegated to the supplemental article [26].

6.1. Proof of Theorem 3.1

The uniform bound on the covariances rl(?(k) that we prove on Theorem 3.1 is a fundamental

analytical result that allows us to sit within the reach of some powerful results of Malliavin calculus.
In this section we give the proof of that theorem. Let us start off with an elementary result.

Lemma 6.1. For a C? function u, and h > 0:
u(z + h) — 2u(z) + u(z — h) = h?u"(C),
where ¢ € (x — h,x + h).

The proof of Lemma 6.1 is given in the supplemental article [26]. We have now the tools to
tackle the proof of Theorem 3.1.

Proof of Theorem 3.1. The objective in the section is to show that we can bound:

™ (k)| < 7 (K), (18)

27
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uniformly in n, for all choices of ¢,j. In order to do so, recall the functions mapping R* into
_ . N2
R*, with i,j € {1,2}: RO (t) :=E {(Gﬁj) - G((f)) } . We need to show that this function is well

defined. More generally, note that for the Gaussian core, we have for any u € R:

E |:(G7(j-i)-t - ng))z} = /OOC (g(j)(y))2 dy + /m (g(i)(y))2 dy — 2/000 99 W)g" (y+ t)pi s dy

O+ HgmH [Géngj)} 7

= sl

which is indeed a function of ¢ only. It is straightforward to find the connection between rl(z)(k)
and R(9)(k), when k € N:

ApGW A, GO

ORI

1 -1 1 k+1
(4,9) ,5) = plig)
(ww<R ()3 (5) g (5)) o
1 k0%
= R <n + ) (20)

2n27'( )T

2]

for some 97| < 1, thanks to the elementary result stated in Lemma 6.1.

The connection between 7“ ) and R(:) (t) was derived in (19) and (20):

o R () (£4%),
v 2\/1-:5(1'4)(%)]?(]}3’)(%) 2n27\ (4) (J) n n )
as well as:

‘ _ /1 , N 1\ 2 (2041 /1
(1) — (i) | 2 ) = (i) _ (7) I (ON
7l \/R (n) \/]E {(Gi GS ) - Ly ().

Let us now show the uniform bound (12) and the limit result for the case when k& € N. For
k € N, we go back to the second equality in (21), and deduce that:

(k—l—ﬁﬁ)é(i)w(j)_l L;i,j) (5 n %) (k +192)5<i>+5<j)_1 Lgi,j) (% n %)
L5 G) L57()

n

i3 ()] = o

Note that for k > 1, we deduce from 97 € (—1,1) and §#) 4 6U) —1 < —¢ < 0 that

(k n 62)5(i>+5(9‘),1 < (k _ 1)6(i)+6(j)—1.

Now, if 2 < k < [n'~9], then £ + %’l € (% + %va + %) C (%,#) c (,-) and
hence, the bound (6) in Assumption 2.2 applies and we obtain that

L (5 + %)

Ly ()

is bounded close to the origin for n big enough.



13

If instead |n'~?] < k < n, then, for all ¢ > 0, and any § < (1 — d) there exists a constant
C(d) > 0 such that

(4) L 50) _ . n
(b1 0p,)" 7T LG (4t

L5 (%)

[rify (k + 1) =

g5+ —14e-5 1

< CO) == FE Ly

We used the fact that for any d,¢ > 0, there exists a constant C' depending on ¢ (and ¢) only such
that |Lo(x)| < C(6)z~%, in a neighborhood = € (0, ].
Observe now that M7 (n) := m is a slowly varying function at co. Indeed, for any A > 0:
M Gs9) LoD L
lim 7()%) = lim —2 ~an’ () =

n—oo M(ivj)(n) n—oo [N/(()%J)(l)

n
But since M9 is slowly varying, there exists a constant C' such that, by Potter’s bound:
1

S <C,
ns(1—d)—5L((Jw)(%)

M(n) < Cp=s(=D+3 —y

that gives us ‘ _
)k 1)] < CO@R

As § is arbitrary, set C; = CC/(6) for any & > 0.
Next, let us prove the limit result. To this end, we will use the first equality in (21) to show the
convergence in (14). Using the expression (4) from Assumptions 2.2, we get for k € N:

iy (k) -
(4) 150 i,] (4) 4 5(3) 1,7 — (4) 4 5G3) i.5) 1 k
L, ZHTRTRLE ) & (k= )P RTRLE IR + (ki DTG ()
e T |
J 267 (%)

Because of (5), we get in the limit:

(_2k5(i)+5(j)+1 + (k o 1)5(i)+5(1')+1 + (k + 1)5(i)+5(j)+1)
2

lim 7" (k) = i HOP

n—oo 7’

Let us now consider the case when k£ = 0. We need to show that lim,,_, . TEZ)(O) = pH for

1 # j and lim,_, 7"1(3) (0) =1 for i = j. First, suppose that ¢ = j. Then 7"1(3-) (0) = 1, and hence
lim, o0 TEZ-) (0) = 1. Next, assume that i # j. Then
)y _ Gn
Vi (0)= P?n,
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Using Lemma 2.10, we get:
Cn _ Az(1>+6(2)+1L51172)(An).

Also, Remark 2.7 implies that

€n = Ai(l)+5(2)+1\/ LS (AL (A,) = AZVHPHI LA (A

Then equation (9) in Lemma 2.10 ensures that lim,,_,~ (,/§, = H and hence lim,,_, o, e (0) = pH
(n)
2]
that |7'z(7;) (0)| < C; for all n € N. So, we can conclude that (12) holds with C' = max{1, C;, Cs}.
O

for i # j. Finally, we remark that since r; 7 (0) converges, there exists a positive constant Cs such

6.2. Limiting covariance

Our strategy for proving the central limit theorem for the Gaussian core relies on the Fourth
Moment Theorem reviewed in Theorem 2.21 in the supplemental article [26], which gives us the
fundamental tool for proving convergence in distribution to a Gaussian variable in this setting.

In order to be able to apply the Fourth Moment Theorem to prove the central limit theorem later
on, we must first compute the limiting covariance: i.e. we need to compute lim,, o0 E [I2(fr.n)I2(fs.n)],
where:

; 1 L”zbiJ A2 - ArGR)
= e ) @
\/ﬁ i=|na,|+1 Tn n

We start with the case r # s:

E [IZ(fr,n)IQ(fs,n)] == 2<fr,na fs,n>5—(®2
lebrd Ang) _ Ang® Ll Ang® _Ang®
2< 1 APGO) _APG®) : : > @)
H®2

\/ﬁ 7'7(11) “ TT(LQ) ’ﬁ Tr(bl) @ T,&Q)

i=|na,|+1

j=lras]+1

Without loss of generality, we will choose r =1,s = 2,a1 = 0,b1 = ay = 1,by = 2, obtaining:

n n n 2n 1 2
2 Z Al G(l)éAi Felt) Z ArG( )éA?G( ) (26)
n (1) @ 1) ) '

i=1 Tn Tn j=n+1 Tn Tn Fe®2

n a b
Al G( ) A?#»k G( )
™ )

Now, let k£ = j — 4. Also recall the definition r((:g (k) :=E { } . Then, the single scalar

product equals:

<A?G(1) _AG® ATGD _AG®) >
3(®2

N YT T @)

T'r(L Tn

1 /A AnG® Ang®  Ang ATGH AR Ang®)  Ang()
I 7 7 7 7 , + ®
4 7_7(11) 7—7(12) Tr(z2) Tr(zl) 7—7(11) Tr(z2) 7’7(12) 7—7(11) F(©2

1 A?G(l) A;,LG(2) E A?G(Q) A?G(l) 1 A?G(z) A;LG(Q) A?G(l) A?G(l)
4 TT(LD TT(LQ) T,(f) TT(LU 4 77(12) TT(LQ) Tr(Ll) 77(11)
1

n n 1 n n
P (R (k) + 5y (s (k).

T2

Thus, we have that expression (26) becomes:
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1 n n n n
=3k (P ) + ) () ()

k=1
1 2n—1
= 3 @n—k) (R ) + o W w) . 27)
k=n-+1
By Cesaro’s theorem, if:
Tim g (r{ g0 ) + Y () () =0, (28)

then the first sum in (27) will converge to zero. Theorem 3.1 gives us:
P )rS () + 18 (k)" (k)| < 2(k — )20 +0)+2e-2, (29)
Hence, we have the limit in (28) provided that
200 +0) 42 —2< -1 «—= (W +6D)+e-1< —% e et 5 — (6W 463,
which, in order for £ > 0 to hold, implies that we must ask:
50 4 5@ < % (30)

Applying Theorem 3.1 again shows that the absolute value of the second sum in (27) can be
bounded by:

2n—1

1

- § (27?, _ ]{:)2(]6 _ 1)26(1>+26<2)+2€72
n
k=n-+1
2n—2 9 2n—2 9 2n—2
—4 Z 200426 422 £ Z 20 +26P 4261 £ Z 200 +26) 4262
k= ey "
n n =n
2n—2 422
— 261 4263 4202 — 251 426 42 1
<4 Z k + +2e-2 4 2 Z k + +2e—
k=n

The first sum goes to zero whenever the summand is summable, thus we get 61 + 632 < 1,
which is clearly satisfied under condition (30). For the second sum, we have in particular that
k<2n <— % < %, SO we can write:

4 2n—2 2n—2
Z kza( ) 4260 4201 <8 Z kzs( ) 4280 420 2
= k=n

Condition (30) again ensures convergence to zero.

6.3. Limiting variance

Now we consider the case when r = s in (4) in Theorem 2.21 in the supplemental article [26], as
we have to find the limiting variance. Again, take, by simplicity, r = s = 1,a; = 0,b; = 1, and this
time, k= |1 — j|:

B[l (fin) 12 (fin)] =2 Hfl,n||[2}f®2
1 A"G(l) A"G(2 1 & A"G A"G(2
Z 2 s
f 7'7(3) \f (1) 2)

n n

%ZZ( D) + S R )

=1 j=1
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Now write 7“§n1)(k)7“§n2)(k:) + ré”f(k)ﬁ@(k) = pn(]i — j]) (note that, if j < 4, rl(z b)(j i) = 7“127;) (t—17)),
so that:

n o n n i—1 n
S i) = 23 Y pali =)+ S pal0)
i=1 j=1 i=1 j=1 i=1

zz"ji (1= ) a0 4200

Thanks to (14), we see that, for k£ > 1:

2
pa(k) = 1 (R () + 757 (k) () = o8 (0) o2 () + (050, ()

In the case when k = 0, we have

1 C
_ - n (1) An(2) n
pn(O)—1+(T7g1)T7(LQ))2 (E [AlG AG D 14 2 (€n> :

where (, and &, are defined as in (24). As above, using Assumption 2.2 and Lemma 2.10, ensures
that lim,, o (n /&, = H? and hence lim,, o0 p,(0) = 1 + p? H2.
By the bound (12) in Theorem 3.1 and the bounded convergence theorem, (32) converges to

C(1,1) = lim E[L (fin) L2 (f1.0)]

1,1) 2,2 1,2 2
QZ (pégm péﬁ(’z))(k) + (Pé(l)iﬂm(k’)) ) +(1+p*H?) <oo. (33)

6.4. Proof of Theorem 3.2

Since the proof of Theorem 3.2 is rather long, we have moved it to the supplemental material
[26].

6.5. Proof of Theorem 3.3
Proof of Theorem 3.3.

[nt]—|ns] ArcD)  AnG@)
i QR —
7'7(7.1) T"(LZ)

E[(z - 2] =E[(2L,)*] =E I

S|

i=1

B 1 [nt]—|ns] A:,G(l) AfG@) [nt]—|ns] A?G(l) A?G@)
0 w2 m
n n F(®2

i=1 n n j=1

1 |nt]—|ns] [nt]—|ns] - - 1 - -
~ o Z Z (7"17,11(|i_j|)7”272(|i_j|)+27"271(|i_j|)7”172(|i_j|)> .
i=1 j=1
Multiplying and dividing by |nt] — [ns]| yields:
[nt]—[ns]—1
|nt| — |ns] 1 k
1-— n k mn 0 ’
el Erriee DS Pulk) + pa(0)

k=1

thanks to the same arguments as in equation (32). We now know that the quantity in brackets is
convergent, hence bounded. Tightness now follows as in the proof of Theorem 7 in [19], invoking the
criterion of Theorem 13.5 in [17]. The criterion applies thanks to the hypercontractivity property of
multiple integrals: inside a fixed Wiener chaos, all L7({2) norms are equivalent (see [32], Theorem
2.7.2). O
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6.6. Proof of Theorem 3.4

Proof of Theorem 3.4. The fact that the finite dimensional distributions of the realised covari-
ation converge to those of Brownian motion is the content of Theorem 3.2: the limiting finite
dimensional distributions we had there coincide with those on the right hand side of (16). The fact
that the limiting Brownian motion B; is independent of G and G follows from the fact that

(1) (1) ~(2) (2 1 [nby | ArGH Arg® APGD ArG®3)
(Gbk — Gak 7Gbk - Guk ) ﬁ Zi:l_’ﬂakJ+1 ;7(L1) 7_7(12) - ]E :_1(11) ;_7(L2) neN

converges to a multivariate Gaussian, and, for all n € N the third component is orthogonal to the
first two, as it belongs to a different Wiener chaos. Given the tightness result in Theorem 3.3, an
application of Theorem 13.1 in [17] allows to conclude. O

7. Proofs for the Brownian semistationary process

7.1. Strategy and outline of the proof

In order to prove the central limit theorem for the bivariate Brownian semistationary process
we will introduce a blocking technique, see [16], whereby, alongside the original time-grid indexed
by n, we introduce a coarser grid with a new index [ < n, and we freeze the volatility processes at
the start of each [—interval. Heuristically, letting n go to infinity, for a fixed I, allows us invoke the
weak convergence of the Gaussian core we have proven in the previous section, as the volatilities are
“frozen”. A further limit in [ gives us the final result where the volatilities are integrated against
the limiting Brownian motion.

Let us now show how the blocking technique will be introduced. We define

e [ATGY APGE)
Hn 1= 7ﬂ1,2 (0) =E |: (1) T(Q) )

Tn n

Lo (it
Zne( )

We note here that # (1,,,)(5)) € {|%]. %]+ 1}, so that we can write:

which is bounded by 1, and also

# (I(l_’n)(])) =7 +emn(d), with en () € (1,1, forall 1<I<n,j>1. (34)

For any [ < n we have the decomposition:

[nt]

1 Ary () Ary(2) t
AYTAY T a / o o® g
ity A0 ;
1 LntJ <A”Y(1) Any(2) o (2) AnG(l) AnG )
— 0
\f (1) r(z2) (i—1)A, (z 1A, (1) Tr(z2)
Ay
[nt] n n L1t] n n
Za(l) (2) ) Aj (f(l) Af C;(Q) 1 ZU( a® (( o Z Af (f(l) Aj C;Q)
S S Y SIS PR DR

n,l
Ay
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L1t] 1 [nt]

(1) 2)
+ “nZU] DA, <a DA \/,;“nzau—lmn“(j—lmn
j=1

"
t

n,l

A
Lit] Lit]

nG(1) ArG(2)
e APGY A vn
ZJ(J DaG-14, > SR C) R unZ% DA (G-1)A;

i€l (G ™

cpt
[nt]
+*Mn2%1 a0l s

Dy

The term denoted by C}' ! will give us the stable convergence to a non-zero limit, while the terms

AP, A il = A, ol A;/”’l, Dy will converge to zero (in a way that will be made precise below.)
We Wlll d1v1de the proof into four parts, each one dealing separately with one of the terms.

7.2. Convergence of the term A}

Proposition 7.1. Assume that the assumptions of Theorem 4.2 hold. Then A} given by

% (A"Y(l Apy® > e Apg A?G@))
t \F 7_7(12) (z na, (z 1A, 7_T(Ll) 7_7(12)

converges to zero uniformly on compacts in probability (u.c.p.).

Proof of Proposition 7.1. Let us call:

p— L <A?Y“>A?Y@> W e A?G<1>A?G<2>)

Va0 @ (i-1)A,%(i-1)A, SERE)

For the claim of the proposition to be true, it is sufficient to prove that, for all ¢ € [0, T], we have:

lim,, o E [Z LmlJ |Jt”|} = 0. Indeed, this implies that convergence also holds in probability. For

each n, ZLMJ |J{*] is increasing with ¢, and 0 (the limit in probability) is also increasing and it is
continuous. This means that we get convergence to 0 u.c.p. in [0,7T] (see for example (2.2.16) in
[28]). This easily implies the required convergence.

Let us use the following notation, for k € {1,2}:

ArgF) = B GA, —5) —g® (1 —1)A, —s).
We write:

Ary () Ary(2)
) )
n

Tn
1 A, (i—1)An
o ([ e [ g awe
}

Tn i—1)A, —00

[YAYS (i_l)An
X ( / g2 (iA, —s)c@ aw® + / Arg@ g2 dWS(?)). (35)
(

i—1)A, oo
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nag) Ang2)
We also have the corresponding 4 terms for A%A% We start by showing that:

[nt] 1A

1 / W W aw® [ @ @) g
g (A, — s)oy ) AW / g2 A, — s)o@ dw? -
fT(l) o ;[ (i—1)A, (i—1)An

iA, iAn
#QmAﬁﬁhmn/ gmuAn—@dw§{/ g2 (A, — ) dW? | (36)
(i—1)A, (i—-1)A,

goes to zero.

Adding and subtracting 0'& DA, f N g EA, — dWs(l) f(ii’imn g2 6A, — s)0£2) aw®,
we get:
L (2) (2) (2)
pe 2 2
fr(l) RE) z; (14, — s)oy” dW,
iAn
X [/ gD A, — s) (Ug) _ ggjjl)An) dWSu)]
(i_l)An (37)
[nt] iA,
OGA — ) dw D
o iA, — s !
NG 1) ?sz) Z /—1)A ( )

1A,
xl/ g®@AnQ(@ma?D&)dW§ﬁ.
(i-1)An

We can now start to prove the L' convergence that we need. To prove it, we will invoke some
results as appearing in [10]. In particular, we will use by-products of the proof of Theorem 4 of that
paper. Before we can apply the conclusions of the theorem, we need to verify that we satisfy its
assumption called CLT, as stated on pages 1167-1168. This is easily done by combining Theorem
3.1 with Assumption 4.2.

If we take the first term of (37), we need to show convergence of:

Lnt)

1) (2) Z]E

iAnp
/ g2 (A, — s)c@ aw®
an Tn = =1

(i—-1)A,

e 5
S oA ) (o) ol ) AW

i—1)A,

X

By Cauchy-Schwarz E[|XY|] < /E[X?]\/E[Y?]. Now:

\//(:A:)An (g (iA, — )) e Jds — \// n 40 (s [( (2) _5)2] ds,

since ¢ is cadlag, it is bounded on compact intervals, so we get the bound:

Ay 2 nt| . 2
Jo" (@) ds 1§ i4n .
K\/ x ) Z E /( gD (4, —s)(at" — 08) A, —s) aw :

2
P L i—1)An

for some constant K. Now, the first term is bounded by K, and the second one goes to zero since
o) is Holder continuous in mean square, as implied by Assumption 4.2.
We can repeat the reasoning for the second term of (37). Let’s take another term now:
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[nt] (i-1)A, (i-1)A,
[ e an [ e g

1
\/57'7&1)77(12) i=1

— 0o —0o0

— 00 — 00

@ @ (i—1)A, (i-1)A,
— 00 14,00 1A, / ArgH aw M) / Arg@D aw @ | (38)

Adding and subtracting ‘7811)An ff;m" A?ggl) awV fﬁ;lm” A?ggz)ag) aW?, we get as the
first term:

[nt) f(z A, Ang )2 gy @) U(l na, Argl )0 gy ((1) N fl na, Angl ) dW(l]

\f Z 7_7(12) 7'7(11)

(1) (2)

We can use the same arguments as above. The only difference is the expectation of (1) over the
infinite interval:

\/ Kf(l DAL pn g2 <2>dW<2> \/f (9D (s + Ay) — g@(s)) E{( ona, —@ﬂ ds

ey HE)

Assumption 4.1 allows to conclude that this quantity is bounded. The remaining term (2) is equal
@) cG+D

to the sum B"E Zj L
by the same arguments.
Now we consider the cross term

from the proof of Theorem 4 in [10] and goes to zero in L?

Lnt]

(i—1)A,
f Z ( / 904, olh Wl / AP g6 g @)

A, (i—1)A,
R A /( gV (A, — s)dw D) / A?gg”dwf)). (39)

i—1)A, 0o

We add and subtract: O’ 1)A fZZA’lL)A g @EA, dW(l) f A"g(z) & aw®,

Lntj (i— 1)An idn e
\/» / (2)0£2) dWS(Q) /( g(l)(ZAn - 8)(U£1) (z A, )dWSU)

i—1)A,
LntJ iA (i-1)A, @)
Z o)1), / o gV (iA, — s)daw® < /_ . Argl? ( @ - <z—1mn) dWS(Q)) .
(40)
We can proceed exactly as above, and convergence to zero is proved. O

7.3. Convergence of the term A, ™ = A, + A/™

It is worth mentioning at this point that proofs that terms similar to the one we called A;”"’l
converge to zero in the univariate case have had a tormented history in the literature. Indeed,
a mistake appeared in the proof of a similar result in [20] in the context of power variation for
integral processes. The application of the mean value theorem on page 724 of that paper is invalid.

The mistake was not simple to correct. Years later, the paper [22] was published, which highlighted
the techniques from fractional integration that were needed to correct the proof. As it turns out,
in our multivariate setting it is sufficient to invoke that univariate result to obtain the required
convergence. This section contains the details of the proof.



21
Proposition 7.2. Assume that the assumptions of Theorem 4.2 hold. Then

=0.

P — lim limsup sup ‘Am

l=00 n—oo tel0,T]
Proof of Proposition 7.2. We need to set the following notation:

¢ 1 ( ArGMH APGR) [A{"’G(l) ArG) D

v\ RO
and f(t;) = 8) A, 8) 1)a,- We will be using Remark 1.1 in the paper [22]. We know that:

[mt]

Z gi,m = \/BWt
=1

Convergence (4) in the paper reads:

[nt]
P— lim limsup sup |\> > (f(t:) = Fuj-1) &m| =0, “
n=o0 m-soo t€[0,T] j=1iel,(j)

which in our setting and with our notation becomes:

Llt]+1

P — lim limsup sup
l=00 n—oo te[0,T]

(1) (2) (1) (1)
> ( T(i-1)4,9(i-1) A, _"u—l)m”(j—lml)
J=1 i€l ()

1 /APGD) ArG(2)
X — L ———— —un || =0.
vn < OENE >

Tn

1)

Expanding the bracket in (1) above, the first term gives us exactly term A;"’l. The second term
from the bracket (1) is

i) +1 g
pue) e puCy pue)
NIRRT BNty D DRED DI TN A
J=1 €l ny(4) J=1 d€lq,ny(d)
i) +1 Lt

P Ay (1) (2) Hn (1) (2)
= 1 — ; X .
o Jz:; # (Lo () Gi-14,%(-1)A \/ﬁjﬂ 9G-14,7G-1)A,

If we use (34), we get:

[t]+1
Lin n . (1) e E (2)
vn > (7+6<n,z>(3)) O(i=1) A0 O (-1) A, ~ 76t 0a. 76,
ji=1
p Lit]+1
il PRCORNN )
=A," +\/—% 21 e (d)o G-1A.7G-1)A,"
=

We can then conclude that (41) implies:

+

P — lim limsup sup A +A oy €(n, ot? =0.
50 n—oo t€[0,T] Z (n,0) .7 1)Aw (J 1A
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Now, we can write:

y [1t]+1 L1t]+1
Mgl _ | gnd o p"nd . Bn (1) 2) e
‘At Y= AT AT +ﬁ > ()0 1)4,9G-1)a, ~ Z e(n.1)(J (a 14, %(-1A,
j=1
M [1t]+1 [1t]+1
"n,l "n,l n (1) (2) 1) (2)
S AT A +ﬁ ; ) (1)9;21)4,9G-1)a, f Z 010G 1)4,9G-1)a, |

but since ‘e(n’l)(j)‘ < 1, the last term goes to zero a.s. for any fixed [, uniformly for ¢ in [0, 7], so

we can conclude that:
=0.

1"’
P — lim limsup sup ‘At ml
=00 n—oo te[0,T)

7.4. Convergence of the term Ct"’l
The term C;" ' is the one that will give us the stable convergence we seek.

Proposition 7.3. Assume that the assumptions of Theorem 4.2 hold. Then
W G nt) (A7GD Ara® ))
(G G 7f2 ( 7_7(L1> Tff) Mn re(0.T]

converges weakly to

(6.6, vBB,)

t€[0,T] '

Proof of Proposition 7.3. We split the proof into two parts: First, we prove tightness and then
convergence of the finite dimensional distributions.

Tightness: Theorem 13.2 in [17] gives two necessary and sufficient conditions for a sequence of
measures P, to be tight. Our probability measures P,, live in D ([0, T); ]R3) , the space of cadlag
functions with values in R3, equipped with the Skorokhod topology. The norm in this space is
defined as:

||f||®([o,T];R3) = sup || fllgs,
te[0,T]

and hence the two conditions in the theorem only depend on the norm in R3. It is then sufficient
to show them component-wise. The first two components trivially satisfy them, as the sequences
reduce to only one measure per component. The fact that the third component satisfies them both
is a consequence of Theorem 3.3.

Convergence of the finite dimensional distributions: We need to show that for any choice
of positive numbers ay < bg, k € {1,..., D}, the sequence of matrix variables:

(1) D) 3 a3 [nbg | ArgW Arg®
(Gb,c - Gak aGbk ak » f Zz |nak | +1 ( ey (2) — Hn 1<k<D
converges in law, as n — oo, to:

(1) (1) ~(2) (2)
(Gbk - Gak aGbk - Gak 7\/B(Bbk - Bak))lngD . (42)
This we know already, as pointed out in the proof of Theorem 3.4, as marginal convergence
of sequence of variables within fixed Wiener chaoses implies joint convergence. The first two
components lie in the first chaos, the third one lies in the second chaos. The statement of Theorem
3.4 allows to conclude. O
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Proposition 7.4. Assume that the assumptions of Theorem 4.2 hold. Then C}' converges stably
in law to \/Bfot o Ve® dBs in the Skorokhod space D[0, T, where 8 = C(1,1), see equation (15),
and where first n — oo for fixred l and then | — co. Also, B is Brownian motion, independent of
F and defined on an extension of the filtered probability space (2, %, %, P).

Proof of Proposition 7.4. The joint weak convergence in (42) paired with the asymptotic
independence of the limit B and G, G(?) and an application of Proposition 3.3 in [26] ensure

that: ™
nt
1 (AgLG(U ArG®2) ) .
_ E — e M | = /BBy (mizing).
Vn — (1) 72
e

Applying the continuous mapping Theorem 3.2 in [26] with the sigma-algebra ¢, cr G 1) 200G A

Ang(l) ArG(2)
as the measurable variable o, ﬁ Ziel(, 1 6) (TT — pn ) as Y, and g(x,y) = xy, since
g Tn Tn

Y, &8 [} (BjAl — B(j_l)Al), we have the following ¥-stable convergence for fixed | as n — oo:

nG(M) AnrG(2)

(1) e 1 AVGY A SO NN )

TG-1)4,%(— 1)Al\f Z ( (1) 2) — Hn :>0(J DA% (- 1)Al\/B(BjAz*B(j—l)Az)-
ZEI(L ) Tn

Finally we have that
[1t]

t
- O CY _
P—1lim > ol 1o\ VB (Bia, — Byona) = \/B/O cWs® 4

l—o0 4
j=1

because the integrand is cadlag. Modulo another term of the form L\/ﬁ ZJLZJIH ‘7((]1')—1) A,0 8) DA,

which goes to zero a.s. as n — oo, we have proven stable convergence of the term C’t in our
decomposition. O

7.5. Convergence of the term D}

Proposition 7.5. Assume that the assumptions of Theorem 4.2 hold. Then supte[O’T]|Df| —0
almost surely.
Proof of Proposition 7.5. Note that D} is given by

[t
“nZ% a0 1y a, — Vitkn / oMo ds.

Recall that o¥) denotes the Holder continuity index of o(*). Rewriting the integral:
[nt]

t A, t
/ cWe® gs = Z /j oMo ds + / oMo? ds,
0 T/ G-nA, Int]A,

and using the mean value theorem, we get:
Lnt]

w1 (1) ey 1) (2) 1
|Dt|§ﬁ“n Z“’(; D4, 9G4, ~ 95,95 | +%u ‘

(1) 5(2)
SJ

57

L
< —1)A
S Z\ j

|m1n(a(1) (2))| ( (1) (2)

Sj 91

A+0-|+7

1
\/ﬁ“"’

oo

<CLNnAnmin(a o+ 7# ‘
7 o

(1) (2)”

’ oo

1
— (1) 5(2)
\/ﬁ/in 7

Sj T8

:C\/ﬁunAnmin(a(l ,a(z))T+
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Hence, sup,¢jo )| Df'| — 0 almost surely, since min(a™®,a®) > 1. O

7.6. Proofs of Theorem 4.2 and Proposition 4.3

Proof of Theorem 4.2. The statement of Theorem 4.2 is a consequence of Propositions 7.1, 7.2,
7.4, 7.5, noting that they imply that, for any € > 0,
5) =0.

It is now sufficient to apply Theorem 3.2 in [17] to conclude. O

lim limsupP< sup ’A? +A;n,l +A;’n7l 4Dl >

l=00 n—oo t€[0,T]

Finally we provide the proof of the weak law of large numbers.

Proof of Proposition 4.3. We note that, for each fixed ¢ € [0, 7], (17) implies that:

nt] an (1 ny (2 n (1 n (2 t
i EZA Y Apy )_E{AlG()AlG( )}/ oo ® ds
0

Pt 7_7(L1) 7_7(L2) 7_7(11) 7_7(12)
neN

converges weakly, hence, by Prohorov’s theorem, it is a tight sequence. It then follows that:

W@ ds 5 0.

Lntj Any(l) Any(Q) [A{’G(l) A?G@)] /t (
— ag
0

ﬁ pt 7_7(7/1) 7_7(12) 7_7(7/1) Ty(f)
Now:
[mam mcw]
(1) 7752)
S g (8)g@ (s)pds + [ (9D (s + An) — gV (s)) (9 (s + An) — g (s)) pds
- 7—7(7,1)7—7(12)
C(An)
= pi.
T7(11)TT(12)
Hence:

nt] \p n t
A, ZAY Ay pC(An) /O’ (2)d5—>0

(1) 2 D 2)
which is equivalent to:

[nt] n
A, ATY DAY @ — pe(A,,) / oM@ as 5o,
i=1 0
or indeed to:
A 2w v & [ e
= Ary M Ary (2) - p/ oMol ds.
c(4An) 1:21 0

Supplementary Material

Supplement to “A central limit theorem for the realised covariation of a bivariate
Brownian semistationary process”
(; .pdf). We collect technical details and proofs in the supplementary article, which should be read
in conjunction with the present paper.
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