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Abstract

The paper obtains the general form of the cross-covariance function of vector frac-
tional Brownian motion with correlated components having different self-similarity in-

dices.

Keywords: operator self-similar process, vector fractional Brownian motion, cross-

covariance function.

1 Introduction

A p—variate stochastic process X = {X(t) = (Xi(¢),---,Xp(t)),t € R} is said operator
self-similar (os-s) if there exists a p X p matrix H (called the exponent of X) such that for
any A > 0,

X(M) =ra ATX(1), (1.1)

where =qq means equality of finite-dimensional distributions, and the p x p matrix \7
is defined by the power series M = ef18% = 3% [k (log A\)¥/k!. Os-s processes were
studied in Laha and Rohatgi (1981), Hudson and Mason (1982), Maejima and Hudson

(1984), Sato (1991) and other papers. A Gaussian os-s process with stationary increments
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is called operator fractional Brownian motion (ofBm). For p = 1 the class of ofBm coincides
with fundamental class of fractional Brownian motions (fBm) (see e.g. Samorodnitsky and
Taqqu (1994)). Recall that a fBm with exponent H € (0,1) can be alternatively defined
as a stochastically continuous Gaussian process X = {X(¢),t € R} with zero mean and
covariance )

EX(s)X(5) = (s + [127 — [t = s), s €, (1.2)

where 02 = EX?(1). The form of covariance of general ofBm seems to be unknown and
may be quite complicated. The structure of ofBm and stochastic integral representations
were studied in Didier and Pipiras (2008).

A particular case of os-s processes corresponds to diagonal matrix H = diag(Hy,---, Hp).

In this case, relation (1.1) becomes
(X1(AE),+, Xp(At))  =raa (AP X4(), -, AP X(1)). (1.3)

Below, a p—variate process X satisfying (1.3) for any A > 0 will be called vector self-similar
(vs-s) and a stochastically continuous Gaussian vs-s process with stationary increments (si)
will be called a vector fractional Brownian motion (viBm).

Vs-s processes (in particularly, vfBm) seem to be most useful for applications and sta-
tistical analysis of multiple time series. They arise as limits of normalized partial sums of
multivariate long memory processes with discrete time, see Marinucci and Robinson (2000),
Davidson and de Jong (2000), Chung (2002), Davidson and Hashimadze (2008), Robinson
(2008), Lavancier et al. (2009). In particularly, vs-s processes appear in the OLS estima-
tion in multiple linear regression model (Chung, 2002), the multiple local Whittle estimation
(Robinson, 2008) and the two-sample testing for comparison of long memory parameters
(Lavancier et al., 2009).

Note from (1.3) that each component X; = {X;(t),t € R}, i =1,---,p of vs-s process is
a (scalar) self-similar process, the fact which is not true for general os-s processes.

The present paper obtains the general form of the (cross-)covariance function of vs-s si
process X with finite variance and exponent H = diag(Hi,---, Hp), 0 < H; < 1. According
to Theorem 2.1 below, under some regularity condition, for any ¢,j = 1,---,p,i # j with
H; + H; # 1, there exist ¢;j,cj; € R such that for any s,t € R

703 {esp ()l 4 eI — eyt — s)f— B (L4

where ¢ := var(X;(1)) and

cov(Xi(s), X;(t)) =

5o Cij) t>0, 15
C”() T Cji, t<0. ()

A similar expression (involving additional logarithmic terms) for the covariance cov(X;(s),

X;(t)) is obtained in the case H; + H; = 1. We prove Theorem 2.1 by deriving from vs-

s si property a functional equation for the cross-covariance of the type studied in Aczél



(1966) and Aczél and Hosszu (1965) and using the result of the last paper (Theorem 2.2
below) about the uniqueness of this equation. Section 3 discusses the existence of vfBm
with covariance as in (1.4). We start with a double sided stochastic integral representation
similar to Didier and Pipiras (2008):

X0 = [{(t -0 - o) as (-2 - (o)) 4} wd),
: (1.6)
where H — .5 := diag(H; — .5, -, H, — .5),z4 = max(z,0),z_ = max(—z,0), Ay, A_
are real p x p matrices and W(dx) = (Wi(dx),---, W,(dx)) is a Gaussian white noise with
zero mean, independent components and covariance EW;(dz)Wj(dz) = d;;dz. According
to Proposition 3.1, if 0 < H; < 1,H; + Hj # 1, i,j = 1,---,p then the cross-covariance of
X in (1.6) has the form as in (1.4) with

Cij = 26ij¢ij/0'io'j7 d)ij = B(Hl + .5,Hj 43 .5)/Sin((Hi -+ Hj)ﬂ'), (17)
where the matrix C' = (&) is given by

C = cos(Hm)A A% + A_A* cos(Hr) (1.8)
— sin(Hn)AL A" cos(Hm) — cos(Hm)Ay A* sin(H).

Here and below, A* denotes the transposed matrix, sin(H ) := diag(sin(Hy), - - -, sin(Hp)),
cos(Hr) := diag(cos(Hym),- -, cos(Hpm)).

2 The form of the covariance function of vs-s process

Recall that a random process X = {X(t),t € R} has stationary increments (si) if {X(¢t+7T)
~X(T),t €R} =gq {X(t) — X(0),t € R} for any T € R.

Theorem 2.1 Let X = {X(t),t € R} be a 2nd order process with values in RP. Assume
that X has stationary increments, zero mean, X (0) = 0, and that X is vector self-similar
with exponent H = diag(H1,---,Hp), 0< H; <1 (i=1,---,p).

Moreover, assume also that for any i,j = 1,---,p, the function t — EX;(t)X;(1) is
continuously differentiable on (0,1) U (1,00). Let 02 > 0 denote the variance of X;(1), i =
1, ,p.

(i) If i = j, then for any (s,t) € R%, we have
2
o; _ , .
EXi(s)Xi(t) == {1522 + [¢2H — |t — s} (2.1)

(i) If i # j and H; + Hj # 1, then there exists c;j,cj; € R such that for any (s,t) € R?,
(1.4) holds.



(iii) If i # j and H; + H; = 1, then there exists d;;, fij € R such that for any (s,t) € R?,

we have

0i0;
EX(5)X;(t) = =5 {dy(|s| + |t] = [s = t]) + fi; (t1og |t| — slog|s| — (t = s)log [t — s[)} .
(2.2)
() The matriz R = (Rij)i j=1,..p is positive definite, where
L, =7,
Rij = cij+cji, 1#j, Hi+Hj#1,
dij7 i# 7, HZ'—I—HJ':l.

Proof. (i) Follows from the well-known characterization of covariance of (scalar-valued)
self-similar stationary increment process.

(ii)-(iif) From part (i), it follows that E(X;(t) — X;(s))? = 02|t — s|*/i and hence {X;(t),t €
R} is stochastically continuous on the real line, for any i« = 1,---,p. Whence, it follows

that EX;(s)X;(t) is jointly continuous on R? and vanishes for t = 0 or s = 0, for any
i,j=1---,p.

Denote (s, t) := EX;(s)X;(t), H := 1(H;+ H;). Let Ry :=={u:u>0}, R_:={u:u<
0}. From vs-s and si properties we obtain

r(As, M) = Mr(s,t), (2.3)

r(s,t) = r(s+T,t+T)—r(s+T,T)—r(T,t+T)+r(T,T) (2.4)

for any reals s,¢,7 and any A > 0. Substituting s = ¢ = u, A = 1/|u| into (2.3) one obtains

r(u,u) = 2kc|ul??, we Ry, 2kg:=r(£l,+1). (2.5)

Substituting s =t = —1,7 = 1 into (2.4) and using r(0,0) = r(1,0) = r(0,1) = 0 yields
r(—1,—1) =r(1,1). Next, substituting " = u,s =t = v — u into (2.4) and using (2.5) with
K 1= K4+ = K_ one obtains
r(u,v) +r(v,u) = r(v,v)+r(u,u)—r—uuv—u)

= 26(Jv]*® + |ul = ju—o*)  (u,v €R). (2.6)
Next, let

g+(t) = r(£1,t) (t €R).
Then (2.3) implies

r(s,t) = |s|* g (£t/s) (s e Ry, t €R). (2.7)

Equation (2.4) with s =1 and (2.7) yield, for all t € R

T+t T+t
) = T+1)"g | ) —T*"gy | ——
9+(t) (T+1)"g+ <T+1> 9+ \ =

- T ()T @20, 23)

T+1



and for all t € R, equation (2.4) with s = —1 and (2.7) yield

50 = (-1 (1E1) -1 ()

T ()4 T @), (29)

We claim that the general solution of functional equations (2.8)-(2.9) has the form:
e When H # 1/2,

I 1 —-tPH,  t<0,

g+(t) = S+t -1 —tPH, o<t<l1, (2.10)
d +cltP — |1 —t?H, t>1,
c+ P — i+ 1PH,  t< -1,

g-(t) = S c+ [t —ct+ 122, —~1<t<0, (2.11)
c+ c|t]PH —cft + 121, t>0;

e When H =1/2,

_ [ f(tloglt] = (t —1)log |t — 1), t <0,

9+(8) = {d(l/\t)—l—f(tlog‘ﬂ—(t—l)log|t—1|)a t>0,’ (2.12)
[ A@At)+ f(tloglt] = (t+1)loglt+1]), t<0,

9-(t) = {f(tlog|t|—(t+1)log|t—|—1|), t>0, (2.13)

with some ¢, c,d, f € R.

It follows from (2.10)-(2.13) and (2.7) that the covariance r(s,t) = EX;(s)X;(t) for
(s,t) € R? has the form as in (1.4), (2.2), with ¢;; = 2¢/0i0j,¢j; = 2¢ /o;0; in the case
2H = H; + H; # 1, and d;; = 2d/0;04, fij =2f /005 in the case 2H = H; + H; = 1.

To show the above claim, note, by direct verification, that (2.10)-(2.13) solve equations
(2.8)-(2.9). Therefore it suffices to show that (2.10)-(2.13) is a unique solution of (2.8)-(2.9).

Let t > 1. Differentiating (2.8) with respect to ¢ leads to

gt) = (T+ VPN, () - T (S, (o.14)
Let ¢ :=t, y := (T +1t)/T. Then (z,y) € (1,00)? and the mapping (t,T) — (z,y) :

(1,00) x (0,00) — (1,00)? is a bijection. Equation (2.14) can be rewritten as

y—1 \2H-1 z 2H -1
94 (F(z,y)) = (m) 94 (z) + (m) 9. (y), (2.15)
where
Ty
= =\ 2.].
F(z,y) p— (2.16)

Equation (2.15) belongs to the class of functional equations treated in Aczél (1966) and
Aczél and Hosszt (1965). For reader’s convenience, we present the result from Aczél (1966)

which will be used below.



Theorem 2.2 (Aczél and Hosszu (1965)) There exists at most one continuous function f

satisfying the functional equation

f(F(x,y) = L(f(2), f(y),z,y) (2.17)

for all z,y € (A, B) and the initial conditions

fla1) = b1, flaz) =0bo (a1,a2 € (A,B), a1 # ag)

if Fis continuous in (A, B) x (A, B), L(u,v,x,y) is strictly monotonic in u or v and F is
intern (i.e., F(x,y) € (z,y) for all x # y € (A, B)), where (A, B) is a closed, half-closed,

open, finite or infinite interval.

Unfortunately, equation (2.15) does not satisfy the conditions of Theorem 2.2 (with f =
g+ and (A, B) = (1,00)), since F'in (2.16) is not intern. Following Aczél and Hosszu (1965),
we first apply some transformations of (2.15) so that Theorem 2.2 can be used.

Note, taking T'=1t/(t — 1) in (2.14) one obtains

2
L (t) = K(t)d (—) 2.1
20 = K (5). (2.18)
where ( J2ri-1
2t —1)“"~
K(t) = Ty (2.19)
Let F(z) := F(x,z) = ng—il Then F is strictly increasing from (1,00) onto (1,00). Let

zy + /x(z — y(y — 1)
z+y—1

with F~'(y) = y + /yly — 1). Note F(z,y) > 1, G(z,y) > 1 for (z,y) € (1,00)?. From
(2.18) with ¢t = G(z,y) one obtains

G(l’,y) = F¥1(F($,y)) =

: (2.20)

9 (G(z.y)) = d\(F(z,y))K(G(z,y)). (2.21)

Combining (2.15) and (2.21) one gets

9 (G(x,y) = L(¢ (), 4. (v),z,y), (2.22)

where

L(u,v,x,y) = ((gf}klu—&— (LYH_{U) K(G(x,y)). (2.23)

r+y—1 z+y—1
The fact that G in (2.20) is intern follows from its definition and monotonicity in x and y,

implying
r=G(z,7) < G(z,y) < Gy,y) =y



for any x <y, z,y € (1,00). Since L is monotonic in u or v, so Theorem 2.2 applies to

functional equation (2.22) and therefore this equation has a unique continuous solution ¢,

on the interval (1, 00), given boundary conditions ¢/, (a;) = b; (i = 1,2), 1 < az < a1 < c0.

Form of g4 on [1,+00) :

e Assume H # 1/2. Let a1 := 2,by := cH(2?# —2). In view of (2.18), the other
boundary condition can be defined by as = a?/(2a1 —1) = 4/3, by := ¢/, (2)/K(2) and
so equations (2.22) and (2.14) have a unique solution for single boundary condition
g\ (2) = cH(2* —2). (See also Aczél and Hosszi (1965, p.51).) Since ¢/, (t) =
2Hc(t?H =1 — (t — 1)2H~1) is a solution of (2.14) with this boundary condition, it

follows that this solution is unique. Hence it also follows that
gr(t) =+t —c(t —1)2H te[l,00),

for some ¢ € R.

(2.24)

e When H = 1/2. A particular solution of (2.14) when ¢ > 1 is log(t) — log(t — 1). For
the same reason as above, the general solution of (2.14) is thus d’'(log(t) — log(t — 1))

where d’ € R. It follows that
g+(t) =d+d(tlogt — (t —1)log(t — 1)) te[l,00),
for some d,d’ € R.

Form of g4 on (0,1) :
Putting ¢t = 1 in (2.8) results in

T
T4 1)2H (
(T'+1)"" g4 T+1 T

Whence, for s :=T/(T + 1) € (0,1) and using (2.24) one obtains
g1(s) = =g (1/s) + g4 (D[ + 27 — (151,

This gives, for s € (0,1),
e when H # 1/2, g, (s) = +es?H — (1 —s5)2H,
e when H =1/2, g4(s) =ds+ d'(slogs — (s — 1)log(s — 1)).

Therefore, relations (2.10) and (2.12) have been proved when ¢t > 0.

Form of g4 on (—00,0) : This case follows from (2.8) taking 7' = —t.

) + 22 (FE0) = g I@+ 12 T )

(2.25)

(2.26)



Form of g_ : The relations (2.11) and (2.13) are deduced from (2.10) and (2.12) thanks
to relation (2.9).

(iv) Follows from the fact that R is the covariance matrix of random vector (X;(1)/o1,

s Xp(1)/op)-

Theorem 2.1 is proved.

3 Stochastic integral representation of vfBm

In this section we derive the covariance function of vfBm X = {X(¢),t € R} given by

double-sided stochastic integral representation in (1.6). Denote
P P P P
++ . + 4+ — — +- + - —+ . -+
o = D G, 0T =Y agah, o=y agag, ot =) agdl,
k=1 k=1 k=1 k=1
where A, = (a;?) VA = (a%) are the p x p matrices in (1.6). Clearly,

apay = (oft), At =(ag7), Acaz=(af7), A-ar=(a;7).
Note, each of the processes X; = {X;(t),t € R} in (1.6) is a well-defined fractional Brownian
motion with index H; € (0, 1); see e.g. Samorodnitsky and Taqqu (1994).

Proposition 3.1 The covariance of the process defined in (1.6) satisfies the following prop-

erties

(i) For anyi=1,---,p the variance of X;(1) is

o2 = B(HZ +.5,H;+.5

) (it : +-
o= S0 (H) {a*" 4+ a;” — 2sin(H;m)of "} . (3.1)

(23 (23

(i1) If Hi+ H; # 1 then for any s,t € R, the cross-covariance EX;(s)X;(t) of the process
in (1.6) is given by (1.4), with

gi0j B(Hi+.5,Hj—|—.5)

2 0 T Tsin((H, + Hy)m)

X {a;;"r cos(H;m) + «

i cos(H;m) — al’.;_ sin((H; + Hj)ﬂ')} -(3.2)

(tit) If Hi + Hj =1 then for any s,t € R, the cross-covariance EX;(s)X;(t) of the process
in (1.6) is given by (2.2), with

O'io'jdij = B(HZ + .9, Hj + 5)
sin(H;m) + sin(H;m) __ _ _
x{ 5 J (ozjf +a; ) — oc;; - aij+ , (3.3)
Uigjfij = (Hj - Hz)(a;'TL - ai_j_)’ (34)



Remark 3.2 Let H; + H; #1, i,j =1,---,p and let &, ¢;; be defined as in (1.7).
;From Proposition 3.1 (3.1), (3.2) it follows that the matrix C' = (&;) satisfies (1.8). In

this context, a natural question arises to find easily verifiable conditions on the matrices C

and H such that there exist matrices A4, A_ satisfying the quadratic matrix equation in

(1.8). In other words, for which C' and H there exists a vfBm X with cross-covariance as

in (1.4)?
While the last question does not seem easy, it becomes much simpler if we restrict the
class of vfBm’s X in (1.6) to causal representations with A_ = 0. In this case, equation

(1.8) becomes
C = cos(H)AL A%

Clearly, the last factorization is possible if and only if the matrix cos(H )_lé is symmetric

and positive definite.

Proof. For all s, let

Ifi(s) = /R ((s — )5 ()5 W (da),
Ly(s) = / ((s — )T - (—x)f[i“f’) Wi(da).
R
Using the above notation, X;(s) = >.7_; (a;;]ﬁg(s) + ai—k[i;(s)) and

EX;(s)X;(t) = a;“jJrEI;{(s)Ij‘E(t) + a;rj_EIi"i(s)Ij_l(t) (3.5)
+ o TR ()T (1) + o BIG (s) 1 ().
Let H; + Hj # 1. From Stoev and Taqqu (2006, Th. 4.1), taking there a™ =1, a= = 0,
H(s) = H; and H(t) = H;, we obtain
™ (Hi+Hj)m . Hi+H;
2 — S ign(s) ) 141
(HZ' + Hj)ﬂ'
2

EIj () (f) = wH[cos ((Hj—H,-)

+ cos ((Hj - HZ)% + sign(t)) || i+

H;+ H;
— cos ((H] - Hl)g Uit y)n +2 J)Wsign(s - t)) |s — t|Hi+Hj],
where
by = I'(H; + 5)I'(H; + 5)'(2— H; — H;)  B(H;+.5,H; +.5)
p = m(H; + H;)(1 — H; — Hj) ~ sin((H; + Hj)n)
Therefore,
B(H; +.5,Hj + .5) o L .

EIE(S)I].'E@) = J bij(8)|8|H’+HJ + bji(t)|t|Hl+H] _ bij(S _ t)|8 _ t‘HHrH] 7

sin((H; + H,)r)



where
cos(H;m), ifs>0

bii(s) =
i) {cos(ij), it s <0.
Similarly, taking a™ =0, a~ =1, H(s) = H; and H(t) = H; in Stoev and Taqgqu (2006,
Th. 4.1), we obtain
B(H; + .5, H; + .5)
sin((H; + Hj)m)

EL () (1) = [bjz‘(S)ISIH#Hj + by (&)t —bji(s — t)]s — tH“LHj] :

Finally,
BLL0 = (1 /t (s — )5 (x — )1 5dx — 1,00 /0 (s — )Hi S gHi=5dy

0
Loy [ (0o = o)

= B(H;+ .5 Hj+.5)((s — )l 10 = gt gttt (3.6)
and
EI;(s)[},(t) = B(H;+ .5, H,+ .5)((75 — )ity it sf“Hj). (3.7)

Substituting these formulas into (3.5) we obtain (3.2) and (3.1).
Next, let H; + H; = 1. We get similarly from Theorem 4.1 of Stoev and Taqqu (2006)

ELI(s)If(t) = %B(Hi +.5,Hj + .5) [gsin(Hm)(lsl +t = 1s =)
—cos(H;m)(slog |s| — tlog|t| — (s — t)log|s — t|)}
and
E[Zfl(s)]ﬁ(t) = %B(Hi +.5,H; +.5) [;T sin(H;m)(|s| + [t| — |s —t])
+ cos(H;m)(slog|s| —tlog |t| — (s —t)log|s — t|)} .
Expressions (3.6) and (3.7) remain true when H; + H; = 1 and they can be rewritten as
B = BIg(s)If(0) = —5B(H; + 5, Hy + 5)(1s| +1i] — |s — ).

Therefore, using (3.5), we obtain (3.3) and (3.4). Proposition 3.1 is proved.
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