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Abstract

A functional limit theorem for the empirical measure-valued process of eigenvalues of
a matrix fractional Brownian motion is obtained. It is shown that the limiting measure-
valued process is the non-commutative fractional Brownian motion recently introduced by
Nourdin and Taqqu [7]. Young and Skorohod stochastic integral techniques and fractional
calculus are the main tools used.
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1 Introduction and main result

Motivated by the fact that there is often a close correspondence between classical probability
and free probability, in a recent work Nourdin and Taqqu [7]| introduced the non-commutative
fractional Brownian motion (ncfBm). It appears as the limiting process in a central limit
theorem for long range-dependence time series in free probability, in analogy to the classical
probability case (see [15], for example). A ncfBm of Hurst parameter H € (0,1) is a centered

semicircular process SH = {S{{ } />0 I & non-commutative probability space (A, ) with
covariance function B )
HoH °H | 2H 2H
p(STSH) = 5 (17 + 52 — |t — ). (1)

The case S*/2 is the well known free Brownian motion introduced in [2]. The ncfBm S* is
the only standardized semicircular process which is self-similar and has stationary increments.
For the study of the ncfBm and the required free probability framework we refer to Section 2
in [7] or Chapter 8 in [6]. In the present work we will be mainly dealing with the law (uf)i>0
of a ncfBm instead of the non-commutative process.

Since the seminal paper by Voiculescu [16], it is by now well known that free probability
is a convenient framework for investigating limits of spectral distributions of random matrices
(see Section 5.4 in the book by Anderson, Guionnet and Zeitouni [1]). On the functional
asymptotic behavior side, Biane [2] proved that the free Brownian motion S 1/2 gppears as the
measure-valued process limit of d x d Hermitian matrix Brownian motions with size d going



to infinity. Roughly speaking, this result gives a realization of the free Brownian motion S/
as the spectral limit of well known matrix-valued processes.

On the other hand, for a fixed dimension d, the matrix-valued fractional Brownian was
recently studied by Nualart and Pérez-Abreu [12]|. It was shown that its corresponding eigen-
value process is non-colliding almost surely and a Skorohod stochastic differential equation
governing this process was established.

The main purpose of this paper is to show that the ncfBm S has a realization as the
measure-valued process limit of d x d matrix fractional Brownian motions, as the size d goes
to infinite. This gives a correspondence between classical fractional Brownian motion and
non-commutative fractional Brownian motion. Our methodology uses Skorohod and Young
stochastic calculus for a multidimensional fractional Brownian motion as well as fractional
calculus. It does not include the case H = 1/2 of the free Brownian motion.

More precisely, let us consider a family of independent fractional Brownian motions with
Hurst parameter H € (1/2,1), b = {{b;;(t),t > 0},1 < ¢ < j < d}, and define the symmetric
matrix fractional Brownian motion B(t) by B;j(t) = b;;(t) for i < j, and Bj;(t) = v/2b;;(t).

As we are interested in functional limit theorems for the eigenvalues of the fractional
Brownian motion, we will consider for n > 1 the following sequence of renormalized process
{B" (#)}20, given by

BM(t) = \}EB(t), for t > 0.

Following [12], it is possible to apply It6’s formula to the pathwise integral (in the sense of
Young or Stratonovich) to obtain the following equation for the eigenvalues of the process
B

(n

(n) %
XM () = / ) o dba(s), (1:2)
f = (%kh
forany t >0 and i =1,...,d. In equation (1.2) we have ‘Dgn) = )\En) and,
02" (), (m)2
() = 2wk Ui Liezny + (wit,”) "L {k=ny-
by,

In the last equation ul(z) denotes the k-th coordinate of the i-th eigenvector of the matrix
B,

Now let us define the empirical measure-valued process which will be related to the func-
tional limit theorems we are interested in

n) 1 =
= Z%n)(t), t>0. (1.3)
j=1

As it ib usual, for a probability measure p and a p-integrable function f we use the notation
(e, [) = | f(z . Hence, noting that the empirical measure is a point measure we have

that for fe C’b
= L3R, (14)
=1

Therefore, if we apply Itd’s formula (for the Stratonovich integral) to the last equation, we
obtain

1) = {uf Z [ A 0 o) (1.5)



The main result of this paper is the following functional limit for the empirical spectral
measure-valued processes {{Mgn)}tzo :n > 1} converging to the ncfBm. Let Pr(R) be the
space of probability measures on R endowed with the topology of weak convergence and let
C (R4, Pr(R)) be the space of continuous functions from Ry into Pr(R), endowed with the
topology of uniform convergence on compact intervals of R;..

(n)

Theorem 1. Assume that py~’ converges weakly to dg. Then the family of measure-valued

processes {(,ugn))tzo :n > 1} converges weakly in C(Ry,Pr(R)) to the unique continuous
probability-measure valued function satisfying, for each t >0 f € C’,?(R),

(ue, f) = +H/ I =1y s g (dae) s (dy) (1.6)

R2 x—y

Moreover, the family (ut)¢>0 corresponds to the law of a non-commutative fractional Brownian
motion of Hurst parameter H € (1/2,1) and covariance (1.1) .

The case H = 1/2 of the free Brownian motion is known, see for example [3], [13]. The
proof of Theorem 1 is for H € (1/2,1) and it is done using Young stochastic integral results
as well as fine estimations based on fractional calculus.

The paper is organized as follows. In Section 2, we prove that the family {(u})i>0 :
n > 1} is tight in C(Ry,Pr(R)). Estimations of the Young integral that appear in (1.5)
by means of fractional calculus are first obtained. In Section 3, we prove that the weak
limit of the sequence of measure-valued processes {(ME"))QO :n > 1} satisfies the measure-
valued equation (1.6). It is then proved, in Section 4, that the deterministic process {(j¢)t>0}
satisfying (1.6) corresponds to the law of a non-commutative fractional Brownian motion.
For this we first show the stationary increments property by estimating moments of the
type E(tr(f(Bt(:’“) - Bt(ln’“), .. .,szk) - Bg:k) )), for any function f : HJ' — Hg, where Hy
denotes the space of d-symmetric matrices. The semicircular finite- d1mens1onal distributions
are obtained using results in [16].

2 Tightness

In this section, we will prove that the family {(u}")n>0 : n > 1} is tight. Using (1.2) we obtain
(n)
() py _ (n) (gn 00"
(™ £) = mzz/f (@ () 5 05) (5.
i=1 k<h kh

Now using the relation between the Skorohod and Stratonovich integrals (see Theorem 2.3.8
in [5]), we obtain the following equation

(n)
RN AT R 55 B WAL LU i MUBIEME

i=1 k<h ‘%g/?



s s [ o b<s>>>8®5:)<b<s>>)|s—rQH—Zdrds

g o)
e 3/2;]; [ >g‘f§; (5(5)) (5
zzkz;l / 71 (@7 (0(5))) (Z‘i’g; <b<s>>>2s2H1ds
— (" 3/2;;% / 71 (@ (b >Zf§; (b(s))3bxn(s)
+Zi/0tf{’(”)(q>"(b(s))) 2H-14, +§;§/ ARG bj ()i)s”f—lds
=, 3/212;; [ >Z§§f (5(5)) e (5
L H / RQfIxxii() 2H-1,(0) (1) 1™ (dly ) ds. (2.7)

Where in the third equality we used the identity,

52! 1
Z (nz) :22 n

U= VORI

see for instance page 15 in [12], for a proper reference.
We first make some estimations of the Young integral that appears in (1.5) by means of
fractional calculus.

Lemma 1. For any T > 0 and any f : R — R such that ' and f" are bounded, we have that
there exists a < 1 and f € (1/2,H), with B — o+ 1 > 0 such that

Z/f)\(”) ) 0 dA™ (u —Z/f ™) (1)) 0 dA™ (u)

< Gl Gl Nl
A C)) (B—a)(B—a+1)

Cap(2T)P 4 (nf’uoo n Ja-st o<ssisr,

(2.8)

1—
where G is a random variable with moments of any order, and Cy g = (1 + EB _’_03).

Proof. Let us consider a function f : R — R such that f/, f” are bounded. In this case, by



using inequality (4.11) in [9], we have, for s < t,

<ZA X /(Wd +a/ P70 - fl(AEn)(y))’dy> dr,  (2.9)

(r—s)° (r= v

where A, ()\(n)) sup |(Dtl_7a)\§n)(t—))(s)|.

(1 — @) o<s<i<r
Now let us work with each of the integral terms in expression (2.9). Using the fact that

f' is bounded then we have, for alli =1,...,n and o < 1,

/ ")T
/'f”'d <\f|roo/( el =1 sl = 5}~

On the other hand by identity (5.1) in [12], we know that )\l(-n) is Holder continuous of order
B < H, again using that the function f” is bounded and applying the Mean Value Theorem,
we deduce

1O ) = PO )] < 1 oA () = A (8)] < 1F7 )l Glr — 517,

where G is a random variable with moments of all orders. Hence by the previous inequality,
for 8 > «a, we have

! A(n )\(n) t rr -
P e e N A

= Ggf_”!;o /St(r — 5)P~dr
_ Gl _ \fatl
_(ﬂ—a)(ﬂ—a—i—l)(t s) . (2.11)

Finally for s <t and 8 > 1 — «, we obtain the following inequality

oy () 1 (A (s) = A" (0] FA () = A ()
(DA () (9)] < )( o +<1—a>/8 W

= [1f'lloo(t = £)'7%. (2.10)

S

(a t—s)l-@
Glf"l _ |Bta—1 (1-a) _ ,6+a1>
< Tty (o e =),

Therefore, we obtain

M) = s (DA < S (14 BT enet ey

Hence using that H > 1/2, we can find @« < 1 and 8 > 1/2 such that § > a and § > 1 — a.
Finally, putting the inequalities (2.10), (2.11), and (2.12) together, we deduce the result. [



With the estimates given in the previous lemma we are ready to prove tightness, and
hence we have the following result

Theorem 2. The family of measures {(Mgn))tzo :m > 1} s tight.

Proof. Following the ideas in [14], it is easily seen using (2.8) in Lemma 1 that for every
0<t;1 <ty <T,n>1and f€C?,

EQ@?% 7~ 2, f>\4)

4
t 'O () 0 dA™ (u Z/ F O @) 0 dA™ (w)
< (K\(T, [)E(GY) + Ka(T, /YE(GY)) [ta — t[*P~ D), (2.13)
where
" / 4
K\(T, f) = <W> Ca,g(QT)4(ﬁ+o‘_1) and,
_ 112, ' Arar)

Therefore, by the well known criterion that appears in [4] (see pp. 107), we have that the
sequence of continuous real processes {((,u,tn), [))e=0 : n > 1} is tight and consequently the
sequence of processes {(,ugn))tzo :n > 1} is tight in the space C(R4, Pr(R)). O

3 Weak convergence of the empirical measure of eigenvalues

In the previous section, we proved that the family of measures {(,ugn))tzo :n > 1} is tight.
Now we will proceed to identify the limit of any subsequence of the family, to this end we
first need to prove that

(n)
[P 9 9) Rl SUBMER

71=1k<h ab](ch)

almost surely.

Following the ideas of Nualart et al. [10], the following result provides a L, estimate for
the supremum of the multidimensional Skorohod integral, although the steps follow verbatim
from Theorem 4 in [10], for the sake of completeness we provide a proof.

Lemma 2. For any T >0, any f : R — R such that f' and " are bounded, and p € (1/H,2)
we have that

acb(") P
lim su / b(s))dbrp(s)| =0, P-a.s. 3.15
s ng/g e Z,; r(@ (D) ey ¢e)3bea(s) (3.15)



Proof. Let us use the following notation for the Skorohod integral with respect to the multi-
dimensional fractional Brownian motion (b)¢>o:

/ <) 0bs —Z/gkh )Obin(s),

k<h
oo™
where gi;, (bs) := f'(®;(b(s))) (Zn) (b(s)), foreach i =1,...,n.
oby;,

The following L, estimates will be very useful in what follows, so let u € L2 then for any
p > 1/H, we have

T
/ U0y
0

This result is a consequence of Meyer’s inequalities and appears for the one dimensional case
in identity (5.40) of [8] and for the multidimensional case when H = 1/2 in Proposition 3.5
of [11].

Thus let p € (1/H,2), and set a > 0 such that 1 — H < < 1 —1/p, then using the
equality ¢, = f:(t —0)7%(0 — r)*"1dh, we can write

/Ot g (bs)Sbs = ¢3! /Ot 4 (bs) (/:(t e S)a_ldr> .

Using Fubini’s stochastic theorem (see for instance [8]), we have

/Ot g'(bs)dbs = ¢! /ot(t oy </0 (b — S)a_15b5> i

Holder’s inequality and condition @ < 1 — 1/p yields

t P T
‘/ g'(bs)obs| < Ca,p/
0 0

where it follows that
t p T
E[ sup / g'(bs)0bs < capE (/
0<t<T 0 0

dr)
Now using inequality (3.16), we obtain

E (02% / ' 4 (bs)3b, ) <cud [ ' ([ e s>“ffds)pH dr
E (/OT (/0 /OT(r - S)T|Degi(bs)\1/Hd0ds>pH dr> }

So using again Holder’s inequality and taking into account that @ > 1 — H, we deduce

E <0235T /O g (bs)b, ) <c /O " E(gi(b)Pds + E ( /0 ' ( /0 T|Dsgi<br>|éds>pHdr>] ,

(3.17)

p

< ottt (IE@IL i 0,27y + EIDUI sy o0y ) - (3.16)

p
dr,

/T gi(bs)(r - s)"‘_lébS
0

/ g (ba)(r — 5)°6b,
0




where the constant C' > 0 depends on p, H, and T
Now, we proceed to estimate each of the two integrals in the right hand side of (3.17), so
recalling the definition of g, it is clear

. (n) 2 (n) 2
2=y (f’(@(b(s)))a@; <b<s>>> <IFIRY (ngn) <b<s>>> < 4|72

k<h 8b’(€h) k<h kh

Therefore, by Jensen’s inequality we get

T
| Bgwrs <27 . (3.18)
0

For the second integral in the right hand side of (3.17), we first compute an upper bound for
the norm of the Malliavin derivative of g

¢ 2 _ kh i 2 _ " a(bz(n) i / w
|Dsg" (bs)] Z(DS 9in(bs)) Z 1" (®(by)) b(s)) | + f(D(by)) S (b(s))

k<h k<h by, (8b,(€7,?>
2
4
oo™ 02"
<Y | @) ( i <b<s>>> 1@ | g (b(s)
k<h by, (8bk7l )
2
) ) ol
<A 16|15+ 112D ﬁ(b(S)) ~ (3.19)
k<h (8% )
On the other hand from page 9 in [12] and Jensen’s inequality, it follows
2 2
82<I>z('n) |uzku h +u kuzh‘
> T2 ) => (22—
k<h (8bkh) k<h j#i i )‘J
5 \Uzkugh + ugkuzh!
k<h i#j )
<2 S ("~ ”> (3.20)

i#j

Since pH > 1 and using Jensen’e inequality, we deduce

T T ' . pH T T
E / (/ |Dsgl(br)|Hds> dr :TpH—l/ / E| Dog(b,)[Pdsdr.
0 0 0 0

Therefore using (3.19), (3.20), the fact that p/2 < 1 and using again Jensen’s inequality, we
obtain

p/2
E|Dyg' (b,)|P < 2%/% Lllf”llé’o + (| f 227/ 2P R (Z(AE’” - AE—"))Q)
i#]

p/2
< 200 S 8 + |27 ! (ZE(AE"’%"’)Q) BNCED
i#j




In page 10 of [12], we can find the following estimate for the sum of the —p-moments of the
differences between the eigenvalues

STEQ - A2 < g2,
i#J

So using the above estimate in (3.21), it is clear
EIDyg! (br)" < 242 || |5 + |15 2" %m0 |
= C} + ConP~tg™PH,
This implies,
T T ' T
Tle/ / E|Dsg* (by)|Pdsdr < Tlef s(C1 + anpfls*pH)ds
o Jo 0

= Cl(Tapv f) + 02(T7p7 f)npil'

Therefore putting all the pieces together, we have

t
E ( sup / g'(bs)db,
0<t<T | Jo

where D1 (T, p, f),C1(T,p, f), and Co(T, p, f) are constants that only depend on T, f, and p.
In order to complete proof, we observe by using Jensen’s inequality and the fact that

p > 1, the following
1 n t t p
E| sup |—= *(bs)dbs / (bs)dbs
K%%w;Am> e

= P32 (D (T, p, f) + CL(T, p, f) + Co(T, p, f)nPL).

p
) < Dl(T7p7 f) + Cl(Tupa f) + CQ(Tupa f)npila

P n
> < np*1n73/2pZE ( sup
i=1

0<t<T

Hence for £,T > 0, taking into account that p € (1/H,2), we obtain

1 n t‘ p
P sup |—+ /gZ bs)obs| > ¢
xe (s e [ s0om >
<

0<t<T
Eipz (npfln*3/2p(D1(T,p, 1)+ Ci(T,p, )+ Co(T, p, f)np*1)>

n

< Kz:(n*l/m*1 + n1/2p72) < 00,

and therefore,
P
sup — 0, P-a.s.,
0<t<T

1 < /t .
— g (bs)0bs
a2 ), 0

as n goes to +00. ]

With the previous results we are ready to show that the weak limit of the sequence of

(n)
t

measure-valued processes {(p; ' )i>0 : n > 1} satisfies the measure valued equation (1.6).



Proof. From Theorem 2, we know that the family {(,ugn))tzo : n > 1} is relative compact,

and therefore by (2.7) and Lemma 2 it is clear that any weak limit (p):>0 of a subsequence

(,ugn’“))tzo should satisfy (1.6). Applying (2.7) to the deterministic sequence of functions

fi@) = ——, 2 e@xQnCH

.TU—Z]'

and using a continuity argument, we get that the Cauchy-Stieltjes transform (G¢)e>0 of (1t)e>0
satisfies the integral equation

1 ¢ 2H—-1 ﬂs(d$)us(dy) +
_ ! B\ BB\ 8Y) > . .
Gi(z) Z+H/Os dS/Rz(x—z)(y—z)Z’ t>0,z¢€C (3.22)

From (3.22) it is easily seen that G is the unique solution to the following initial value problem

%Gt(z) = HsQH_th(z)%Gt(z), t>0,
GO(Z):iév Z€C+v

and consequently is the family of fractional semicircle laws (u{ *Yi>0. Therefore all limits of

subsequences of (,ugn))tzo coincide with (,u{sc)tzo and thus the sequence {(,ugn))tzo :n > 1}

converges weakly to (1 *)i=0. O

4 Convergence to the non-commutative fBm

In this section, we prove that the deterministic process (t)i>0 corresponds to the law of a
non commutative fractional Brownian motion. The intuitive idea is as follows: By tightness

of the sequence of processes {(ugn))tzo;n > 1} in the space C'(R4,Pr(R)), the weak limit

(pt)¢>0 of any subsequence {(uﬁnk))tzo; k > 1} should satisfy (1.6), for any ¢ > 0 and f € CZ.
Therefore by the uniqueness of solutions to equation (3.22), it is easy to check that

1 Ry
Gt(z)zm< 22*41:2[{*2), tEO,Z€C+

Which is the Cauchy-Stieljes transform of a semi-circle law with variance at time ¢ > 0 given
by t*#, and hence the law of a non-commutative fractional Brownian motion at time t¢.

In the following subsections we will prove some results that are needed to formally prove
the convergence to a non-commutative fractional Brownian motion.

4.1 Stationarity

Let us recall that the sequence of processes {(Mgn))tzo :n > 1} is tight in C(R4, Pr(R)), this
implies that the sequence is relatively compact, in other words, there exists a subsequence
{(,ugnk))tzo : k > 1} that converges weakly to a process that we denote by {(u)i>0} in
C(R4,Pr(R)).

Given the fact that the weak convergence of processes in C(Ry, Pr(R)) implies the conver-
gence of the finite-dimensional distributions, then for each bounded and continuous function
g :R™ — R, and for each sequence of times 0 < t; < --- < t,,, it follows,

L
W™ ) 5 (i 9), as k= oo, (4.23)

10



Let us now consider (B;*);>¢ the symmetric fractional Brownian matrix, such that the em-

pirical measure of it eigenvalues (see (1.3)) is given by (,ugn’“))tzo. Let H4 denote the space of

d-symmetric matrices, then for any function f : H]' — Hg, we have
E(te(f(B — B, Byt — Bl ) (4.24)
=E < flro =21, .., 2m — xm—l)ﬂg?ﬁ,...,tm (dx1,dzs, . .. ,d:];m)> ,
Rm

where tr denotes the trace of the matrix f(B* — By¥,...,B{* — B{'* ). In a similar way
we have

E(te(/ (B yys By, )

. (4.25)
=E ( A f(ze,. .., xm)utlﬁtmm,tm_tmfl (dxy,dxs, . .. ,dmm)> .

So using identities (4.24) and (4.25) and the stationarity of the increments of the fractional
Brownian motion, we obtain

E( flra— 21, Ty — xm—l)ﬂg?;g,...,tm (dz1,dxs, . .. ,dxm)>
Rm

_ IE< . F@r,e o am)i™, o (dey,das,. ,d;vm)> . (4.26)

Therefore, from (4.23), we obtain

k—o00

lim E( flra — 21, . 2 — :Cm_l)ug?,’;;”,tm(dxl, dxo, . .. ,da:m)>
R'm

= / flza— 21, . T — T 1) [ty o, b (A1, Ao, o dTy,),
m

and also

lim E( A f(z1,. .. ,xm)ug?ﬂ%wtm,tmil(d:cl, dxg, ..., d:cm)>

k—o00

= . f(l‘l, ey xm)ﬂt17t27.,_’tm7tm71(dl‘l, d.rg, e ,dxm).
m

The fact that we do not take expectation in the right hand side of each of the last two terms
is due to the fact that the limit is deterministic (since from Lemma 2 the stochastic term
given in the Skorohod integral vanishes in the limit). This implies

fla — @1, .o, T — Tone1) ity to,. by (AT, dXo, .. dT)
Rm

= . f(l‘l, ceey xm)“t17t27...,tm7t7n,1(dxla d$2, Ce ,d{L‘m).
m

Hence, we can conclude that the deterministic limit (g )¢>0 is stationary.

11



4.2 Semicircular finite-dimensional distributions

Let us take a set of times 0 < t; < -+ <t and Ay, ..., A\, € R, then for any measurable and
continuous function f: R — R, we have

E(tr(f()\lel’“ oo+ /\mBij))
= E < f()\l‘/'vl + )\2.’,]32 + Amxm)ﬂg?§g77tm (dml, dl‘Q, e ,d$m)> .
Rm
From Theorem 2.2 in [16], we know
lim E(tr(f(/\lel’“ ot Amek))
k—o0 m
= fazr + -+ AnZm) iy to,.. o (A1, dTo, . .. dTp),

Rm™m

has a semicircle distribution. Meaning that if we denote by (X7, ..., X,,) the random vector
with distribution g, ¢,...+, then the random variable \{ X1 + --- 4+ A, X,, has a semicircle
distribution. Therefore the process (j¢)¢>0 is the law of a semicircular process.

4.3 Non commutative fractional Brownian motion

Now we know that the limit (p):>0 is the law of a semicircular stationary process, so in
order to identify the limit as the law of a non commutative fractional Brownian motion we
compute its covariance, therefore for t > s > 0 we obtain using (1.6) (with f(z) = 2?) and
the stationarity of the laws (y)¢>0 that

/R (@y)psp(dwdy) = % < /R @ ps(dzdy) - /R Y psa(dudy) — /R (= y)2us,t(dxdy)>

— % (tQH —|—82H _ |t— 5|2H) )
Therefore, we conclude that (u);>0 is the law of a non-commutative fractional Brownian
motion.

Finally noting that this holds for any subsequence, we can conclude that the whole se-
quence {(,ugn))tzo : m > 1} converges in law to the deterministic process (u¢)s>0 which is
characterized by being the law of a non-commutative fractional Brownian motion.
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