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Some laws of large numbers in non-commutative probability
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Abstract. In this report we present some noncommutative weak and strong laws of large
numbers. Two case are considered: a von Neumann algebra with a normal faithful state on it
and the algebra of measurable operators with normal faithful trace.

1. Introduction and notations

One of the problems occurring in noncommutative probability theory concerns the extension of
various results centered around limit theorems to the noncommutative context. In this setting the role
of a random variable is played by an element of a von Neumann algebra A, and a probability measure
is replaced by a normal faithful state on it. If this state is tracial, the von Neumann algebra can be
replaced by an algebra consisting of measurable operators (possible unbounded). Many results in this
area have been obtained by Batty [1], Jajte [2], Luczak [3].....

The purpose of this report is to present some noncommutative weak and strong laws of large numbers.
Two case are considered: a von Neumann algebra with a normal faithful state on it and the algebra of
measurable operators with normal faithful trace.

Let us begin with some definitions and notations. Throughout of this paper, .4 denote a von Neumann
algebra with faithful normal state 7. If this state is tracial, then the measure topology in A is given
by the fundamental system of neighborhoods of zero of the form

N (e, 0)={z € A: there exists a projection p in A such that xp € A ||zp|| < e and 7(1 — p) > I}

It follows that A, being the completion of A in the above topology is a topology *- algebra (see [7]). A
is said to be the algebra of measurable operators in Segal-Nelson’s sense. The convergence in measure
topology is said to be the convergence in measure.

Now, let z,,, 2 be elements in A (or A if 7 is tracial). We say that the sequence (z,,) converges
almost uniformly to x (z,, — = a.u) if , for each ¢ > 0, there exists a projection p € A such that
T(1-p) <€ (x, —z)p € Aand |[(z, — x)p|| — 0 as n — oo. The sequence (x,) is said to be
bilaterally almost uniformly convergent to x (z,, — z b.a.u) if, for each € > 0, there exists a projection
p € A such that 7(1 — p) < € p(z, —x)p € A and ||p(z,, — z)p|| — 0 as n — oo. We have that

[p(xn — 2)pl| < [Ipll-[|(zn — 2)pl| < [|(2n —2)pl|-
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So, if x,, — = a.u then x,, — x b.a.u.
For each self-adjoint element x in A (or A if 7 is tracial), we denote by ea(x) the spectral projection
of = corresponding to the Borel subset A of the real line R.

2. Convergence of weighted sums of independent measurable operators

Let A be a von Neumann algebra with faithful normal tracial state 7; A denote the algebra of
measurable operators. Two von Neumann subalgebras W7 and W5 of A is said to be independent if
for all z € Wy and y € Wo

T(z.y) = 7(2).7(y)
Two elements x, 7 in A are said to be independent if the von Neumann algebras W(x) and W(y)
generated by = and 7, respectively, are independent. A sequence (x,,) in A is said to be successively
independent if, for every n, the von Neumann algebra W*(x,,) generated by x,, is independent of the
von Neumann algebra W*(z1, 2, . . .x,,) generated by x1, 22, .. .2, for all m < n.
An array (any) of real numbers is said to be a Toeplits matrix if the following conditions are satisfied:
(1) nlirgo ant = 0 for each k > 1.
(i) > p_q lank| =1 for each n > 1.
The following theorem establishes the convergence in measure of weighted sums.

Theorem 2.1. ([4]) Let (x,,) be a sequence of pairwise independent measurable operators; (any) be
a Toeplits matrix and S, = ZZ=1 nkxr. If

Jim 7 (efy,o0) (1)) = 0,

Jim 7 (z1eq0,4) (|21])) = p

max anr — 0, asn — oo
1<k<n

then
Sy — p.l
(where 1 is the identity operator).
Next, we consider the almost uniformly convergence of weighted sums. Our results here extend some
results in [1] and [3].
Let (z,) C A,z € A. If there exits a constant C' > 0 such that for all A\ > 0 and all n € N
T(eft,00)(|17nl)) < CT(ep00)(2])) VE=0;Vn €N
then we write (x,) < x.

Theorem 2.2. ([4]) Leta, > 0,A, = ;_; ar 1 00, (an/Ay) — 0asn — oo and (x,,) be a sequence
of successively independent measurable operators such that 7(x,) = 0; (x,) < z,7(|z|) < 0o and
T(N(|z|)) < oo. Then, the condition

/AT(e[m)qu/ A ]Z(f) dy d\ < 0o
y>

imply

n
ALt E apxy — 0 almost uniformly as n — oo.
k=1
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(where N (y) = card{n: (A,/an) <y} => .2, Liyy>An fan})-
Corrolarry 2.3. ([3]) Let (x,,) be a sequence of successively independent measurable operators such
that 7(zy,) = 0; (zy,) < z. If

7(|z|P) < 0o(1 < p <2)

then n=Y/P 3" xp — 0 almost uniformly,

3. Laws of large numbers for adapted sequences and martingale differences

Let A be a von Neumann algebra with faithful normal tracial state 7; A denote the algebra of
measurable operators. For every fixed r» > 1, one can define the Banach spaceL” (A, 7) of (possibly
unbounded) operators as the non-commutative analogue of the Lebesgue spaces of 7'h integrable
random variables. If 55 is a von Neumann subalgebra of A then L"(B,7) C L"(A, ) for all r > 1.
Umegaki ([5]) defined the conditional expectation E? : L'(A, 7) — L'(B,7) by the equation

T(xy) = T((EB:L')y), r e AvyeB.

Then E” is a positive linear mapping of norm one and uniquely define by the above equation. Moreover,
the restriction of E? to the Hilbert space L?(A,7) is an orthogonal projection from L2(A,7) onto
L3(B,T).

Now let (A,) be an increasing sequence of von Neumann subalgebras A. A sequence (X,) of
measurable operators is said to be adapted to (A,,) if for alln € N, X, € A,.. Note that if (X,) is
an arbitrary sequence of measurable operators in A and A,, = W (x1, x2, - - ,2y) (the von Neumann
subalgebra generated by z1, 22, - -, z,,) then (z,,) is the sequence adapted to the sequence (.A,,).

A sequence (x,,.A,) is said to be martingale if for all n € N we have (i) z, € L*(A,,7) and (ii)
EAn:L'n+1 = Tp-

If a sequence (z,,,.A,) satisfies the condition (i) z,, € L'(A,, 7) and (ii’) E4"z,,,; = 0, then it is
said to be a martingale difference.

The following theorem is more general and stronger than theorem 2.13 in [6].

Theorem 3.1. ([7]) Let (A,) be an increasing sequence of von Neumann subalgebras of A; (S, =
> i xi) a sequence of measurable operators adapted to (Ay,) and (by,) a sequence of positive num-
bers with by T oo asn — oo. Then, writing v, = zie,1(|7i]) (1 <i<n), we have

—5,—0

n
asn — oo if

n

ZT €(bn,00)(|Ti])) = 0 as n — oo;
i=1

ZEAZ L2, — 0 as n — 0o
=1
1 9 Aia . 12 .
b2 {T|$nz| —7'|E ’ :Unz| }—>0 khi n — oo.
n

=1
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With some addition we get the following corollaries which can be considered as non-commutative
versions of the related results, given in [6].

Corollary 3.2. ([8]) If (zn, Ay) is a martingale difference such that (x,) < x and 7(|z|) < oo, then

1 n
- E :Ei;().
n

=1

as n — Q.

Corollary 3.3. ([8]) Let (A,,) be an increasing sequence of von Neumann subalgebras of A, (S, =
S, ;) a sequence of measurable operators adapted to (A,,) such that (z,) < x and 7(|z|) 0.
Then

1 n
— Z(:EZ - E'Ai*l:Ei) = 0.
n

i=1

as n — 0o

Next, the following assumptions are made: (z,,) is a martingale difference; (a,), (4,) are two
sequences of real numbers such that a, > 0,4, > 0,4, T oo and a,/A, — 0 as n — oo. Let
Sn = p_qaxzi, n=1,2,..., denote the partial weighted sums.

Theorem 3.4. ([9]) Let (x,) be a martingale difference . Ifzg":l(j—’;)%(knnﬁ) < 400, then
Sn/An — 0 b.a.u.

Theorem 3.5. ([9]) Let (z,,) be a martingale difference satisfying the following conditions:

F(X) = sup (e[ 00) (|7n])) — 0 as A — oo,
/ Az/ y 3N (y)dy|dF(\)] < oo
0 y>A

/ A/ y2N (y)dy|dF(\)] < oo,
0 O<y<A

where N (y) = card{n: (An/a,) <y} => .2, Liyy>An Jan}-
Then S, /A, — 0 b.a.u.

Corollary 3.6. ([9]) If 1 < r < 2 and (x,) is a martingale difference such that (x,) < = with
7(2") < oo, then n= /" S0 2 — 0 b.a.u

Corollary 3.7 ([9]) If 1 <7 < 2, a, >0, (a) € loo and A, = (37—, a7, A, T 00 as n — .
If (z,) is an L'-m.d. such that (x,)) < x with 7(z" log* x) < oo, then Sy /A, — 0 b.a.u.

If r = 1, we get the Strong Law of Large Numbers for martingale differences im von Neumannn
algebras.

We end this section with a result on the convergence in L' and in measure of weighted sums.

Theorem 3.8. ([9]) Suppose that (any) is a Toeplitz of real numbers, (x,,) is an L'-m.d. such that
(zp) <z If
i) maxigi<n ank — 0 as n — oo,

i) 1 7 (27 00)(2)) = 0,

then Sy, =Y p_i anpxr — 0 in L' (A, 1) and in measure.
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4. Laws of large numbers of Hsu-Robbins type

In the classical probability, the Hsu - Robbins law of large numbers is studied by many authors.
But to the best of our knowledge, in non-commutative probability, this law is investigated only by Jajte
in a special case (see [10]). The purpose of this section is to extend the result of Jajte to the general
case. Moreover, some results for 2-dimensional arrays are considered.

Theorem 4.1. ([11]) Let (x,,) be a successively independent sequence of self-adjoint elements of A
with T(x,) = 0 VYn € N. Suppose that (t) is a sequence of positive real numbers and (ny) is a
strictly increasing sequence of positive integers. If

i) Ztknk Z (") < 0,

=1
i) Ztknk Z (|2 —7(@)) Y (|7 — (7)) < o0,
i=2 j=1
ng 4
iii) Ztknk (Z T(_Z’)> < o0,
=1
iv) Ztkz T(€ny,,00) ([73])) < 00,
k=1 =1
where
T = ziep ) (7il), 1<i<ng, yi=%—7(%).
Then

00 1 . .
;tm' (e[ﬁm) <|n—k Z’L =1 k:nl|>>

for any given € > 0.

Corollary 4.2. ([10]) Let (x,) be successively independent sequence of self-adjoint identically dis-
tributed elements of A with T(z1) = 0 and 7(|x1|!) < 0o for some t : 1 <t < 2. Then

kj::kt—% <e[ﬁm)(|% Ek::niD) <o

i=1

for any given € > 0.
A family (x))xen is said to be strongly independent if the von Neumann algebra W*(zx, A € Aq)
generated by the family (z))en,, for any two disjoint subsets A1 and Ay of A.

Theorem 4.3. ([11]) Let (Tmn, (m,n) € N?) be a strongly independent double sequence of self-
adjoint elements of A with T(zm.) = 0,Y(m,n) € N2. Suppose that (ty, (k,1) € N?) is a double
sequence of positive real numbers and let (my)(n;) be strictly increasing sequences of positive integers.
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If
mp Nk
Ztk,l mgng)~ ZZT lyisl") | < oo,
k 11=1 i=1 j=1
oo 00 mk ng Jj—1
ZZ kg (meng) ™ Z T(1Zig — (@i i) > (T — T(Zi0)[?
k=1 =1 =1 j= v=1
my i—1
35 (St el (z |ww—7<fu,v|2)}
=2 7=1 u=1 \v=1
4
oo 00 mg Nk
i) > Y tea(mpn) T[N (jmagl) | < oo,
k=1 1=1 i=1 j=1
oo o0 mp N
33033 e ) <
k=1 1=1 i=1 j=1
where

Tij = Tijelomynt)s  Yij = Tij — T(Ti)-
Then, for any given € > (,

my Nk

g b T | €fe,00) ( E E 5’3m < 00.
— mkm

=1 j=1

k=1

Corollary 4.4. Let (T, (m,n) € N?) be strongly independent double sequence of self-adjoint
identically distributed elements of A with T(x11) = 0 and 7(|z11|*log™ |21.1|) < co. Then

>y (e[eoo |%ZZJ = 1"zi,]) )

m=1n=1

5. Laws of large numbers for multidimensional arrays

Let N? = {m = (n1,n9,---,nq) ,n; € N ,i = 1,d} (where d > 1 is fixed integer). N¢ is
partially ordered by agreeing that

k= (ki, ko, kq) <T = (mi,ma, - ,mgq) ifk;<my i=1,d
For m = (n1,ng,- -+, ng), we put
71| = ni.ng. - .ng = card{k € N¢;  k <7}

An array ( (M) 7@ € N%) C A is said to be the array of pairwise independent elements if for all
m,n € N%;m#mn; X(m) and x(7) are independent.



N.V. Quang, N.D. Tien / VNU Journal of Science, Mathematics - Physics 23 (2007) 159-167 165

Theorem 5.1. ([12]) Let (z(7m)
operators, 0 < t; < oo (i = 1,d);

€ N9 A be an array of pairwise independent measurable
() = n}/tl.ném . -ncl/td. Suppose that

~—

k<m
Jim 7)™ (la (et my (2(F)D) = 0 (2)
k<m
|n1|iinoon(t) S (@B ny (2R — [ (@(B)egg mry (2@} =0 3)
k<m

Then
a) > (k) =0 (4)
k<m

in measure as |1 — oo.

Let us note here that the theorem 5.1 gives theorem 3.2 of [3] as corollary for d =1, ¢t; = 1.
In this case, it also is the non-commutative type of the sufficient condition of a well- known theorem
in classical probability (see theorem A of [13], p.290), but the proof here has been done in a quite
different way.
The following corollaries are the non-commutative types of some theorems of [14] and [15].

Corollary 5.2. Let (z(R) m € N%) be an array of self- adjoint pairwise independent identically
symmetrically distributed elements of A. Suppose that

dim 7l 7oy (2(DD) =0 (5)
dim oy g @ Dy e (2(D)) =0 (6)

Then

in measure as |f| — oo
(where 0 < t; < oo (i=1,d) 1=(1,1,---,1)€ N9).

Corollary 5.3. (Weak law of large numbers) Let (x(7) 7 € N%) be an array of self-adjoint pairwise
independent and identically distributed elements of A. If T(|z(1)|) < oo then

T - -
™Y (k) — 7(2(1))
k<m
in measure as |1 — oo.

The following theorem is a strong law of large numbers for d-dimensional arrays of self-adjoint
pairwise independent identically distributed elements in A.

Theorem 5.4. ([16]) Let (z(71),n € N%) be an array of self-adjoint pairwise independent identically
distributed elements in A. If

7 (|2(@)]0g" [2(D)])*") < o0
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then

[~

z(k) — 7(2(1)) b.a.u as |n| — oo.

El
el

3

<

6. The strong law of large numbers for two-dimensional arrays of orthogonal operators

Let A denote a von Neumann algebra with faithful normal state ®, and N is set of all natural
numbers.

For each self-adjoint operators x in .4, we denote by ea () the spectral projection of x corre-
sponding to the Borel subset A of the real line R.
Let x be a operator in A and z* the adjoint of x. Then x*.z is a positive operator in A and there
exists the positive operator |z| in A such that

|| called the positive square root of z*z and is denoted by (z*z)/2.

Two operators z and y in A are said to be orthogonal if ®(z*.y = 0. An array (2., (m,n) € N?) is
said to be the array of pairwise orthogonal operators in A if for all (m,n) € N2, (m,n) # (p, @), Tmn
and x,, are orthogonal.

Now let (2,,,(m,n) € N?) be an array of operators in .A. We say that x,,, is convergent almost
uniformly (a.u) to x € A as (m.n) — oo if for each € > 0 there exists a projection p € A such that
®(p) > 1— € and ||(xmn — z)p|| — 0 as max(m,n) — oo.

An array (2., (m,n) € N?) C A is said to be convergent almost completely (a.c) to an operator
x € Aas (m,n) — oo, if for each € > 0 there exists an array (g, (m,n) € N?) of projections in A
such that

YD (dmn) < 00 and [[(zyn — 2)gmn| < €

m=1n=1
for all (m,n) € N? (where ¢-.. = E — gmn, E is the identity operators).
By the same method as for one-dimensional sequences we can prove that if the state ® is tracial and
Tmn — T (a.c), then z,,, — = (a.u) as (m,n) — oo.
The aim of this section is to give the trong law of large numbers for two-dimensional arrays of
orthogonal operators in a von Neumann algebra with faithful normal state. Our results extend some
results of [17], [2] to two-dimensional arrays and can be viewed as non-commutative extensions of
some results of [18].

Theorem 6.1. ([8]) Let A be a von Neumann algebra with a faithful normal state ® and let ()
be a two-dimensional array of pairwise orthogonal operators in A. If

X [lgmlgn 2 9
2.2 T ) @lamal’) <o
mn

m=1n=1

then

m n
3

— T

mn "

7j=11:=1

converge almost uniformly to zero as (m.n) — oo.



N.V. Quang, N.D. Tien / VNU Journal of Science, Mathematics - Physics 23 (2007) 159-167 167

Under some conditions stronger then those of the above theorem, we can obtain the almost completely
convergence of the averages. Namely, it is easy to prove the following theorem.

Theorem 6.2. ([8]) Let () be an array of pairwise orthogonal operators in A. If there exists an
array (amn) of positive numbers such that a,, | 0 as (m,n) — oo) and

D0 ay®(jagl?) < oo

i=1 j=1

(o) o 1
Z Z ) 7 <
20
i=1 j=1 (i)%as;
Then

1 [e.e] [e.e]
p—" ZZ:U” — 0 (a.c) as (m.n) — co.

i=1 j=1
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