Introduction to Random Walks
on Noncommutative Spaces

Philippe Biane

Abstract We introduce several examples of random walks on noncommuta-
tive spaces and study some of their probabilistic properties. We emphasize
connections between classical potential theory and group representations.

1 Introduction

Whereas random walks form one of the most investigated class of stochastic
processes, their noncommutative analogues have been studied only recently.
In these lectures I will present some results on random walks which take their
values in noncommutative spaces. The notion of a noncommutative space has
emerged progressively from the development of quantum physics, see e.g. [C].
The key idea is to consider not the space itself but the set of real, or complex
functions on it. For a usual space, this forms an algebra, which is commu-
tative by nature. A noncommutative space is given by a noncommutative
(usually complex) algebra which is to be thought of as the algebra of com-
plex functions on the space. We shall explain this idea in more details in
section 2, and in particular define noncommutative probability spaces. Once
noncommutative spaces have been defined in this way it is easy to define ran-
dom variables, and stochastic processes taking their values in these spaces.
Rather than starting an abstract theory, these lectures will consist mainly in
a collection of examples, which I think show that this notion is interesting
and worth studying. We shall begin with the most simple stochastic process
namely the Bernoulli random walk. We shall show how to quantize it in
order to construct the quantum Bernoulli random walk. Simple as it is this
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noncommutative stochastic process exhibits quite deep properties, related to
group representation and potential theory. Actually interpreting it as a ran-
dom walk with values in a noncommutative space, the dual of SU(2), we will
be lead to define random walks with values in duals of compact groups. The
study of such random walks in the case of special unitary groups uncovers
connections with potential theory, in particular with the Martin boundary.
We will investigate more on these connections. From the Bernoulli random
walk we can take limit objects, as in the central limit theorem. One of these
objects is a noncommutative Brownian motion which we construct as a fam-
ily of operators on a Fock space and interpret then as a continuous time
stochastic process with independent increments, with values in the dual of
the Heisenberg group. We then extend this construction to more general
noncompact locally compact groups. Finally we will also start to consider
quantum groups in the last section.

The next section consists in preliminaries about C* and von Neumann
algebras and noncommutative spaces.

2 Noncommutative Spaces and Random Variables

2.1 What are Noncommutative Spaces?

The random walks that we are going to study take their values in noncom-
mutative spaces, so we should start by making this notion more precise. In
many parts of mathematics, one studies spaces through the set of functions
defined on them. There can be many kind of functions, e.g. measurable, inte-
grable, continuous, bounded, differentiable, and so on. Each property of the
functions reflects a property of the space on which they are defined. Some-
times, in probability theory for example, one is even not interested at all in
the space, but only in the functions themselves, the random variables. Also
very often the set of complex functions considered determines completely the
underlying space. This is the case for example for compact topological spaces,
determined by their algebra of continuous functions, or differentiable mani-
folds which are determined by their smooth functions. The common feature
shared by these situations is that all these spaces of complex valued func-
tions are commutative algebras. It has been realized, since the beginning of
quantum mechanics that one can obtain a better description of nature by
relaxing this commutativity hypothesis. Henceforth we shall consider a non
commutative space as given by a complex algebra, which plays the role of
space of functions on the space. We will see many examples throughout these
lectures. Some algebras may come equipped with a supplementary struc-
ture, for example an antilinear involution, a norm, a preferred linear form,
a topology, etc... Actually most of the times these algebras will be algebras
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of operators on some complex Hilbert space H, and the involution will be
given by the adjoint operation. We shall decribe the kind of algebras we will
consider, mainly C* and von Neumann algebras. We will use the language
and some basic results in the theory of these objects, but we will need no
deep knowledge of them. We will only assume that the reader is familiar with
the spectral theorem for selfadjoint operators on a Hilbert space. We refer
for example to the treatises [D1], [D2] or [T] for more details.

2.2 C* Algebras

A C* algebra is a normed x-algebra which is isometric with a subalgebra of
the algebra B(H) of all bounded operators on some complex Hilbert space H,
stable under taking the adjoint, and closed for the operator norm topology.
Elements in a C*-algebra of the form aa* for some a € A are called positive.
Positive elements are exactly the selfadjoint positive operators which belong
to the algebra.

Let X be a locally compact topological space, then the algebra of complex
continuous functions on X, vanishing at infinity, is a C*-algebra, and the fa-
mous Gelfand-Naimark theorem states that any commutative C*-algebra is
isomorphic to such an algebra. The topological space is compact if and only if
the algebra has a unit, and there is a one to one correspondence between the
points of the space and the characters of the algebra, that is, the continuous
algebra homomorphisms with values in the complex numbers, or equivalently
with the maximal closed ideals, therefore the space is unique up to home-
omorphism and can be recovered from the algebra. It is usually denoted
by spec(A) if A is the C*-algebra. Thus we should think of a C*-algebra
as providing the algebra of continuous functions on some noncommutative
space. Note that C* algebras are closed under continuous functional calcu-
lus, namely if a is a self-adjoint element in a C* algebra, and f a continuous
functions on its spectrum, then the operator f(a) also belongs to the algebra
C. This can be easily seen by approximating uniformly f by polynomials on
the spectrum of a.

If AC B(H) is a C*-algebra, then the multiplier algebra M (A) of A is the
set of all operators x such that xtA C A and Ax C A. It is a C* algebra with
a unit, containing A. It coincides with A if and only if A has a unit. If A is
abelian, then M (A) is just the algebra of all bounded continuous functions on
spec(A). In the noncommutative situation, it corresponds to the Stone-Cech
compactification of the topological space underlying the algebra.

Continuous positive linear functionals on a C* algebra play the role of
positive bounded measures. Here positivity for a functional means that it
is positive on positive elements. Again in the commutative case, by Riesz’
theorem, such linear functionals correspond to finite positive Borel measures
on the underlying topological space. Positive linear functionals of norm one
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are called states, and correspond to probability measures in the commutative
case. A large supply of states is given by unit vectors in the Hilbert space on
which the C* algebra acts. Indeed any such vector ¢ defines a state by the
formula

wy(a) = (a,¥) ac A

Given a self adjoint element @ in a C* algebra A, and a state o on A, there
exists a unique measure on R, with compact support, such that

o(f(a)) = /f(a:)du(x) for all continuous f on R.

The support of this measure is included in the spectrum of a. The GNS
construction assigns to every C* algebra, with a continuous positive linear
functional o, a representation of the algebra on a Hilbert space. A linear
functional is called tracial if for any a,b € A one has 7(ab) = 7(ba).

Each continuous map between topological spaces f : X — Y gives rise
to a continuous algebra morphism ¢ : Co(Y) — Co(X);h — ho f, and
conversely any such algebra morphism comes from a continuous map, there-
fore one can think of a homomorphism between C* algebras as a continuous
map between the underlying noncommutative spaces (with the direction of
the arrows reversed). One must note however that there may exist very few
morphisms between two C* algebras. For example there does not exist any
nonzero homomorphism from the finite dimensional C* algebra M, (C) to
M, (C) if n > m. Indeed this is a purely algebraic fact, since M, (C) is
a simple algebra, if a homomorphism from M, (C) is not injective, then it
must be 0.

2.3 von Neumann Algebras

Let S be a subset of B(H), then its commutant S’ is the set of bounded
operators which commute with every element of S. A von Neumann algebra
is a subalgebra of B(H) which is closed under under taking the adjoint,
and is equal to its bicommutant, i.e. the commutant of its commutant. By
the von Neumann bicommutant theorem the von Neumann algebras are the
x-subalgebra of B(H), containing the identity operator, and closed for the
strong topology. Since the strong topology is weaker than the operator norm
topology any von Neumann algebra is also a unital C* algebra, although
generally too large to be interesting as such.

A von Neumann algebra is closed under Borel functional calculus, namely
if a € M is self-adjoint and f is a bounded Borel function on the spectrum of
a, then f(a) belongs to M, and again, the same is true for f(ay,...,a,) where
ai,...,ay, are commuting selfadjoint operators in the von Neumann algebra,
and f is a bounded Borel function defined on the product of their spectra.
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The nuance between C* algebras and von Neumann algebras can be grasped
by looking at the commutative case. Indeed commutative von Neumann al-
gebras correspond to measure spaces, more precisely any commutative von
Neumann algebra is isomorphic to the algebra L (X, m) where X is a mea-
sure space and m a positive measure (the algebra actually depends only on
the class of the measure). This statement can be seen as a reformulation
of the spectral theorem for commuting self-adjoint operators on a Hilbert
space. Therefore it is natural to think of von Neumann algebras as “algebras
of noncommutative random variables”. A normal state on a von Neumann
algebra is a positive linear form which is continuous for the o-weak topology
and takes the value 1 on the unit. It corresponds, in the commutative case,
to a probability measure, which is absolutely continuous with respect to the
measure m. We shall sometimes call a von Neumann algebra, with a normal
state, a “non commutative probability space”.

A weight on a von Neumann algebra is a map ¢ from the cone of posi-
tive elements of the von Neumann algebra to [0, 400], which is additive, and
homogeneous, i.e. p(Ax) = A\p(z) for = positive and real A > 0. A weight is
called normal if sup;c; ¢(z;) = p(sup(x;)icr) for every bounded increasing
net (x;);es. Coming back to the commutative case, weights are positive, pos-
sibly unbounded measures, in the measure class of m. A weight p is called
finite if (1) < oo, in this case p is a multiple of a state.

Given a selfadjoint element, a € M and a normal state o on M, we denote
by pe the distribution of a, namely the measure such that

7((@) = [ f(@)dua(a)

for all bounded Borel functions on spec(a). More generally if a,...,a, is a
family of commuting self-adjoint operators in M, their joint distribution is
the unique probability measure g, ... 4, on R™ such that

n

o(flas... an)) = / @) b, ()

for all bounded Borel function f on R”.

Let N C M be a von Neumann subalgebra, and o a state on M, then a
conditional expectation of M onto N is a norm one projection o(.|N) such
that o(a|N) = a for all a € N, o(abc|N) = ac(b|N)c for all a,c € N,b € M,
and o(o(b|N)) = o(b) for all b € M. Given M, N and o, such a map need
not exist, but it always exists, and is unique, if o is tracial.

We will consider spatial tensor products of von Neumann algebras. If
A C B(H) and B C B(K) are two von Neumann algebras, their algebraic
tensor product acts on the Hilbert space H ® K, and the spatial tensor prod-
uct of A and B is defined as the von Neumann algebra generated by this
tensor product. Given an infinite family of von Neumann algebras (A;;i € I)
equipped with normal states w; it is possible to construct an infinite tensor
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product ®;(A4;,w;) which is a von Neumann algebra with a state ®;w;. One
considers operators of the form ®;cra; where a; € A; and a; # Id only for
a finite number of ¢ € I. These generate an algebra, which is the algebraic
tensor product of the A;. One can define a positive linear functional on this
algebraic tensor product by w(®;era;) = [[wi(a;). The GNS construction
then yields a Hilbert space H, with a pure state on B(H ), and the von Neu-
mann algebra tensor product is the von Neumann algebra in B(H) generated
by this algebraic tensor product.

2.4 Random Variables, Stochastic Processes
with Values in some Noncommutative Space

Given a von Neumann algebra M equipped with a normal state o, and a C*
algebra C, a random variable with values in C' (or, more appropriately, in the
noncommutative space underlying C), is a norm continuous morphism from
C to M. The distribution of the random variable ¢ : C' — M is the state
on C given by o o . If the algebra C' is commutative, then it corresponds to
some topological space, and the state o o ¢ to a probability measure on this
space. When C' = C(R) there exists a self-adjoint element a € M such that
o(f) = f(a) for all f € C, and we are back to the situation in the preceding
section, where the distribution of a was defined. We will call the state o o ¢
the distribution of the random variable ¢. More generally a family of random
variables with values in some noncommutative space, indexed by some set, is
a stochastic process.

If A and B are two C*-algebras, a positive map @ : A — B is a linear
map such that @(a) is positive for each positive a € A. When A and B are
commutative, thus A = Cy(X) and B = Cy(Y), such a linear map can be
realized as a measure kernel k(y,dx) where for each y € Y one has a finite
positive measure k(y, dz) on X. If A and B are unital, and ¢(I) = I then this
kernel is a Markov kernel, i.e. all measures are probability measures. Thus
we see that the generalization of a Markov kernel to the non-commutative
context can be given by the notion of positive maps. It turns out however
that this notion is slightly too general to be useful and it is necessary to
restrict oneself to a particular class called completely positive maps.

Definition 2.1. linear map between two C* algebras A and B is called com-
pletely positive if, for all n > 0, the map ¢ ® Id: A ® M,,(C) - B® M,(C)
is positive. It is called unit preserving if furthermore ¢(Id) = Id.

We shall consider semigroups of unit preserving, completely positive maps on
a C* algebra C. These will be indexed by a set of times which will be either
the nonnegative integers (discrete times) or the positive real line (continuous
time). Thus a discrete time semigroup of unit preserving, completely positive
maps on a C* algebra C' will be a family (¢, : C — C),>¢ of completely
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positive maps, such that &é,, o ®,, = ®,,4,,. In continuous time we will have
a family (9;);cr, which satisfies @, 0 &, = @, . In the discrete time setting
one has @,, = (¥1)™ and the semigroup is deduced from the value at time 1.
We shall denote generally the time set by 7" when we do not specify whether
we are in discrete or continuous time.

Definition 2.2. Let C be a C* algebra, then a dilation of a semigroup
(P¢)teT of completely positive maps on C' is given by a von Neumann algebra
M, with a normal state w, an increasing family of von Neumann subalgebras
My;t € T, with conditional expectations w(.|M;), and a family of morphisms
ji : C — (M, w) such that for any ¢t € T and a € C, one has j;(a) € M; and
for all s <t

w(je(a)[Ms) = js(Pi—s(a)) (2.1)

A dilation of a completely positive semigroup is the analogue in noncommu-
tative probability of a Markov process, and the equation (2.1) expresses the
Markov property of the process: the conditional expectation of the future on
the past is a function of the present.

Given a completely positive semigroup and an initial state, a dilation al-
ways exists [S].

Consider a completely positive semigroup on a C* algebra C, and let
B C C be a commutative C* subalgebra, thus isomorphic to Cy(X) for
some locally compact topological space X. If the image algebras j,(B);t € T
generate a commutative von Neumann algebra N C M, then there exists a
probability space (£2,F, P) such that (N,w) ~ L*°(§2,F, P), and random
variables X; : {2 — X, corresponding to the morphisms j; restricted to
B, which form a classical stochastic process. If furthermore the C* algebra
B is invariant by the completely positive semigroup, then this semigroup
defines a Markov semigroup of transition probabilities on the space X, and
the stochastic process (X;)ier is a Markov process with these probability
transitions. This remark will be at the basis of many constructions of classical
stochastic processes starting from quantum ones.

Once a dilation of a completely positive semigroup is given, one can com-
pute, for times t; < --- <t,, and a1,...,a, € C,

w(je, (a1) - - e, (an)) = 0(Py, (a1(Pry—t, (a2(. - - Pt 1, (an)) - -)

where 0 = w o jy is the initial state on C' (the distribution of the process
at time 0). Observe however that when the algebras j;(C);t € T do not
commute, this condition does not specifiy the values of

w(je, (a1) .- e, (an))

when the times t1,...,t, are not ordered. We will say that two dilations
7wy and j@), w,, are equivalent if one has

w1 (@) .3 (an) = wa (G2 (@) - . 5 (an))



68 P. Biane

where t1,...,t, is an arbitrary sequence of times (i.e. not necessarily in-
creasing) and aq,...,a, € C. Thus if C is a commutative algebra, then all
commutative dilations with the same initial distribution are equivalent, but
for a given semigroup of completely positive maps there may exist a lot of
non equivalent dilations. Actually we shall encounter in these lectures some
natural noncommutative dilations of Markov semigroups on classical spaces!
An important source of such dilations comes from restrictions: if B C C' is
a subalgebra and the completely positive semigroup leaves B invariant, then
the restriction of (j;)ier to the subalgebra B is a dilation of the restriction
of the completely positive semigroup.

3 Quantum Bernoulli Random Walks

3.1 Quantization of the Bernoulli Random Walk

Our first example of a quantum random walk will be the quantization of
the simple (or Bernoulli) random walk. This is just the random walk whose
independent increments have values +1. In order to quantize it we will replace
the set of increments {£1} by its quantum analogue, namely the space of
two by two complex matrices, with its structure of C*-algebra. The subset
of hermitian operators is a four dimensional real subspace, generated by the
identity matrix I as well as the three matrices

(01 (0~ (10
2=\10) 7~ \io) 7“7 01

The matrices 04,0y, 0. are the Pauli matrices. They satisfy the commutation
relations

[0g,0y] =2i0,;  [0y,0.] = 2i0,;  [04,0,] = 2i0y,. (3.1)

The group SU(2) acts by the automorphisms A — UAU* on this C*-algebra.
We observe that this group is much larger than the group of symmetries of the
two points space (which consists just of a two elements group). This action
leaves the space generated by [ invariant, and acts by rotations on the real
three dimensional space generated by the Pauli matrices. Indeed the inner
product on the space of hermitian matrices (A, B) = Tr(AB) is invariant by
unitary conjugation.

A state w on M5(C) is given by a positive hermitian matrix S with trace
1, by the formula

w(A) =Tr(AS).

The most general such matrix can be written as

1 .
S:<1+u v+zw>

v—1w 1—u
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where (u,v,w) € R? satisfies u? + v? + w? < 1. The extreme points on the
unit sphere (sometimes called the “Bloch sphere” in the physics litterature),
correspond to pure states, when S is a projection on a one dimensional sub-
space. Any hermitian operator has a two-point spectrum, hence in a state
w its distribution is a probability measure on R supported by at most two
points. In particular, for each of the Pauli matrices, its distribution in the
state w is a probability measure on {£1}, given by

1 1 1

Plo, =1) 5

(3.2)

Mimicking the construction of a random walk, we use the infinite product
algebra (Mz(C),w)®N (recall the construction of section 2.3). For each Pauli
matrix we build the matrices

z, = %0 Vgo, @@ Yn = I®(”71)®ay®l®°°, 2z = 1P Dgg, @@

which represent the increments of the process. It is easy to see that, for
example, the operators z,,, for n > 1, form a commuting family of operators,
which is distributed, in the state w®°, as a sequence of independent Bernoulli
random variables.

Then we put

n

1=1 =1

i=1

This gives us three families of operators (X,,)n>1; (Yn)n>1 and (Z,),>1 on
this space.

We observe that each of these three families consists in commuting op-
erators, hence has a joint distribution. It is not difficult to check that this
distribution is that of a Bernoulli random walk, whose increments have dis-
tribution given by the probability distributions on {£1} of formula (3.2).
The three families of operators, however do not commute. In fact using the
commutation relations (3.1) one sees that for n, m positive integers,

[:Erw ym] = 2iz7n§nm

and
[Xna Ym] = 2iZ7lAm (33)

as well as the similar relations obtained by cyclic permutation of X,Y, Z.
We will call the family of triples of operators (X,,, Yy, Z,);n > 1 a quantum
Bernoulli random walk. We shall later interpret this noncommutative process
as a random walk with values in some noncommutative space, however for the
moment we will study some of its properties related to the automorphisms
of the algebra M;(C).
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3.2 The Spin Process

Because of the rotation invariance of the commutation relations (3.1), we see
that for any unitary matrix U we can define conjugated variables

2V = 190-) @ Ug, U* @ [®>®

yU = 190D @ U, U* @ I9°
U =901 @ Ug, U* @ [®®

S 33

and " " "
U _ § U. U _ E U U _ E U
Xn - Tis Yn - Yi Zn - 2

1=1 =1 =1

then this new stochastic process is obtained from the original quantum
Bernoulli random walk by a rotation matrix. It follows by a simple com-
putation, using the commutation relations, that X2 + Y,2 + Z2 is invariant
under conjugation, namely one has

Xp Y420 = (X)) + (V) +(Z))?
for any unitary matrix U.
Lemma 3.1. For all m,n > 1 one has
X2+ Y24+ 22, X2 +Y2+2%]=0

Actually we shall prove that [X,,, X2, +Y,2 + Z2] = 0 if m < n. This follows
from the computation

(X0, Y2] = [Xn, Vil Yon 4 Vi [ X, Vil = 20(Z0n Yo + Yo Zin)

[Xna Z»?n] = [Xn7 Zm}Zm + Zm [qu Ym] = _2i(Zm)/77L + YmZm)

Using invariance of the commutation relations by cyclic permutation of
X.Y,Z we also have [Y,,, X2 + Y2 + Z2] = [Z,, X2 + Y2 + Z2] = 0, and
the result follows. O

We deduce from this that the family of operators (X2 +Y,2 + Z2);n > 11is
commutative, and therefore defines a classical process. We shall compute its dis-
tribution now. For this we introduce the operators S, = \/X2 + Y2 + Z2 + I.
By the preceding Lemma, the family (S,),>0 is a commuting family of op-
erators, therefore one can consider their joint distribution.

Theorem 3.2. Let us take for w the tracial state, then the operators (Sp;
n>1) form a Markov chain, with values in the positive integers, such that
P(S; =2) =1, and transition probabilities

k+1 k—1
—_— —1 = —
s Pk k—1)

p(k,k+1)= ok
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In order to prove the theorem, it is enough to consider the process up to a
finite time n. So we shall restrict considerations to a finite product Ms(C)®"
acting on (C?)®". We remark that the state w®" on (C?)®" is the unique
tracial state, and it gives, to every orthogonal projection on a subspace V', the

value di‘;—ﬁv). We shall find a basis of this space consisting of joint eigenvectors
of the operators (Sk;1 < k < n). For this we analyze the action of the

operators A := (X, —iY,) and A, = 1(X,, +iY;,). One has
n n
Aj; — ZI®(]'71) ® Oé+ ® I®n7j A; _ ZI®(]'71) Ra" ® I®n7j

Jj=1 Jj=1

= (33) =)

Let us call eg, e; the canonical basis of C2. An orthonormal basis of (C?)®"
is given by the vectors er;; U C {1,2,...,n} where ey = ¢;, ®...®¢;, , i = 1
if ke U and i, =0if k ¢ U. In terms of this basis the action of A and A,
is given by

where

Afey = Zk¢U CUu{k}

Ajeu = Y peu CUN (K}

ZneU = (n — 2|U|)€U
Let us consider the vector ey = eg@" and its images by the powers of A,
normalized to have norm one. These are the vectors

j'(n —3)!

J
gl =
n nl

Uc{1,2,...n}|Ul=j

and these vectors are orthogonal. The action of the operators A}, A, Z, on
these vectors is given by

Afel = /(G +1)(n— et
Asel = Viln —J+ 1)ed~t
Zngy, = (n—2j)e;,
Sped = (n+1)e,
In particular we see that these vectors belong to the eigenspace of S, of

eigenvalue n + 1. We shall generalize this computation to find the common
eigenspaces of the operators Sy, S9,...,5,.

Lemma 3.3. Let J = (j1,...,jn) be a sequence of integers such that
° i) j1=2

e ii) j;>1 forali<n
e i) |jit1—Ji|=1foralli<n-—1
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then there exists a subspace Hy of (C%)®" of dimension j, = I + 1, which
is an eigenspace of Si,...,Sy, with respective eigenvalues ji,. .., jn, and an
orthonormal basis (¢q, ..., d;) such that

Ard; =G+ — )bt
AL dj =il —j+1)pj
Znd; = (I —25)¢;

Furthermore, the spaces Hy are orthogonal and (C?)®"™ = @ H;.

Proof of the lemma. We shall use induction on n. The lemma is true
for n = 1, using ¢g = eg;d1 = e1. Assume the lemma holds for n, and
let J = (j1,...,7Jn) be a sequence satisfying the conditions 1), 1), 7it), of
the lemma. We shall decompose the space H; @ C? as a direct sum of two
subspaces. Let the vectors 1; and 7; be defined by

=j+1 /
vy = l«jkl D; ®ep+ ¢g 1®e j=0,...,1+1

= l+1

and
j+l 0 — l ] J 1 ] PRI}

It is easy to check that these vectors form an orthonormal basis of the tensor
product H; ® C?, and a simple computation using

Xpi1 =X + 1" @04, Y1 =Y + 9" @0y, Zpi1 = Zn + [°" ® 0,

shows that these vectors have the right behaviour under these operators. 0O
We can now prove theorem 3.2, indeed for any sequence satisfying the
hypotheses of lemma 3.3 one has
P(S1=j1,...,5, = === =
( 1 ,71 n ]TL) 27L 2 2]1 2Jn_1

where the right hand side is given by the distribution of the Markov chain of
theorem 3.2. 0

We shall give another, more conceptual, proof of the former result in
section 5, using the representation theory of the group SU(2) and Clebsch-
Gordan formulas. For this we shall interpret the quantum Bernoulli random
walk as a Markov process with values in a noncommutative space, but we
need first to give some definitions pertaining to bialgebras and group alge-
bras, which we do in the next section.
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4 Bialgebras and Group Algebras

4.1 Coproducts

Let X be a finite set, and F(X) be the algebra of complex functions on X.
A composition law on X is a map X x X — X. This gives rise to a unit
preserving algebra morphism A : F(X) — F(X x X), where F(X x X)
is the algebra of functions on X x X, and one has a natural isomorphism
F(X x X) ~ F(X) ® F(X). Conversely, such an algebra morphism A :
F(X) — F(X)® F(X) comes from a composition law, and many properties
of the composition law can be read on it. For example, associativity translates
into coassociativity of the coproduct which means that

(Ao A=(ITxA)o A

whereas commutativity gives cocommutativity for the coproduct, which
means that

voA=A
where v : F(X) ® F(X) — F(X) ® F(X) is the flip automorphism v(a ®
b) = b ® a. In order to obtain an analogue of a composition law in the

noncommutative context, one can define a coproduct for any algebra A as a
morphism A: A — A® A, however in general the algebraic tensor product is
too small for obtaining interesting examples. Think for example to the case
A= Cp(X), X alocally compact space, and see that A ® A C Cp(X x X) is
a small subspace. We shall therefore consider coproducts which take values
in a suitable completion of the algebraic tensor product. An algebra endowed
with a coassociative coproduct is called a bialgebra. If the algebra is a C*
(resp. a von Neumann) algebra and the tensor product is the minimal C*
product (resp. the von Neumann algebra tensor product), then one has a
C* (resp. a von Neumann) bialgebra.

Some further properties of a coproduct are the existence of the dual notion
of the unit element and the inverse, which are respectively called a counit,
¢: A — C and an antipode, i : A — A.

A Hopf algebra is a bialgebra with a unit and an antipode, satisfying some
compatibility conditions. I refer for example to [K] for an exposition of Hopf
algebras and quantum groups.

4.2 Some Algebras Associated to a Compact Group

We shall investigate in more details the notions above in the case of the group
algebra of a compact group, which we assume for simplicity to be separable.
Recall that every representation of a compact group can be made unitary, and
can be reduced to an orthogonal direct sum of irreducible representations. The
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right regular representation of a compact group G is the representation of G
on L?(G, m) (where m is a Haar measure on G) by right translations p, f(h) =
f(hg™"') and the left regular representation acts by left translations A, f(h) =
f(gh). A fundamental theorem is the Peter-Weyl theorem. It states that every
irreducible representation of G arises in the decomposition of the left (or
right) regular representation, actually one has an orthogonal direct sum

LYG) = @, By
where G is the (countable) set of equivalence classes of irreducible representa-
tions of GG, and for y € G , I\ is the space of coefficients of the representation
i.e. the vector space generated by functions on G of the form

f(9) = (x(g9)u,v)

where u, v are vectors in the representation space of y ({.,.) being an invariant
hermitian product on the space). The space F, is finite dimensional, its
dimension being dim(y)?, and it is an algebra for the convolution product
on G, isomorphic to the matrix algebra M, (C) with n = dim(y). We shall
denote this space M, when we want to emphasize its algebra structure.

We shall describe several algebras associated to G. The first one is the
convolution algebra A°(G) generated by the coefficients of the finite di-
mensional representations. As a vector space it is the algebraic direct sum
A%(G) = &My ~ & Myim(y)(C). There are larger algebras such as L'(G)
the space of integrable functions (with respect to the Haar measure on G),
and C*(G) the C* algebra generated by L!(G). This algebra consists of se-
quences (my;x € G) such that m, € M,;|m,| — 0 as xy — oco.

The multiplier algebra of C*(G) coincides with the von Neumann algebra
A(G), which is generated (topologically) by the left translation operators
Ag; g € G, it consists of sequences (m,; x € G‘) such that sup, |m,| < oco. In
both cases, the norm in these algebras is sup, |my|. Note that the left and
right translation operators A\, and p, are unitary, and the right translation
operators generate the commutant of A(G).

When the group G is abelian, there is a natural isomorphism, given by
Fourier transform, between the algebra A(G) and L>®(G) where here ¢ is
the group of characters of G (this is consistent with our earlier notation
since then all irreducible representations of G are one dimensional and are
thus characters). This group of characters is a discrete abelian group, and its
Haar measure is the counting measure.

In the general case, the algebra L> (G) is isomorphic with the center of
A(@), since a bounded function on G can be identified with a sequence
(my), e of scalar operators.

Any closed subgroup of G generates a von Neumann subalgebra A(H) fur-
thermore the coproduct A restricts to this subalgebra and defines a coproduct
A:A(H) — A(H) ® A(H). If the subgroup is abelian, then this subalgebra

is commutative and is isomorphic to the algebra L>°(H),
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Finally we shall also use the algebra A(G) = [T, M, which consists in
unbounded operators on L?(G), with common dense domain &, F, (algebraic
direct sum), affiliated with the von Neumann algebra A(G). One has natural
inclusions

A%G) C C* (@) € M(C*(@)) = A(G) C A(G)

The algebra A(G) ® A(G) is an algebra of operators on the algebraic direct
sum @y, Ey ® E,» and we denote by A(G)®.A(G) its completion for simple
convergence on &, Iy, ® E,/. One has

AG) @ AG) = [ My @ [[ My c AG)BAG) ~ [ My ® M,

XX

The * algebra structure extends obviously to A(G), and an element is positive
if and only if its components are positive.

4.3 The Coproduct

The coproduct formula A : A; — A; ® A\, extends by linearity and continuity
to the von Neumann algebra A(G) if we use the von Neumann algebra tensor
product. It defines a structure of cocommutative von Neumann bialgebra on
A(G). One can also define an extension of the coproduct

A AG) = AG)RAG).

Indeed it is easy to check that for any x € CA{ and a € M,, the operator A(a)
is nonzero on the space E,+ ® E,~ if and only if x has a non zero multiplic-
ity in the decomposition of the tensor product representation E,s ® E,.. It
follows that for any sequence (ay), ¢ € [, e My the sum 3 o Aay) is
a finite sum in each component F, ® E, therefore it defines an element in

A(G)DAG) ~ T, My @ My
One can define the convolution of two finite weights p and v by the formula

wxv=(puev)oA

since the coproduct is cocommutative and coassociative, one checks that this
is an associative and commutative operation.

4.4 The Case of Lie Groups

For compact Lie groups there is another algebra of interest, which is the
envelopping algebra of the Lie algebra. Recall that the Lie algebra of a Lie
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group is composed of right invariant vector fields on the group. As such it
acts on the L? space as a family of unbounded operators. Therefore the Lie
algebra is a subspace of the “big” algebra fl(G), and the algebra generated
by this subspace is naturally isomorphic to the envelopping Lie algebra (for
simply connected groups). The elements of the Lie algebra have the following
behaviour with respect to the extended coproduct on A(G)

AX)=XI+1I®X
This can be seen by taking derivatives with respect to s in the equation
A(BSX) _ eSX ® esX

where e*¥X; s € R is the one parameter subgroup generated by X.

4.5 States and Weights

A normal state v on A(G) is determined by its value on the generators A,
thus by the function ¢, (g) = v(\y). It is a classical result that a function ¢
on G corresponds to a state on C*(G), and to a normal state on A(G), if and
only if it is a continuous positive definite function on the group, satisfying
o(e) = 1.

Every normal weight on A(G) is given by a sequence of weights (VX)XGG
on each of the subalgebras M, , therefore for a weight v on A(G) there exists
a sequence of positive elements f, € M, such that v, (a) = Tr(af,) for
all a € M,,. Conversely any such sequence f, defines a normal weight, thus

normal weights on A(G) correspond to positive elements in A(G).

5 Random Walk on the Dual of SU(2)

5.1 The Dual of SU(2) as a Noncommutative Space

We shall now interpret the process constructed in section 3 as a random
walk on a noncommutative space. For this we consider the group SU(2) of
unitary 2 x 2 matrices with determinant 1. It is well known that the irreducible
representations of this group are finite dimensional, moreover, for each integer
n > 1 there exists, up to equivalence, exactly one irreducible representation
of dimension n, therefore one has

A(SU(2)) = @321 Mn(C)
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as a von Neumann algebra direct sum and similarly the C* algebra of SU(2)
can be identified with the algebra of sequences (M, ),>1 where M, is an
n x n matrix and one has ||M,|| — 0 as n — oo. We shall interpret this
C*-algebra as the space of “functions” vanishing at infinity on some non-
commutative space. The associated von Neumann algebra corresponds to the
space of “bounded functions” on our noncommutative space. In order to get a
better picture of this space it is desirable to have a geometric understanding
of its structure. For this we first note that this space has a continuous group
of symmetries, since the group SU(2) acts on the algebra by inner automor-
phisms. Since the elements +1 act trivially, this is really an action of the
quotient SU(2)/{£I} which is isomorphic with the group SO(3), therefore
this space has a three dimensional rotational symmetry. We can understand
this symmetry by looking at some special elements in the larger algebra
A(SU(2)), which correspond to “unbounded functions”. Let us consider the
self-adjoint elements corresponding to the Pauli matrices, viewed as elements
of the Lie algebra of SU(2) (or rather the complexified Lie algebra). These
define unbounded operators on L?(SU(2)), which we shall denote X,Y, Z,
and which lie in A(SU(2)). A good way to think about these three functions
is as three “coordinates” on our space, corresponding to three orthogonal
directions. Each of these elements has a spectrum which is exactly the set of
integers (which you can view as the group dual to the one parameter group
generated by one of these Lie algebra elements). Moreover this is true also of
any linear combination zX +yY + 2Z with 22 +y%+ 2% = 1. This means that
if you are in this space and try to measure your position, you can measure,
as in quantum mechanics, one coordinate in some direction (x,y, z) using the
operator zX +yY + 27, and you will always find an integer. Thus the space
has some discrete feature, in that you always get integer numbers for your
coordinates, but also a continuous rotational symmetry which comes from the
action of SU(2) by automorphisms of the algebra. This is obviously impos-
sible to obtain in a classical space. Of course since the operators in different
directions do not commute, you cannot measure your position in different
directions of space simultaneously. What you can do nevertheless is measure
simultaneoulsy one coordinate in space, and your distance to the origin. This
last measurement is done using the operator D = I+ X2 +Y2 472 — |
which is in the center of the algebra A(SU(2)), and therefore can be measured
simultaneously with any other operator. Its eigenvalues are the nonnegative
integers 0,1,2..., and its spectral projections are the identity elements of
the algebras M, (C), more precisely, one has in A(SU(2))

(oo}
D=> (n—1)Iy,@q

n=1

We thus see that the subalgebra M, (C) is a kind of “noncommutative
sphere of radius n — 1”7, and moreover by looking at the eigenvalues of
the operators X + yY + 2Z in the corresponding representation, we see
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Fig. 1 Noncommutative space underlying A(SU(2)).

that on any “radius” of this sphere, corresponding to a direction of space,
the coordinate on this radius can only take the n values n — 1,n—3,
n—>5...,—n+ 1.

If we rescale the noncommutative sphere of large radius to have radius
1, it looks more and more like a classical sphere, see e.g. [Rie] for a precise
statement.

5.2 Construction of the Random Walk

Let w be a state on My(C), which we can also consider as a state on
A(SU(2)) by the projection A(SU(2)) — M2(C). Let us consider the in-
finite tensor product algebra, with respect to the product state v = w®> on
N =@ A(SU(2))).

Let T : N — N be defined by A ® s where s : A(SU(2))>>l —
A(SU(2))Bl is the obvious shift isomorphism. Let j, : A(SU(2)) — N
be the morphisms defined by by j, = T™ o i where i(a) = a ® I* is the
GNS representation of A(SU(2)) associated with w, acting on the first fac-
tor. Note that one has actually N' = @°M5(C) and i(a) = pa(a) ® [°° where
p2 is a two dimensional irreducible representation. The morphisms j,, can be
extended to the large algebra A(SU(2)) and for V in the Lie algebra, using
the formula for the coproduct one checks that

n

(V) =Y 10D @V @ 19>

i=1
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Thus the quantum Bernoulli random walk is obtained by taking the operators
(Jn(X),4n(Y), jn(Z)) where X,Y, Z are the Lie algebra elements correspond-
ing to the Pauli matrices. For n > 0, we let V,, be the algebra generated by
the first n factors in the tensor product. There exists a conditional expecta-
tion v(.|N,,) with respect to the state v onto such a subalgebra, it is given
simply by I®@w™ on the factorization N' = A(SU(2))®"®.A(SU(2))®+1.e0l,

The family of morphisms (j,),>1 form a noncommutative process wih
values in the dual of SU(2). The following proposition is left to the reader,
as an exercise in manipulation of coproducts.

Proposition 5.1. The family of morphisms j,;n > 1, together with the fam-
ily of algebras Ny, Ny;n > 1, and the conditional expectations v(.|N,,), form
a dilation of the completely positive map A(SU(2)) — A(SU(2)) given by
P, =T Qw)o A.

Let us now consider the three one-parameter subgroups generated by the
Pauli matrices, they consist respectively of the matrices

cosf isinf cosf sind e’ 0
(i sin 6 0089> (— sin 6 cos 0) ( 0 ew) 6 €[0,2n]

Each of these subgroups generates a commutative von Neumann subalgebra
of A(SU(2)), which is isomorphic with the group von Neumann algebra of
the group U(1) of complex numbers of modulus 1. Such a von Neumann alge-
bra is isomorphic, by Pontryagin duality, to the algebra of bounded functions
on the dual group, therefore the restriction of the dilation to this subalgebra
provides a random walk on this dual group, which is isomorphic to Z. Thus
we recover, from the abstract considerations on duals of compact groups, our
concrete Bernoulli random walks. In terms of our noncommutative space, we
can observe a particle undergoing this random walk along any fixed direc-
tion of space, and what we see is a Bernoulli random walk (recall that the
coordinate in some fixed direction of space can only take integer values).

We now turn to the spin process which can be interpreted in terms of the
restriction of the dilation (j,)n>1 to the center of the group algebra A(G).
This center consists of operators of the form (m,;x € () where each m,y is
a scalar operator in M,, it is a commutative algebra, isomorphic with the
algebra of bounded functions on G (recall that we have assumed that G is
countable). Equivalently it is the algebra generated by the operator D i.e.
the algebra of operators of the form f(D) where f is a bounded complex
function on the nonnegative integers. It is also easy to compute the restric-
tion of the completely positive map @, to this center. It is given by the
Clebsch-Gordan formula which computes the decomposition into irreducible
of a tensor product of representations of the group SU(2). What we need is
the formula (where p,, is the n-dimensional irreducible representation)

P2 & Pn = Pn—1 5% Pn+1
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which tells us that the Markov chain can jump from n to either n—1 or n+1,
furthermore the transition probabilities are proportional to the dimensions
of the targets, since we are in the trace state. We see that the restriction of
Jn to this algebra thus corresponds to the spin process.

Finally there are other commutative algebras which are invariant under
the completely positive map. They are generated by the center of A(SU(2))
and by a one parameter subgroup. Each such algebra is a maximal abelian
subalgebra of A(SU(2)), and its spectrum can be identified with the set of
pairs (m,n) of integers such that n > 1 and m € {n—1,n—3,...—n+1}. One
can compute the associated Markov semigroup, using the Clebsch Gordan
formulas for products of coefficient functions of the group SU(2). However
the images of such an algebra by the morphisms (j,)n>1 do not commute.
Thus in this way we get a noncommutative dilation of a purely commutative
semigroup. We will come back to this Markov chain when we study Pitman’s
theorem and quantum groups.

6 Random Walks on Duals of Compact Groups

It is easy to generalize the construction of the preceding section by replacing
the group SU(2) by an arbitrary compact group G. We will do a construction
parallel to the usual construction of a random walk on a group. Let ¢y and ¢
be continuous positive definite functions on G, with ¢g(e) = ¢(e) = 1, thus
these functions correspond to normal states vy and v on A(G). The state v
will play the role of initial condition of our Markov chain, whereas the state
v represents the distribution of the increments. To the state v is associated
a completely positive map

B, AG) — AG) &, =(I®v)o0A.

The completely positive map generates a semigroup @;n > 1. We now build
the infinite tensor product N'= A(G)*> with respect to the state vy @ v®>,
and obtain a noncommutative probability space (M,w). Let T : N' — N
defined by A®s where s : A(G)[H=l — A(G)[>lis the obvious isomorphism.
Let j, : A(G) — N be the morphisms defined by induction j, = T™ o where
i(a) = a ® I* is the inclusion of A(G) into the first factor (strictly speaking
this is an inclusion only if the state vq is faithful).

Let us translate the above construction in the case of an abelian group,
in terms of the dual group G. The states v and 1 correspond to probability
measures on é, the probability space is now the product of an infinite number
of copies of C?, with the product probability vy ® v®°°, and the maps j,
correspond to functions X,, : G — G given by X090, 915y Gky--.) =
9091 - - - gn—1- We thus recover the usual construction of a random walk.
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For n > 0, we let \V,, be the algebra generated by the first n + 1 factors
in the tensor product. There exists a conditional expectation w(.|N,) with

respect to the state w onto such a subalgebra, it is given simply by I ® v>°
on the factorization N' = A(G)®"+1) @ A(G)®>.

Proposition 6.1. The morphisms (jn)n>0, together with the von Neumann
algebras N, N,,,n > 0 and the state w, form a dilation of the completely
positive semigroup (D) n>1, with initial distribution vy.

The proof of this proposition follows exactly the case of SU(2) treated in the
preceding section.

Let H be a closed commutative subgroup of G, then its dual group H
is a countable discrete abelian group. The von Neumann subalgebra A(H)
generated by H in A(G) is isomorphic to L>(H), and the restriction of
the positive definite function ¢ to H is the Fourier transform of a probability
measure j; on H. The coproduct A restricts to a coproduct on the subalgebra
generated by H, thus the images of A(H) by the morphisms j, generate
commuting subalgebras of A/. These restrictions thus give a random walk on
the dual group H, whose independent increments are distributed according
to .

We now consider another commutative algebra, namely the center Z(G) of
A(G). Recall that this center is isomorphic with the space L (&) of bounded
functions on the set of equivalence classes of irreducible representations of G.
As a von Neumann algebra of operators on L?(G), it is generated by the
convolution operators by integrable central functions (recall that a function

f on G is central if it satisfies f(ghg™!) = f(h) for all h,g € G).
Proposition 6.2. The algebras j,(Z(G));n > 1 commute.

Proof. Let a,b € Z(G) and let k <[ we have to prove that ji(a) and j;(b)
commute. Let o' =i(a),b’ =i(b), and note that a’ and b’ belong to the center
of N. One has
Ji(a)ji(b) = T*(a’)TH(T'F(1"))

— Tk(a/Tl—k(b/))

— Tk(Tl—k(b/)a/)

= 7/ 7 (o)

= Jji(b)jr(a)

Furthermore one has.
Proposition 6.3. If the function ¢ is central then ®,(Z(G)) C Z(G).

Proof. Indeed if 1 is central function, belonging to A%(G), then @, (¢)) = ¢
is a central function on the group, and thus defines an element of Z(G). O

We deduce from the preceding propositions that, in the case when the in-
crements correspond to a central state, the restriction of the dilation (4, )n>0

to the center of the algebra A(G) defines a Markov process on G, whose
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transition operator is given by the restriction of @, to the center Z(G). We
shall now give a more concrete form of the transition probabilites of this
Markov chain.

Proposition 6.4. For x an irreducible character of G, let

ox =Y hs(X's )X

x'eqG

be the expansion of the positive definite central function ¢x into a combination
characters, then the probability transitions of the Markov chain obtained from
the restriction of (jn)n>1 to the center are given by

ps(x'sx) = m%(x’,x)

Proof. For x € G, the convolution operator associated with the function
dim(x)x is the minimal projection of Z(G) associated with x. In other words
it corresponds to the indicator function 1, in the isomorphism of L>(G)
with Z(G). The transition operator for the restriction of the dilation to the
center is the restriction to this center of @,,. On the other hand, the transition
probabilities py(x, X’) are related to these indicator functions by @,,(1,/) =

> Po(X', X)Ly The conclusion follows immediately. O

7 The Case of SU (n)

7.1 Some Facts About the Group SU(n)

We shall investigate the quantum random walk defined in the preceding
section when the group G is the group SU(n) of unitary matrices with de-
terminant 1. First we recall some basic facts about this group and its repre-
sentations. Let T C SU(n) be the subgroup of diagonal matrices, which is a
maximal torus. The group of characters of T is an n — 1 dimensional lattice,
generated by the elements (the notation e is here to suggest the exponential
function)

u1 0
ee)(| . =1y
0 Up,

These elements satisfy the relation (written in additive notation) e; +
ez + ...+ e, = 0, which corresponds to the relation e(ey)e(ez)...e(e,) =1
for the characters. We denote by P this group, and by P, the subset of
positive weights, i.e.

P+ = {m161 —+ ... +mn,1en,1|m1 2 mo Z e 2 mn,l}
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We shall also need the set
Pii={mier+...+mp_1en_1lmi >ma>...>my_1}
and note that the two sets are in bijection by
P, =P +p (7.1)

where p = (n—1)e; + (n—2)ea +. ..+ e, is the half sum of positive roots.
The symmetric group acts on this character group by permutation of the e;.

Below is a picture of P and P for the group SU(3). Thus P consists of
the points in a triangular lattice in the plane, and P, is the intersection of
this triangular lattice with a cone, fundamental domain for the action of the
symmetric group Ss3. The subset P consists in points of P, which are in
the interior of the cone.

Recall from the representation theory of the group SU(n) (see e.g. [BtD],
[GW], or [Z]) that the equivalence classes of irreducible representations of
SU(n) are in one to one correspondence with the elements of P, which are
called “highest weights”. For each x € P let e(z) be the associated character
of T, then the character of the representation with highest weight ©z € P
given, for u € T, by Weyl’s character formula

() - Zrcs, (@)elote + )W
X > e, c(0)elo(p)(w)

In particular the defining representation of SU(n) has character e(e;) +. ..+
e(en) corresponding to the highest weight e;. The normalized positive definite

(7.2)
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Fig. 3 The random walk on the dual of the maximal torus for SU(3).

function on SU(n) corresponding to this character is ¢(g) = 277(g). We shall
investigate the quantum random walk associated with this positive definite
function.

7.2 Two Classical Markov Chains

We shall obtain two classical Markov chains by restricting the Markov chain
associated with ¢ to suitable subalgebras of C*(SU(n)). The first subalgebra
is that generated by the maximal torus T. This algebra is isomorphic to the
algebra of functions vanishing at infinity on the dual group P. It is easy to
see that the restriction to the torus of the quantum random walk (j,)n>0,
constructed using ¢, is a random walk on the lattice P with increments
distributed as %(561 + ...+ 0,). Its one step transition probabilities are
given by

p1($7y):% ify€{$+61,...7l'+6n}

pi(xz,y) =0 if not

We give the picture for the case of the group SU(3).

The second subalgebra is the center of C*(SU(n)). By the preceding sec-
tion, it can be identified with the space of functions vanishing at infinity on
P, . We shall rather use the identification of the set of irreducible represen-
tations with P given by (7.1). As we saw in section 6 the restriction of the
dilation (j,)n>0 gives a classical Markov chain on the spectrum of the center,
therefore we obtain in this way a Markov chain on P, the generator of the
Markov chain being given by the restriction of the generator of the quantum
Markov chain on A(SU(2)).



Introduction to Random Walks on Noncommutative Spaces 85

We shall now derive a relation between these two Markov chains (the one
obtained from the maximal torus, and the one from the center). The set of
highest weights, P is the intersection of P with the Weyl chamber, which
is the cone

C={rie1+...+zp_1€pn_1lr1 >22>...> 28 1}

We consider now the random walk on P killed at the exit of this cone. Thus
the transition probabilites of this killed random walk are given by
po(x7y):% ify6P++ﬂ{x—|—el,...,x—|—en}

p’(x,y) =0 if not.

The sum Zy p°(x,y) is < 1 for points near the boundary, corresponding to
the fact that the random walk has a nonzero probability of being killed.

Let z € P, and consider the irreducible representation &, of SU(n), with
highest weight © — p. We can use Weyl’s character formula (7.2) for decom-
posing the representation &, ® &, (where &, is the defining representation of
SU(n)).

We remark that & Z?zl ele;) =4 > oes, €(a(er)). One has

_1 e(e e(e 2oes, A0)o(w))
XnXz—p = n( ( 1) ot ( Tl)) ZUESn E(U)E(U(p))

_ Ses, Socs, €(0)e(o(x) + 7(en))(w)
Y5 ((@)ela(p))

2 i1 2oes, €(0)e(o(x + ¢5))
Yoes, €(@)e(a(p))

o Z Xy—p

ye{zter,xz+tea,...,.x+en, JNP L4

1
n

—_

since if y = x + e; belongs to P, \ P then it is fixed by some reflexion in
Sy and thus the sum > ¢ €(o)e(o(z + ¢e;)) vanishes.

For z € P44, let us denote h(z) the dimension of the representation
with highest weight = — p. We conclude from the preceding computation and
Proposition 6.4, that the transition probabilities for the Markov chain on
P, are

qlz,y) = %po(x,y) z,y, € Pyy (7.3)

Since the transition operator is unit preserving, it follows in particular that
the function A is a positive harmonic function with respect to the transition
kernel pY, i.e. satisfies
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h(z) = Z h(y)p°(z,y) for all x € Py,
y

Again we draw the picture in the case of SU(3).
Let us recall that, given transition (sub)probabilities p(x,y) for a Markov
chain, and a positive harmonic function h for p, i.e. a function such that

h(z) = Z h(y)p(xz,y) for all x

one calls the Markov chain with transition probabilities %p(z,y) the

Doob conditioning, or h-transform, of the Markov chain with transition
probabilities p.
We can summarize the preceding discussion in the following proposition.

Proposition 7.1. The Markov chain obtained by restriction to the center
is related to the random walk on the dual of the mazimal torus by a killing
at the exit of the Weyl chamber followed by a Doob conditioning using the
dimension function on the set of highest weights.

For more information on Doob’s conditioning, I refer to the books by
Kemeny, Knapp and Snell [KKS], or Revuz [R].

One could ask whether this relation, between the Markov chains on the
dual of the torus and on the center, holds for more general groups and positive
definite functions. It turns out that the fundamental concept in this direction
is that of a minuscule weight, see [B3] for more details.



Introduction to Random Walks on Noncommutative Spaces 87

8 Choquet-Deny Theorem for Duals of Compact Groups

8.1 The Choquet-Deny Theorem in an Abelian Group

As we have seen in the preceding section, the fact that the dimension function
is a positive harmonic function on the Weyl chamber plays an important role
in understanding the quantum random walk on the dual of SU(n). A natural
question arises, is this positive harmonic function unique? We shall answer
this question, which is purely a question of “classical” potential theory using
the theory of quantum random walks. Actually we shall do this by extending a
well known result of Choquet and Deny [CD] on harmonic measures for locally
compact abelian goups. The Choquet-Deny theorem describes completely the
solutions of the convolution equation

pro=2¢ (8.1)

on a locally compact abelian group G, where p is a positive finite measure, and
¢ is an unknown positive measure. One assumes that the subgroup generated
by the support of u is the whole group. In order to state the Choquet-Deny
theorem, one needs to define the exponentials on the group G. These are the
continuous functions f on G, with values in ]0, +00[, which are multiplicative,
i.e. satisfy

f(gh) = f(g9)f(h)

for all g, h 6 G. An exponential e : G —]0, +o0[ is called p-harmonic if one
has [ e ¢ ¢(=z)u(dx) = 1. The set of y-harmonic exponentials is a Borel subset
of the set of all continuous functions on G, which we denote by &£,. Let ¢ be
a positive measure on G of the form ¢(dx) = e(x)dx where dx is the Haar
measure on G and e is a y-harmonic exponential, then one has for all positive
measurable functions f

f(; x)¢ * pu(dx) f(; fG (x4 y)p(dz)pu(dy)
= Jo Jo Fa + y)e(z)dzp(dy)
= Jo fo (z) z -~ )dfw(dy)
= fc e(x)dx fG )u(dy)
= Ja f(a: o(dx)

therefore the measure ¢ is p-harmonic. i.e. satisfies the equation (8.1). The
Choquet-Deny theorem states that every solution is a convex combination of
solutions of this kind.

Theorem 8.1 (Choquet-Deny). Assume that the subgroup generated by
the support of the measure u is G, then every positive measure ¢, solution
of the convolution equation (8.1), is absolutely continuous with respect ot the
Haar measure on G, and its density has a unique representation as an integral
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dqz(;) :/g e(x)dvg(e)

mn

where vy is some finite positive measure on E,.

This result contains in particular the determination of all positive har-
monic functions for the transition operator associated with the measure p,
indeed if h is such a positive p-harmonic function, then the measure h(—z)dx
is a p-harmonic measure.

Note that a locally compact abelian group corresponds to a commutative
and cocommutative Hopf C*-algebra. What we shall do next is to extend this
theorem to (a class of) cocommutative Hopf C*-algebras. This will allow us to
answer the question about the uniqueness of the positive harmonic function.
Before we state our analogue of the Choquet-Deny theorem on the dual of a
compact group, we will first clarify some points about states and weights.

8.2 Some Further Properties of Duals of Compact
Groups

Let G be a compact group and A(G) be its von Neumann algebra. This
von Neumann algebra has a structure of cocommutative Hopf-von Neumann
algebra for the coproduct A, counit € and antipode ¢ given respectively by
continuous linear extension of

ANg) =Ag® Ay e(Ag) =6ey i(Ag) = A

g—l.

We have seen in section 4.3 that the convolution of two finite normal weights
u and v on A(G) is defined by the formula p* v = (p ® v) o A. Assume
now that p is a positive finite weight and ¢ is positive, then we can write ¢
as a sum of finite weights ¢ = > ¢, with respect to the restrictions of ¢
to the subalgebras M,. The sum YV ¢y is then a sum of positive finite
weights and thus it defines a (not necessarily normal) weight on A(G). We
can therefore consider the equation (8.1) where this time p and ¢ are positive
normal weights, with p finite.

Next we define the notion of exponential. The following definition is a
straighforward extension of the definition in the case of abelian groups.

Definition 8.2. A group-like element is a non zero element f of A(QG), such

that
Alfy=f® .

If this element is positive, then we call it an exponential.
If 11 is a finite weight, f is an exponential and u(i(f)) = 1 then we call f
a p-harmonic exponential.

Let f, g, h be positive elements in ~A(G) then one has the identity
tr(f ®gA(h)) = tr(i(h) ® gA(i(f))) (8.2)
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which is easily checked on coefficient functions. Let ¢g € A( ) be associated
to p, i.e. u(.) =tr(g.), then it follows from 8.2 that for all h

¢ pu(h ) tr(f © gA(h))
tr(i(h) ® gA(i(f)))
((§ Ji(£))tr(gi(f))

Thus if f is a p-harmonic exponential, and ¢ is the weight associated with
f, then ¢ satisfies the equation (8.1).

8.3 The Analogue of the Choquet-Deny Theorem

We shall assume that the state v satisfies a non degeneracy condition which
is the analogue, in the noncommutative setting, of the requirement that the
support of the measure generates the whole group. This condition states that
for every finite weight p on A(G) which is supported by some algebra M, for
X € G, there exists an integer n > 1 and a constant ¢ > 0 such that cv*” > p.

Theorem 8.3. Let ¢ be a v-harmonic weight, then there exists a unique finite
positive measure on the set of v-harmonic exponentials such that

¢=/guedm¢<e>

Sketch of proof. We let S, be the convex cone of normal weights satisfying
$xv <o

This cone is a closed subset of A, and we can use Choquet’s integral repre-
sentation theorem to conclude that any element of this cone can be written
as the barycenter of a measure supported on the set of its extremal rays. Now
one can analyze the extremal rays of this set, and see that such an extremal
ray consists in multiples of an exponential. The uniqueness argument comes
from the existence of an algebra of functions on the cone, which separates
points, see [B4] for details.

8.4 Examples

For a finite group, the set of exponentials is reduced to the identity.

If the state v is tracial, then there exists only one v-harmonic exponential,
namely the identity. In the case of the group SU(n), the exponentials are in
one to one correspondence with the positive elements in SL(n, C).
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From these results we deduce that the positive harmonic function A of
Proposition 7.1 was unique. Indeed in order to prove that a function h is
the unique (up to a multiplicative constant) positive harmonic function for
a transition kernel p, it is enough to check that all the positive harmonic
functions for the relativized kernel Zg; p(x,y) are constant, which is what

the Choquet-Deny theorem tells us.

9 The Martin Compactification of the Dual of SU(2)

In the preceding section we have seen that the classical Choquet-Deny theo-
rem about solutions of convolution equations has an analogue in duals of com-
pact groups. This allows one to give an explicit description of all y-harmonic
positive functions for a finite positive measure p on a commutative group.
By the Choquet-Deny theorem the positive p-harmonic functions admit a
unique integral representation in terms of minimal p-harmonic functions,
and these minimal harmonic functions can be identified with exponentials.
The next natural question in this line of ideas is to describe the Martin com-
pactification associated to a random walk with values in Z™. This Martin
compactification provides a way to attach a boundary to the space Z™ in
order to obtain a compact space, where the boundary is naturally identified
with the set of minimal py-harmonic functions. The Martin compactification
of Z™ was computed by Ney and Spitzer in a classical paper [NS], where
they showed that it consists in adding a sphere at infinity, and identifying
this sphere with the set of minimal harmonic functions with the help of the
Gauss map. In this section we will describe the Martin compactification of
some quantum random walks with values in the dual of SU(2). We will first
recall some basic facts about classical Martin boundaries, then describe Ney
and Spitzer’s theorem, before going to the case of the dual of SU(2).

9.1 The Martin Compactification for Markov Chains

Consider a Markov chain on a countable state space E. The Markov chain
has transition subprobabilities p(z,y),z,y € F, i.e. we have Zyp(m,y) <1,
so that the kernel is submarkovian and the process may die in a finite time.
There is an associated transition operator given by

Pf(x) =" plz,y)fy)

yeE

and the iterated operator is given by n-step transition probabilities

P f@) =3 pala,y)f(y)
E
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We assume that the associated Markov chain is transient, so that the potential

n=0

is finite, i.e. the function
o0
u(z,y) =Y pal,y) < oo
n=0

Let us choose an initial distribution r(dz) such that the function rU(y) =
> pu(z,y)r(de) is everywhere > 0. The Martin kernel is defined by

k) = 25

It follows from the Harnack inequalities that the functions k(x,.) form a uni-
formly continuous family on E. The Martin compactification of the Markov
chain is the smallest compact topological space E,, which contains F as a
dense subset, and such that these functions extend continuously to the bound-
ary OF, = E, \ E. This space exists because the functions k(z,.) separate
the points of £ and because of the uniform continuity. For any £ € 0F,
the function = — k(z,&) is a p-harmonic function. Recall that a positive p-
harmonic function f on E is called minimal if for every positive p-harmonic
function g satisfying ¢ < C'f for some C > 0, one has actually g = c¢f for
some constant c¢. One can prove that any minimal p-harmonic function f,
which is r-integrable, is a multiple of k(., &) for some ¢ € OF,. The subset
OFEy, of £ € OF, such that k(.,€) is minimal is a Borel subset, and one can
prove that any positive p-harmonic function f, which is r-integrable, admits
a representation

f= k(., €)dm(€)

oFE,

with a unique positive measure m.

9.2 The Martin Compactification of Z¢

When the Markov chain is a random walk on Z¢, with increments distributed
as /1, a (sub)probability measure on Z?, we have seen that every positive y-
harmonic function admits an integral representation in terms of exponentials.
When the increments of the random walk are integrable, Ney and Spitzer have
determined explicitly the Martin compactification of Z¢, which we shall now
describe. Let ¢ : R? — [0, +-00] be the function

dx) =Y e u(dy)

yEeZ
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We assume that it is finite in a neighbourhood of the set

& =A{zlo(z) =1}

Then the set &, is the boundary of the convex set {z|¢(x) < 1} and it is
either reduced to a point or homeomorphic to a sphere. In the latter case the
homeomorphism can be expressed thanks to the Gauss map as

Vo
IVoll

Since ¢ is convex this is a homeomorphism from &, onto the unit sphere. Ney
and Spitzer proved that the Martin compactification is homeomorphic to the
usual compactification of Z¢ by a sphere at infinity, where the identification
between the sphere and the set of minimal u-harmonic functions is provided
by the map above.

9.3 Noncommutative Compactifications

Before we investigate the problem of finding an analogue of the Ney-Spitzer
theorem for the dual of SU(2) let us translate in the noncommutative lan-
guage the notion of a compactification of a topological space. So let X be a
topological space, and X a compact space such that X C X is a dense open
subset, and X = X \ X is the boundary, then C(X) is can be identified
with a subalgebra of Cj,(X), the algebra of all bounded continuous functions
on X, and one has an exact sequence

0— Co(X) — C(X)— C(0X) —0

where the first map is the continuous extension, to X, by 0 on the boundary,
of a function on X, and the second map is the restriction to a closed subset.
A compactification of Cp(X) is thus given by a certain commutative C*-
subalgebra of the multiplier algebra of Cy(X), containing Cy(X). In the case
of the Martin compactification this subalgebra is just the algebra generated
by Co(X) and by the functions y +— k(z,y). The vector space generated by
functions of the form y — k(x,y) can be identified with the image of the
Martin kernel, considered as an integral operator f — > o f(x)k(z,y). It
is this interpretation of the Martin kernel that has a natural noncommutative
analogue.

9.4 The Martin Kernel for the Quantum Random
Walk

We consider a central quantum random walk, therefore we have a positive
definite central function ¢ on SU(2) such that ¢(e) < 1, and the associated
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state v on A(SU(2)). We have seen that it has an associated transition kernel
given by the completely positive map @, = (I ® v) o A. This map acts as
Ag — @(g)A, on the generators Ay of the von Neumann algebra A(SU(2)). We
know that if ¢(e) = 1 then there exists only one ¢-harmonic weight, namely
the one given by the function 1. In this case we expect that the Martin
boundary will be given by a one point compactification, which consists just
in adding a unit to the algebra, so in order to avoid this case, we shall assume
here that ¢(e) < 1

We can consider the associated potential which is equal to U = ZZOZO o7,
and which acts by multiplication by the function )~ o = i 3 We shall
consider the action of the potential on the space of Coefﬁments i.e. the di-
rect sum @, M, where each element of this space can be identified with a
polynomlal function on SU(2) acting by convolution, i.e. by the operator
f SU2 g)Agdg. Then the Martin kernel will be defined, by analogy with the
case of classmal Markov chains, by

(9)
fsu@) — ¢( ))‘ dg
/\ gdg

p [
fSU(z) T=4(9) ¢>
Note that the operator [g; ) 7= ¢ sAgdg lies in the center of A(SU(2)),
therefore there is no ambiguity in the quotient of the preceding formula.

9.5 Pseudodifferential Operators of Order Zero
and the Martin Compactification

In order to find the Martin compactification of the quantum random walk,
we shall identify the C*-algebra generated by C*(SU(2)) and by the image of
the Martin kernel, and show that it gives rise to a three terms exact sequence.
We will first exhibit a certain exact sequence

0— C*(SU(2)) = M — C(S?) =0 (9.1)

where M is our sought for Martin compactification, and C'(S?) is the algebra
of continuous functions on the two dimensional sphere 2. For this we consider
the three operators in A(SU(2)) associated with Pauli matrices, which we call
X,Y, Z, and the Casimir operator C = X2+Y 2+ Z2+1 which acts by (n+1)?
on the space of coefficients of the n-dimensional representation of SU(2), and
build three operators

x=XC '\ y=yC T\ 2 =2C""7

Clearly these operators are self-adjoint and bounded. Using the commutation
relations (3.1) one can see that [z,y], [z,2], [y,2] and 22 + y? + 2% — I are
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compact operators on L?(SU(2)). It follows that there exists a map from
the algebra generated by z,y,z to the algebra of polynomial function on
the sphere, sending z,y, z to the three coordinate functions, and this map
vanishes on the compact operators. Actually this map extends by continuity
to the C* algebra generated by z,y and z and yields the exact sequence (9.1).
One can interpret also the algebra M as the algebra of right invariant pseudo
differential operators of order zero on SU(2), then the map M — C(S?) of
(9.1) is the principal symbol map (see [B5]). Once we have introduced the
exact sequence above, we can state the theorem which is the analogue, for
central states on the dual of SU(2), of the Ney-Spitzer theorem.

Theorem 9.1. The C* algebra generated by the image of the Martin kernel
is the algebra M. The Martin kernel yields a section K : C(S?%) — M.

The proof of the theorem relies on a detailed analysis of the Clebsch-Gordan
formulas, see [B5].

Recently the problem of the Martin or Poisson boundary have been con-
sidered for quantum groups, see [Col], [I], [INT]

10 Central Limit Theorems for the Bernoulli Random
Walk

Just as in the classical case there exists central limit theorems for the
Bernoulli random walk, however the noncommutativity here plays an im-
portant role, and according to whether the state we chose is central or not
the limit is quite different.

10.1 The Case of a Central State

We consider the triple of processes (X, Y,, Z,)n>1 constructed in section
(3.1). We use the tracial state to contruct the product, My(C)®> which is
thus endowed with the tracial state o = (%Tr)®°°. We renormalize the three
processes according to

X Y; Z
Xt(/\): [At] y ) — I 7 _ 2\

VA ' VA VAN

where [z] is the integer part of x. This triple of processes converges when
A — 00, in the sense of moments, towards a three dimensional Bownian
motion.

Theorem 10.1. Let (X,,Y;, Z;)i>0 be a three dimensional Brownian motion,
then for any polynomial in 3n noncommuting indeterminates P, and all times
t1,...,tn, one has
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. A A A A A A
limy oo o (P(XY, YV, 2 x Y v Z)) =
E[P(Xt17}/;17 Zt17' B 7thaY;5naztn)]

Let us sketch the proof of this result. It is enough to prove the result for
monomials. First we see that for any real coefficients x,y,z the process
xXt(A) + th(A) + szQ) converges towards real Brownian motion. By po-
larization this implies that for any monomial in X,Y, Z the sum over all
monomials with the same total partial degrees in X, Y, Z converges towards
the required limit. Consider two monomials of the form M 1Xt()‘)YS()‘)M2 and
Mle(A)Xt(A)Mg, their difference is, thanks to the commutation relations,
M, Zii\\)tMg/\/X This is a monomial of smaller degree, with a factor 1/v/X. We
conclude, by induction on degrees of monomials, that the difference betwen
the expectations of the two monomials MlXt()‘)YS(A)Mg and MlYS()‘)Xt()‘)MQ
converges to 0 as A — oo. It follows that the expectations of all monomials
with the same partial degrees in variables converge to the same limit. O

We observe that the spin process, normalized by Siys/ VA converges in
distribution to a three dimensional Bessel process as A — oo.

10.2 The Case of a Pure State

Now we consider the quantum Bernoulli random walk with the pure state
given by the vector eyg. We shall consider the convergence of the moments of
the triple of processes

X Ying Zpg
) ) ;0> 0.
N HE

We shall prove that there exists operators (X;,Y;, Z;);>0 on some Hilbert
space H with a vector {2 € H, such that for every polynomial in noncom-
muting indeterminates P(Xy,,Y:,, Ze,,- .-, Xt,, Y2, , Z¢, ) one has

(XM, v ZM) = (

) A A A A A My oo
hmn—>oo<P(Xt(1)aY;t(1 )7215(1)7"'7Xt(n))yti )’Zt(n))eo ’680>) =

<P(Xt17)/tlaZt17--'7Xt Y;ﬁnvztn)gv 'Q>

n?

For this we shall first investigate the case where n = 1,¢; = 1, thus we have

just three operators (Xf, Yo Zu) and let n — co. Let H be a Hilbert space
n’y/n’ n
with a countable orthonormal basis ¢q, ..., &y, ..., and let us define operators,

with domain the algebraic sum @ ,Cs;, by the formula

a+(5i) = \/j+_15j+1 (10.1)

a”(g5) = Vieia
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Theorem 10.2. For any polynomial in three moncommutative indetermi-
nates one has

. X, Y, Z _ 1 _
nh—>n<§o<P(T’27 T:La 7”)66@”7 668)”> = <P(CL+ +a, 2(0’4_ —a )7 1)50550>
The proof is immediate by inspection of the formula (3.2) and comparison
with (10.1). O
Observe that one has the adjointness relations
{atu,v) = (u,a”v)
for all u, v in the domain. It follows that the operators a™+a~ and 1 (a™—a™)
are unbounded symmetric operators on H, and thus are closable. We will see
below that they have self-adjoint extensions. They satisfy the commutation
relation
[at,a"]=—1I

on their common domain, spanned by the vectors ¢;.

The operators a™,a~ thus obtained are well known under the name of
creation and annihilation operators for the quantum harmonic oscillator. One
can give a natural model for these operators using a gaussian random variable.
For this, remark that the distribution of the operator a™ + a~ is gaussian.
This follows easily from the fact that each X, follows a standard binomial
distribution, and the convergence of this binomial distribution to the gaussian
distribution, by the de Moivre-Laplace theorem. This property of the operator
at + a~, and the fact that &g is a cyclic vector for a™ 4 a~, i.e. the vectors
(a* + a7 )"ep span a dense subspace of H, allows us to identify the space
H in a natural way with the L? space of a gaussian random variable. The
vectors g, can be obtained from the vectors (a*+a~)" by the Gram-Schmidt
orthogonalization procedure. It is well known that, for a gaussian variable X,
the polynomials obtained by the Gram-Schmidt orthonormalization process
from the sequence X" are the Hermite polynomials. Thus when we identify
the space H with the L? space of the gaussian measure on R the vectors &,
become identified with the Hermite polynomials. Then the operator a™ is

identified with % and the operator a® with x — %.
The product a™a™ has eigenvalues 0, 1,2, ... corresponding to the the re-
spective eigenvectors g, €1, . ... It is known as the number operator in quan-

tum field theory.

We will in the next section systematize the construction above and show
how to deduce the limit of the renormalized quantum random walk to a
quantum Brownian motion.
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10.3 Fock Spaces

Let H be a complex Hilbert space. For each integer n the symmetric group
S, acts on H®™ by permutation of the factors in the tensor product.

Definition 10.3. We denote H°" the subspace of H®" formed by vectors
invariant under the action of S,,.
If hy,..., h, € H then we let

1
hio...oh, = — ho)y ® ... R hy,
1 ﬁn!a%s: (1) (n)

which is a multiple of the orthogonal projection of h1 ®...® h, on H°". One
has

(hy...ohpbyo. . ohl)y=">" T](hi k)
ogeS, i=1

The Fock space built on H is the Hilbert space direct sum

where H°Y is a one dimensional Hilbert space spanned by a unit vector
(2, called the vacuum vector of the Fock space. The algebraic direct sum
algm=oH ", denoted by I'y(H), is a dense subspace of I'(H).
For every h € H we define the exponential vector associated with h by
[oe]
hO’I’L
JOEDS

n=0

n!

one has
(&(R), E(R)) = etk

furthermore the vectors £(h);h € H form a linearly free subset, generating
algebraically a dense subspace of I'(H).

If the space H is written as the orthogonal direct sum of two Hilbert
subspaces H = Hy ® Hs, then there is a canonical isomorphism

I(H) ~ I'(Hy) @ I'(Ha) (10.2)

which can be obtained, for example, by identifying the exponential vector
&(vi4vg) € I'(H), where vy € Hy and vy € Hy, with the vector £(v1)®@&(ve) €
I'(Hy) ® I'(H3).

Let h € H, we define two operators on the domain I'h(H) by

aj(hio...ohy)=hohjio...oh,
a;(hlo...ohn):Z?:1<hi,h>h1o...ohio...ohn
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Operators of the form az are called creation operators while the a, are

called annihilation operators. When H is one dimensional, generated by a
unit vector u there is a natural identification of I"(H) with the Hilbert space
of the preceding section where the vector u°" is identified with v/nle,. Then
the operators a; and a,, coincide with a™ and a~.

Another operator of interest on I'(H) is the number operator A which has
eigenvalue n on the subspace H°™. If (e;);es is an orthonormal basis in H,
then the number operator A has the expansion

— + .-
A= g ag ..
i

One can see that the creation and annihilation operators satisfy the adjoint
relation
(afu,v) = (u,a, v) h,u,v e Iy(H)

as well as the commutation relation

[y ] = —(h, k)1
on the domain I'h(H). In particular they are closable, and it is easy to see
that the exponential vectors belong to the domain of their closure, with

af &(h') W +th)i—o a,&(R) = (W, h)E(R) (10.3)

We shall see that the real part of the creation operator P, = a;—&—a; has a self-
adjoint extension, as well as its imaginary part Q);,. For this we consider the
following Weyl operators, given on the vector space generated by exponential
vectors by the formula

Wit (h) = E(h + w)e(hmd =3
It is easy to check that

(Wug(h), Wug(h)) = (§(h), §(h")) (10.4)

for all u,v, h,h' € H, therefore the operators W, extend to unitary operators
on I'(H), furthermore

W W,y = Wy ype S (10.5)

and for any u € H the operators (Wis,;t € R) form a one parameter group
of unitary operators, whose generator is given by P, on exponential vectors.
Similarly, the operators (Wy,;t € R) form a one parameter group of unitary
operators, whose generator is given by @Q,,, and more generally for 6 € [0, 27|
the vectors (W,ie,;t € R) form a one parameter group of unitary operators,
whose generator is given by cos 0Q, + sin6P,,.
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It follows from Stone’s theorem that P,, Q,, and all their linear combina-
tions, have a self adjoint extension. These operators satisfy the commutation
relation

[Py, Q] = —2iR(u, v).

We observe that if H splits as an orthogonal direct sum H = H; & Hs and
u € Hq, then the operator W, admits a decomposition W,, = W,, ® I in the
decomposition (10.2).

Let now K C H be a real Hilbert subspace such that S(u,v) = 0 for
all u,v € K (if K is maximal, it is called a Lagrangian subspace), then by
(10.5) the unitary operators W,;u € K form a commutative family, and the
generators P,,u € K of the one parameter subgroups (Wi,;t € R) form
a commuting family of self-adjoint operators with common dense domain
I'o(H). We can therefore investigate the joint distribution of these operators.

Proposition 10.4. The operators Py, foru € K form a gaussian family with
covariance (P, P,) = (u,v).
The operators Q., for u € K form a gaussian family with covariance

<Qua Qv> = <u’ U>'

For the proof it is enough to prove that any linear combination of these
operators has a gaussian distribution with the right variance, i.e. that P, is
a gaussian with variance (u, ). For this one computes the Fourier transform

(€702, 2) = (e7£(0),£(0)) = (E(u)e™ 2" £(0)) = e~z (ww)

The proof for the operators ., is similar. O

We let now H = L%(R, ), and take as Lagrangian subspace the subspace of
real valued functions. Then the family (P := Py, 5t > 0) has the covariance
(P;, Ps) = sAt, and thus has the distribution of a real brownian motion. The
same is true of the operators @Q; := %(af{olt] - al_[w) which form another

Brownian motion satisfying the commutation relations
[P, Q] = 2it

We shall call the pair (P, Q¢)r>0 of continuous time processes a noncommu-
tative brownian motion.

We can now state the limit result we had in view in the beginning of this
section.

Theorem 10.5. For any polynomial P in noncommuting variables, one has

limy oo (PX, VN, 2 X v 7V eee o)) =

t1 ty

<P(Pt17Qt1vtl'Ia c '7Ptn7Qtn,atn-I))Q, Q>]

The proof is an elaboration of the proof we gave for one time.
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We shall see in the next section that, again, one can interpret this pair of
processes as a noncommutative Markov process with values in a noncommu-
tative space.

The noncommutative Brownian motion is the basis of a theory of noncom-
mutative stochastic integration which has been developped by Hudson and
Parthasarathy, see e.g. [Pa.

11 The Heisenberg Group and the Noncommutative
Brownian Motion

The Heisenberg group is the set H = C x R endowed with the group law
(z,w) x (2", w') = (2 + 2/, w+w' + (27))

This is a nilpotent group, its center being {0} x R, and the Lebesgue measure
on C x R is a left and right Haar measure for this group.

The Weyl operators defined in the preceding section on a Fock space I'(C)
define unitary representations of the group H, by setting, for 7 € R*,

pr(z,w) = W, /2™

if 7> 0 and '
,DT(Z, w) = ng.r‘l/ze“—w

if 7 <0.

Another family of representations is given by the one dimensional charac-
ters _
pe(z,w) = TGO

for £ € C.
All these representations are irreducible, are non equivalent and they ex-
haust the family of equivalence classes of irreducible representations of H.
We consider the C* algebra of H, which is the C*-algebra generated by
the convolution algebra L'(H) on L?(H). This algebra is a sub C*-algebra of
B(L?(H)). Let us denote z = g + ip then the Lie algebra of H is composed
of the vector fields

o 9. 9 a9 0

E 87q+pc'9w’ o o

We shall denote by iT,iQ, i P the unbounded operators on L?(H), affiliated to
C*(H), which correspond to these vector fields. Thus P, @, T are unbounded
self-adjoint operators, which satisfy the commutation relation

[P,Q] = —2iT.
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The "quantum plane”

[P.Q]=it The plane T=0

e

Fig. 5 The dual of the Heisenberg group.

As in the case of SU(2) one can give a heuristic description of the non-
commutative space dual to H using the generators of the Lie algebra of H,
which define three noncommuting unbounded self-adjoint operators P, Q,T.
We think of these operators as coordinate functions on this dual space, sat-
isfying the commutation relations

[P,Q] = —2T [P,T]=1[Q,T]=0.

Since the coordinate T' belongs to the center, it allows to decompose the
space into slices according to the values of this coordinate. When T = 0,
the coordinates P and ) commute, and the corresponding slice is a usual
plane, with two real coordinates. This corresponds to the one dimensional
representations of the group. When T' = 7 a non zero real number, the
two coordinates P, Q) generate a von Neumann algebra isomorphic to B(H),
and corresponding to the irreducible representation sending 7' to 7/. Note
that in this representation the operator P? + (Q? has a discrete spectrum
2|7|,6|7],10|7],.. ..
Let us consider, for ¢t > 0, the functions on H

O (2, w) = (pae(z,w) (2, Q) = eFitw— 582,

By construction, these functions are positive definite functions on H, and
form two multiplicative semigroups. To these functions correspond convo-
lution semigroups of states, and semigroups of completely positive maps.
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The semigroup of noncommutative brownian motion on the dual of H is
the associated semigroup of completely positive maps on C*(H). Recall
that this semigroup is obtained by composing the coproduct A : C*(H) —
M(C*(H)) ® M(C*(H)) (recall that M(A) is the multiplier algebra of A)
with the state associated with the function. Thus

oE = (V:E(X)I)OA

or equivalently
D () = ¢ (9)Ag forg e M.

Let v be a state on C*(H), and p, : C*(H) — B(H,) be the associated
GNS representation. We consider the two families of homomorphisms

ti : C*(H) — B(H, ® [(L*(Ry)))
jt (Z,’LU) = pI/(Zaw) ® Wzl[oyﬂ eiztw

We shall prove that these homomorphisms constitute dilations of some com-
pletely positive convolution semigroups on C*(H). For each time ¢ > 0 we
have a direct sum decomposition L?(Ry) = L?([0,t]) & L*([t, +oc]) and a
corresponding factorization

D(L2(R)) = D(EA([0, 1)) © D(L2([t, +o0])
Accordingly for each ¢ > 0 there are subalgebras

W, = BID(LA(0,4))) © I C BII(L¥(R,)))
and linear maps

By = 1d® (Q, )« BITLA(R,)) — W,
where (2 is the vacuum vector of the space I'(L*([0,])).

Lemma 11.1. For each t > 0 the map E; is a conditional expectation with
respect to the state (.£2,(2).

Indeed if a € B(L?*(R4)) has a decomposition a = a ® aj; then one has
Ei(a) = ay ® (ap Py, )
and for b,c € B(L?([0,1]))

(bac€(u), E(v)) = (Ei(a)c (uljoy),
= (bEi(a)c€(u), E(v)

One checks easily that the homomorphism ji© sends C*(H) to W, further-
more we have

;9(7111[0 ) apE (Ul 1oop)s B0l 4oo)))
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Proposition 11.2. The maps (ji, By, W) form a dilation of the completely
positive semigroup @ft, with initial distribution v.

Proof. This is a bookkeeping exercise using the definition of the Weyl oper-
ators, one has to check that, for t,s > 0 and u,v € L?(R, ), one has

(i (2, w)E (uljg ), E(vl04)) = eiisw_%s‘ZF<.jti(sz)g(UI[0,t])a5(7}1[0,t])>

O
For every one parameter subgroup of H, there is a completely posi-
tive semigroup given by restriction of (@f)tzo. For subgroups of the form
(22,0);u € R, with z € C* isomorphic to R, one sees that the semigroup is
that of Brownian motion on the dual group. Thus we recover the Brownian
motions (P, Q) of the preceding section by looking at j;(P) and j;(Q).
The restriction to the center (0,w);w € R gives a semigroup of uniform
translation on the real line.

11.1 The Quantum Bessel Process

Bessel processes are radial parts of Brownian motions. Here we shall exploit
the action of the unitary group U(1) on the Heisenberg group in order to find
an abelian algebra which is left invariant by the semigroup and study the
Markov process associated with the restriction of @ti to this subalgebra. Let
e be a complex number with modulus 1, then there exists an automorphism
ag of the Heisenberg group defined by

ag(z,w) = (e

zZ, W)
and this automorphism extends to an automorphism of the C* algebra.

Proposition 11.3. The subalgebra of C*(H) composed of elements invariant
under the above action of U(1) is an abelian C* algebra.

The characters of this abelian C*-algebra have been computed by A. Koranyi,
they are given by the formula

X(f) = /H w(9)f(9)dg

for f € L'(H), invariant under the action of U(1), where w belongs to the
set of functions

{WT,m‘T € R*,m € N} U {wu|u S R+}
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Fig. 6 The Heisenberg fan.

with . ) )
wrm(2,w) = mem AT L (|| |2[?)

wu(zaw) = .70(:“|z‘2)
Here L,, are the Laguerre polynomials defined by the generating series

xt

e 1—t

> Lyp(a)t™ = —
m=0

and jg is the usual Bessel function.

The spectrum of the algebra C7,(H) can be identified with a closed subset
of R?, which consists in the union of the halflines {(z, kz);x > 0} for k € N,
the halflines (z, kx);z < 0 for k € N*, and the halfline (0,y);y > 0.

It is the spectrum of the unbounded operator %(P2 + Q% —T), and this
algebra is the algebra of functions of this operator.

The picture gives a “fan” consisting of a union of halflines originating from
0 as depicted below.

We shall call noncommutatif Bessel semigroup the restriction of @ti to the
abelian subalgebra C}%(H). In order to compute this semigroup we need,
for each character w to decompose the functions wy; into an integral of
characters. The result is given by the following.

Proposition 11.4. The noncommutative Bessel semigroup ®; is given by
the following kernel.
If v = (0,—ko) with 0 <0 and T = o + ¢ then

londy) = Y- s (1= D )

g
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Fig. 7

If x = (0,—ko) witho <0 and 0=0 +t, (y=0,r) then

(5!
(k- 1)

If v = (0,—ko) with 0 <0 and 7 = o+ > 0 then

qi(x,dy) = e" 70y @ dr

oo

(I+k-1) T T
.’L' dy Z — 1 |l| 1 _ E)H—k(;)ka(r,lr)(diy)
=
If x = (0,7) then .
gz, dy) = e % 6411(dy)

I
If x = (0,ko) witho >0 and T =0+t

=k

l—1 O\ je1, O
(. dy) = lZ (L= D) T (D) (@)

The computations can be found in [B6].

A typical trajectory of the process is depicted in the above picture. It
starts from a point (o, —c) with ¢ < 0. During the whole process the first
coordinates follows a uniform translation to the right The trajectory starts
on the line y = —x, and with an intensity — +t, then jumps to the line
(y = —2x), which it follows before jumping to the next line (y = —3x) with
an intensity %, and so on, until it reaches after infinitely many jumps the
line = 0, then the process on the right half plane does the jumps from the
line (y = kz) to (y = (k— 1)), until it finally reaches the line y = 0 where it
stays forever. One can actually construct this process from a birth and death
process known as the Yule process, and the embedding of this process into
the Heisenberg fan yields a construction of the space-time boundary of this
process, see [B6].
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12 Dilations for Noncompact Groups

12.1 The General Case

We shall now extend the preceding construction to the case of arbitrary lo-
cally compact groups. Let G be a locally compact group, with right Haar
measure m, and consider its convolution algebra L!(G). We endow this alge-
bra with the norm ||f|| = sup ||p(f)|| where the supremum is over all unitary
representations p of the group G, extended to the algebra L!(G). This yields
the full C*-algebra of G, denoted C*(G). When the group G is amenable, for
example if G is compact or for the Heisenberg group which we have met be-
fore, this coincides with the completion of the action of the group on L?(G),
which is called the reduced C*-algebra of G. When the group is nonamenable,
C*(Q) is strictly smaller than C*(G). A continuous positive definite function
on G, such that p(e) = 1 defines a state as well as a completely positive
contraction on C*(G), whose restriction to L'(G) is given by f +— fip. Let
now 1t be a continuous, conditionally negative definite function on G, with
¥(e) = 0. Recall that this means that for all ¢ > 0 the function e~ is a
positive definite function on G, or equivalently, by Schonberg’s theorem, that
for all z1,...,2, € Cwith ), 2; =0, and g1,...,9, € G one has

> zzb(gy g <0.

ij
There is an associated semigroup of completely positive contractions on
C*(G). We shall now, following Parthasarathy and Schmidt [PS], construct
a dilation of this semigroup. Let v be a state on C*(G) which will be the
initial state. The GNS construction yields a unitary representation m of G on
a Hilbert space Hy, and n € H, such that v(x) = (n(x)n,n) for z € C*(G).
A variant of the GNS construction associates to the function 1 a unitary
representation of G in a Hilbert space Hy, and a cocycle v : G — Hy, for this
representation. Thus v is a continuous function which satisfies

v(gh) = gv(h) +v(g)

and
(v(g),v(h)) = =p(h ™" g) +4(g) +¥(h™") = (e) (12.1)

for all g, h € G. Conversely, any function v satisfying the above equation for
some representation and cocycle v is conditionally negative definite. Indeed

one has
> zz(g; ) =~ zvg)? <0
ij J

if Zij =0.
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Let I' = I'(L*(Ry) ® Hy), and let W = B(H, @ I') ~ B(H,) ® B(I').
Let w be the pure state on W associated with the vector n ® 2. One can
define the subalgebras W, = B(H, ® I') ® Id associated with the orthogonal
decomposition L?(R;) ® Hy = (L%([0,t]) @ Hy) & (L%([t, +oo[) ® Hy), and
the conditional expectations Ey : W — W; with respect to the state w. One
defines a unitary representation of G on exponential vectors by

VH(9)(E(u)) = e @ Toa@uDW e (g)(u) + 1o, @ vi(g))

One thus gets a representation of G on H; ® I by taking the tensor product
of V! with the representation =, and this yields a family of morphisms j; :

C*(G) — W.

Proposition 12.1. The family (j:, W, Wy, Ei,w) forms a dilation of the com-
pletely positive semigroup, with initial distribution v.

The proof is a bookkeeping exercise. This construction has been extended
by Schiirmann to a class of bialgebras, see [Sc], allowing him in particular to
give a nice construction of the Azéma martingales.

12.2 Free Groups

Let now Fj, be a free group on n generators g1, ..., g,. Each element of I,
can be written in a unique way as a reduced word w = gfll gf:, where
one has €; = £1 for all j and 41 # iz # 43...1x—1 7 ix. For such an element
one defines its length [(w) = k. This is the smallest integer & such that w can
be expressed as a product of k elements in the set {g1, gl_l, G2,y Gns Gt}

Proposition 12.2. (Haagerup [H]) The function 1 is conditionally negative
definite on F,.

Proof. Consider the Cayley graph of F;, built on the generators. Thus this
graph has as vertices the elements of F,, and its edges are the pairs {g, h}
such that h~'g is a generator or the inverse of a generator. This Cayley graph
is a regular tree in which each vertex has 2n neighbours. For any g € F}, one
can consider the unique shortest path in the graph between Id and g. Let E,,
be the set of edges of the Cayley graph, endowed with the counting measure,
then one defines v(g) € L%(E,,) to be the indicator function of this shortest
path from Id to g in the Cayley graph. Thus v(g)(e) = 1 if and only if the
edge e is on the shortest path from Id to g. One can easily check, using the
properties of trees that for any h,h € F}, one has

Ug) +U(h) —U(h ™ g) = 2(v(9),v(h)) L2(F,)
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indeed this scalar product counts the number of common edges in the shortest
paths from Id to g and h. This implies, by (12.1) that [ is conditionally
negative definite. O

It follows from the previous proposition that there exists, on the full C*
algebra of F),, a semigroup of unit preserving completely positive maps, given
by the formula

Di(Ng) = e 1IN,

The theory of the previous section allows us to construct a dilation of this
semigroup. As before we shall be interested in the restriction of this com-
pletely positive semigroup to commutative subalgebras. The first one will be
the subalgebra of the subgroup generated by one of the generators. Let g;
be this generator, then this subgroup is isomorphic to Z by k ~— g¥, therefore
its dual is isomorphic to the group of complex numbers of modulus 1. The
restriction gives us a Markov semigroup on the group of complex numbers of
modulus 1. This semigroup is easy to characterize, it sends the function e**?
on the unit circle to the function e~ 1¥1+%*¢ Tn other words this is the integral
operator on the unit circle given by the Poisson kernel

, 1—e 2t
P(60,0") = .
(6,6') 1—2e tcos(f —0') + e 2

This is a convolution semigroup, as expected.

The other commutative algebra of interest is the algebra R(F,,) consist-
ing of radial elements. It is generated by the elements y; = Zl(g):l Ag for
l=0,1,..., and it is immediate that the completely positive semigroup as-
sociated with the length function leaves this algebra invariant. Actually one
has @;(;) = e *!y;. These elements satisfy the relations

Xo =1
X3 = x2 + 2nxo
XiXt = Xi+1+ (20— 1)x;1 1>2

From this we conclude that R(F},) is the commutative von Neumann algebra
generated by the self-adjoint element x1, and its spectrum is the spectrum of
x1- In order to compute the norm of x; we need just to consider the trivial
representation of Fj, in which all g; are mapped to the identity, and we get
lxill = 2n(2n — 1)!=1 for [ > 1, the number of elements of length [ in F,.
Any character ¢ : R(F,) — C is determined by its values on x;. For such a
character ¢, with ¢(x1) = x, one has

o(xo) =1; o(x2) =2* —2n;  (xs1) = (i) — (2n—1)p(xi—1) for I > 2

from which one infers that
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A R U
AL — A2 A1 — A2

where A1, Ao are the two roots of the equation A\ — 2\ +2n — 1 = 0.

We verify that the character ¢, defined by the formula above is real and
bounded if and only if x € [—2n,2n]. The spectrum of the algebra R(F},)
thus coincides with the interval [—2n, 2n], and the element y; corresponds to
a polynomial function P;(x1) = xi, where the polynomials are determined by
the recursion

elx) = for I > 1 (12.2)

Py=1, Pi(z)==z, zP(z)=Pii(x)+2n—-1)P_4.

This three term recursion relation is characteristic of a sequence of orthogonal
polynomials. The orthogonalizing measure is the distribution of y; in the
noncommutative probability space (A(F},),0.) where 6. is the pure state,
in the left regular representation of F,,, corresponding to the identity. Thus
de(Ag) = 1if g = e and d.(\y) = 0 if not. This measure is known as the
Kesten measure (see [Ke]) and has the density

2n 4(2n — 1) — a2
4

dmn () = on—1 4n? — z2

on the interval [—2v/2n — 1,2y/2n — 1]. The discrepancy between the interval
[—2n, 2n] which is the spectrum of x; and the support of the measure m,,
comes from the fact that F;, is a nonamenable group and therefore some of
its unitary representations are not weakly contained in the regular represen-
tation.

The semigroup of the restriction of (@;);>0 to the subalgebra R(F,)
sends the polynomial function P;(z) on the interval [—2n, 2n] to the function
e "' Py(z). We can compute the transition probabilities p;(z, dy) by finding
the integral representation

e Py (x) = /[ P )
—2n,2n

for each = € [—2n, 2n].

If x belongs to the support of the Kesten measure, then since the poly-
nomials ;I > 0 form an orthogonal basis of the L? space of the Kesten
measure, and ||P]|2 = 2n(2n — 1)! one obtains p; through the orthogonal
expansion

pioydy) = e dma(y) + 3 e P (@) Pi(y)dma(y)

When 2z is outside this support, then by (12.2) the sequence Pj(x) is un-

SEVEEACRTD i the

bounded and has exponential growth of rate & = 5
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character value e " Pj(z) has the asymptotic behaviour e *¢! as | — oo,
and if e7'¢ > 2y/2n — 1, then let z(t) = '€ + (2n — 1)et /¢, The func-
tion e~ P(z) can be written as is a linear combination of P;(x(t)), which
picks up the dominant term as | — oo and the P;(y) for y in the interval
[—2v/2n —1,2v/2n — 1]. More precisely the quantity

e e —(2n—1)e'/EE—(2n—1)/¢
e"tE —et/¢ §—1/¢

decreases exponentially as [ — oo, and thus one has

Qi(x) = e "P(x) ~ Bi(x(t))

plady) = e + 3¢ G (Ae) = el Pa(0) P, )
=1

with ¢, = SE=2nNelEECnoDIE 1t ¢(1) < 20/2n — 1 then there is a simi-
lar decomposition, but the term ¢; is 0.

Thus the process starting form a point z € [—2n,2n] \ [-2v/2n — 1,
2v/2n — 1] performs a translation towards the central interval, and at some
point jumps into it, and after that performs a certain pure jump process

inside the interval [—2v/2n — 1,2y/2n — 1] where it remains forever.

13 Pitman’s Theorem and the Quantum Group SU,(2)

13.1 Pitman’s Theorem

Let (By)t>0 be a real Brownian motion, with By = 0, and let

Sy = sup By
0<s<t

then Pitman’s theorem states that the stochastic process
Rt::ZSt—mBﬁ tEﬁO

is a three dimensional Bessel process, i.e. is distributed as the norm of a
three dimensional Brownian motion. There is a discrete version of Pitman’s
theorem, actually it is this discrete version that Pitman proved in his original
paper [Pi]. We start from a symmetric Bernoulli random walk X,, = z1+.. .+
x, where the z; are i.i.d. with P(z;) = 1 = 1/2, and build the processes
Sy = maxi<k<n X, and T, = 25,, — X,,. Pitman proved in [Pi] that (7,),>0
is a Markov chain on the nonegative integers, with probability transitions
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Fig. 8

i I

plk.k+1) =3 2(k+1)

(k+1)
and the theorem about Brownian motion can be obtained by taking the
usual approximation of Brownian motion by random walks. We see that this
Markov chain is, up to a shift of 1 in the variable, exactly the one that we
obtained in Theorem 3.2 when considering the spin process. This is not a
coincidence as we shall see, actually we will understand this connection by
introducing quantum groups in the picture. Before that, let us give the proof
of Pitman’s theorem We consider the stochastic process ((Sy, X,);n > 1),
with values in {(s,k) € N x Z|s > k}. It is easy to see that this stochastic
process is a Markov chain, with transition probabilities

p((s,k), (s, k+1)) = %, p((s,k), (s, k—1)) = % for s > k
p((S,S), (5 +1,s+ 1)) = %7 p((S,S), (S’S - 1)) = %

from which we can deduce the probability transitions of the Markov chain
(T, Xp);n > 1), with values in {(¢, k) € N*XZ| k € (—t,—t+2,...,t—2,t)},

p((tv k)a (t -1k+ 1)) -
p((t,t),(t+1,t+1)) =

;o op((tk),(t+1L,k—1) =1 ift>k (13.1)
3 p((t7t)a(t+1’t_1)):%

The transition probabilities are depicted in this picture.

One checks then, by induction on n, that the conditional distribution of
X, knowing T4, ..., T,, is the uniform distribution on the set {—T,,, =T, +
2,...,T, —2,T,}. Then it follows that (T,;n > 0) is a Markov chain with
the right transition probabilities.
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13.2 A Markov Chain Associated with the Quantum
Bernoulli Random Walk

In section 5.2 we have seen that the quantum Bernoulli random walk gives
rise in a natural way to two Markov chains, one being the classical Bernoulli
random walk, and the other being the spin process. These two processes
were obtained in the preceding section as coordinates of a certain two-
dimensional Markov chain given by the transition probabilities (13.1). We
can also consider a two-dimensional Markov chain having these two processes
as marginals, by considering the Markov chain of the end of section 5.2.
Recall that this Markov chain was obtained by restricting the generator
of the quantum Bernoulli random walk to the commutative subalgebra
P(SU(2)) C A(SU(2)) generated by the center Z(SU(2)) and by a one para-
meter subgroup. The spectrum of this algebra can be identified with the set

P={(rk)eNXZ|ke{-r—r+2,...,7r—2,7}}

Indeed this algebra is generated by the pair of commuting self-adjoint op-
erators X, D in the sense that it consists in bounded functions of the pair
(X, D). The joint spectrum of these operators can be computed from the
explicit description of the irreducible representations of SU(2), and coincides
with P. The probability transitions can be obtained by using the Clebsch-
Gordan formula, or equivalently by the computation in the proof of Lemma
3.3. One finds

P+ 1,8+ 1) = SR
p((r, k), (r + 1,k — 1)) = W
p((r,k), (r — Lk +1)) = %
p((r’k)7(r_17k_1)):M'

These transition probabilities are on this picture

Thus, although this Markov chain has the same one-dimensional marginal
as the one of the preceding section, they do not coincide. We will see that
in order to recover the transitions (13.1) we will have to introduce quantum
groups.

13.3 The Quantum Group SU,(2)

The Hopf algebra A(SU(2)) can be deformed by introducing a real para-
meter q. The algebraic construction proceeds with the introduction of three
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generators ¢, e, f which are required to satisfy the relations

t—t1t

tet 7' = ¢*e, tftt=qf, ef—fe= p—

and a coproduct which is given by
Ay =tat, Ale)=ext ' +10e, A(f)=fR1+tQf

Formally putting t = ¢" and letting ¢ converge to 1 one finds in the limit the
defining relations for the envelopping algebra of the Lie algebra of SU(2), as
well as the coproduct.

One can prove that the irreducible finite dimensional representations
of this algebra are deformations of those of SU(2), indeed for each inte-
ger 7 > 0 there exists two representation in V,*, and V,7,, with bases
’U;i; ke{—r,—r+2,...,7 —2,r}, given by

r+ P ==
tv;= = £¢’v;

e r—Jj 7”+j+2] rt
ev; ::I:[ }[ Uity
J \/ 2 |, 2 .
rE T_j+2 ’I"+_] r+
st =[] T e

q q

with [n], = q;__quln. Using the coproduct one can define the tensor product

of two representations, and this tensor product obeys the same rules as the
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one for representations of SU(2) i.e. one has

€1 €1€2
‘/7“14-1 ® T2+1 @ Vr—i—l .

r=|ro—ri|,|ra—r1|+2,...,r1+72

We will now restrict our attention to representations of the kind Vl+, and con-
sider the von Neumann-Hopf algebra A" (SU,(2)) = @,>0Fnd[V,!,,], which
is isomorphic, as an algebra, to A(SU(2)), but whose coproduct is deformed.
The subalgebra P(SU,(2)) generated by ¢ and by the center remains un-
changed in the deformation. We consider the tracial state %T r on the two-
dimensional component, and consider the associated random walk. As in the
case of SU(2), the restriction of the associated Markov transtion operator to
the commutative algebra P(SU,(2)) defines a Markov chain on the spectrum
of this algebra, whose transition probabilities can be computed, using the
deformed Clebsch Gordan formulas, as in Klimyk et Vilenkin [KV], formulas
(6) et (9), §14.4.3, to give

(r—k)/2 (=52, gt gt
k), (r+ k1) =g - 13.2
p((r, k), (r + +1))=q o+ 1], 2g 1 — g 1) (13.2)
Y o i PR e
rk),(r+1,k—1))=q¢ " =
p((r, k), ( ) =q 20 + 1], Q(qr+1 — ¢
[ ] —k—1 _ —r—1
k), (r—1,k+1 g k272 @ _ 4 1
p((r, k), (r +1)) = Ar+ 1), 20 —q )
[ ] P+l —k+1
—1,k—1)) = ¢ ktD/2 e _ 4 9
p((rv k)a(r 7k )) 2[ 1] 2(qr+1 _qirfl)

Letting ¢ tend to 0, one checks that (13.2) converges to (13.1), and thus
we get Pitman’s theorem as an outcome of the ¢ — 0 limit of the quantum
Bernoulli random walk, see [B7] for details.

This observation is at the basis of a vast generalization of Pitman’s theo-
rem, see e.g. [BBOJ.
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