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Abstract

We consider a kind of generalization of permutative representa-
tion with cycle by Bratteli and Jorgensen. We show their properties,
existence, irreducibility and equivalence by using parameter of repre-
sentation.

1 Introduction

We define a class of representations of Cuntz algebra which is a kind of
generalization of permutative representation by [5, 6, 7]. Let N > 2 and
s1,...,8N generators of Cuntz algebra Op. For an element

w=uw"®- - @uwk e (CN)®k
|lwD||=1,5=1,....k k>1,let

s(w) = s(wM) - - s(wk), (1.1)

N .
s(w\)) = Z wl(])si.
i=1

We consider a cyclic representation (H,7) of Oy with the cyclic vector €2
which satisfies an eigen equation:

m(s(w))Q = Q. (1.2)

Our main results are 1)existence 2)uniqueness 3)equivalence 4)irreducibility
about this kind of representations. The remarkable points are followings:

(i) This class is completely reducible, and the uniqueness of irreducible
decomposition about this class holds. The uniqueness of irreducible
decomposition is very rare in the theory of operator algebra and it
has been already stated in [6, 7] for the case of ordinary permutative
representation.



(ii) This representation is derived from the second class gauge transforma-
tion of representation of Cuntz algebra. Correct explanation about this
statement is shown in [10]. In subsection 3.2, we show such method
by constructing generalized permutative representation from ordinary
permutative representation. In this point of view, it is easy to under-
stand actions of several group on the set of representations of Q.

(iii) This class is properly larger than former class by [5, 6, 7] with “cycle”.
For example, the following example of representation of Qs is included
in neither the class of ordinary permutative representation nor that
which is rotated by U(2)-action on Oj:

1
ﬁﬂ- (81(81 + 82)) Q=0 (1.3)
where w = g1 ® %(81 +e9) € (C?)®2 in the equation (1.2), e1,¢e9
are the canonical basis of C2. The cyclic representation with the
cyclic vector Q which satisfies equation (1.3) is unique up to unitary

equivalence and irreducible. This result is shown in subsection 3.3 and
6.2.

This paper is the first of our series of articles. In the succeeding papers
[8, 9, 10], we treat 1) periodic case and its irreducible decomposition, (the
notion of “periodicity” is explained in the next section), 2) the class of
generalization of the case of “chain” in [5, 6, 7], 3) the second class gauge
transformation of representation of Cuntz algebra.

2 Preparation

In this section, we prepare several notions and lemmata in order to consider
generalized permutative representation of Cuntz algebra. We consider a
semigroup which consists of all monomials of tensor algebra over a finite
dimensional Hilbert space. Our strategy is a characterization of a class of
representations with parameter by property of elements in the parameter
space.

Let Zj be the cyclic group of order k, kK > 1. Assume that Zj acts on a set
{1,...,k} of numbers and o : {1,...,k} — {1,...,k} is the generator of Zj
which is defined by

o(1)=2,....0(k—1) =k, o(k)=1. (2.1)



We call o the shift.
Let V be a Hilbert space over C and V®* k-times tensor space of V
for k > 1. For p € Zj, define an operator

prVEE LYk 5 (v(l) Q- ® Q](k)) =P1) g ... g pPkK), (2.2)

Then ° is a unitary action of cyclic group Zj on V&,
Fix N > 2. Let

S(CY={zeCV: |z =1}
be the unit complex sphere. Denote

TS(CN) = [T s(c™)=*,
k>1
j=1,....k

S(CN)®k = {z(l) ®--®H e (CN)®k : 20 e S(CY), }

When w € S(C)®*, we call k the length of w. Remark that the description
of w € T'S(CN) by tensor product is not unique. For example w = (cw™)®
w?® = w® @ (cw?).

TS(CN) is a semigroup by the following operation:

TS(CN) x TS(CN) 3 (z,y) — z @y € TS(CY).

The action of Z;, on (CV)®* in (2.2) induces an action of Z; on S(CV)®F ¢
(CN)®F naturally. We denote id the unit of Zj.

Definition 2.1 (i) w € S(CN)®* is periodic if there is p € Zy\ {id} such
that p(w) = w.
(ii) w € S(CN)®* is non periodic if w is not periodic.

!/

(iii) For w,w € S(CN)®* w ~w' if there is p € Zy, such that p(w) = w'.
We call ~ the cyclic equivalence by Z.

(iv) For w,w € TS(CN), w~w if the lengths of w and w' coincide and
(ESET

Specially, if k& = 1, then any element in S(C¥) is non periodic. w in (1.3) is
non periodic. For example, a set

Sp(C?)®? = {v®v € §(C?)®? : v € §(C?)}



is the set of all periodic elements in S(C?)®2.
Note that there is an action of U(1) = {c € C: |¢| = 1} on S(CV)®*
by scalar multiple:

S(CM)®k 5w 1— cw € S(CM)®F (c e U(1)).

Lemma 2.2 Ifw € S(CN)®* is periodic, then cw is periodic for each c € C,
le| = 1.

Proof. Assume that w = 2%, 1 > 2. Let £ = ¢/!. Then cw = (£2)®4
Hence cw is periodic. I

Note that S(CN)®* has a map < -|- >: S(CV)®F x S(CN)® — C which
is the restriction of the inner product of (C™)®*. Furthermore we use the
notion of orthogonality for S(CV)®* with respect to < -|- >.

Lemma 2.3 For w,w € S(CM)®k | the followings are equivalent:
(i) There is ¢ € C such that w' = cw.
(ii) | <ww >|=1.
(iii) w and w' are linearly dependent in (CN)®k,
By this lemma, we can use a notion of linearly dependence for T.S(C™).

Lemma 2.4 Let w,w € S(CN)®*. Then the following equivalence holds:

<wlw >=1 & w=uw.
Proof. By Lemma /2.3, < w|w/ >=1 & there is ¢ € C such that w = cw’
andc=1lww=w. 1
Proposition 2.5 (i) If w is non periodic, then

| <wlp(w) > [ <1 (p€Zy\{id}).

(ii) If w € S(CM)®* and v € S(CN)®! are non periodic and | # k, then
| < w®u®* > | < 1.

(iii) If w,v € S(CN)®k satisfy | < wlv > | < 1, then

| <w®® > <1 (1>1).



The proof of Proposition 2.5 is shown in Appendix A.

Note: For the aim of our theory, we consider the quotient space S(CV)®F/~
as the set of invariants of representations of Oy in subsection 6.3. An
element of S(CV)®¥/ ~ is regarded as a set of elements in S(C") which
has a cyclic order. In our theory, T'S(C") has two roles. The first is
a parameter space of a class of representations of Cuntz algebra which is
defined in section 3. The second is that some subset of T'S(C") is an index
set of some complete orthonormal basis of representation of Cuntz algebra
which is treated in section 4. This accidental coincidence is interesting.
Although we do not know that reason. On the other hand, the theory in [5],
the corresponded object with T'S(C™) is

{e;eTS(CNY:Je{l,..., N} k>1}.
where {g;}¥, is the canonical basis of C and ¢; = &;, ® - -+ ® &;, when
J = (i1,...,i). This correspondence is explained in subsection 3.3.
3 GP representation with cycle

In this paper, a word “representation” always means a unital *-representation.

3.1 Definition of generalized permutative representation with
cycle

Let N > 2 and Oy the Cuntz algebra with generators si,...,sy which
satisfy the following relations

S

:Sj = (51']'1, Zsisf =1. (31)

Recall an equation (1.1) for w = wM®- - -@w® € S(CN)®*. We summarize
the simple formulae about s(w) here.

s(w)* = s(w®)* .. s(wM)* (3.2)
If {e;}}¥, is the canonical orthonormal basis of C*, then

s(ey) = si - si, (3.3)



when e; =&, ® -+ ® ¢, and J = (i1,...,9%) € {1,...,N}¥, k> 1. We
often write sy as s(ey). Then

sy =s(es)” zsfk~~sf1.

Specially, s; = s(g;), i =1,...,N. If w,w € S(CN)®*, then

s(w)*s(w') =< wjw > I. (3.4)

In general,

s(w)s(v) = s(w @ v) (3.5)
for w,v € TS(CN). Let Iso(Oy) = {z € Oy : z*x = I} be the semigroup
of all isometries in Oy.

Lemma 3.1 A map s : TS(CY) — Iso(Oy) is an injective semigroup ho-
momorphism.

Proof. Since (3.5), s is a homomorphism of semigroup. Let w,w” € T'S(CV).
Assume that s(w) = s(w’) and w € S(CN)®* w' € S(CN)®. We can as-
sume that k& > [ without loss of generality. Then

I =< ww > I = s(w)*s(w) = s(w)*s(w). (3.6)
If k > I, then r.h.s. of (3.6) equals to s(w”)* where w" € S(CN)2(*=D is
a suitable element. This equality never holds. Hence k = [. Then r.h.s. of
(3.6) equals to < wjw' > I. Hence < wjw" >= 1. By Lemma 2.4, w = w'.
Therefore s is injective. ]

In this way, we have a family of isometries in Oy which are parameterized
by T'S(CV). By this parameterization, we define a representation of Oy by
w € TS(CN) as follows.

Definition 3.2 (H,n, Q) is the GP(= generalized permutative) representa-
tion of On with cycle by w € S(CN)®F if (H, ) is a cyclic representation
of On with the cyclic unit vector Q) which satisfies the following equation:

m(s(w))Q = Q. (3.7)

We denote GP(w) = (H,n,Q). The equation (3.7), w(s(w)), and vector §2
are called GP equation, GP operator and GP vector, respectively. k is called
the length of cycle of (H,m,2).

The assumption of ||| = 1 is used in section 4.



Definition 3.3 (i) A representation (H,n) of On is GP(= generalized
permutative) with cycle if there are w € TS(CN) and a (cyclic)vector
Q € H such that (H, 7, Q) = GP(w), that is, they satisfy the condition

(3.7).

(ii) For w,w € TS(CV), GP(w) ~ GP(w') if when GP(w) = (H,,Q)
and GP(w') = (H,x,Q), then (H,7) and (H,7') are unitarily

equivalent.

(iii) For a representation (H,r) of Oy and w € TS(CN), (H,7) = GP(w)
if there is Q € H such that w(s(w)) and Q satisfy (3.7).

Note that there is no assumption of cyclicity for € in Definition 3.3 (iii).
We identify m(s;) and s; from here when there is no confusion. By
using this convention, we often use s(w)Q =  instead of the equation (3.7).
The notion of “cycle” is taken from [5].
A naive meaning of cycle is the following relation between vectors and
operators: for w = wM @ --- @ wk) ¢ S(CN)®k,

e
P2 st

s(wk—1) s(wk—2) s(w?)

S T D OO Yo R g (s(w®) - s(w®)) 0

s(w®) (s(wu)) . S(ww))) Q
= s(wWe-euw®)o  (by(35)
= s(w)Q
- 0 (by (3.7)).

In this way, a couple of families which consist same number of operators and
vectors is a “cycle”.

Remark that a representation m of On on a Hilbert space H is one-to-
one corresponded to a family of operators {¢1,...,tx} on H which satisfies
the relations (3.1) by the relation

tiITF(Si) (i:1,...,N). (3.8)

Therefore we often identify a representation 7 of O and a family {t1,...,tx}
of operators in this paper. For example, we often use the symbol for the GP
representation (H, {t1,...,tn}, Q) instead of (H,m, ) in the sense of (3.8).

Note: In [6, 7], they treat the free semigroup and its algebra in order to
consider representations of Cuntz algebra. On the other hand, T'S(C") itself



is not a free semigroup because the phase factor of tensor decomposition
of w € S(CN)®* brings a freedom of description of w. A subsemigroup

{51 Te{l,...,NY¥ k> 1} of T'S(CY) is the free semigroup.

3.2 Existence of GP representation

Fix N > 2. We show the existence of GP(w) by any w € T'S(CY). The
proof is given by constructing a concrete representation of Oy on lo(N).

Proposition 3.4 For eachw € TS(CN), there exists the GP representation
of On by w.

Proof. Fix w € S(CN)®*. We construct the GP representation by w.
Assume that w = vV ® --- @ w®, Ww¥) e S(CV), j = 1,...,k. Let
f={f:;}}¥, be a branching function system ([5]) on N which is defined by

fi:N=>N (i=1,...,N),

o~ 1(n) (1<n<k),
fi(n) =

Nn—1)+1 (n>k+1),

(N—Dn—1)4i-1+k (1<n<h)
filn) =

N(n—1)+i (n>k+1)

where 2 < i < N and o € Zj is a shift in (2.1). This function system is
represented as follows:

n | filn) | foln) || fa(n)

1 k k+1 k+N -1
1 k+ N oo | E+2N =2

F—1| k-2 |[NEk—2)43| | Nk-1+1

|| k=1 [N(k=1)+2]--- Nk

k+1|Nk+1| Nk+2 || Nk+1)

Note that the value of f; is quite different in other f;, ¢ = 2,...,N on
1 < n < k. We can check easily the following properties:

N
fi is injective,  fi(N)N f;(N) =0 (i #7), [[AN)=N. (3.9)
i=1



By the column of fi(n) in the above tabular,
fF =1 (3.10)
where ff = fio---o fi. The permutative representation (Io(N),7) of Oy
k
by f is defined by
m(si)en = efmy (i=1,...,N,neN).
Note that (I3(IN), ) is not irreducible when k > 2 ([5]). (l2(N), ) satisfies
m(s1)en = e€g-10) (1 <n < k).

By the equation (3.10),
W(sl)kel =e.

Denote t; = 7(s;).

Choose a family {g(n)}*_, € U(N) of unitary matrices which satisfy

~1(n .
gj1(n) :wj(»g (n) (j=1,....,N,n=1,...,k)

where wj(n) is the j-th component of vector w™ € S(CV), j =1,...,N.
Rewrite {s;}; a family of operators on l3(IN) which is defined by

N
>_giln)tjen  (1<n<k),
Sl = Jj=1
tien (n>k+1)
fori =1,...,N. Then {s;}, satisfies the relation (3.1). Hence (I2(N), {s;};)
is a new representation of Oy. From this, we have
N
> gii(n)sjen  (1<n<k)
tie, =< J=1

Sien (n>k+1)



fori=1,...,N. Since t1€, = €5-1(), 1L <n <k,

€Co—1 (n) = tlen

- s (w«rl(n))) €.

Hence s(w(”))ea(n) = e, for 1 <n < k. From this,

s(w)ey = s(wM) ... s(w(k))eg(k)

= 3(w(1)) e S(w(kfl))ek

= S(U](l)) e S(w(k_l))e(f(k—l)

= s(wM)ey

= s(wW)e,)

= e1.
Therefore s(w)e; = e;. Hence a representation (l2(N),{s1,...,sn}) satis-
fies the equation (3.7) with respect to w for {2 = e;. We finish to construct
the GP representation (l2(N), {s1,...,sn5},e1) of On by w. 1

Note: The proof of existence of GP representation is the method of the
second class gauge transformation of representations of Cuntz algebra. The
relation between (3.7) and the second class gauge transformation of repre-
sentation is explained in the next paper [10].

3.3 Relation with permutative representation

We show the relation between GP representation and ordinary permutative
representation by [5].

Let {&;}}¥, be the canonical orthonormal basis of CV. If w = ¢; =
£, ®- ¢, € S(CNV)®k for [ = (iy,. .., i), then the equation (3.7) becomes

w(s7) = Q.

10



where sy = s;, -+ s;,. On the other hand, the permutative representation
(Ia(N),7f) with cycle by [5] is given by a branching function system f =
{fi}N,, that is, f is a family which satisfies (3.9). Furthermore the condition
of cycle is corresponded to the relation for an element ng € N

fr(no) = no

where f; = fj, 0---of;, when I = (i1,...,4). Let {en}nen be the canonical
basis of I2(N) and Q = e,, € l2(N). By definition of the permutative
representation
mp(s) = mwp(siy) - mp(si)eng
€f1(no)

= e’no

= Q.

Hence (I2(IN), 7, €2) is the GP representation of Oy by w = ;. Conse-
quently, any ordinary permutative representation with cycle is included in
the class of GP representation with cycle.

We show the case of chain [5, 6, 7] and decomposition of them in the
succeeding paper [8, 9]. The structure of basis and action of generator of
Opn on them are discussed in subsection 4.4.

4 Structure and canonical basis of GP representa-
tion

We construct the basis of the representation space of GP representation by
the canonical way here. In the original definition of permutative represen-
tation [5], it is defined by using a branching function system and the action
of Oy on a complete orthonormal basis(=CONB) of a Hilbert space. In
this sense, it is assumed that the existence of such CONB to define a per-
mutative representation. On the other hand, our definition of generalized
permutative representation is not assumed the existence of such suitable
CONB at the statement of definition. It is shown that such CONB is auto-
matically derived from the equation (3.7). Such CONB is divided into two
kinds, “cycle” and “tree”. This is an analogy that a graph which consists
of vertices = CONB, and edges = operators, looks like trees on roots which
are cyclicly connected each other. The meaning of this analogy is cleared in
the following subsections.

11



4.1 Construction of cycle basis
Let w € S(CN)®*. Fix a tensor decomposition of w:
w=wPg. . . @wk (4.1)
for w) € S(CN), j=1,...,k. Let
w; =6 w) (G=1,...,k).
For example,
w =w, wy=w? - @wh e,

Let GP(w) = (H,{s1,...,sn},€) be the GP representation of Oy by w.
By definition, s(w)Q = Q. Let

ej = s(w) - s (G=1,...,k). (4.2)

Since s(w()) is an isometry for each j = 1,...,k and ||| = 1, |le;]| = 1 for
each j =1,...,k. Note that there is a freedom of the choice of phase factor
of tensor decomposition (4.1). Hence (4.2) depends on the choice of phase
of tensor factor w(?, i = 1,..., k. We check this freedom at several stages
in our paper.

Lemma 4.1 (i) s(wY V)e; =ej_1 for j =2,...,k and s(w*))e; = ex.
(i) s(wjlej =ej forj=1,...,k.
(iii) s(w)*Q =< w|wm) > e,.
(iv) If v € S(CM)®2, 0 < a < k, then there is ¢ € C such that
s(V)*Q=c-eqt1.
(v) Ifve S(CN)®Uk+a) 1> 1,0 <a <k, then there is c € C such that
s(V)*Q=c-eqt1-

Proof.
(i)
s(wi=D)e; = s(wl=D) (S(w(a‘)) . s(w(k))g)
= s(w(jfl))s(w(j)) e S(M(k))g

€j—1,

s(w®e; = s(w*)Q
= €k.

12



(i)

= s(wW) .- s(w®) (S(w(l)) S(U,(k))>
= 3(w(j)) -s(w(k))Q
= ej.
(iii)
s(wO)* Q= s(w?)*s(w)Q
= < w(])|w(l) > €9.
(iv)

s Q= sV - @0@)Q
= s(@) ... s(M)*Q
= s(@) ... s(@)*ey ( by (iii) )
= s(v@)*e,
= €a+l

foreacha=1,...,k— 1.

(v) Ifa = 0, then s(v)*Q =< v|w® > Q = ce; where ¢ =< v|w® >. Assume
that 1 < a < k — 1. Decompose v = v1 ® vy such that v, € S(CN)®”” and
Vo € S(CN)@)Q.

s(0)* Q= <ovr|w® > s(vg)*Q
= <wD|w® > ey (by (iv))

= C€q+1

where ¢ =< wW|w® > ¢ 1
Note e; = (s(w(l)) . ~3(fw(k))) Q= s(w)Q2 = Q.

Corollary 4.2 (i) s(w(j))eg(j) =ej forj=1,... k.

(ii) If (H,{s1,...,5Nn},Q) is the GP representation of On byw € S(CV)®F,
then for each p € Zyi, there is a cyclic vector Q € H such that
s(p(w) = 9.

Proof. (i) This follows from Lemma 4.1 (i). (ii) When j = 1, it is trivial.
For p € Zy, \ {id}, let j = p(1) € {2,...,k}. By definition of e; in Lemma
4.1 (ii),

s(wM) ... s(w(j—l))ej = Q.

13



If Q' =¢;, then Q € 7(ON)Q and
s(p(w)Q = s(w))e; = e = Q.

Hence Q' is cyclic, too. Hence (H,{s1,...,sN}, Q/) satisfies the condition of
the GP representation of Oy by p(w). 1

Proposition 4.3 (Cyclic symmetry of GP representation) If (H,m,$) is
the GP representation of Oy by w € S(CN)2k | then for each p € Zy,, there
is Q' € H such that (H,m, Q/) is the GP representation of On by p(w), too.

Proof. Assume that (H,m,Q) is the GP representation of Oy by w €
S(CM)®k, Fix p € Zg. By Lemma 4.2 (ii), there is a cyclic vector QO eH
such that (H,m, Q') satisfies the condition (3.7) with respect to p(w), too.
Hence (H,w, Q') is the GP representation of Oy by p(w) € S(CN)®* too. g

Recall Definition 3.3.

Corollary 4.4 Let w € S(CN)®F. If a representation (H,7) of On is
GP(w), then (H,m) is GP(p(w)) for each p € Zy, too.

The equivalence of two GP representations is discussed in subsection 5.3.

So far, we do not assume the non periodicity of w. From now, we treat only
non periodic case. We treat about the periodic case in the succeeding our

paper.
Lemma 4.5 If w € S(CN)®* is non periodic, then

<ejley >=60 (4,5 =1,....k).

Proof.
<ejley >= < s(wj)ejs(wy ey >
= <ejls(w;)*s(w; ey >
= < wj|wj/ >< ej\ej/ > ( by (34))
Hence

<ejley >=<wjlwy ><ejley > .
If < ejley ># 0, then < wjlwy >= 1. From this, if | < wj|wy > | <1,
then < ejle;; >= 0. On the other hand, if j # 4, then | < wilwy > <1
by Proposition 2.5 (i). Therefore < ejle;; >= 0 when j # j. 1

14



Definition 4.6 For a non periodic element w € S(CN)®* and its tensor de-
composition {w(j)};?:l c S(ch), {ej}?zl is called the cycle basis of GP(w)

with respect to {w) le.

By definition of cycle basis, if {w(j)}?:]L and {v(j)};?:l are two tensor de-
compositions of w, then associated cycle basis of them are equal up to phase
factor. In this sense, the cycle basis of GP(w) is canonically defined from w
with phase freedom.

Note: The orthogonality of cycle basis is automatically induced from the
equation (3.7) and the relations (3.1). This shows the importance of condi-
tion (3.7) for representation of Ox.

Lemma 4.7 Let w € S(CN)®* and (H, {s1,...,sn},Q) the GP represen-
tation of On by w. Fix {w(i)}le the tensor decomposition of w Assume
that {e;}F_, the cycle basis of w with respect to {w®}r_,.

Ifw e S(CN)®En+a) >0 and 0 < a < k, then

s(w/)*Q =< w,]@m > eqi1

where ¢n.q € S(CN)EEHa) which is defined by

w®n (a =0)
¢n,a =
w® @ uwl) @ .. @w® (0<a<k).
Proof. By (3.7), (s(w))"Q = (s(w))" ' =-.-=Q. If 0 < a < k, then

)

S(¢n,a)ea+1 = 8(w®n ® w(l) ® e ® w(a))s(w(a+l)) e S(U}(k))Q
(
S

The case a = 0 follows from the last equality in the above. Hence

5(¢n,a)€a+1 = Q. (43)

By (4.3) and (3.4),

’

s(w)* Q= s(w)* (s(dn.a)eat1)
= (S(U/)*S(an,a)) €a+1
= < w/|¢n,a > €qi1-

15



Note that the right hand side in the equation of Lemma 4.7 is independent
in the choice of tensor decomposition of w.
Let
Vw=Lin<{e;j:j=1,...,k}>.

Then V,, is a subspace of ‘H and its definition is independent in the difference
of phase factor of cycle basis of GP(w).

Lemma 4.8 For each I € Up>1{1,.. LN sEV, C V.

Proof. Note
sjej = s(er)” (s(w(j)) . 's(w(k))Q> .

Ifl=|I| <k—j+1, then
e V.
If |I| =k —j+1, then
sie; =< erlw? @ - @w® > Q eV,
Ifl = |I| >k—j4+1,let [ = (il,...,ik) and I = (ik+1,...,il). Then
siej = s(ep ®ep)*s(w?) @ - @ wk)Q.
= s(epn,) s(en)*s(w @ --- @ w®)Q.
= <enw? @ @w® > s(er,)*Q.

By Lemma 4.7, s(er,)*Q € V,,. Hence

siej =<epw? @ - @wh® > s(e,)* 2 e V.

Corollary 4.9

OnVy=Lin< {s;Q, Q:T€{l,... N} k>1} > (4.4)

where the overline means the clousure in H.
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Proof. Denote K the set in the right hand side of (4.4). By definition (4.2)
of the cycle basis e;, e; € K. Hence V,, C K. By Lemma 4.8,

spsyVw € siViy C sIK C K

for each I, J. Since Lin < {s;s% : [I|+]|J| > 1} > is a dense *- subalgebra of
On, OnVy € K. On the other hand, by the definition of GP representation
(H,{s1,-.-,8n},), H is cyclic with respect to Q. Hence

Hence OnV, = K. ]

Corollary 4.10 H=Lin < {s;Q, Q: T € {1,... ., N} k> 1} >.

;From this, we can consider the GP representation space as the right
hand side in the statement in Corollary 4.10. The characteristic property of
generalized permutative representation with cycle is the existence of a finite
dimensional subspace V,,. In the case of “chain” in [5], there is no such V,,
which satisfies the property in Lemma 4.8. In the analogy of tree and root,
then V,, is associated with root.

4.2 Property of cycle basis

Assume that w € S(C)®* is non periodic, {w(j)}éC 1 is a tensor decomposi-
tion of w and {e; }§:1 is the cycle basis of GP(w) with respect to {w(j)}é?:l.
For j € {1,...,k}, let

Nj(w) = {z € S(CV) :< zjw") >=0}. (4.5)
Lemma 4.11 Let j,j =1,... . k.

(i) Ifj #4', then
< s(z)ej|ej/ >=10

for each z € Ny—1j)(w).

(i) Ifj # ', then
< s(v)s(z)ejley >=0

for each v € TS(CN) and z € Ny-1(j)(w).

17



(iii) If j # 4, then
< s(v)s(z)ejls(z )ey >=0
for each v € TS(CY), z € N,—1(;y(w) and Z e N,y (w).

(iv) Ifj # 4, then , ,
< s(v)s(z)ejls(v)s(z )ey >=0

for each v,v' € TS(CN), z € Ng-1()(w) and 7€ Na_l(j/)(w).

Proof.
(i) By Corollary 4.2 (i),

<s(z)ejley >= < s(z)eﬂs(w(j/))eo(j/) >
= < zjuwV) >< ejlegy > (by (3.4))
= < z|w(j) > 5j70_(j/).
If j = 0(j), then < z\w(j/) >=< z|w@ ') >= 0 by choice of z. Hence
< s(z)ejley >=0.
(i) Assume that v € S(CV)®(En+a) 1 >0 and 0 < a < k. Let

7

Y= 0% @) ©uwel) g ... g ),

Note “the length of v” = “the length of 3”. Then s(y)eaa(j/) = ey . Hence

< s@)s(esley >= < s@)s()eslswlene iy, >
= <y >< s(z)ej\eaa(j,) >

By (i), if j # 0%(j), then < s(z)ej|eaa(j/) >= 0. Hence < s(v)s(z)ejle; >=
0.

N

Assume that j = 0%(j ). Then

<s(v)s(z)ejley >= <wly >< s(z)ejle; >

= <oy >< 8(z)¢j|s(w3)ea(j) >
<vly >< zjw) >< ejles() >
<vly >< zlw) > d;
= 0.

by Corollary 4.2 (i). Hence < s(v)s(z)ejle; >= 0.

18



(iii) Assume that v € S(CN)®! [ > 1. If [ = 1, then

< s(v)s(z)ej|s(z/)ej/ >= <l >< s(z)ejley >
= 0

by (i).
Assume [ > 2 and choose v1, v such that v = v1 ® v9 and v1 € S(CN).
Then

< s(v)s(z)ej|s(z/)ej/ >= <)z >< s(vz)s(z)ejle; >
=0

by (ii).
(iv) Assume that v € S(CV)® v e S(CN)®  [,]' > 1. We can assume
that [ > I' without loss of generality.

If I —1' =0, then

< s(v)s(z)ej]s(v')s(z')ej/ >= <v®zv ®7 >< ejley >
0.

Assume [ — [’ > 1 and choose v1,v9 such that v = v1 ® v9 and v; €
S(CN)®L . Then

< s(v)s(z)ej\s(vl)s(z/)ej/ >= <ufv >< s(vg)s(z)ej|s(z/)ej/ >
= 0

by (iii). I

Assume that w € S(CN)®* is non periodic. For GP(w) = (H, {s1,...,sx},Q),
define a family of subspaces of H by

Tj(w) = Lin < {s(v)s(2)e;, s(2)ej,ej : v € TS(CN), 2 € N1y (w)} >.
forj=1,...,k.

Theorem 4.12 [If H is the GP representation of On by non periodic w €
S(CN)®k | then the following decomposition holds:

k
H=EPT;w).

Jj=1

19



Proof. By Lemma 4.11, {’Z}(w)}?zl are mutually orthogonal. Hence
k

T;(w) CH.
=1

J

On the other hand, by Corollary 4.9 and 4.10,

H= OnVyu
k
= @@PLin<{siej, e;: T €{l,..., N} k>1}>.
j=1
k
- T (w).
j=1
Hence H = @9?:1 Ti(w). 1

Note that a decomposition in Theorem 4.12 is independent in the choice of
tensor decomposition in (4.1).
4.3 Tree subspace of GP representation

Assume that w € S(CY)®* is non periodic and we use symbols T;(w),
j=1,...,k, Nj(w) in subsection 4.2. We consider 7;(w), j =1,...,k.

Lemma 4.13 Fiz j € {1,...,k}.
(i) < s(2)ejlej >=0 for z € Ny—1(j)(w).
(i

(iii

) )
) < s(v)s(z)ejle; >=0 for z € Ny-1(j)(w) and v € TS(CV).

) < s(v)s(2)ej|s(2)e; >=0 for 2,2 € Ny-1¢j(w) and v € TS(CM).

(iv) < s(v)s(2)ejls(v)s(2)e; >=0 forz,2 € Ny—1()(w) when v € TS(CY)
and v € TS(CN) are different in length.

Proof.
(i) By Corollary 4.2 (i),

< s(z)ejle; >= < S(Z)ej|5(w(j))ea(j) >

= < Z|w(j) >< €j|eg(j) >
= 0.
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(ii) Assume that v € S(CV)®L,
If{ = 1, then

< s(v)s(z)ejle; >= < v|w(j) >< s(z)ej|eo(j) >
=0

by Corollary 4.2 (i) and Lemma 4.11 (i). If [ > 2, then choose vy, v2 such
that v = v; ® vo and vy € S(CV). Then

< s(v)s(2)ejlej >= < v|wl) >< s(v2)s(z)ejleq(j) >
=0
by Corollary 4.2 (i) and Lemma 4.11 (ii).
(iii) Assume that v € S(CN)®!. If [ = 1, then

< s(v)s(2)ej]s(2)ej >= <] >< s(2)ejlej >
= 0

by (i). If I > 2, then choose vy, v2 such that v = v; ® v2 and v; € S(CN).
Then

< s(v)s(2)ej]s(2)ej >= < wvi|z’ >< s(v2)s(2)ejle; >
= 0
by (ii).
(iv) Assume that v € S(CM)® and v" € S(CV)® . We can assume that
[ > I without loss of generality. If [ — ' = 1, then

< s(v)s(2)ejls(v)s(2)e; >= <vfv’ @2 >< s(2)ejlej >
=0

by (i). If I — I > 2, then choose vy, vs such that v = v; ® v and v €
S(CM)®! | Then

< s(v)s(z)eﬂs(v/)s(z/)ej >= <ufv >< s(vg)s(z)eﬂs(zl)ej >

=0
by (iii). I
Theorem 4.14 For each j =1,...,k, we have the following decomposition:
l
Ti(w) = P F" (w)
1>0
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FO(w) = Lin < {s(2)e; : 2 € Nyo1(jy(w)} >,

f;l)(w) = Lin < {s(v)s(2)ej : 2 € Ny-13j)(w), v € S(cNyei-1y >

for 1 > 2 and the infinite direct sum means the clousure of algebraic direct

sum in H.

Proof. By Lemma 4.13, {f](l)(w) > 0} are mutually orthogonal. Hence
the direct sum decomposition makes sense in 7;(w). Furthermore 7;(w)
consists of {,7-";1) (w): 1> O} by definition of 7j(w). 1

Note © )
s(2)F; (w) C Fil(w) (2 € Npmp(w)),
sFOw) < FAMw) =1, N 1>1)
foreach j =1,... k.

Theorem 4.15 Let GP(w) = (H,{s1,...,sn},Q) for non periodic w €
S(CN)®F. Then the following decomposition holds:

k
H=DB 7 w),

=1 1>0

N
Fw = @snFlw)=cheFw)  (121),
m=1

F(w) = Ny (w) @ FO(w) = Ve FO(w)

for 3 =1,... k. Furthermore
s Fy () = FOw) (G =1.....k)

Proof. By combining Theorem 4.12 and 4.14, we have the first formula.
The second follows from definition of }"j(l) (w) and orthogonality of s; and s;

when ¢ # j. The third follows from definition of f§1)(w). The last formula
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follows by Corollary 4.2 (i). 1

We use this decomposition in subsection 4.4.
The following illustration is the decomposition in Theorem 4.15:

tree }-g@) (w)
part
Lin<{s1,...,sN }>®
7 (w)
No-1(;(w)®
(w() @ (wl=1)
(0)
F; (w)
Fi (w) Fw)
cycle
part
e exr
A (w)
s(w(k)) ' s(w(l))

Note: By definition of ]:](l) (w), the decomposition in Theorem 4.15 is in-
dependent in the choice of tensor decomposition of w. It is remarkable that
only one equation (3.7) induces a direct sum decomposition of the represen-
tation space and the meaning of decomposition is clear as the statement in
Theorem 4.15.

23



4.4 Construction of tree basis

The aim of this subsection is to construct a complete orthonormal basis
of the GP representation by non periodic w € T'S(C"V) according to the
direct sum decomposition in Theorem 4.15. Our strategy is to construct an
orthonormal basis of .7-"}l)(w) for each j = 1,...,k, 1 > 0. By definition of

.7-";1) (w), it seems that the structure of H is similar to the full Fock space
over CV. The precise answer of this analogy is obtained by showing the
form of basis of H from here.

Assume that w € S(CN)®* is non periodic, GP(w) = (H, {s1,...,55},9Q)
and {e; }?:1 is the cycle basis of GP(w) with respect to a tensor decompo-
sition {w(j)};?:1 in Definition 4.6.

Fix j € {1,...,k}. For a component w/), choose an orthogonal family
{wW[l] : 1 =1,...,N} in S(CV) such that w)[1] = wl¥). By definition,
{wD[l]:1=2,...,N} C Nj(w) in (4.5).

Define a subset A(w) of T'S(CY) by

k
IT 1T A5 (w)

j=1m>0

Aw)

A(-m)(w) = {E[@CC cx € Agl)(w), Ie {1,...,N}m_1}

for m > 2 where {; : i = 1,..., N} is the canonical basis of C" and ¢; =
€ ® - e, when I = (i1,...,0y) € {1,..., N}™. Specially, Ago) = {w}.
The cardinality of these sets are followings



form>2and j=1,...,k.
Define a family {e; € H : € A(w)} of unit vectors in H by

er = s(x)Q  (z € Aw)).

We distinguish {e; : = € A(w)} and the cycle basis in (4.2) by the kind of
suffix.

Proposition 4.16 For non periodic w € TS(CV), {e. € H :x € A(w)} is
a complete orthonormal basis of the GP representation of On by w.

Proof. Note
k
{eaizeAw)} =TT IT {ew: 2 € A/ (w)}. (4.6)
7=1m2>0

By definition (4.2) of cycle basis, {e; : © € A§-O)(w)} = {e;} C f;o)(w).
Since {wW[l] : 1 =2,...,k} C Nj(w) by (4.5),

{ex tx € Agl)(w)} = {s(w(gil(j))[l])ej =2, .,N} C fgl)(w). (4.7)
Furthermore

e A )] — e LT 2,
{em = A] (w)} {S[S(’LU J [l])ej e {17.“7N}m—1

(m)
c F"(w)

foreachm >2and j=1,...,k.

By Theorem 4.15, a decomposition (4.6) is a decomposition of orthog-
onal families of vectors in H. It is sufficient to show that orthogonality of
vectors in each family {e; : z € Agm) (w)}.

When m =0: {e, : = € A;o) (w)} is a one-point set. Hence there is
nothing to show about this case.

When m =1: For [,' =2,..., N,

< s Q] s(w?[IN)Q >=< w[I] [wD[I] >=5,,.

By (4.7) {ez 1z € Aé.l)(w)} is an orthogonal family.
When m > 2: For I,I' € {1,...,N}™ Y and [,I' =2,...,N,

< sps(wDINQ sy s(wD[I)Q >=6; 16, .
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Hence {e, : x € A§m) (w)} is an orthogonal family, too. By comparing the
gm) (w) and the dimension of .7-"](7”) (w), {ex : z €

(m) : : (m)
A7 (w)} is a basis of 7 (w). We have

number of elements in A

Lin <{ez:z € Agm) (w)} >= F](m) (w). (4.8)
By Theorem 4.15, an orthogonal family {e, : x € A(w)} is complete. 1

We illustrate this basis by the following figure:

s(wV=V[2)e; s(wVV[N])e;

5(11}(]*1)[2]) ..... s(w(Jfl)[N])

s(wD 1)) =s(w) s(wlT=D[1])=s(wl 1)

€j+1 €j—1

Recall Corollary 4.2 (i). In this figure, a vertex and an edge mean a vector
and an operator on the representation space, respectively.
We check the action of Oy on this basis. If m > 1, then

siegx = $i8(2)Q = s(g; @ 2)Q = €., (4.9)

fort=1,...,N,z € A§m) (w). Hence s; moves tree basis to tree basis except
cycle. This action is similar to ordinary permutive representation ([5]). The
case m = 0 is complicated rather than that of m # 0. Define a family
{g(n)}t_; of unitaries in U(N) by

) =w M Gi=1... Non=1... .k
glj(n)—wi [J] (Zaj_ 9ty ,yh=1,..., )

Th
. W] W Dy
o (n o (n
gy = | @7l )
o (n o 1(n
wy ) Wl N



for n = 1,...,k. By choice of {w@ (M) Y., g(n) is a unitary matrix.
By this,
s(w™i]) =Y wiVlils; = > gji(a(n)s; = oy (s:)
; =

J=1

fori,j=1,...,N, n=1,...,k where « is the natural U(N) action on Oy.
Hence

5i = Qgo(my- (s(w™i])).

By using this equation, compute action of s;:

Sieiﬂa(m) = Slew(m)®®w(k)
Si€m

gy (s M) e,

N -1
= Z(g(m)*)jﬁ(w(" D [])em

=1

<

where

(4.10)
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yi1=wP],  yim =0 M fow™ o 0wk

forj=2,....,N,m=2,...,k. Note
0 1
m € A (), yim € ALY, (w)

form=1,...,kand j=1,...,N.

Lemma 4.17 Under the assumption in Proposition 4.16 and symbols (4.10),
the following equation holds:

Si€g

o(m)

N
o~ m __(c=Y(m .
:@5 ( ))6xm+zw§ ( ))[J]eyj,m
Jj=2

form=1,....kandi=1,...,N.

Corollary 4.18 (Ordinary cycle basis notation) Under the assumption in
Proposition 4.16, the following equation holds:

N
o~ m —(e71(m . o~ (m :
siem =, ey + o w s e
j=2

form=1,...,kandj=1,...,N.

By Lemma 4.17, the action of generators of Oy on the cycle basis is clarified.
For s; action, the first term in the right hand side is a cycle basis, again.
On the other hand, other term is in .ﬁ(l)(w) and this is “outside” cycle. By

. : o (ot m) i\ Y N -
checking matrix element of g(m), it is known that (w [l])l_l € CVis

(2
a unit vector. Hence it seems that an operator s; is arisen from a branching

1 N
function system([5]) with weight (wf’ (m))[l])l_l. In this point of view, GP
representation is regarded as a permutative representation by “a quantum
branching function system”.

Note: The definition of the basis in Proposition 4.16 depends on the choice
of orthonormal families {{w(”) f:l=1,...,N}:n=1,... ,k:}. Although,
the choice of these families is independent in G P representation by w. In the
same way, the formula in Lemma 4.17 is determined by only the choice of
w and orthonormal families. Conversely, if we define a family {s,...,sy}
of operators on a Hilbert space H by Lemma 4.17 and equations (4.9), then
we have a representation of Op. This style of definition of representation is
a generalization of permutative representation ([5]).
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5 Uniqueness, irreducibility and equivalence

5.1 Uniqueness of GP representation

Lemma 5.1 Let (H,{s1,...,sn5},Q) be the GP representation of On by
non periodic w € S(CY)®* and {e, : © € A(w)} the canonical basis in
Proposition 4.16. For x € A(w) N S(CN)®*, there are m € N and ¢ € C
such that

c-ep (a =0 mod k),
s\m-+M _
(S(w) ) eﬁ_ c(<w’w>)Me a;‘é()modk‘
J J j=k—a+1 modk
for each M > 1
Proof.
If v € A(w)NS(CM)® 0 <a<k,thenletm=1and j=k —a+ 1.
(s(w)*)"e, = s(w)*s(z)2

= c<wvP@. . w(a)\x > €k qrl

= c-ej

by Lemma 4.1 (iv). Hence

(s(w)")"Me, = c- (s(w))Me; = ¢ < wlw; >M e

for each M > 1.
If 2 € A(w) N S(CM)®* | > 1, then let m =1
(s(w))"es = s(w®)*(s(2)Q)
= <uw®z >0 (5.1)

= ceq

where ¢ =< w® |z >.
If 2 € A(w) N S(CN)®Uk+a) 0 < g < kand !> 1, thenlet m =1+1
and j =k —a+ 1. Then
(s(w))"es = s(w™ @ w)*(s(x)2)
= < Pralr > st . @wk)Q
= < ralr>cerar1 (by Lemma 4.1 (iv) )
= C€;
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where ¢;, is in Lemma 4.7 and ¢ =< ¢ 4|z > ¢. Hence
(s(w)* )™ Me, = c- (s(w))Mej = ¢ < wlw; >M ¢

for each M > 1. I

Lemma 5.2 Let (H,{s1,...,sn},Q) be the GP representation of On by
non periodic w € S(CN)®¥. If v € H satisfies < v|Q2 >= 0, then

Tgilnm(s(w)*)mv = 0.

Proof. Any cycle and tree basis are written as
e, = s(2)Q

for z € A(w) by Proposition 4.16. It is sufficient to consider the case v =
5(2)Q. By Lemma 5.1, if z € S(CV)2(k+a) (0 < q < k, then

Jim (s(w)")™e = lim (s(w)")™ M s(2)0

= lim ¢ <wlwg_q+1 >M €k—a+1
M—o0

= 0.

because if k—a+1 # 1, then | < w|wg_q+1 > | < 1. Therefore it is sufficient
to consider the case z € S(CN)®k [ > 1.

(s(w))'e: = s(w®)*(s(2)Q)
= <w®z >0
<wlz>Q (l=1),
= (5.2)
<w®D|z; ><wlzy > Q (1>2)

where z = 21 ® 2, 21 € S(CV)®U=1) and z, € S(CN) when [ > 2. If [ = 1,
then

z€ S(CMEFMA(w)\ {w}

w(l)[n] QU@ @uwh,
e @uPpmlow®e--euw®, L _9 N

i1yeenrin_n) @ w(k’l)[n] @ wk), j=1,...,k—1
E(ig,enin_1) @ w®) [n]

&(
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where we remove w € S(CY)®*NA(w) under assumption of this Lemma. By
5.2, (s(w)*)'e, = 0 because < w|z >= 0 by choice of w®[n], n =2,...,N.
If | > 2, 29 is in S(CM)®* N A(w) \ {w} by definition of A(w). Therefore
(s(w)*)le, = 0, too. Hence

i (s(w))mo = Tim (s(w)) M (s(w)")e.

= 0.

Corollary 5.3 (Uniqueness of GP vector) Assume that (H,m) is a repre-
sentation of On. If Q,Q € H are cyclic vectors by m(On) and satisfy the
condition (3.7) with respect to common non periodic w € S(CN)®*  then
there is ¢ € C such that Q = Q.

Proof. We identify m(s;) and s; here. We can denote
Q =4y, <Qy>=0, ceC.
By assumption, s(w)Q = Q. Hence s(w)*Q = Q' and

(s(w))"Q =9 (n>1).

By Lemma 5.2,
Q' = lim (s(w)")"Q
= lim_c(s(w)")"Q+ lim (s(w)*)"y
= 2+0.
Hence ' = Q. !

Recall the equivalence of GP representations in Definition 3.3 (ii).

Proposition 5.4 (Uniqueness of GP representation) If w € TS(CV) is
non periodic, then any two GP representations of On by w are equivalent
each other.
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Proof. Assume that both (H,m,2) and (H/, T Q/) are GP representations
by w. Fix orthonormal families {w@[l] : 1 =1,...,N}, j =1,..., k, which
is taken in Proposition 4.16 with respect to w. By Proposition 4.16, there are
complete orthonormal bases (=CONB) {7 (s(x))Q : z € A(w)}, {7 (s(x))Q" :
z € A(w)} of H and H', respectively. Define a unitary

U:H—H; Urn(s@)Q=x(s(z)Q (zcAw)).

Then U is well defined because U maps CONB in H to that in H'. Note
the set A(w) of indexes is independent in the choice of representation.

If o € A(w) \ [T5; A (w), then

!

Un(s)U*n (s(x))Q =

F (e i 200"
where we use (4.9). Hence Un(s;)U* =7 (s;),i=1,...,Non (@jzlfj (w)) .
(

Ifx e Ajo)(w), j=1,...,k, then

’ ’

Un(s)U*r (s(2))Q = Un(s(e; @ 2))92
= U(;amﬁ(s(ym))ﬂ>
= %:amUTr(s(ym))Q
= ;amﬂ’(S(ym))Q'

7r: (s(g; ,® x))Q,
T (si)m (s(z))<

’

where a,, € C and y,, € A(w) are determined by
m(si)m(s(2)Q =Y amm(s(ym))Q
in Lemma 4.17.
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Hence Un(s;)U* = ' (s;) for each i = 1,...,N. Therefore 7 and 7
are equivalent. I

5.2 Irreducibility

Proposition 5.5 If w € S(CN)®* is non periodic, then the GP represen-
tation of Oy by w is irreducible.

Proof. Let (H,{s1,...,sn},8) be the GP representation by w. Let v € H,
v #£ 0. It is sufficient to show that the cyclic vector 2 is obtained from v by
action of Oy.

Because H is cyclic, there is © € O such that < Qv ># 0. Therefore
we can assume that < Qv >= 1 by replacing v and z*v and normalizing it.
Denote

v=04y, <Qy>=0.

By Lemma 5.2,
Jim (s(w)")"0 = lim (s(w)")" Q2+ lim (s(w)*)"y
= .
Hence
Q€ Onv.
Therefore (H,{s1,...,sn}) is irreducible. 1

In [5], the non periodicity is necessary and sufficient condition of irre-
ducibility of permutative representation. Although, in Definition 3.2, there
is an irreducible case for periodic case, too. This difference occurs because
of that of definition of permutative representation and GP representation.
Under some additional condition, such necessary and sufficient condition
holds. We explain the periodic case in the succeeding our paper [8].

5.3 Equivalence of GP representation

For two representations (H1,m1) and (Hz,m2) of Oy, (Hi,m1) ~ (Hz,72)
means that (Hi,71) and (He, m2) are unitarily equivalent.

Lemma 5.6 Assume that (H,7) and (H ,7 ) are representations of Oy and
there are x € Oy and Q' € H' such that ' () = Q. If (H,7) ~ (H ,7),
then w(x) has eigen value 1.
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Proof. Denote t; = 7(s;) and t; = = (s;) for i = 1,...,N. If they are
equivalent, then there is a unitary U : H — H such that

Ut;U*=t, (i=1,...,N).

If z € Oy and Q € H satisfy 7 (2)Q = ', then a vector Q = U*Q € H
satisfies . )
m(x)Q= U'n (x)UU*Q
= U'n (2)Q
= U
= .

Hence 7(x) has an eigen vector € with eigen value 1. 1

Corollary 5.7 Let (H,7) and (H ,7') be representations of Oy and x €
On. Assume that w(x) has an eigen vector on 'H. If there is no eigen vector
of ™ () onH , then (H,m) # (H 7).

Recall the notation ~ in T'S(CV) and GP(w) for w € TS(CY) in
Definition 2.1 and 3.2.

Lemma 5.8 Let w,v € TS(CY) be non periodic. If w ~ v, then GP(w) ~
GP(v).

Proof. Let (H,m,Q) and (H,7,Q) be GP(w) and GP(v), respectively.
Assume that w € S(CM)®*¥. If w ~ v then, there is p € Z; such that
v = p(w). By Proposition 4.3, there is Q" € H such that (H,7,Q") is
GP(p(w)) = GP(v). Hence both (H,7,Q") and (', 7 ,Q') are GP(v). By
Proposition 5.4, (H, ) and (H', 7 ) are equivalent. Hence GP(w) ~ GP(v).
1

Lemma 5.9 Assume that v,w € TS(CY) are non periodic and v # w. Let
(H,{s1,...,sN5}) be a representation of On. IfQ,Q € H satisfy s(w)Q = Q
and s(v)Q = Q' then < Q|Q" >=0.

Proof. Assume that w € S(CN)®* and v € S(CN)®!, If k # [, then

< QO >=< s(w)'Qs()*Q >=< W P& >< Q" > .

By Proposition 2.5 (iii), | < w®|v® > | < 1. Hence < Q|Q >= 0.
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Assume that k = 1. If | < wjv > | < 1, < Q|Q" >= 0 by the same
argument in the above.
If | <w|v > | =1, then we can denote v = cw for ¢ € C, ¢ # 1. Then

s(0)Q2 = es(w)Q = .

Hence 2 and Q' are eigen vectors of s(v) which have different eigen values
each other. Hence < Q| >= 0. 1

Lemma 5.10 Assume that v,w € TS(CYN) are non periodic. If v # w,
then GP(w) «# GP(v).

Proof. Assume that w % v. By assumption and Proposition 5.5, both
GP(w) and GP(v) are irreducible. We can assume that GP(w) and GP(v)
are represented on the common separable infinite dimensional Hilbert space
‘H without loss of generality because Oy is a separable infinite dimensional
C*-algebra. Hence we can denote

GP(w) = (H,{s1,...,sn},Q), GP)= (H,{t1,....,tn}, ). (5.3

We assume that GP(w) ~ GP(v) and imply contradiction. If GP(w) ~
GP(v), then we can assume that t; = s; for each ¢ = 1,..., N in (5.3) by
Proposition 5.4.

Therefore we can denote

GP(w) = (H,{s1,...,s8},Q), GP)=(H,{s1,...,sn},Q).

Note
sw)=Q, s)Q = (5.4)
by Definition 3.2. By the canonical basis of GP(w), we can denote
.k
0 = Z ae; +y

i=1
where e; = Q and y € H such that < e;|ly >= 0 for each i = 1,... k,
a;j € C. Since w # v, wj = 677 Hw) £ v for j = 1,...,k. Note e; is GP
vector for s(w;). By Lemma 5.9, < Q'|e; >= 0. Hence Q = y. Therefore

i
Qe (@§:1f](0)(w)) . By the canonical basis, there is the smallest m > 1
such that u € F\"™ (w) and < u|€ ># 0. Then

k /
Q e @ @f;m )(w).

m' >mJ=1
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On the other hand
N k /
s(v)Q = ZvisiQ/ € @ @fj(m )(w)
i=1 m'>m+1J=1

by (4.9). Hence s(v)Q # Q. This is contradiction. Hence GP(w) # GP(v).
1

By combining Lemma 5.8 and 5.10, we have the following statement.

Proposition 5.11 (Equivalence of GP representation with cycle) Let w,v €
TS(CN) be non periodic. There is the following equivalence:

GP(w) ~GP(v) & w~w.

6 Application

6.1 GP state

In usual theory of operator algebra, the notion of state is often treated
rather than representation of algebra. We show the relation between GP
representation and state of Cuntz algebra.

Proposition 6.1 (Representation and state) Let w € S(CN)®¥ be non pe-
riodic.

The GP representation of On by w is equivalent to the GNS represen-
tation by a state p of On which satisfies the following equation:

w(l)-w(T) (|~ |J] =0 mod k),
p(s15) = (6.1)
0 (otherwise)

for each I,J € U011, ..., N}™ where
w(l) = ﬁ (@)
i
j=1

for I = (i1,...,im) € {1,....,N}™, m > 1, o is the shift in Zy under the
following convention:



Proof. Let (H,m, ) be the GP representation by w € S(C)®*. By Propo-
sition 5.5, (H, m, Q) is irreducible. Hence any vector state of 7(Oy) on H is
pure. Therefore the GNS representation of any pure state associated with
vector state on H is irreducible and unitarily equivalent to (H,m, 2). A state
p on Oy is uniquely determined by the condition (6.1) because it is densely
defined on Op.
Put
p=<Qr(-)Q > .

It is sufficient to show that p satisfies the condition (6.1).
Assume that |I| = kn+aand |J| = kn'+d’, n,n > 0and 0 < a,d’ < k.
By Lemma 4.7,

p(srs) = < Qm(srs%)2 >
= < 7(s7)Qm(sh)Q >
= << 5[‘¢n7a > ea—l—l ‘< 6J’¢n/,a’ > ea/+1>

= <erlpne > <eylo,y o ><eatiley g >

where we use symbol ¢, , in Lemma 4.7. When a # 0,

< erlpna >= (< e Jw® >< g, [w® > - < g Jw®) >)
X << Eippr W >< g L w® > < gy Jwk) >)
N
X << Citn—1)kt1 ’w(l) >< 8i(n71)k+2’w(2) > < 8ink’w(k) >)
X < Eippg lw™®) >< sinHQ\w(Q) > < 5ink+a|w(“) >

= wl P ™ ) o
11 1k Tk+1 2k Yn—1)k4+1 Ink
xwM (@
Ink+1 Ink+a
= w(I)

When a = 0,

< 5[|¢n70 >=< 51|w®kn >=< &, ip|w > < €i<n71>k+17n_,ink’w >= w(I).

37



Hence < e7|¢pn,q >= w(I) for each n > 0 and 0 < a < k. Therefore

p(srs%) = <erlpnag > < €J|¢)n/7a/ >< eqriley g >
w(l) -w(J)-0,

a,a

w(l) - w(J) (a—d =0),

(otherwise),

‘ [an}

(I)-w(J) (|- |J| =0 mod k),

S

@)

(otherwise).

We call the GP state of On by w a state which is defined by (6.1).

Corollary 6.2 Let N > 2 and w € S(CN)®*. Assume that p,, is a state of
On which satisfies the condition (6.1).

(i) If w is non periodic, then p,, is pure.

(ii) Assume that w,w are non periodic. Then the GNS reprsentations
associated with py, and p, are equivalent if and only if w ~ w'.

(iii) If k =1, then py is always pure.

(iv) If k = 1, then for any two w,w’, associated GNS representations by
pw and p,s are inequivalent when w # w'.

In this way, we obtain many concrete pure states of On from non periodic
w € TS(CN).

6.2 Example

Example 6.3 (i) Recall an example which is defined by an equation (1.3)
in section 1. By Proposition 5.5, the GP representation in (1.3) is irre-
ducible because w € S(C?)®? in (1.3) is non periodic. Since any per-
mutative representation of Qs with cycle is given by the case w = ¢y,
I € {1,2}*, (1.3) is not equivalent to any permutative representation
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(if)

(iii)

with cycle by Proposition 5.11. Furthermore, if oy is a natural auto-
morphism of Oy associated with g = (g;;) € U(2), then the permuta-
tive representation G P(er) associated with €5 is changed to GP(v) by
g as following v € S(CN)®k:

UZU(1)®®U(k)7

/U(J) :gTz]‘gl—}_g;zJEQ (j = 17)k)

when I = (i,...,4). Since (1.3) has the length 2, it is sufficient to
consider the case
v = U(l) & U(Q),

U(l) = gi(ilgl + g;i1€27 U(2) = gTiQ(gl + g§i282

for I = (i1,i2). If w in (1.3) and v are equivalent, then g5, = 0 or

955 = 0. Then
x__ [ C1 0 r 0 C1
g = 0 C2 (&) 0 '

Hence v is one of the followings:
ac1 ® ey, ae1 ®eg, a2 ®e1, agr R eg

where a € U(1). Hence v is not equivalent to w. Therefore, GP(w) is
not equivalent to any permutative representation with cycle which is
rotated U (2)-action by Proposition 5.11.

Because any w € S(C") is non periodic, a cyclic representation of Oy
with the cyclic vector ©Q which satisfies s(w)Q = Q is irreducible by
Proposition 5.5. Because any two different elements in S(C”) are not
equivalent, GP representations associated with them are not equivalent
each other by Proposition 5.11.

For k > 1, a cyclic representation of Oy with the cyclic vector 2 which
satisfies

(s1+ 52)(s1 + Es2)(s1 + E289) - - (s1 + ¥ Lsp)Q = 2¥/2Q

is irreducible where £ = e2mV=1/k,
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6.3 Spectrum of Oy

We summarize our result by the word “spectrum” of Opy. Let SpecOpn be
the set of all unitary equivalence classes of irreducible representations of Oy,
that is

SpecOpn = IrrRepOpn/ ~ .

On the other hand, denote
TSp(CN) = {w € TS(CN) : w is periodic }.

Then
TSp(CN) = {v®* € TS(CN) 1 v e TS(CY), k > 2}

For example, €1 ®e1, 61 ®e1®€e1, €1 Q3R ETREY, €101 REIRETRVEL R ey
are in T'Sp(CY). If TSyp(CY) is the set of all non periodic elements in
TS(CY), then

TSnp(CN) =TS(CN)\ TSp(CY)

by definition of non periodicity. Recall the equivalence relation ~ on T'S(C™)
in Definition 2.1 (iv).

Theorem 6.4 There is an injective map
GP:TSyp(CN)/~ <  SpecOy.

Proof. For w € TSyp(CY), GP(w) is irreducible by Proposition 5.5.
Hence we have a map

GP: TSNp(CN) — IrrRepOpn

where we do not distinguish the cyclic vector in GP(w). From this map, we
have the natural map

@:TSNP(CN) —  IrrRepOn/~ = SpecOy.

By Proposition 5.11, this map is well defined on the quotient space T'Syp(CY)/~.
In this way, we have an injective map

C/;\f) : TSNP(CN)/N — Spec(’)N.
1

Here we try to explain a part of T'Syp(C) by using geometric re-
alization. Because any element in S(C?) is non periodic and any two
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different elements in S(C") are inequivalent, we can identify S(C™) and
Snp(CY)/~ = (S(CY¥)NTSyp(CY)) /~. Hence GP([w]) and GP(w)
can be identified for each w € S(C¥V). Therefore S(C") can be regarded
as a (complex)sphere which consists of spectrums of Oy. In other word,
S(CY) is embedded into SpecO.

Although, this can be obtained from ordinary permutative representa-
tions ([5]) by rotation of U(N). Furthermore by U(N) action on SpecOp,

S(CN) is an orbit of spectrums. {e1} x (S(CN) \ {51}> is regarded as a
subset of SpecOp in the similar reason.
This study is shown in succeeding our paper([10]).

Note: In this paper, we don’t treat the case “chain”. Hence there are many
elements in the spectrum of Oy except T'Syp(CY)/ ~. Our ultimate aim
is to describe any element in SpecOy by this way.

6.4 Other topics

There are several applications of permutative representation in quantum
field theory [1, 2, 3, 4]. By restricting permutative representation of Oz on

CAR = O;] (1), we have many formulae of representation of CAR and its
irreducible decomposition formulae.

Furthermore we have a class of endomorphisms of Cuntz algebra by
combinatrix method. In order to analyze them, the permutative represen-
tation and its theory are useful. We treat this work in the succeeding our

papar.
Appendix

A Lemmata
Lemma A.1 If w = v ®@ - @ w® v = oM @ ... @ v*) ¢ §(CN)®k
are linearly dependent, then w™ and v are linearly dependent for each

t1=1,...,k, too.

Proof. 1f v and w are linearly dependent, then there is ¢ € C, |¢| = 1, such
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that v = cw because ||v]| =1 = ||w||. On the other hand,

1= | <wlv>|

k . .
II < w®[p® >

i=1

= ﬁ ‘< w® [p® >’ .
=1

Because o ' 4

| <0 > | < 0@ o) =1,
| < wDw® > | = 1. Hence w® and v® are linearly dependent for each
1=1,...,k. ]

Lemma A.2 Ifw € S(CN)®¥ is non periodic, then p(w) and w are linearly
independent for each p € Zy \ {id}.

Proof. Assume that p(w) and w are linearly dependent. By Lemma, A.1,
w® and w®®) are linearly dependent for i =1,...,k. Let ¢; € C by

If p is a generator of Zj, then there are {d;}¥_; such that
w® = dw.
Hence
w = (dy - di) (wM)®F,

Therefore w is periodic. This is contradiction.
Assume that there is 0 < m < k such that p™ = id. Let M = k/m.
Then

w=(c)M (w(l) Q- ® w(m))®M

where ¢ = ¢; - ¢;,. From this, w is periodic. This is contradiction. 1

Lemma A.3 Ifw € S(CN)®* andv € S(CN)®! are non periodic andl # k,
then w®' and v®* are linearly independent in (CN)®k,
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Proof. We can assume that [ > k without loss of generality. Then we can
denote | = nk+a, 0 < a < k, n > 1. Denote w = vV @ -+ @ wh),
v=ovW@-..@vW. If they are linearly dependent, then there is ¢ € C such
that

w® = cv®F,

From this, there are {¢;,} C C such that

w" M) = ¢ o) (0<m <kl —1)

where ¢ and 7 are shifts of Z; and Z;, respectively. Note

o) =@ W) (=1, (A.1)
For0<n <n-—1,
U(n’k-H') _ En,k+iw(o.7L,k+i—1(1))
— oy (by ok = id)
= Cién'k—i—iv(i) ( by (Al))

Therefore for m=1,...,kl,i=1,...,k, there is ¢ € C such that

m)

o™ = @ 4y = mod k.

Hence v is periodic. This is contradiction. Therefore v and w are linearly
independent. |

Lemma A.4 Ifv,w € S(CN)®* are linearly independent, then v®' and w®
are linearly independent, too for each | > 2.

Proof. 1f they are linearly dependent, then there is ¢ € C such that

w® = c®,

c =< v w® >= (< vjw >).

Hence
| <vlw>|=1.

Therefore v and w are linearly dependent. This is contradiction. 1
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