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ABSTRACT. Let T be an adjointable operator between two Hilbert C*-modules,
and let T™ be the adjoint operator of T'. The polar decomposition of T is char-
acterized as T = U(T*T)2 and R(U*) = R(T*), where U is a partial isometry,
R(U*) and R(T*) denote the range of U* and the norm closure of the range
of T, respectively. Based on this new characterization of the polar decompo-

sition, an application to the study of centered operators is carried out.

1. INTRODUCTION

Much progress has been made in the study of the polar decomposition for
Hilbert space operators [3, 5, 6, 7, 15]. Let H and K be two Hilbert spaces,
and let B(H, K) be the set of bounded linear operators from H to K. For any
T e B(H,K),let T*, R(T), and N (T) denote the conjugate operator, the range,
and the null space of T, respectively. It is well-known [6, 7] that every operator
T € B(H, K) has the unique polar decomposition

T =U|T| and N(T) = N(U), (1.1)
where |T| = (I*T)z and U € B(H,K) is a partial isometry. An alternative

expression of (1.1) is

T =U|T| and R(T*) = R(U"), (1.2)
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since N(T)*+ = R(T*) and N(U)*+ = R(U*) = R(U*) in the Hilbert space case.
Note that if H = K, then B(H, H) abbreviated to B(H), is a von Neumann
algebra. It follows from [14, Proposition 2.2.9] that the polar decomposition also
works for elements in a von Neumann algebra. Nevertheless, it may be false for
some elements in a general C*-algebra; see [14, Remark 1.4.6].

Both Hilbert spaces and C*-algebras can be regarded as Hilbert C*-modules,
so one might study the polar decomposition in the general setting of Hilbert C*-
modules. An adjointable operator between Hilbert C*-modules may have no polar
decomposition unless some additional conditions are satisfied; see Lemma 3.5 be-
low for the details. The polar decomposition for densely defined closed operators
and unbounded operators is also considered in some literatures; see [2, 4, 5], for
example.

The purpose of this paper is, in the general setting of adjointable operators on
Hilbert C*-modules, to provide a new insight into the polar decomposition theory
and its applications. We will prove in Lemma 3.6 that five equalities appearing
in Lemma 3.5 (iii) can be in fact simplified to two equalities described in (3.2),
which are evidently the same as that in (1.2) when the underlying spaces are
Hilbert spaces. It is remarkable that (1.1) is a widely used characterization of
the polar decomposition for Hilbert space operators. Nevertheless, Example 3.15
indicates that such a characterization of the polar decomposition is no longer
true for adjointable operators on Hilbert C*-modules. This leads us to figure
out a modified version of (1.1), which is stated in Theorem 3.13. Note that
the verification of the equivalence of Lemma 3.5 (i) and (ii) is trivial, so it is
meaningful to give another interpretation of Lemma 3.5 (ii). We have managed
to do that in Theorem 3.8 (iii).

One application of the polar decomposition is the study of centered operators on
Hilbert spaces, which was initiated in [12] and generalized in [8, 9]. Based on the
new characterization (3.2) of the polar decomposition for adjointable operators,
some generalizations on centered operators are made in the framework of Hilbert
C*-modules.

The paper is organized as follows. Some elementary results on adjointable op-
erators are provided in Section 2. In Section 3, we focus on the study of the polar
decomposition for adjointable operators on Hilbert C*-modules. As an applica-
tion of the polar decomposition, centered operators are studied in Section 4.

2. SOME ELEMENTARY RESULTS ON ADJOINTABLE OPERATORS

Hilbert C*-modules are generalizations of Hilbert spaces by allowing inner
products to take values in some C*-algebras instead of the complex field. Let
2 be a C*-algebra. An inner-product 2-module is a linear space E, which is a
right -module, together with a map (z,y) — <x, y> : E x E — 2 such that for
any x,y,z € E,a,f € C and a € A, the following conditions hold:

(i) (z, oy + Bz) = ale,y) + Bz, 2);
(i) (z,ya) = (z,y)a;
(iii) (y, >= (z,9)"

(iv) (x,z) >0, and (z,z) =0 <= z = 0.
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An inner-product 2-module F, which is complete with respect to the induced
norm (||z|| = v/ |[{x, z)|| for x € E), is called a (right) Hilbert 2-module.

Suppose that H and K are two Hilbert 2-modules; let £L(H, K) be the set of
operators T': H — K for which there is an operator 7" : K — H such that

(Tx,y) = (z,T"y) for any z € H and y € K.

We call £L(H, K) the set of adjointable operators from H to K. For any T €
L(H, K), the range and the null space of T are denoted by R(T) and N (T),
respectively. In case H = K, L(H, H), which is abbreviated to L(H), is a C*-
algebra. Let L(H)s, and L(H ), be the set of self-adjoint elements and positive
elements in £(H), respectively.

Definition 2.1. A closed submodule M of a Hilbert 2(-module F is said to be
orthogonally complemented, if £ = M + M+, where

Mt = {z€E:(z,y)=0forany y € M}.
In this case, the projection from H onto M is denoted by Py;.

Throughout the rest of this paper, 2 is a C*-algebra and E, H, and K are
three Hilbert 2A-modules. Note that £(H) is a C*-algebra; so we begin with an
elementary result on C*-algebras.

Definition 2.2. Let 8 be a (*-algebra. The set of positive elements of B is
denoted by %B.. For any a,b € B, let [a,b] = ab — ba be the commutator of a
and b.

Proposition 2.3. Let B be a C*-algebra , and let a,b € B be such that a = a*
and [a,b] = 0. Then [f(a),b] = 0 whenever f is a continuous complex-valued
function on the interval [—||al|, ||a|].

Proof. We might as well assume that 8 has a unit. Choose any sequence {p, }>*
of polynomials such that p,(t) — f(¢) uniformly on the interval [—||al|, ||all].
Then ||p,(a) — f(a)|| = 0 as n — oo; hence

fla)b = gi_fl(}op”(@b = nh—r>Iol<> bpn(a) =0bf(a). O

Next, we state some elementary results on the commutativity of adjointable
operators. For any a > 0, the function f(¢) = ¢ is continuous on [0, +00); so a
direct application of Proposition 2.3 yields the following proposition.

Proposition 2.4. Let S € L(H) and T € L(H)4 be such that [S,T] = 0. Then
[S,T% =0 for any a > 0.

The technical result of this section is as follows:

Proposition 2.5. Let T' € L(H); be such that R(T) is orthogonally comple-
mented. Then

71113010 | Thz — Preyzll =0, for all z in H, (2.1)

where T, = (11 + T)_1 T for each n € N.
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Proof. For each n € N, the continuous function f, associated to the operator T,
is given by

fult) = . fortesp(T) C 0.7
where sp(7) is the spectrurr;l of T. Then for each n € N,

| Tl = max {| fu(t)] - t € sp(T)} < 15

|T.T — T|| = max {|tf,(t) — t| : t € sp(T)} < %

Now, given any € H and any ¢ > 0, let © = u + v, where v € R(T) and
veN(T) C N(T,) for any n € N. Choose h € H and ny € N such that

3(1Al| + 1
o = Thi| <  and n > sUir+ 1)
15

Then for any n € N with n > ng, we have
[Tz — Prayzll = | Thu — Prgyull
< | Towu = TTh|| + | T,Th — PeayTh|| + | PreyTh — Pregyull
< T (u = Th)|[ + (T T)h = Th| + [| Prezy(Th = w)||
1 E € &€
< Hu—ThH—i—EHhH%—HTh—uH < §+§+§:€‘
This completes the proof of (2.1). O

Based on Proposition 2.5, a result on the commutativity for adjointable oper-
ators can be provided as follows:

Proposition 2.6. Let S € L(H) and let T € L(H); be such that R(T) is
orthogonally complemented. If [S,T] = 0, then [S, PW} =0.

Proof. Denote P simply by P. Since [S,T] = 0, we have [S,T,,] = 0, where
T, (n € N) are given in Proposition 2.5. It follows from (2.1) that

P(Sz) = lim T,,(Sz) = lim S(T,x) = S(Px) for any x € H. O

We end this section by stating some range equalities for adjointable operators.

Proposition 2.7. Let A € L(H,K) and B,C € L(E, H) be such that R(B) =
R(C). Then R(AB) = R(AC).

Proof. Let x € E be arbitrary. Since Bx € R(C), there exists a sequence {z,} in
E such that Cx,, — Bx. Then ACz,, — ABzx, which means ABz € R(AC), and

thus R(AB) € R(AC) and furthermore R(AB) C R(AC). Similarly, we have
R(AC) C R(AB). O

Lemma 2.8. [17, Lemma 2.3] Let T € L(H).. Then R(T*) = R(T) for any
ae(0,1).

Proposition 2.9. Let T € L(H),. Then R(T*) = R(T) for any o > 0.
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Proof. In view of Lemma 2.8, we might as well assume that o > 1. Put S = T“.
Then S € L(H),, so from Lemma 2.8 we have

1

R(T) = R(S%) = R(S) = R(I*). O
3. THE POLAR DECOMPOSITION FOR ADJOINTABLE OPERATORS

In this section, we study the polar decomposition for adjointable operators on
Hilbert C*-modules.

Definition 3.1. Recall that an element U of L£(H, K) is said to be a partial
isometry, if U*U is a projection in L(H).

Proposition 3.2. [17, Lemma 2.1] Let U € L(H, K) be a partial isometry. Then
U* is also a partial isometry, which satisfies UU*U = U.

Lemma 3.3. [11, Proposition 3.7] Let T € L(H,K). Then R(T*T) = R(T*)
and R(TT*) = R(T).

Definition 3.4. For any 7" € L(H, K), let |T| denote the square root of T*T.
That is, |T| = (T*T)2 and |T*| = (TT*)z.

Lemma 3.5. [16, Proposition 15.3.7] Let T € L(FE). Then the following state-
ments are equivalent:

(i) E=N(T))® R(T|) and E = N(T*) @ R(T);
(ii) Both R(T) and R(|T|) are orthogonally complemented;
(iii) T has the polar decomposition T = U|T|, where U € L(F) is a partial
1sometry such that
NU) =N(T),N(U") = N(T7), 3.1)
R(U) =R(T),R(U") = R(T™). 3.

Lemma 3.6. Let T € L(H, K) be such that R(T*) is orthogonally complemented,
and let U € L(H, K) be a partial isometry such that

Then R(T) is also orthogonally complemented, and all equations in (3.1) are
satisfied. Furthermore, the following equations are also valid:

T =U*T"| and UU* = Pray (3.3)
|T*| = U|T\U* and U|T| = |T*|U.
Proof. By Proposition 2.9 and Lemma 3.3, we have
R(T|) = R(IT*T) = R(T*) = R(U*U), (3.5)
which gives by Proposition 2.7 that
R(T)=RU|T|) =R(UUU) =R(UU");

hence R(T) is orthogonally complemented such that the second equation in (3.3)
is satisfied. Furthermore,

TT* =U|T|- |T|\U* = (U|T|U*)?
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hence the first equation in (3.4) is satisfied. As a result,
T = (UUITHU" = [T|U" = (U|T])" =
UIT| =T = (T7)" = (U*[T*])" = [T*|U.

This completes the proof of (3.3) and (3.4). Finally, equations stated in (3.1) can
be derived directly from the second equations in (3.2) and (3.3), respectively. [

Lemma 3.7. [17, Theorem 3.1] Let T € L(H, K) be such that R(T*) is or-
thogonally complemented. If R(|T*|) C R(T'), then the following statements are
valid:

(i) R(|T*]) = R(T);
(i) R(T]) = R(T");

(iii) R(T) is orthogonally complemented.

Theorem 3.8. Let T' € L(H, K). Then the following statements are equivalent:

(i) R(T') and R(T*) are both orthogonally complemented;
(il) R(T™) is orthogonally complemented and (3.2) is satisfied for some partial
isometry U € L(H, K);
(iii) R(T™) is orthogonally complemented, R(|T|) = R(T*) and R(|T*|) =
R(T).

Proof. The implications of (ii)==-(i) and (iii)==-(i) follow from Lemmas 3.6 and
3.7, respectively.

“0) = (i) Let E= HO K and T = < 00

7 0

and R(f*) are orthogonally complemented; hence by Lemma 3.5 there exists a

Un U
U U ) € L(FE) such that

) € L(E). Then both ﬁ

partial isometry U=

T = U|T|, R(0) = R(T) = {0} & R(T) and R(U") = R(T*) = R(T*) & {0},

which leads to U = ( 0 >; hence U is a partial isometry satisfying (3.2).

“(ii) = (iii)”: By (3.2)—(3.4), we have
T* = (U|T))* = |T|U* and T*U = U*|T*| - U = U* - U|T|U* - U = |1,
which obviously lead to R(|T|) = R(T*). Replacing T" and U, respectively, with
T* and U*, we obtain R(|T™*|) = R(T). O

Lemma 3.9. Let T € L(H, K) be such that R(T*) is orthogonally complemented.
If U,V € L(H, K) are given such that U|T| = V|T| and U*U = V*V = Prpy,
then U =V.

Proof. The equation U|T'| = V|T'| together with (3.5) yields U Pgzey = V Prppey;
hence

U=UU"V)=UPggey =V Pz =V(V'V)=V. O
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Definition 3.10. The polar decomposition of T' € L(H, K) can be characterized
as

T = U|T| and U'U = P, (3.6)
where U € L(H, K) is a partial isometry.

Remark 3.11. It follows from Theorem 3.8 and Lemma 3.9 that T € L(H, K)

has the (unique) polar decomposition if and only if R(7™) and R(T") are both
orthogonally complemented. In this case, T* = U*|T*| is the polar decomposition
of T™.

A slight generalization of (3.4) is as follows:

Lemma 3.12. Let T = U|T| be the polar decomposition of T € L(H,K). Then
for any a > 0, the following statements are valid:

(i) UIT|"U* = (U|T|U")" = [T*|%;
(i) U[T|* = |[T*|*U;
(ili) U*|T*|*U = (U*|T*|U)> = |T|*.
Proof. (i) Since U*U|T| = |T'|, we have
(UlT|\u*)" =U|T|"U*  for any n € N. (3.7)

Let f(t) = t“ and choose any sequence {P,,}°°_; of polynomials such that
P,(0) = 0 (Ym € N), and P,(t) — f(t) uniformly on the interval [0, ||[T]|].
Then from (3.4) and (3.7), we have

UIT|*UT = Uf(IT)U" = lim UP,(|THU" = lim P, (U|T|U")
= fUIT|U") = (UIT|U")™ = |T"|".

(ii) By Proposition 2.9 and Lemma 3.3, we have

RIT|*) = R(T*T) = R(T*),
and thus U*U|T|* = |T'|*. Taking x-operation, we get |T'|* = |T|*U*U. It follows
from (i) that
UIT|* =U(|T|*U*U) = (U|T|*U*)U = |T*|*U.
(iii) Since T™ = U*|T™*| is the polar decomposition of 7%, the conclusion follows

immediately from (i) by replacing the pair (U,T) with (U*,T™). O]

Before ending this section, we provide a criteria for the polar decomposition as
follows:

Theorem 3.13. Let T € L(H, K) be such that R(T*) is orthogonally comple-
mented. Let U € L(H, K) be a partial isometry which satisfies

T=U|T| and N(T) C N(U). (3.8)
Then T = U|T| is the polar decomposition of T'.



862 N. LIU, W. LUO, Q. XU

Proof. By assumption, () = U*U is a projection. For any x € H, we have
(IT|z, |T|z) = (Tz,Tz) = (U|T|2,U|T|z) = (QT |z, |T|z),
and thus
2
(I = Q)Tz|" = [[{(I = Q)|T|z,|T|x)| = 0;

hence Q|T'| = |T|. It follows that R(T*) = R(|T|) € R(Q). On the other hand,
by assumption we have

R(T*) = N(T)* 2 N(U)* = N(Q)" =R(Q);
hence R(T*) = R(Q), and thus Q = Py O

Remark 3.14. Let T € L(H, K), where H and K are both Hilbert spaces. In this
case R(T*) is always orthogonally complemented, so if U is a partial isometry
such that (3.8) is satisfied, then U|T| is exactly the polar decomposition of T

Unlike the assertion given in [10, P.3400], the same is not true for general
Hilbert C*-modules H and K, since R(7™) can be not orthogonally complemented
for some T" € L(H,K). Indeed, there exist a Hilbert C*-module H, and an
adjointable T and a partial isometry U on H such that (1.1) is satisfied, whereas
T has no polar decomposition. Such an example is as follows:

Example 3.15. Let H be any countably infinite-dimensional Hilbert space, and
let L(H) and C(H) be the set of bounded linear operators and compact operators
on H, respectively. Given any orthogonal normalized basis {e, : n € N} for H,
let S € C(H) be defined by

1
S(e,) = —en for any n € N.

Clearly, S is a positive element in C(H). Let K = 2 = L(H). With the inner
product given by

<X,Y> = X"Y for any X,Y € K,

K is a Hilbert 2(-module.

Let T : K — K bedefined by T'(X) = SX forany X € K. Clearly, T' € L(K)
and R(T) C C(H). Given any n € N, let P, be the projection from H onto the
linear subspace spanned by {ej, ez, - ,e,}. Let X,, € K be defined by

N e, i1 <5 <n,
Xale;) = { 0, otherwise. :

It is obvious that T'(X,) = P,, which implies that R(T) = C(H), hence

R(T )L = {0}, therefore R(T') fails to be orthogonally complemented. By Re-
mark 3.11, we conclude that 7" has no polar decomposition. Furthermore, given
any X € K such that T'(X) = SX = 0, then X = 0 since S is injective. It follows
that N(T) = {0}.

Now, let U be the identity operator on K. Then since 7' is positive, we have
T =U|T| and N(U) = N(T), whereas T has no polar decomposition.



THE POLAR DECOMPOSITION AND CENTERED OPERATORS 863

4. CHARACTERIZATIONS OF CENTERED OPERATORS

In this section, we study centered operators in the general setting of Hilbert
C*-modules.

Definition 4.1. [12] An element T' € L(H) is said to be centered if the following
sequence

LT T, TT, T, (T?)*T?, (T°)'T?, ...
consists of mutually commuting operators.

We begin with a cancellation law introduced in [8, Lemma 3.7]. Let T'= U|T|
be the polar decomposition of T' € L(H). Suppose that n € N is given such that

(UK T|(UM*,|T|]] =0  for 1<k <n. (4.1)
Then by Proposition 2.6, we have
[UF|T|(U*)*, U*U] =0 for 1 <k <m (4.2)

hence for any s,t € N with 1 <t <s<n+ 1, we have
USIT|(U*)*U" = U*|T|(U*™")* and (U)*U*|T|(U*)* = U*|T|(U*)*. (4.3)
Indeed, by (4.1) and (4.2), we have
US|T|(UP U = U - U YT|UsYY - U*U - U

— U.UU-USYT|US Y Ut
— U-USYT|(UFYy Ut
— U.UST|(UR ) Ut
= =UTITY)”

Taking *-operation, we get the second equation in (4.3).

Now we are ready to state the technical lemma of this section, which is a
modification of [3, Lemma 4.2].

Lemma 4.2. Suppose that T = U|T)| is the polar decomposition of T € L(H).
Let n € N be given such that

[UF|T|(U*)*,|T"|] =0 for any k,l € N withk+1<n+ 1. (4.4)
Then the following statements are equivalent:

(i) [U*|T|(U*)*,|T"|] =0 for some s,t € N with s +t =n + 2;
(ii) [Us|T|(U*)*,|T"] =0 for any s,t € N with s +t =n + 2.

Proof. Let s,t € N be such that s+t =n+ 2. Put
Ay = |T"? - U*|T|(U*)* and B, = U*|T|(U*)* - |T"|>. (4.5)
Then clearly,
[U°|T|(U*),|T"|]] =0 < A, = B,. (4.6)
Substituting £ = 1 and U|T|U* = |T*| into (4.4) yields
[1T%),|T"] = o, for 1 <1 <mn,
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which leads by Proposition 2.6 to
U, |T"] =0 for1<l<n. (4.7)
Note that t =n+2—s <n+ 1;so if t > 2, then by (4.4),
T2 = T (TY) T 7 = |T|U* - T2 U|T)
=U*-U|T\U*- T - U|T| =U*-|T - UIT|U* - U|T|
=U*-|T" ' UIT]* (4.8)
Assume now that ¢t > 2. Then s+ 1= (n+2—1t)+ 1 < n+ 1; hence by (4.5),
(4.8), (4.4) with [ = 1, and (4.3), we have
A= U T2 PO TR - U T\ (0
= U |T" P - UR|T|(Ue)” - [T (4.9)
=U*- A, -U|TP. (4.10)
Similarly,
B, = U*|T|(U*)* - U*UU*| T *U|T|?
— U*U - UP|T|(US) U T 12U T2
— U USHYT|(USHYTE L2  U| TP
=U*- B, -U|T|. (4.11)

It follows from (4.10) and (4.11) that A; = B; whenever A;_; = B;_1. Suppose
on the contrary that A; = B;. Then by (4.9), (4.7), and (4.5), we have

UA, =UU* - [T U - USIT|(US* - |T)? = [T - UU*U - US| T|(U*)*|T)?
=T U Ut T U) T = TR Ut T (Ut - Ul T
= A, - U|TP?
Furthermore, it can be deduced directly from (4.11) and (4.5) that
UB, = B,_, - U|T|*.
As a result, we obtain
A - U|T)?? = B,y - UIT|?,

which gives
A1 = A UU = B UU™ = By,

since R(U|T|?) = R(UU*) and [|T**]>,UU*] = 0.
Letting t = 2,3,...,n+ 1, respectively, we conclude that

Al=Bi <= Ay =By« - <= A,.1 = B,.1.
In view of (4.6), the proof of the equivalence of (i) and (ii) is complete. O

In view of Lemma 4.2, we introduce the terms of restricted sequence and the
commutativity of an operator along a restricted sequence as follows:
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Definition 4.3. A sequence {t,}>2 is called restricted if ¢, € {1,2,...,n} for
each n € N, and an operator T' € L£(H) is called commutative along this restricted
sequence, if T" has the polar decomposition 7' = U|T| such that

Ut T|(U")", [T || =0  for any n € N.
IT|(

A direct application of Lemma 4.2 and Definition 4.3 gives the following corol-
lary:

Corollary 4.4. Let T € L(H) have the polar decomposition T = U|T|. Then
the following statements are equivalent:
(i) [US]T|(U5)*, |Tt|] =0 for any s,t € N;
(ii) T is commutative along any restricted sequence;
(i) T is commutative along some restricted sequence.

Lemma 4.5. [8, Lemma 4.3] Suppose that T' = U|T| is the polar decomposition of
T € L(H). Letn € N be given such that (4.1) is satisfied. Then for1 < k < n+1,

(T%)| = UlT|U™ - UA|T|(U)" - - - UMIT(U")" (4.12)

Proof. This lemma was given in [8, Lemma 4.3], where H is a Hilbert space and
T € B(H). Checking the proof of [8, Lemma 4.3] carefully, we find out that the
same is true for an adjointable operator on a Hilbert C*-module. 0J

The main result of this section is as follows:

Theorem 4.6. (cf. [3, Theorem 4.1)) Let T' € L(H) have the polar decomposition
T =U|T|. Then the following statements are equivalent:

(i) T is a centered operator;
ii) [|T", [(T™)*|] =0 for any m,n € N;
[|T",|T*|] =0 for any n € N;

)

)

)

) 1

) [U™T|(U™)*,|T"]] =0 for any m,n € N;
(vii) [U"|T|(U™)*,|T|] =0 for any n € N;

i) [|[(T™)*],|T|] =0 for any n € N;

) (U™ |T*|U™, |T*|] =0 for any n € N;

) (U™ T*|U™, |(T™)*]] =0 for any m,n € N;
(xi) The operators in {|T|, U|T|U*, U*|T|U, U?|T|(U*)*, (U*)*|T|U?,---} com-

mute with one another.

S

Proof. The proof of (i)<=>(ii) is the same as that given in [8, Theorem 4.1].
“(ii)==(iii)” is clear by putting m =1 in (ii).

“(iil)<=(vii)”: Putting ¢, = 1 and s,, = n for any n € N. Then T is commuta-
tive along {t,} <= (iii) is satisfied, and 7" is commutative along {s,} <= (vii)
is satisfied. The equivalence of (iii)—(vii) then follows from Corollary 4.4.

“(vi)==(ii)”: Let m and n be any in N. From (vii) and Lemma 4.5, we know
that [(7")*| has the form (4.12) with &k therein be replaced by m. Now, each
term in (4.12) commutes with |T™| by (vi), so [|T™|, [(T™)*|] = 0.
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The proof of the equivalence of (i)—(vii) is therefore complete. Since T is
centered if and only if 7% is centered, the equivalent conditions (viii), (ix), and
(x) are then obtained by replacing T" and U with 7™, and U*, respectively.

It is obvious that (xi)=(vii).

“(vii)+(ix)==(xi)": From (vii), (ix), and Proposition 2.6, we get

[UF|T|(UM*, UrU] = [(U**|T*|U*, UU*] =0  for any k € N,
We prove that the operators in
O = {|T].U\T\U", U0 VT, (U TI0%, ) (43)

commute with one another. That is, [A, B] = 0 for any A, B € . To this end,
four cases are considered as follows:

Case 1: A =U'T|(U")* and B = U*|T|(U*)* with 1 <t < s. In this case, we
have

AB = Ut [T USTI(U) - (U1
= U"- U T|(U* - |T| - (U")* = BA.

Case 2: A= (UY)*|T|U" and B = (U*)*|T|U® with 1 <t < s. In this case, we
have [A, B] = 0 as shown in Case 1 by replacing U and T, respectively, with U*
and T*, since A and B can be expressed alternately as A = (U*1)*|T*|U**! and
B = (Us+1)*|T*|US+1.

Case 3: A = U'|T|(U")* and B = (U*)*|T|U* with t,s € N. In this case, we
have

BA = (US)*‘T‘Us—i-t‘T‘(Ut)* — (Us)* X ’T‘ A US_H’T‘(US-H)* LUS
= (U -UMT|(U™)* - |T|-U* =U"T|(U™)* - |T|-U* = AB.
Case 4: A= |T| and B = (U*)*|T|U?® with s € N. In this case, we have
AB = U*-UIT|U*-(USHYT|Ut U
= U (UHHT|us - u|T|\ut - U
(UH*|T\U* - |T|U*U = BA.
This completes the proof that any two elements in () are commutative. 0
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