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Polar Decomposition and Characterization of Binormal Operators
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Abstract. We illustrate the matrix representation of the closed range operator that enables us to determine
the polar decomposition with respect to the orthogonal complemented submodules. This result proves that
the reverse order law for the Moore-Penrose inverse of operators holds. Also, it is given some new char-
acterizations of the binormal operators via the generalized Aluthge transformation. New characterizations
of the binormal operators enable us to obtain equivalent conditions when the inner product of the binor-

mal operator with its generalized Aluthge transformation is positive in the general setting of adjointable
operators on Hilbert C*-modules.

1. Introduction and preliminaries

Hilbert C*-modules are generalizations of both C*-algebras and Hilbert spaces, which possess some new
phenomena compared with that of Hilbert spaces. For instance, a closed submodule of a Hilbert C*-module
may fail to be orthogonally complemented [15, p. 7] and an adjointable operator from one Hilbert C*-module
to another may have no polar decomposition [24, Theorem 15.3.7].

A significant progress has been made in the study of the polar decomposition and its applications both
for Hilbert space operators [7,9-11, 23], and for adjointable operators on Hilbert C*-modules [5, 8, 17, 20, 24].

One application of the polar decomposition is the study of the closed range operator, which its useful
transformation and application were introduced, for example, in [14].

Another application of the polar decomposition is the study of the binormal operator, which was defined
by Campbell in [3] and some properties of binormal operators were shown in [4, 12].

The study of Moore-Penrose inverse and Aluthge transformation of binormal operators has a long
history.

Aluthge [1] defined a transformation T%,% = |T|% UITI%, which was later called the Aluthge transformation.
The Aluthge transformation is very useful, and many authors have obtained results by using it. The Aluthge
transformation of binormal operators is an attractive and important problem, which appears in the operator
theory. Hence, authors are mainly focused on binormal operators, for example, [12, 13, 17]. Yamazaki [26]
introduced the notion of the *-Aluthge transform T of T by setting T(f)l = |T*|zU|T"|2. These concepts

were also generalized as follows: For every «, 5 > 0, the generalized Aluﬂ?\ée transformation T, g is defined

by Typ = |T|*U|T)P and the generalized *-Aluthge transformation Tl(:)ﬁ is defined by T((;L, = |T*|*U|T*P; see
[6, 22].
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In this paper, the block operator matrix is illustrated that enables us to determine a part of the polar
decomposition of closed range operators concerning the orthogonal complemented submodules. These
results prove that the reverse order law for the Moore-Penrose inverse of operators holds. Also, by
applying the matrix representation in binormal operators with closed range, we obtain new results.

Furthermore, we provide conditions under which the polar decomposition is guaranteed in Hilbert C*-
modules. Using this fact and related results lead to some new characterizations of binormal operators via
generalized Aluthge transformation, *-generalized Aluthge transformation and satisfy the triangle equality.
New characterizations of the binormal operators are provided to get equivalent conditions for the inner
product of binormal operators when its generalized Aluthge transformation is positive.

The paper is organized as follows. We establish several properties concerning commuting pieces and
real powers of certain operators constructed from other adjointable operators on Hilbert C*-modules. The
basic idea is the decomposition of an operator T into a 2 X 2 operator matrix as in Section 2. In Section 3,
this is applied to MP-invertible operators. Section 4 concerns binormal MP-invertible operators. Section
5 contains a sufficient condition for the existence of the polar decomposition and again some results on
commuting pieces and real powers. In Section 6, several results are established under the binormality
assumption for the Aluthge transformation and its generalizations.

Let us fix our notation and terminology.

For an inner-product module over a C*-algebra, U is a right A-module equipped with an A-valued inner
product (-, -) : X x X — U. If X is complete with respect to the induced norm defined by ||x|| = ||(x, x)II% (x e
X), then X is called a Hilbert A-module.

More precisely, inner product C*-modules are generalizations of inner product spaces by allowing inner
products to take values in some C*-algebras instead of the field of complex numbers. Every C* -algebra
can be regarded as a Hilbert C* -module over itself, where the inner product is defined by (a,b) := a’b.
Furthermore, if x is an element of a Hilbert A -module X, then |x| € A denotes the unique positive square

root of (x,x). In the case of a C* -algebra, we get the usual |a| = (a*a)% .

Throughout the rest of this paper, A denotes a C*-algebra and X and Y are Hilbert A-modules. Let £(X, Y)
be the set of operators T : X — Y for which there is an operator T* : Y — X such that (Tx, y) = (x, T*y)
for any x € X and y € Y. It is known that any element T € £(X,Y) must be bounded and U-linear. We
call £(X,Y) the set of adjointable operators from X to Y. For any T € L(X,Y), the range and the null
spaces of T are represented by R(T) and N(T), respectively. In the case X = Y, the space L(X, X), which is
abbreviated to £(X), is a C*-algebra.

A closed submodule M of X is said to be orthogonally complemented if X = M & M+, where M+ = {x eX:
(x,y) =0forany y € M}. In this case, the projection from X onto M is denoted by Py. If T € L(X, V) does

not have a closed range, then neither N(T) nor R(T) needs to be orthogonally complemented. In addition,
if T € £(X,Y) and R(T*) is not orthogonally complemented, then it may happen that N(T)* # R(T*); see
[15,19]. The above facts show that the theory of Hilbert C*-modules is much different and more complicated
than that of Hilbert spaces.

The polar decomposition of T € £(X,Y) can be characterized as

T= U|T| and U"U = PW

where U € L(X,Y) is a partial isometry [16, Definition 3.10]. Also, orthogonality complemented of

submodules R(T) and R(T*) insure uniqueness of the polar decomposition. In this case, T* = U" |T"| is the
polar decomposition of T*; see [16, Remark 3.11].
The Moore-Penrose inverse of T € £(X,Y) is denoted by T, which is the unique element X € £L(Y, X)
satisfying
TXT =T, XTX = X, (TX)" = TX, and (XT)" = XT.

If such a T exists, then T is said to be Moore-Penrose invertible (In brief, MP-invertible). Xu and Sheng
[25, Theorem 2.2] showed that, for any T € L(X,Y), T is MP-invertible if and only if R(T) is closed.
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The term orthogonal projection will be reserved for T, which is self-adjoint and idempotent. From the
definition of MP-invertible, it can be proved that the MP-invertible of an operator (if it exists) is unique and
that T'T and TT" are orthogonal projections into R(T*) and R(T), respectively. Clearly, T is MP-invertible if
and only if T* is MP-invertible [15, Theorem 3.2], and in this case (T*)" = (T")", (TT*)" = (T")'Tt, T* = T*TT",
and Tt = T/(TT)".

An operator T is said to be binormal or weakly centered [21], if |T| and |T*| are commutative.

Throughout of this paper, parameters «, 5, @', f’, r, and s are positive real numbers.

2. Matrix representation of parts of polar decomposition

The useful block operator matrix is illustrated that enables us to determinate the part of polar decom-
position of MP-invertible operator with respect to the orthogonal sums of submodules.
Let us begin with auxiliary lemmas.

Lemma 2.1. [20, Theorem 2.1] Let T € L(X) be MP-invertible and let T = U|T| be a polar decomposition of T. Then
u =TT
A B . . o ,
Lemma 2.2. IfS = 0 0 |€ L(X®X)and W = AA* + BB* € L(X) is invertible, then
vt _ (| AA AB\F _[ AW TA AW FB
(575) = ([ B'A BB ]) _[ BW-#A BW 7B
Proof. Letting n = 1, we have
AW3A AWIB ][ AW3A AW B
BW3A BWiB || BW3A BW B
_[ AW 2(AA" +BBYW 1A AW 3(AA"+BB)W B
| BW3(AA"+BB )W 1A B'W I(AA" +BB)W 2B
[ AaA AB
“| BBA BB
e . ] AA AB ]\ [ AWTIA AWIB
Since S*S is positive, then it has the square root. Hence [S| = ([ B'A BB ]) = [ BW-ia BW-iB |
By induction, the desired result follows. [J

A B

Lemma 2.3. IfS =[ 0 0

] € L(X®X)and W = AA* + BB* € L(X) is invertible, then S is MP-invertible and

') =| A4 AB T AW2A AW2B
| BA BB | | BW?2?A BW?B |
*TA7T—1
Proof. Letting ST = | g*://vv—l 8 ensures that S has a closed range. Since the reverse order law holds for

the product of operators S and S*. Hence, we conclude that

[ AW2A AW2B ]

vt otient | AW 0] WA WB
(§S)" =S§'(S") —[ B'W2A B‘'W2B

BW1 0 0 0
O

Theorem 2.4. Suppose that X is a Hilbert A-module, that T € L(X) is MP-invertible, and that T = U|T| is the polar
decomposition of T. Then the polar decompositions of T can be decomposed as follows with respect to the orthogonal
complemented submodules:
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. [ oo ] [ RT R(T)
@) IfT—[ 01 O]' N(T)]_) N(T) ],then

.| Dt o || DF o0
T_um_[ 0 0 H 0 0 ]
where D = T Ty is positive and invertible. The first matrix of the last equation coincides with U and the second
one coincides with |T)| .
- [ R ], then

y T T, | [ RD
(i) If Tz[ 0 0 ][ N(T) N(T)

A § % Ty— 1
rum - o4 ol [T modn

0 0 T;D73T, T;D73T,

where D = T1T; + T2 T), is positive and invertible. The first matrix of the last equation coincides with U and the
second one coincides with |T| .

(m)UT:|% 8y qu]a T

N(T) N(T) ] then

_ | b o]l pF oo
where D = T} Ty + T, T» is positive and invertible. The first matrix of the last equation coincides with U and the
second one coincides with |T)|.

* % 1 1 +
Proof. (i) Since |T| = [ T10T1 8 ] = [ bz 8 ], Lemma 2.1 implies that U = T|T|" = [ 7(;1 8 H Dz 0 ] =
1
2

0 0
(ii) By virtue of Lemma 2.2, we conclude that

[ T.D% 0

1
| 00 OL | T:D 3T, T:D3T,
T T,T T;D Ty, T;D3T, |

where D = T1T; + ToT; € L(R(T)) is positive and invertible and then Lemmas 2.1 and 2.3 immediately lead
to

u

.
T, T, |[ ;D:Ty T,D:T,
0 0 || ;D:Ty T,DT,
T, T, || T;DTy T:D3T,
0 0 || ;D Ty T;D3T,
D:T; DT,
0 0o |

Twr:[

Nl=

D

0 +_
0 O]anlel —[

o9

[N
o O
[E—

(iii) Since D = T T + T;T> € L(R(T")) is positive and invertible, then |T| = [
Indeed, by applying Lemma 2.1, we have

_1
u::rm*:[ hD™ 0]

T,D72 0
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3. Application of Theorem 2.4 to the reverse order law

Lemma 3.1. Let T € L(X) be MP-invertible . Then
() (T = (TI)" = [(T*)1
(i) (T = (T = |T"|"

Proof. () If T = [ % 8 ] : [ 7;/((TT)) - [ Z(Qg)) ] then the invertibility of T; implies that

(rymi) g]*]l mr)* o

0 0 0

| (rm) o ]* | (riay ) o ]".

0 0 0 0

(Th* = [

The last matrix of equation coincides with |[(T7)*|* and the previous one coincides with (IT|*)". Then the
desired result holds.
(ii) It is evident. [

Theorem 3.2. Let T € L(X) be MP-invertible and let T = U|T| be the polar decomposition of T. Then the following
properties hold:

(@) (TITIH" = (T1)'T";
(i) (T1°D)" =TT
(i) (IT"PTITIY" = (T T (T
(iv) (TIT)" = (T (T1)";
(v) (TITI*T)" = (T)"(TI1)'T";
(vi) (UITI)" = (TI")"U;
(vi) (T )" = w(T1M)%
(viil) (TPUITI®)" = (TIHTU(TP)T;

Proof. Applying the matrix decomposition of T in the implication (i) of Theorem 2.4 and using Lemma 3.1
conclude these results. [J

4. Moore-Penrose inverse of binormal operators

In the section, we present the results related to the reverse order law for the MP inverse of the MP-
invertible binormal operators.

We recall that MP-invertible T is called EP, if T commutes with T*.
Let us begin with auxiliary propositions.

Proposition 4.1. Let A be a C*-algebra and let a,b € W be such that a and b are commutative self adjoint elements.

Then for all a, B € R, f(a®) and g(bP) commute, whenever f and g are continuous complex-valued functions on the
interval [—|lal|, ||al|] and [—|bll, ||bI|], respectively.

Proof. Sinceais aself adjoint element of a C*-algebra %, then for all « € IR*, 2 is the norm limit of p,,(a), where
pn(a) is a sequence of polynomials without constant terms. Choose any sequence {g,} , of polynomials
such that g,(t) — f() uniformly on sp(a) to a continuous function f on an interval containing sp(a) and 0,
so that f(0) = 0. Then for all « € R, we have ||g,(p.(a)) — f(a*)|l = 0 as n — oo; hence

f@)b = lim g,(pu(@))b = lim bg.(pa(a)) = bf(a®).

Since f(a%) commutes with b, whenever f is a continuous complex-valued function on the interval [—||a|l, ||a][].

Then, by the previous argument, f(a*) and g(b%) commute, whenever g is a continuous complex-valued
function on the interval [—||b]|, ||b]]]. O
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Proposition 4.2. Let T, S € L(X) be self adjoint such that T and S are MP-invertible operators and TS = ST. Then
(i) (TS)t =S'T" = T'ST;
(i) TS' = S'Tand T*S = S'T.

Proof. The block matrix forms of T and S immediately imply them. [J

Remark 4.3. As an application of Proposition 4.1, T is a binormal operator if and only if for all &, > 0, |T|* and
|T*|F commute, if and only if there exist & > 0 and B > 0 such that |T|* and |T*|P commute.

The following theorem proves some results related with binormal operator.

Theorem 4.4. Suppose that T € L(X) is a binormal MP-invertible operator. Then the following statements are valid:

() T is a binormal MP-invertible operator iff T' is a binormal operator;
(ii) |T|is an EP operator;
(i) (ITITP)" = (T"PITI)" = (T P) (TI)" = (TIITP)
@) (TI(T)" = (T'V)ITINT = T P(TI)" = (TINT
v) (TIMTP)T = (TN TN = (T ITTF)Y
(vi) TIT|* = [T**T ;
(vii) T =[T*T(TI")"
(viii) T = (T *)*T|T|*.

Proof. Since T is a binormal operator with closed range. Then decomposition of operator T in Theorem 2.4
part (ii) implies that

1 1 1 1
Do T P [y T, *[D 0] ?
0 0| |y T | | T | |0 of-
Lemma 2.2 concludes that
DITD-3T, DIT;DIT, |_[ T;DZT:D* 0
0 0 “| mbrTiD: 0 |

The invertibility of D implies that T;D‘% T, = 0. Taking the *-operation, we get T;D‘% T1 = 0. Therefore,

T = U
_ | ©]_[DpiTy Din, || DT 0
I R A 0 0 T;D7:T,
_ | pimTiD>Ty DETLTD T,
- 0 0 ‘
Then
T, =D :TyT,D T, 3)
T, =D :T,T;D 3T, (4)

By multiplying T on the left of equation (3), we have
T;Ty = T,D *TyT;D Ty = 0. (5)
By (5), equation (2) get into

D:T:Ty): 0| [ (T"Ty):D: 0
A N R | ©
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(i) Equation (6) implies that |T;| and |T;| commute. Applying Lemma 4.2 concludes that

(THT)" = (T3 = (TN (T )
= [(T)1IT]] = T3 (T3] By Lemma 3.1 (8)
Then
[ (T;T)})'D% 0 ] _ [ D 3 ((T;Th)?)" 0 ] ©)
0 0 0 0|

Therefore (|T|IT*)" = (T T))t = [TTII(T)*| = [(T*)*|IT*|. Two terms of the last equation lead to that T" is a
binormal operator.

Conversely, since (T")" = T replaces T with T', then the desired result follows.

(if) Equation (6) implies that

(T:Ty):D: 0] _|[ Dx(T:Ty): ©
TS R o

which is equivalently |T||(T*)"| = [(T*)!||IT|. Lemma 3.1 yields that |T||T|" = |T|'||T|. That is, |T| is an EP
operator.

(iii) Equation (6) implies that |T;| and |T;| commute. It is enough in Proposition 4.1 we let f(x) = g(x) = x.
It concludes that (|T|*|T*F)" = (|TF|T|*)" = (IT*F)*(IT1*)" = (ITI)*(T*F)*.

(iv) Equation (6) implies that |T;] [T} = |T5| [T1|. Proposition 4.1 implies that |T1|* [T} P = T} | |Ty]*. By
Proposition 4.2, the implication (ii) concludes that |T;|* (|T}; Pyt = (ITy 1Yt | Ty~ .

Now, Proposition 4.2 implies that the desired result yields, that is, ((T|*(IT*")/)' = ((T*[")/)*|T|*)" =
IT* (T = (TITPP.

(v) By the implication (iv) and Lemma 3.1, we infer it.

(vi) Equation (5) and Lemma 5.2 part (i) imply that

| b DT, D iT,
- 0 0 0 0o |

Then, D~3Ty (T;T1)’ = D¥D%Ty and D3T,(T;T)* = D DT, Thatis, T:(T;T1)* = DTy and

(T; Tl)% 0
0 (TT)

Nl
o

D iT, D iT,
0 0

NI

T, (T;Tz)E =D2T,, or equivalently

T, T, D ol W T
0 0 “{o ofl 0 0 |
This means that T|T|* = |T*|*T.

(vii) Since R (IT|%) = R(T*T) = R(T"), therefore |T|*(|IT|*)" = T'T. Now, by the implication (vi), we have
T|T|* = |T*|*T. Post multiplying (|T|*)" concludes T|T|*(|IT|*)" = |T*|*T(|T|*)!, and then T = |T*|*T(|T|*)".

(viii) We have R (|IT*|%) = R(TT*) = R(T); therefore |T*|*(|IT*|*)t = TT".

Now, we know that T|T|* = |T*|*T. Taking *-operation, we have |T|*T* = T*|T*|*. By multiplying (T
on the right-side of this equation, we have

Y

(T;Tl)% 0
0 ()’

TP (T*%)° T 1*(T*%)"

= T'TT'=T1".

Then T = ((TO)TITI. O
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5. The polar decomposition for adjointable operators

An adjointable operator between Hilbert C*-modules may have no polar decomposition unless some
additional conditions are satisfied. Hence, we state the following theorem. Furthermore, we obtain useful
corollaries.

Theorem 5.1. Suppose that T,S,H € L(X) and that R(T) and R(T*) are orthogonally complemented. Then T has
the polar decomposition T = U|T|, where U € L(X) is a partial isometry and |SHT*|* = U||S|H|T||all* for every
a>0.

Proof. By [16, Lemma 3.3.], we have R(T*T) = R(T*). Since T*T is positive, then [16, Proposition 2.9.] implies
that R(T[) = R(T*T). Therefore, R(T|) = R(T*). Hence, R(T) and R(|T|) are orthogonally complemented.
Equivalently, parts (if) and (iii) of [16, Lemma 3.5.] conclude that T has the polar decomposition T = U|T],
where U € £L(X) is a partial isometry such that R(U*) = R(/T).

Now, let A = ||S|H|T|)2. Since U*U is the orthogonal projection onto R(|T|) and R(A) € R(|T]), then
(UAU)Y™ = UA™U" for every m > 1. Hence, for every continuous function f defined in [0, o) such that
f(0) = 0, we choose any sequence {Py}"_; of polynomials such that P,(0) = 0, m € IN, and Py, () — f(t)
uniformly on the interval [0, || |A] ||]. Then

UFAU = im UP, (AU = lim P,(UAU") = fF(UAL).

On the other hand, we have
ISHT'> = (SHT')'SHT' = TH'S'SHT" = U|T|H'|S|*H|T|U"*
2 *
u|isiHIT|| U

By applying f(t) = t2, the desired result follows. []
Implications (i)—(iii) in the below corollary are done in [16, Lemma 3.12.].

Corollary 5.2. Suppose that T € L(X) and that R(T) and R(T*) are orthogonally complemented. Then T has the
polar decomposition T = U|T| and the following properties hold:
@) ume =T u;
(i) T = U U
(iif) |T|* = U T U;
(iv) ITUT = Ul ur = ufimiT| ur;
(v) IT*UTI" = || Ui u;
i) IT°WwT)e = || m‘u = ur

‘u.

T

Corollary 5.3. Suppose that T € L£(X) is an MP-invertible operator. Then T* = U*|T"| is the polar decomposition of
T" and the following properties hold:

@) u(Tt = (T
) |T1" = uryteus
(iif) [TTUA(T)He = w||THu| T U = U
(iv) [THU(T)'| = Wil u;
(v) [(TYTUTHe = wir)tunHt| u = u

T U

ITIrulTl| U

Proof. Theorem 2.4 and Lemma 3.1 imply that Tt = Tt = UY|T"|. Now, by applying Theorem 5.1, we
conclude the implications (i)—(v).
[
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6. Characterizations of binormal operators via the generalized Aluthge transformation

In this section, we present a new characterization of binormal operators via the generalized Aluthge
transformation, *-generalized Aluthge transformation, and satisfy the triangle equality.

Theorem 6.1. Let T € L(X) be a binormal operator and let R(T) and R(T*) be orthogonally complemented. Then
T = U|T| is a polar decomposition of T and the following properties hold:

() [T 5] = ITFITP;

(ii) The generalized Aluthge transformation T, g accepts the polar decomposition and Top = U|Tgl;
(iii) The solutions of the equation |T + X| = |T| + |X| is the generalized Aluthge transformation of T;
(iv) T*Ta,ﬁ =T |Ta,ﬁ|}

() (T, Ta,ﬁ> = T*Ta,ﬁ;

(vi) The equation |Typ + Tarpr| = |Tagl + |Tw | holds forall a, B, a’, B’ > 0;
(vii) T: Tor gy = Tagl [T
(viii) <Ta,ﬁ/ Ta’,ﬁ’> = T;,ﬁTa’,ﬁ’;

: () _ .
(IX) Ta,ﬁ - ulTa,ﬁL

() [Ty = ITIIT Y

0 [Ty = |Tegl
(xii) Tg}ﬁ = U|T§35|,-
(xiii) The solutions of the equation |T + X| = |T| + |X| is the generalized »-Aluthge transformation of T;
0v) [T [T | = [T | = 1T 1T

Proof. Since R(T) and R(T*) are orthogonally complemented, then Theorem 5.1 ensures that T = U|T| is a
polar decomposition of T.

(i) Since T is a binormal operator, then Proposition 4.1 implies that |T|* and |T*|* commute. Hence, by
the implication (ii) of Corollary 5.2, we have

1 1
= (ITrwTPPurT)” = (1T PATR) = 1T T (11)

Tog

(ii) We know that the generalized Aluthge transformation of T g is Tp s = |T|*U|T|P. Part (i) of Corollary
5.2 permits to assure Ty g = IT|*|T*|PU. Therefore (11) implies that
Top =TT PU =

T o U (12)

Taking #-operation, we deduce T, 5= ur

T, 4|- Then Top = U |Te]-

(iii) Since T = U|T|, part (ii) deduces T, 5 = U }Ta,/i}- Then [2, Theorem 2.3] implies it.
(iv) We can use [18, Prposition 2.1] to prove it. This implies that T*Ty g = [T [Tal.
(v) By combining the implication (iv) and [18, Theorem 2.3], we obtain it.

(vi), (vii), and (viii) are evident.

(ix) The implication (i) and part (i) of Corollary 5.2 conclude that

Tf:)ﬁ = |T1FUIT = UTI TP = UiT; 4. (13)
(x) The implication (iii) of Corollary 5.2 yields that

L 1
|T£:,)ﬁ = (lT*|ﬁu*|T*|2au|T*|ﬁ)2 — (|T*|ﬁ|T|2a|T*|ﬁ)2 — |T|a |Tx-|[5 ) (14)

(xi) — (xiv) are evident.
U



M. Mohammadzadeh Karizaki / Filomat 34:3 (2020), 1013-1024 1022

In [12, Theorem 3.1], Ito characterized binormal operators via the Aluthge transformation. We charac-

terize binormal operators via the generalized Aluthge transformation.

Theorem 6.2. Let T = U|T| be the polar decomposition. Then the following statements are equivalent:

(1) T is binormal;

(i) Foralla>0,>0,T,p=U |Ta,ﬁ| is the polar decomposition;

(iii) Foralla >0, >0, T;)ﬁ = Ung,)ﬁl is the polar decomposition;

(iv) Foralla >0, B>0,|T + Tapl =IT| + |Tagl;

(v) Foralla>0,8>0,|T+ Tf;>ﬁ| =|T| + |Tf:i;|.

(vi) There exist a > 0 and B > 0 such that To g = U (Ta,,g
(vii) There exist a > 0 and B > 0 such that T((X)ﬁ = UITS;J;
(viii) There exist a > 0 and f > 0 such that |T + Tap| = |T| + |Tagl;

(ix) There exist a > 0 and B > O such that |T + Tf;)ﬁl =|T| + |Tf;)ﬁ|.

7

Proof. (i) = (ii) Since T is binormal, by Theorem 6.1 part (ii), the desired result follows.
(ii) = (i) By the assumption T, g = U|T, 4| and the implication (ii) of Corollary 5.2, we have

ITI* | T = |TI*UITIP U = TogU* = U|TaglU* > 0.

Then [T|* [T = [T IT|?, that is, T is binormal.
(i) = (iii) Since T is binormal, Theorem 6.1 part (xii) follows it.
(iii) = (i) The assumption T;)ﬁ = Ule;)ﬁl and part (iii) of Corollary 5.2 yield that

TEUTE = u(mlﬁ T umlﬁ)%
uremE = (T e ).
Then
T T = LU (T TR ) (15)

Taking *-operation of (15) concludes that |T*P |T|]* = (|T*|ﬁ |T|2 |T*|ﬁ)% U*U. Hence,
T TR T = (lT*|ﬁ ITpe |T*|ﬁ)% u*u(lT*|ﬁ TP lT*|ﬁ)% '

It is implies that
(1T 1P IT*Iﬁ)% (1 - uru (| | |T*|”’)% = 0.

Therefore, (1 — U* U)% (|T*|ﬁ TP |T*|ﬁ)% =0, and thus

1
- uw (e rr) =o. (16)
Equations (15) and (16) imply
1
e T = (1T TR T )

That is, |T|* |T*)f is positive. This means that T is binormal.

(ii) © (iv) Applying [2, Theorem 2.3] implies it.

(iii) & (iv) Again, applying [2, Theorem 2.3] concludes it.

Equivalently implications (i) & --- © (v) and details of its proofs and Remark 4.3 conclude that (i) <
(vi) e - o (ix). O
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Corollary 6.3. Let T = U|T| be the polar decomposition and let T be a binormal operator. Then the following
properties hold:

(i) UIT,gl = T U

(if) 175, = U |Tog| U

(i) 1Tl = WIT; I U;

(iv) [TapUT; 5" = Ul T glUITopl| U = U|ITe gl o] U
(V) ITagUT; I = U |Taﬁ|nﬁ|’u*'

(vi) T, UT, gl = U
(vi) [T, U Togl = U*
(vii) [T, U Tl = U*

T JUIT: | 1
T, |U*|T* ,gn u;
IT; JTs U

Corollary 6.4. Let T € L(X) be binormal MP-invertible with the polar decomposition T = U|T|. Then the following
properties hold:

() (TuplTagh)t = (Tagh)'T,
(i) (T o) = T (TS 1)
(i) (T P TaplTapl) = (Tagl) T (T, )Y
(i) (Tagl Tyt = (T, ) (Taglh)’;
(v) (TaplTapl T, )" = (T4 ) (Tagh)'TE
(vi) (UITagl)t = (Togh)'U;
(vid) (T3, I 'U)* = UF(T 1)
(viii) (1T, jPUITa gl = (Tag) UA(T 4.

|T'
ap

|S
ap
Proof. Applying Theorems 6.2, 3.2, and 4.4 conclude these results. [

Theorem 6.5. Let T = U|T| be the polar decomposition and let T be a binormal operator. Then the following
conditions are mutually equivalent:

(i) Foralla>0,8>0,(T,Tsp) is self-adjoint;

(i) Foralla >0, B> 0,(T,Tap) is positive;

(iii) Foralla >0, p >0, T"T, is self-adjoint;

(iv) Foralla >0, p >0, T'T,p is positive;

(v) Foralla >0, B>0,[T||Tspl = |TapllT|;

(vi) Foralla>0, >0, T|Tagl = TaplTl;
(vii) There exist a > 0 and > 0 such that (T, T, ) is self-adjoint;
(viii) There exist a > 0 and > 0 such that (T, T, ) is positive;

(ix) There exist & > 0 and B > O such that T*T, g is self-adjoint;

(x) There exist a > 0 and f > 0 such that T*T, g is positive;

(xi) There exist & > 0 and B > 0 such that |T||Tygl = |TagllTI;
(xii) There exist a > 0and > 0 such that T|Tag| = TaglT|.

Proof. By combining Theorem 6.2, [18, Corollary 2.5], implications (iv) and (v) of Theorem 6.1, and Remark
4.3, the results are obtained. [
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