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EP ELEMENTS IN BANACH ALGEBRAS

DIJANA MOSIC! AND DRAGAN S. DJORDJEVIC2*

ABSTRACT. An element of a Banach algebra is EP, if it commutes with its
Moore-Penrose inverse. We present a number of new characterizations of EP
elements in Banach algebra.

1. INTRODUCTION AND PRELIMINARIES

Generalized inverses of matrices have important roles in theoretical and nu-
merical methods of linear algebra. The most significant fact is that we can use
generalized inverses of matrices, in the case when ordinary inverses do not exist,
in order to solve some matrix equations. Similar reasoning can be applied to lin-
ear (bounded or unbounded) operators on Banach and Hilbert spaces. Then, it is
interesting to consider generalized elements of Banach and C*-algebras, or more
general, in rings with or without involution. For general theory of generalized
inverses see [2] and [11].

Let A be a complex unital Banach algebra. An element a € A is generalized (or
inner) invertible, if there exists some b € A such that aba = a holds. In this case
b is a generalized (or inner) inverse of a. If aba = a, then take ¢ = bab to obtain
the following: aca = a and cac = ¢. Such c is called a reflexive (or normalized)
generalized inverse of a. Finally, if aba = a, then ab and ba are idempotents.
In the case of the C*-algebra, we can require that ab and ba are Hermitian. We
arrive to the definition of the Moore-Penrose inverse in C*-algebras (see [13]).

Definition 1.1. Let A be a unital C*-algebra. An element a € A is Moore-
Penrose invertible, if there exists some b € A such that

aba = a, bab = b, (ab)" = ab, (ba)* = ba

hold. Such b is uniquely determined if it exists [13] and known as the Moore-
Penrose inverse of a, writtern a'.

More generally, an extension [21, 22] of the Moore-Penrose inverse to more
general unital Banach algebra flows from the following definition of Hermitian
elements:

Definition 1.2. An element a € A is said to be Hemitian if || exp(ita)|| = 1 for
all t € R.
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Definition 1.3. Let A be a complex unital Banach algebra and a € A. If there
exists b € A such that

aba = a, bab=0>, aband ba are Hermitian,

then the element b is the Moore-Penrose inverse of a, and it will be denoted by
T
al.

For an element a in a Banach algebra, if al exists, it is uniquely determined
(see [21]).

When the Moore-Penrose inverse a! exists we shall say that a € A is MP.
The Moore-Penrose inverse has many nice approximation properties, but does
not in general commute with the original element. An element with a commuting
generalized inverse is very special:

Definition 1.4. Let A be a unital Banach algebra and a € A. An element b € A
is the group inverse of a, if the following conditions are satisfied:

aba = a, bab=05b, ab=ba.

The group inverse of a € A is unique if it exists, written a”. When a Moore-
Penrose inverse for a € A is also a group inverse then a € A is said to be EP.

Let X be a Banach space and £(X) the Banach algebra of all linear bounded
operators on X. In addition, if 7" € £(X), then N(T) and R(T) stand for
the null space and the range of T, respectively. The ascent of T' is defined as
asc(T) = inf{n > 0 : N(T") = N(T"')}, and the descent of T is defined as
dsc(T) = inf{n > 0 : R(T™) = R(T™")}. In both cases the infimum of the
empty set is equal to co. If asc(1") < oo and dsc(T") < oo, then asc(T") = dsc(T').

If T"e £(X) a closed range operator, then it is not difficult to prove that the
following statements are equivalent (see [23] where they were proved for linear
transformations):

(i) T# exists,

(ii) X = N(T) @ R(T),

(iii) R(T?) = R(T) and N(T?) = N(T)

(iv) T|gry : R(T) — R(T) is a Banach space isomorphism,

In addition, if T# exists, then, according to [23, Theorem 1],

(v) N(T#) = N(T) and R(T?) = R(T),

(vi) R(TT#) = R(T) and N(TT#) = N(T).

Note that, according to (iii), given 7' € L(X), necessary and sufficient for 7%
to exists is the fact that asc(T') = dsc(T) < 1. Obviously, R((T#)") = R(T%) =
R(T) = R(T™) and N((T#)") = N(T#) = N(T) = N(T™) for every non-negative
integer n.

Finally, if a € A is an EP element then the group inverse a* clearly exists, and
coincides with the Moore-Penrose inverse a. On the other hand if a# exists then
necessary and sufficient for a to be EP is that aa® (= a*a) is Hermitian, so that
also a is MP, with af = a”.

Hence, if H is a Hilbert space and 7' € L(H) is EP, then N(T") = N(T)
and R(T") = R(T) for all positive integers n. Moreover, the decomposition
H = R(T) & N(T) is orthogonal. It follows that the orthogonal projection on
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every R(T"™) is unique. This is the derivation of the term EP, which stands for
”equal projections”. The interest for EP matrices can be found in [1, 5, 6, 14]. EP
operators on Hilbert spaces are considered in [7, 8, 9, 12, 15, 17]. Results on EP
elements in C*-algebras and rings with involution can be found in [10, 16, 19, 20].
Finally, and the most interesting results related to our work, EP elements in
Banach algebras are investigated in [3, 1, 18].

In the following Banach space theorem the range and null space of the Hilbert
adjoint are replaced by those of the Moore-Penrose inverse:

Theorem 1.5. [3] Let X be a Banach space, and consider T € L(X) such that
T exists. Then, the following statements are equivalent:

(i) T is an EP operator;
(ii) N(T) = N(T");
(iii) R(T) = R(T").

Finally, we formulate the essential corollary for the proof of our main theorem.

Corollary 1.6. Let X be a Banach space, and let T € B(X) such that TV and
T# exist. Then the following statements are equivalent:
(i) T is EP;
(i) R(TT) C R(T);
(iii) R(T) C R(T");
(iv) N(T) € N(T1);
(v) N(TT) c N(T).

Proof. According to [3, Theorem 6], the Banach space X can be decomposed
using the idempotents 7%, T1T, and TT", that is respectively:

X=N(T)®R(T)=N(T)® R(T") = N(T") @ R(T).

(i) = (ii): Obviously, from Theorem 1.5.

(ii) = (i): Using the hypothesis R(TT) C R(T) and the decomposition of
X derived from the idempotents TT# and T'T, we have R(T') = R(T). By
Theorem 1.5, we deduce that 1" is EP.

The rest of the proof follows in a similar way. OJ

2. EP ELEMENTS IN BANACH ALGEBRAS

There are many characterizations of EP elements in C'*-algebras, or rings, as
well as EP operators on Hilbert spaces. The following result relies on characteri-
zation of the Moore-Penrose inverse in Banach algebras. We use N to denote the
set of positive integers.

Theorem 2.1. Let X be a Banach space, and consider T € L(X) such that
Tt and T# exist. Then, T is EP if and only if for some m,n € N one of the
following equivalent conditions holds:

(i) (T#)"+m_1 = (THm™(T*)";
i) (TF)rrmt = (TF) (T
) TTHTHywim=t = (TH(T#)"T;
) TTT(T#)nerfl — (T#)mT(TT)n,

(i
(iii

(iv
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(v) T(T#)"(TH)™ = TVT(T#)"tm1;
(vi) T(T#)"(TT)™ = (T#)++m 71T
(vii) TVI(T#)" = (T#)"TT;
(viii) (THX(T#)" = THT#)"TT;
(ix) THT#)"TT = (T#)"(T7)*;
(x) THT#) = T#THT#)";
(xi) THT#)" = (T#)"T1
(xii) (T#)"TT = (T#)"=1TiT#
(xiii) T(TT)"+ = (T#)";
(xiv) (TT)"+1 = T#)”TT;
(xv) (TT)"+ = THT#)";
(xvi) (TT)" = (T#)";
(xvii) T(T#)"TT = (T#)"
(xviii) TTT(T#)™ = (TT)"
) (T#
)
)
i)
i)
)

Proof. If a is EP, then it is easy to check that all statements hold.
On the other hand, to prove that 7" is EP, we show that one of the conditions

of Theorem 1.5 or Corollary 1.6 is satisfied.
(i) From the assumption (T#)"*m=1 = (TT)™(T#)"~! we obtain

R(T) = R((T*)™™~") = R((T")™(T*)"~") € R(T").

Hence, by Corollary 1.6, T is EP.

(ii) Suppose that (T#)**m=1 = (T#)"=Y(TH)m Ifx € N(T"), then (T#)"*m~ 1y =
0,ie. x € N((T#)"*™=1) = N(T). Thus, N(TT) C N(T) and, by Corollary 1.6,
T is EP.

(iii) Assume that TTT(T#)"tm=1 = (TT)»(T#)™T. Since

R(TTHT#)"™™= 1) = TTYR(T#)"t™ 1) = TT'R(T) = R(TT'T) = R(T),

and R((TH™(T#)™T) C R(T"), we conclude R(T) C R(T"). So, T is EP.

(iv) Let TTH(T#)rtm=1 = (T#)"T(TT)" and let x € N(T). Then TTH(T#) ™1y =
0, and so (T#)"+tm~ly € N(TTHNR((T#)"™ 1) = N(T)NR(T) = {0}. Hence,
x € N((T#)"*m=1) = N(T). Therefore, N(TT) C N(T) and, T is EP.

(v) If the statement T(T#)*(TT)™ = TTT(T#)"*™=! holds and x € N(T7),
then T1T(T#)"tm=1ly = 0, i.e. T(T#)""m 1z € N(T') N R(T) = {0}. Thus,
N(TT) C N(T), and T is EP.

(vi) The assumptions T(T#)*(TT)™ = (T#)"*™=1T1T and x € N(TT) imply
(T#)™+m=1TTy = 0, that is T1Tx € N(T) N R(TT) = {0}. So, z € N(T'T) =
N(T) and then N(TT) C N(T). Therefore, T is EP.
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(vii) Using the hypothesis TTT(T#)" = (T#)"TTT and the equalities

R(T'T(T*)") = T'TR(T*)") = T'"TR(T)
TTR(T?) = T'R(T) = R(T'T) = R(T"),

R(T*)"T'T) = (T*)"R(T") = (T*)"(R(T") & N(T)) = R((T*)") = R(T),
we deduce R(T") = R(T). By Theorem 1.5, T is EP.

(viii) Let we suppose that (T1)*(T#)" = TH(T#)"T1, and let + € N(T#) =
N(T). Now, TH(T#)"Ttz = 0 gives (T#)"T'x € N(T") N R(T) = {0}. Hence,
z € N((T#)"TT) C N(TTT"(T#)"T) = N(T'TT") = N(T"). Thus, N(T) C
N(TT) and, by Corollary 1.6, T is EP.

ix) Assume that T7(T#)"T" = (T#)"(TT)?. From

RTHT*)"rty = THT#)"R(TY) = THT#)"(R(TY) @ N(T))
T'R(T#)") = T'R(T) = R(T'T) = R(T"),

and R((T#)"(TT)?) C R((T#)") = R(T), we deduce that R(TT) C R(T). By
Corollary 1.6, we have that T is EP.
(x) Let the equality T7(T#)" = T#TT(T#)""! is satisfied. Because

R(THT#)") = T'R((T*)") = T'"R(T) = R(T'T) = R(T"),

and R(T#TT(T#)"~1) C R(T#) = R(T), it follows R(T") C R(T). Hence, T is
EP.
(xi) Suppose that TT(T#)" = (T#)"TT. In particular,

R(THT#)™) = TTR(T*)") = T'R(T#) = T'R(T) = R(T'T) = R(T").
On the other hand,
R((T*)"T") = (T*)"(R(T") ® N(T)) = R((T*)") = R(T).

So, R(T") = R(T) and, by Theorem 1.5, T is an EP operator.

(xii) Assume that (T#)"TT = (T#)"'T1T#. If v+ € N(T#) = N(T), then
(T#)"TTx = 0 implies Tz € N(T) N R(T") = {0}. Now x € N(T") and N(T) C
N(TT). Therefore, T is EP.

(xiii) From T(TT)"*! = (T#)" and x € N(T"), it follows (T#)"z = 0, that is
x € N((T#)") = N(T). Thus, N(T7) C N(T) and T is EP.

(xiv) By the assumption (T7)"*! = (T#)"TT and the equality

R(T*)"T") = (T*)"R(T") = (T")"(R(T") & N(T)) = R(T*)") = R(T),
we deduce R(T) = R((TT)"*') C R(TT). As before, T is an EP operator.

(xv) If (TT)"! = THT#)* and € N(T"), then TT(T#)"z = 0. So (T#)"x €
N(T™) N R(T) = {0}. Hence, z € N(T) and N(T1) C N(T), i.e. T is EP.

(xvi) The condition (TT)" = (T#)" gives

R(T) = R((T*)") = R(T")") € R(T").
Thus, T is an EP operator.

(xvii) Let T(T#)"TT = (T#)" and € N(T"). Tt follows that (T#)"z = 0, i.e.

x € N((T#)") = N(T). So, N(T") C N(T) and T is EP.
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(xviil) Suppose that TTT(T#)* = (T)". If x € N(T"), then TTT(T#)"x = 0
implying (T#)"z € N(T'T) N R(T#)") = N(T) N R(T) = {0}. Hence, z €
N((T#)*) = N(T) and N(T") C N(T). Therefore, T is EP.

(xix) By the hypothesis (T#)"TTT = (TT)" if x € N(T") then (T#)"T'Tx = 0,
giving T7Tz € N(T) N R(T") = {0}. So, z € N(T'T) = N(T). Thus, N(T") C
N(T) and T is EP.

(xx) Assume that TT(T#)"T + TT#(TT)" = 2(T")", and let x € N(TT). Now,
THD(T#)e = THT#"Ta = 0. So, (T#)"z € N(T) N R(T) = {0}. Hence,
N(T") € N(T) and T is EP.

(xxi) U T"TTT+TITT™ = 2T" and € N(T#) = N(T), we have T"TT z = 0.
Hence, TT'x € N(T) N R(T) = {0}. Then we conclude x € N(TT") = N(T").
So, N(T) C N(T') and T is EP.

(xxii) Let 7" = T"TT?", and let x € N(TT). Now T"z = 0, that isx € N(T™") =
N(T). Therefore, N(TT) C N(T) and T is EP.

(xxiii) If we assume that 7™ = TTTT™ then we have

R(T) = R(T™) = R(T'TT") = T'R(T) = R(T'T) = R(T").
Using Theorem 1.5, we get that 7" is EP.
(xxiv) Let T"TT = T'T™. From
R(T"TY =T 'R(TT" = T 'R(T) = R(T™) = R(T)
and
R(T'T™) = T'R(T™) = T'R(T) = R(T'T) = R(T"),
we have R(T") = R(T). By Theorem 1.5, T is an EP operator. O

Now, we return to a general case, i.e. A is a complex unital Banach algebra,
and a € A is both Moore-Penrose and group invertible.

Corollary 2.2. Theorem 2.1 holds if we change L(X) by an arbitrary complex
Banach algebra A, and if we change T by an a € A such that a' and a” exist.

Proof. The left multiplication by a is the mapping L, : A — A, which is defined
as Ly(z) = ax for all # € A. Then it is easy to see that L, = (L,)! and
Lo# = (L,)* in the Banach algebra £(A). Now, if any one of statements (i)-
(xxiv) holds for a, then the same statement holds for L, in £(.A). Hence, by
Theorem 2.1, L, is EP in £(A). From [3, Remark 12], it follows that a is EP in
A. O

Notice that the right multiplication by a, which is considered as the mapping
R, : A — A, and defined as R,(x) = za for all x € A, achieves the same effect
as L, in proof of the preceding result.
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REFERENCES

1. O.M. Baksalary and G. Trenkler, Characterizations of EP, normal and Hermitian matrices,
Linear Multilinear Algebra 56 (2006), 299-304.



EP ELEMENTS 7

2. A. Ben-Israel and T.N.E. Greville, Generalized Inverses: Theory and Applications, 2nd ed.,
Springer, New York, 2003.
3. E. Boasso, On the Moore—Penrose inverse, EP Banach space operators, and EP Banach
algebra elements, J. Math. Anal. Appl. 339 (2008), 1003-1014.
4. E. Boasso and V. Rakocevi¢, Characterizations of EP and normal Banach algebra elements,
Linear Algebra Appl. (to appear).
5. S.L. Campbell and C.D. Meyer Jr., EP operators and generalized inverses, Canad. Math.
Bull. 18 (1975), 327-333.
6. S. Cheng and Y. Tian, Two sets of new characterizations for normal and EP matrices,
Linear Algebra Appl. 375 (2003), 181-195.
7. D.S. Djordjevi¢, Products of EP operators on Hilbert spaces, Proc. Amer. Math. Soc. 129
(6) (2000), 1727-1731.
8. D. S. Djordjevi¢, Characterization of normal, hyponormal and EP operators, J. Math. Anal.
Appl. 329 (2) (2007), 1181-1190.
9. D.S. Djordjevi¢ and J.J. Koliha, Characterizing hermitian, normal and EP operators, Filo-
mat 21:1 (2007), 39-54.
10. D.S. Djordjevié, J.J. Koliha and I. Straskraba, Factorization of EP elements in C*-algebras,
Linear Multilinear Algebra 57 (6) (2009), 587-594.
11. D.S. Djordjevi¢ and V. Rakocevi¢, Lectures on generalized inverses, Faculty of Sciences and
Mathematics, University of Nis, 2008.
12. D. Drivaliaris, S. Karanasios and D. Pappas, Factorizations of EP operators, Liner Algebra
Appl. 429 (7) (2008) 1555-1567.
13. R.E. Harte and M. Mbekhta, On generalized inverses in C*-algebras, Studia Math. 103
(1992), 71-77.
14. R.E. Hartwig and 1.J. Katz, On products of EP matrices, Linear Algebra Appl. 252 (1997),
339-345.
15. J.J. Koliha, A simple proof of the product theorem for EP matrices, Linear Algebra Appl.
294 (1999), 213-215.
16. J.J. Koliha, Elements of C*-algebras commuting with their Moore—Penrose inverse, Studia
Math. 139 (2000), 81-90.
17. G. Lesnjak, Semigroups of EP linear transformations, Linear Algebra Appl. 304 (1-3)
(2000), 109-118.
18. M. Mbekhta, Partial isometries and generalized inverses, Acta Sci. Math. (Szeged) 70
(2004), 767-781.
19. D. Mosié, D.S. Djordjevi¢ and J.J. Koliha, EP elements in rings, Linear Algebra Appl. 431
(2009), 527-535.
20. P. Patricio and R. Puystjens, Drazin—Moore—Penrose invertibility in rings, Linear Algebra
Appl. 389 (2004), 159-173.
21. V. Rakocevié, Moore-Penrose inverse in Banach algebras, Proc. R. Ir. Acad. Ser. A 88 (1)
(1988), 57-60.
22. V. Rakocevi¢, On the continuity of the Moore-Penrose inverse in Banach algebras, Facta
Univ. Ser. Math. Inform. 6 (1991), 133-138.
23. P. Robert, On the group inverse of a linear transformation, J. Math. Anal. Appl. 22 (1968),
658-669.

1 FACULTY OF SCIENCES AND MATHEMATICS, UNIVERSITY OF Ni§, P. O. Box 224,
VISEGRADSKA 33,18000 NIS, SERBIA.
E-mail address: dijana@pmf.ni.ac.rs

2 FACULTY OF SCIENCES AND MATHEMATICS, UNIVERSITY OF NIS, P. O. Box 224,
VISEGRADSKA 33,18000 NIS, SERBIA.
E-mail address: dragan@pmf.ni.ac.rs



