Filomat 38:12 (2024), 4087—4099
https://doi.org/10.2298/F1L2412087D

Published by Faculty of Sciences and Mathematics,
University of Nis, Serbia
Available at: http://www.pmf.ni.ac.rs/filomat

%, Yy A
2
&) 5

2 &

gy as’

5
TIprpor®

Some characterizations of weakly parallel sum
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Abstract. For bounded linear operators A and B acting in a Hilbert space, the basic properties of weakly
parallel sum A : B are developed. Many explicit expressions of weakly parallel sum are given and some
equations and inequalities involving the parallel sum and the weakly parallel sum are obtained.

1. Introduction

Let H be a Hilbert space and B(H) be the set of all bounded linear operators on H. For an operator A,
denote by R(A) and N(A) the range and the null space of A, respectively. The closure of R(A) is denoted by
R(A). An operator A € B(H)) is said to be positive if (Ax,x) > 0 for all x € H. For a positive operator A, the
unique positive square root is denoted by A2. Denote by |A| = (A*A)2. Let B*(H) be the set of all positive
operators and Py be the orthogonal projection on the closed subspace K € H.

Some authors, in particular Anderson and Trapp [1]-[3], Ando [6], Arias, Corach and Maestripieri [8],
Fillmore and Williams [13], as well as Mitra and Puri [20] studied the parallel sum within the class of
nonnegative definite matrices or bounded nonnegative hermitian operators. Xu et al. [14, 18, 19] obtained
the perturbation estimation of the parallel sum and extended some properties of parallel sums to adjoint
operators on Hilbert C* modules. The basic properties of the parallel sum for bounded linear operators in
Hilbert spaces were developed recently. Some extensions of the parallel sum and many different equivalent
definitions and the properties were also studied in [3, 9, 11, 13, 19].

Recently, F. Hansen obtains a number of results for the parallel sum of positive definite operators in [15].
The purpose of this paper is to generalise some of them to parallel summable operators and weakly parallel
summable operators. The notion of weakly parallel sum of two operators was introduced by Antezana,
Corach and Stojanoff in [5]. We characterize the weakly parallel sum in terms of the reduced solutions to
particular operator equations and obtain new insight into the theory of weakly parallel sum. We obtain
many results concerning parallel sum and weakly parallel sum. Our goal however is to prove as many
results as possible under no additional hypothesis on the operators involved.

2. Some lemmas

In this section, we begin with some lemmas which play important roles in the sequel. The following
lemma is a standard result.
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Lemma 2.1. ([12,17], [13, Theorem 2.2]) Let A, B € B(H). Then R(A)+ R(B) = R((AA" + BB*)% ) R(A) is closed

if and only if R(A) = R(AA™) if and only if R(A*) is closed. If A > 0, then R(A%) = R(A).

Lemma 2.2. For A € B(H) with closed range, let A = UP be the polar decomposition of A, where U is a unique

partial isometry such that N(U) = N(A)and P = (A*A)%. Let P* be the Moore-Penrose inverse of P. Then AT = PTU*
satisfying AATA = A, ATAAT = AY,

AA" = Pgay = Pyarye, A'A =P'P=PP' = U'U = Pgay = Pray.

By Lemma 2.1, R(A) is closed &= R(P) is closed <= 0 is not an accumulation point of o(P). Note that
Pt and At € B(H) if R(A) is closed, where A" € B(H) is called the Moore-Penrose inverse of A. It is well
known that the Moore-Prose inverse A" € B(H) if and only if R(A) is closed and the Moore-Penrose inverse
of A is unique (see [16]). In general, At is a closed densely defined operator if R(A) is not closed [10, 21].
Let C be a positive operator. The case of a non-invertible term can also be handled by taking the limit of a
sequence of invertible approximations. From spectral theory and the monotone convergence theorem, the
sequence {(C + 1I)"'C}® | converges in the strong operator topology (SOT) monotonically up to C'C, i.e.,
(C+1n7'C — C'C. If A, B € B(H) with R(B) C R(A), then A'B € B(H) even if A has a non-closed range
[7, Lemma 2.1]. We include the proof of this fact here for completeness.

Lemma 2.3. [7, Lemma 2.1] Let A, B € B(H) be such that R(B) C R(A). Then A*B is bounded.

Proof. If (x,, A*Bx,) — (x,y) for {x,}*, € H and x,y € H, then x, — x, A*Bx, — y. We get Bx, — Bx

andy € R(A'B). Since R(B) C R(A), one has Bx, = AA'Bx, — Ay. We get Bx = Ay and A'Bx = ATAy = v.
Hence, A'Bx, — A'Bx. By the closed graph theorem, we know A'B € B(H). O

The following well-known criteria concerning the range inclusions and factorization of operators are
given by Douglas [12] and Fillmore-Williams [13].
Lemma 2.4. [12, 13] If A, B € B(H), then the following results are equivalent:
(i) A = BC for some operator C € B(H).
(if) AA* < kBB* for some k > 0.

(iii) R(A) € R(B).
If one of these conditions holds then there exists a unique solution Cy € B(H) of the equation BX = A such that

R(Cp) € R(B*) and N(Co) = N(A). This solution is called the Douglas reduced solution. Moreover, ||Co|[* = inf{A >
0: AA® < ABB*}. By Lemma 2.3, Douglas reduced solution is Cy = B'A € B(H).

It is worth pointing out that, if 0 < A < B, then R(A%) Cc R(B%) and ||A|| < ||B||l. Moreover, R(A) C R(B)
if R(B) is closed. As we known, A, B € B(H,K) are parallel summable (p.s) if R(A) € R(A + B) and
R(A") € R(A* + B*). These conditions imply that R(B) € R(A + B) and R(B*) € R(A" + B*). We recall the
definition of the weakly parallel sum of operators introduced in [5].

Definition 2.5. Operators A, B € B(H,K) are said to be weakly parallel summable (w.p.s) if the following range
inclusion relations hold:

RA) CR(A*+B'|2), RB)CR(A +B 1), RA)CRIA+BI|?), RB)CRIA+BI). (1)
In this case, the reduced solutions of operator equations
A=|A*+B |2UX, B=|A*+B|2UX, A"=|A+B|2X, B =|A+B|? X )

are denoted by E4, Eg, F4 and Fp, respectively, where U is the partial isometry of the polar decomposition
of A+ Band N(U) = N(A + B).
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Definition 2.6. Let A, B € B(H) be w.p.s and let E4, F 4 be the reduced solutions of the operator equations
A=|A"+B |2 UX, A" =|A+B|2 X,
respectively, where U is the partial isometry of the polar decomposition of A + B = U|A + Bl and N(U) = N(A + B).
The weakly parallel sum of operators A and B, denoted by A : B € B(H), is
A:B=A-F,En. )

We recall the famous polar decomposition theorem [10, 21]. For every operators A, B € B(H), the polar

decomposition A + B = U|A + B| = |A* + B*|U, where U is a partial isometry such that U*U = PW

and UU" = Pz By Lemma 2.2, if R(A + B) is closed, (A + B)f = |A + B['U* = U*|A* + B*[". Moreover,
UJA + B|z = |A* + B|*U and UJA + B| = |A* + B|2U, where |T|? = (IT|?)".

Lemma 2.7. Let A, B € B(H) be w.p.s. The reduced solutions E4, Ep, F4 and Fg of the equations in (2) can be
denoted by

Ea=U'|A+B | A, Fi=|A+B|* A", Ez=U|A+B|*B, Fy=|A+B]|: B, (4)

respectively.

3. Further properties of the p.s and w.p.s operators

In this section, we review the relevant materials and present our characterization theorems. The weakly
parallel sum and the reduced solutions satisfy several useful properties which are given in the following
theorem. The partly results and their proofs can be found in [5, 11].

Theorem 3.1. Let A, B € B(H) be w.p.s and let Ea, Ep, F4 and Fg be the reduced solutions of the equations in (2),
respectively. Then

(i) Ea + Eg and F4 + Fp are the reduced solution of the equation A + B = |A* + B*I% UXand A*+B* = |A+ B|%X,
respectively. Moreover,

Ea+Es=|A+Bl2 and Fa+Fp=|A+B2U". (5)

(i) AA and AB are wp.s, A: B =B:A =F;Es = F,Egand AA : AB = AM(A : B) = AB: AA forall A € C. If
R(A + B) is closed, then

A:B = A-F,Ex=B-FyEg=F,Eg=F,Ea=A~-A(A+B)'A=B-B(A+B)'B

A(A+B)'B=B(A+B)'A=B:A. (6)

(iii) A* and B* arew.p.s and (A: B)* = A*: B* = B* : A*.
(iv) R(A) N R(B) C R(A : B) C R(A) N R(B). If R(A + B) is closed, then
R(A:B) =RA)NRB) and N(A:B) = [RA)N R(B*)]l.
(v) N(A : B) = N(A) + N(B) and A(N(A : B)) € R(A + B) when R(A) and R(B) are closed.
Proof. (i) By Lemma 2.7,
Ea+Es=W|A+B |Z(A+B) =W |A*+B |2 U=]A+B|

and
Fa+Fs=]A+B|2(A*+B) = |A+B|Z]JA + BIU" = |A + B|2U".
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Since A + B = |A* + BY|2U(E4 + E) and
R(Ea + Eg) = R(A + B|2) = R(A + Bl2U") € N(A* + B*|2U)*. 7)

By Lemma 2.4, E4 + Ep is the unique reduced solution of the equation A + B = |A* + B*|zUX. Similarly,
F, + Fp is the unique reduced solution of the equation A* + B* = |A + B|%X.

(i) By Lemma 2.7 and item (i), F;E4 = (|A" + B*l%u —F)Ea=A-FEa=F,(A+ B|% — Ea) = F,Ep.
These lead to the following two properties of weakly parallel sum:

A:B=B:A=F,E4=F,Es and AA:AB=A(A:B)=AB:A.
If R(A + B) is closed, then
F,Ep = AlA+ BI}|A + B:U’'B = AJA + BI'U"B = A(A + B)'B,

F,E4 = BIA+B|*|A + B|*U"A = BJA + B['LI'A = B(A + B)'A,
Fy,Es=A(A+B)'A and F,E; =B(A +B)'B.
By the definition of weakly parallel sum in (3),

A:B:A—F;‘EA:A—A(A+B)+A:A—[(A+B)—B](A+B)+A:B(A+B)*A:F*BEA.

Similarly, B: A=B-FyEg=B—-B(A+ B)'B=A(A+B)'B= F,Ep.

(iii) By (ii) the result is obvious.

(iv) For every z € R(A) N R(B), there exist x,y such that z = Ax = By, ie, z = |[A" + B |2UEx =
|A* + B*l%UEBy. The relation |A* + B*I% U(Eax — Egy) = 0 implies that Eqx = Epy since E4 and Ep are the
reduced solutions of the equations in (2), respectively. By items (i) and (ii),

(A:B)(x+y) = FyEax+F,Epy =FyEax+F,Eax=(F, + Fp)Eax = |A" + B*I% UEax =z, (8)

i.e., R(A) N R(B) C R(A : B).

Note that A = F}|A + B|2, B = |A" + B'|2UEg and R(Ep) C N(IA* + B'|2U)* C R(A + B|?). For any x € H,
there exists a sequence {y,} € H such that |A + Bl%yn — Epxand Ay, = F,|A + Bl%yn — F,Epx = (A : B)x.
Hence, R(A : B) C m Similarly, one has R(A : B) C R(B) and R(A : B) C R(A) N R(B).

If R(A + B) is closed, by item (ii) and Lemma 2.4 we have, R(A : B) = R (A(A + B)'B) = R (B(A + B)'A) C
R(A) N R(B). Hence, R(A : B) = R(A) N R(B). Moreover, by item (iii), N(A : B) = R[(A : By']* = R(A* : B*)* =
[R(A) N B

1

(v) If R(A) and R(B) are closed, then N(A : B) = [R(A*) OR(B*)] — N(A) + N(B). Hence, for ev-
ery x € N(A : B), there exist x, € N(A) and y, € N(B) such that x, + ¥, — x as n — oco. One has
Ax = Alimy 00 (X4 + Yu) = limy 0 Ay, = limy,,00(A + B)y,. Thus Ax € R(A + B) for every x € N(A : B). O

In case that the ranges of A, Band A+B are closed, for every y € R(A)NR(B), there exists x = (A*+B")y € H
such that

(A : B)x

F\EpB'y + FyEqATy = FyJA + BEU'y + FylA + Bz U'y = (F, + F})|A + Bl: Uy o

|A* + B*|2UU*|A* + B*|2y = Prasn)y = .

Itis worth noting that, if A, B € B8(H) are P.S, then R(A) € R(A+B) and R(B) = R(A+B—-A) € R(A+B)+R(A) =
R(A + B). By Lemma 2.3, it has (A + B)'A and (A + B)'B € B(H). A*(A : B) and B'(A : B) € B(H) if R(A + B)
is closed by Theorem 3.1. Some constructions for the weakly parallel sum are given below.
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Theorem 3.2. Let A, B € B(H) be w.p.s. If the ranges A, B and A + B are closed, then

() A:B = (A:B)A'+B"A:B).
.
(i) A:B = [PR(Agmz(B*)(AJr + B+)P'R(A)nR(B)] .
(i) A:B = %[P;EA +FyEp — (A - B)(A + B)'(A - B)].

Proof. If A, B € B(H) are w.p.s, then

R(A) + R(B) C R(A* + B|2) C R(A* + B*|) = R(A + B),

(10
R(A*) + R(B*) C R(A + B|}) C R(A + BJ) = R(A* + BY). :

So, me =x, Vx € R(A) NR(B). If A, B and A + B are closed, then the following (i) ~ (iii) hold.
(i) For every z € H, by Theorem 3.1 and (9), y := (A : B)z € R(A) N R(B) and (A :B)(A"'+ By =y.
Hence, (A : B)(A' + BY)(A :B)z=(A:B)zforallz€ H,ie. (A:B)(A"+B")A:B)=A:B.
(ii) Note that (A : B)’(A : B) = Pguynre) and (A : B)(A : B)' = Pguynrp)- By multiplying (A : B)'
from left and right on both sides of item (i), we have (A : B)' = Pgianr@) (A" + B )Pruaynre), i-e., A : B =

"
[PR(A*)OR(B*)(AJF + B+)PR<A)nR(B)] .
(iii) By Theorem 3.1, item (ii),
(A-B)(A+ B)+(A - B)

A(A +B)tA + B(A + B)'B— A(A + B)'B — B(A + B)'A
= FEs+F,Ez—24:B,

ie,A:B= %[F;‘EA + FyEg —(A-B)(A+ B)f(A - B)]. This completes the proof. O

Let A, B € B(H) be closed range operators. For every x € H, denote by y = (A : B)x, z = (A* : B*)x. By
Theorem 3.2, item (i), it is obvious that ((A : B)x,x) = (A'y,z) + (B'y, z). This implies that A : B > 0 if A,
B € B*(H) in Theorem 3.2.

Theorem 3.3. Let A, B € B(H) be w.p.s and u, v € R(A) N R(B) be such that u = Ax = By and v = Az = Bw for
somex, y,z,weH. If(x+y)—(z+w) e N(A) + N(B), then u = v.

Proof. Since (x +y) — (z+w) € N(A) + N(B), there exist ng € N(A) and ng € N(B) such that (x+ y) - (z+w) =
na + ng. Since A, B € B(H) is w.p.s, by (8), the relations

u=|A"+B?UEsx = |A" + B'|?UEpy and ©=|A" +B|2UExz = |A" + B2 UEsw

imply that u = (A : B)(x+y)and v = (A : B)(z + w). In virtue of A : B = B : A and Lemma 2.7, we get
N(A) € N(A: B)and N(B) € N(A : B). Hence,

u = A:B(x+y)=A:B@z+w+ny+ng)=A:Bz+ns)+A:Bw+ng)=A:Bz+w)=0.

By Theorem 3.1, it is easy to get that A+ B = U|A + B| = U|A + B|? (Ea + Eg) = (F', + F})IA + B|2. Moreover,

R(A) N R(B) NR(C) C R(A . (B: C)) C R(A) NR(B) N R(C)

and

R(A) N R(B) NR(C) S R((A: B) : C) € R(A) N R(B) N R(C)

if all operators are w.p.s. Similar to the proof of the parallel sum results in [18, Proposition 4.4], the w.p.s.
operators have the following similar property.
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Theorem 3.4. Let A, B, C € B(H) be such that all weakly parallel sums A:B,B:C,(A:B):Cand A: (B:C)
exist. If the ranges of A+ B, B+ C, (A:B)+ Cand A+ (B: C) areclosed. Then (A:B):C=A:(B:C).

Proof. Since A and B are w.p.s, one has R(A) € R(|A* + B|z) = R(A + B). Since B and C are w.p.s, one has
R(C*) € R(B+C|2) = R(B*+C*).Since Cand A : Barew.p.s, onehasR(C) C R(|(A" : B)+C*|2) = R((A : B)+C).
Hence,

.
(A+B(A+BfA=A, CB+C)}(B+C)=C and [(A . B) + C][(A . B)+ c] c=C

For every x € H, denote by
+
u = x—<A+(B:C)) Ax,

g
Il

—(B+ C)*B](A +(B: C))+Ax,

S
Il

[1
[1 —(B+ C)*C](A +(B: C))+Ax.
Then, u+v+w = x+[1—(B+C)+(B+C)](A+(B : C))fo. By Theorem 3.1, item (i), [A (B C)]x — Au=Bo=Cuw

and

[(A . B): c](u fotw) = [(A . B): C]x LA B)[(A .B)+ c]+c[1 _(B+O)'(B+ C)][A +(B: C)]+Ax

[(A . B): c]x.
Moreover,

[(A . B): C](u +o+w) = C[(A .B)+ C]+(A  B)(u+0) + (A - B)[(A .B)+ C]+Cw

C[(A :B)+ CHB(A + B Au+ A(A + B)*Au] +(A: B)[(A :B)+ C]+Cw

C[(A . B) + CTCw F(A: B)[(A . B)+ CTCw = Cw = [A (B C)]x.

Hence,(A:B):C=A:(B:C). O

The following results extend a formula connecting the weakly parallel sum of operators which need not
to be positive, using the concept of certain Douglas reduced solutions.

Theorem 3.5. Let A, B € B(H) be w.p.s, Eg and Fg be the reduced solutions of the equations in (2). For every
C € B(H), if R(A + B) is closed, then

C'AC+(I-C)yB(I-C)—A:B= [c* ~F,JA+B|} U*](A + B)[C _lA+ B|%EB].

Moreover, if (A+ B)C =Bor C'(A+B) =B, then A: B=CAC+ (I-C)'B(I - C).
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Proof. Since Ep and Fp are the reduced solutions of the equations in (2), ithas B = |A*+B*|%UEB = U|A+B|%EB
and B* = |A + B2 Fp. If R(A + B) is closed,
[c* ~FyA+ BﬁU*](A ; B)[C “A+ B|%EB]

= C(A+B)C—C(A+B)A+B:Eg — FylA + Bl*U*(A + B)C + F4lA + B2 U'(A + B)|A + B|* Eg

= C(A+B)C-CUA+B|A+B|:Eg — FyJA + Bl U"UJA + B|C + Fy|A + B> U*UJA + BJ|A + B|?Eg

= C(A+B)C—CUA+B|?Eg - F4JA +B|>C + F4Eg = C'(A + B)C — C'B — BC + F;Ej

= CAC+(I-C)yB(I-C)~(B-F;Es) =CAC+(I-Cy'B(I-C)-A:B.
Moreover, if C*(A + B) = B, then

[c* ~FylA+ BﬁU*](A +B) = C*(A + B) - F3JA + B> U*UJA + B|

= C(A+B)-FyA+B} =C'(A+B)-B=0.
The result holds. Similarly, if (A + B)C = B, then

A+ B)[C _lA+ B|%EB] —(A+B)C—UlA+B*Es = (A+B)C—B =0.
We obtain the result. O

For every A and B € 8*(H), by Lemma 2.1, R(A) C R(A?) C R(AZ) + R(B2) = R(A +B)z) = R(| A+ B |2)
and R(B) C R(| A + B |7), arbitrary positive operators are w.p.s. In this case, A + B has polar decomposition

A+ B = UA+B| = PW(A + B). The reduced solutions are reduced as E4 = F4 = (A + B)%A and

Eg =Fp = (A+B)%B.Theweaklyparallel sum canbedenotedasA : B= A-E,Es = B-E;Ep = E},Ep = E}E4.
If R(A + B) is closed,

*

(A+B)'=(A+B"A+B)(A+B)" =((A+B)'A+B)})((A+B)'A+B)) 20

and
lAZ(A + B)'AzZ|| = I(A + B)2A(A + B)?|| < (A + B)2(A + B)(A + B)2|| < 1

we know that A2(A + B)'A? is a contractive positive operator and
A:B=A-EEs=A}I-AT(A+B)'AT)A% 2 0. (11)

Theorem 3.5 has many useful consequences. For example, if A and B are two positive operators, then
Theorem 3.5 reduces as the following corollary, which is given by F. Hansen in [15, Theorem 2.1].

Corollary 3.6. [15, Theorem 2.1] Let E4 and Eg be the reduced solutions of the equations in (2). For every A,
B € 8*(H) with R(A + B) closed and every C € B(H), the weakly parallel sum satisfies

0<A:B<CAC+(-C)B(I-C)

and E4Ep + EyEq < 448 < EYEp + EjEp.

Proof. By Theorem 3.5, [c* ~F,JA+B|} u*] = C—|A +B|Eg for any A, B € B*(H) and C € B(H). So,

0

IA

[c ClA+ B|%EB] A+ B)[C ClA+ B|%EB] - [c* “FA+ BﬁU*](A ; B)[C _|A + BI*Es

CAC+(I-C)yBI-C)-A:B.
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PutC = and by Theorem3.1,A: B = F\Ep < 42, A : B= F3E, < 438 and 2A : B = A+B—(F,Eo+F}Ep) <
‘%. It follows that F},Ep + FE4 < ‘% < F,E4 + F,Ep. Note that E5 = F4 and Ep = F. It follows that

A+B
E;‘E3+EEEA < < E;‘EA+EEEB

[m]

Theorem 3.5 and Corollary 3.6 have many useful inequalities consequences. Especially, the following
items (ii) and (iii) are also the special cases in [15, Theorem 3.1 (i)] when the orthogonal projection P = Pz

and P = I — Py, respectively.

R(B)

Corollary 3.7. For every A, B € B8*(H) with R(A + B) closed, the following weakly parallel sum inequalities hold.
() A:B<IAPA+[1-APPB. (C= AL A € Cin Corollary 3.6)

(ii) A : B < PragrAPggy.  (C = Prgy
(iii))A:B < PR( A)BP%. (C=1

(iv)A:B< PN(B)APN(B) + Py

in Corollary 3.6)

— Pggay in Corollary 3.6)
7aBPrw  (C=Prg

(V) A2 B < PasAPg + PnayBPu).  (C = Py

7@ ~ Pray in Corollary 3.6)

~@ + Prgy in Corollary 3.6)

(vi)A:B <48 (C=1ilin Corollary 3.6)

+ Pn(ay) in Corollary 3.6)

R(B) R(A)7 R(A)

(vi)A:B <} [p <57 APx + ProgBP G

]. (C = L(Prs

(vii) A: B < 4[13 AP~ + (I + P)B( + PN(A))]. (C = Y(Px— — P in Corollary 3.6)

R(B)" ™ R(B) R(B)

Let weakly parallel sums A : B and C : D be well defined. As we know,
A:B=B-FyEs, B=|A"+B |} UE; and B =|A+B|:Fs,
where U is the partial isometry of the polar decomposition of A + B. Let Ep and Fp be the reduced solutions

of operator equations D =| C*+ D" |2 UpX and D* =| C+D |2 X, respectively, where U is the partial isometry
of the polar decomposition C + D = Uy|C + D| = |C* + B*|Ujp. Then,

C:D=D-Fj,Ep, D=|C'+D"|> UsEp and D' =|C+D| Fp.
Using a similar approach, the next results extended [14, Theorem 6.1] on arbitrary Hilbert spaces setting
under the assumptions that the operators, which is not necessary to be positive, are w.p.s. If all the weakly

parallel sums A : B, C : D and (A + B) : (C + D) exist, we give the following result. The aim is to show that
the w.p.s operators have the property (A + C) : (B+ D) = A : B+ C: D if certain Douglas reduced solutions

satisfy |A + B|ZEp = |C + D|2Ep.
Theorem 3.8. Let A, B, C, D € B(H) be such that R(A + B), R(C + D) and R(A + B + C + D) are closed. Then
(A+C):(B+D)-A:B-C:D

- [F*B|A +BIU - FyC + D|%u5][(A +B): (C+ D)][IA + Bl Es—|C+ D|%ED]

if all the w.p.s operations are well defined. Moreover, if|A+B|zEp = |C+D|zEp, then (A+C) : (B+D) = A : B+C : D.
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Proof. By Theorem 3.1,

A+C):(B+D)-A:B-C:D (B+D)—(B+D)(A+B+C+D)*(B+D)—B+F;EB—D+F*DED

= FyEp+F;Ep— (B+D)(A+B+C+D)"(B+D).

(12)

Since A and B are w.p.s, one has Fy|A + BI2U'(A + B) = FylA + BZU'UJA + B| = FylA + B> = B and
(A +B)|A+B|ZEp = U|A + B||A + B|*Eg = U|A + B|2Ep = |A* + B*|2UEg = B. Similarly, since C and D are
w.p.s, one has F})|C + DI%US(C + D) =D and (C + D)|C + DI%ED = D. Moreover, since A + B and C + D are
w.p.s, R(B*) € R(A* + B") € R(A* + B* + C* + D*) and R(D*) € R(C* + D*) € R(A* + B* + C* + D*). Hence,
BA+B+C+D)'(A+B+C+D)=Band D(A+B+C+D)"(A+B+C+ D) = D. These follow that

[PB|A + BT —F|C+ DﬁUg][(A +B): (C+ D)][|A +BI{Es - |C + DI*Ep

= [FglA+B|%U*(A+B)(A+B+C+D)*(C+D)—F*D|C+D|%U6(C+D)(A+B+C+D)*(A+B)]
x[lA +BISEs—|C+ D|%ED]

= [B(A+B+C+D)+(C+D)—D(A+B+C+D)+(A+B)][|A+B|%EB—|C+D|%ED]

= B(A+B+C+D)'(C+D)A+B|zEg—D(A+B+C+D)'B
—B(A+B+C+D)'D+D(A +B+C+D)(A + B)|C+D|*Ep

= B(A+B+C+D)+[(A+B+C+D)—(A+B)]|A+B|%EB—D(A+B+C+D)*B

—B(A+B+C+D)+D+D(A+B+C+D)+[(A+B+C+D)—(C+D) IC+ DJ2Ep

= BJA+B|2Eg—-B(A+B+C+D)'B-D(A+B+C+D)'B
—B(A+B+C+D)'D+D|C+D|2Ep - D(A+ B+ C+D)'D
= FyEg+F,Ep— (B+D)(A+B+C+D)'(B+D).
By (12), we obtain the first result. Moreover, if |A + B|2Eg = |C + D|2 Ep, it is obvious that (A+C):(B+D)=
A:B+C:D.O
Similar to Corollary 3.6,if A, B, C, D € 8*(H), then (A+B) : (C+D) > 0and F*B|A+B|%U*—FB|C+DI%U6 * =

|A+B|2Eg —|C + D|2Ep. As an application of the preceding theorem, we get a corollary as follows. The well
known series-parallel inequality (A + C) : (B+ D) > A : B+ C: D is first given in [1, Lemma 20] when A, B,
C and D are Hermitian semidejfinite.

Corollary 3.9. [1, Lemma 20] Let A, B, C, D € B*(H) be such that R(A + B), R(C + D) and R(A + B+ C + D)
are closed. Then (A+C):(B+D)>A:B+C:D.

Corollary 3.9 has many useful consequences.

Corollary 3.10. If A, A’, B, B’, C and D are finite nonnegative matrix, then
@) IfA">A, thenA’:B>A:B. (A'=A+CD =0in Corollary 3.9)
(i) IfB’>B,then A: B >A:B. (B’=B+D,C =0 in Corollary 3.9)
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(i) IfB> Aand C> Athen B: C > 1A, (by (i), (i) and 1A= A: A)

The weakly parallel sum is not distributive with the usual operator product. In [2, Theorem 5], Anderson
shows that, if A, B are positive semi-definite operators, and Z is an operator, then Z*(A : B)Z < (2*AZ) :
(Z"BZ). As for bounded operators, we give the following result. This is a generalization of [2, Theorem 5].

Theorem 3.11. Let A, B, Z € B(H) and 7= Z"Pg(a++p+y be such that A and B, 7ZAZ and ZBZ are w.p.s, respectively.
IfR(A + B) and R(ZAZ + ZBZ) are closed, B*(A* + B)'A = A*(A* + B*)'B and R(Z) C R(ZAZ + ZBZ), then

(ZAZ) : (ZBZ) = Z(A : B)Z + T*AT + T'BT

= [|A +B|2EgZ + T] A[lA + BI2EgZ + T] + [lA + BI2EsZ - T] B[|A +B|EAZ — T],

+
where T = Z*[(ZAZ + ZBZ)*] (ZBZ)' - (A + B)'BZ.
Proof. Denote by Xy = |A + BI%EBZ and Yy = |A + BI%EAZ. Since A and B are w.p.s, by (2), (4) and (10),

Xo+Yo=2, AXo=F,EsZ=(A:B)Z BYy=F,EaZ=(A:B)Z, X AX,+ Y;BY,=Z(A:B)Z

(A+B)Xo = UlA+B[*EsZ = BZ=BZ", (A+B)Z' =(A+B)Z, BX,=F,EsZ=(B-A:B)Z
(13)

Since B*(A* + B*)'A = A*(A* + B*)'B, one has
XA=Y;B and X)(A+B)=Y,B+X,B=ZB. (14)

— — — + —~ — + —~ —
Denote by § = ZAZ + ZBZ, X = Z'(S") (ZBZy', Y = Z*(S) (ZAZ)" and T = X — X,. Note that R(Z) = R(S).
Since ZAZ and ZBZ are w.p.s, one has R((ZBZ)*) C R(S*). Then

Z=S87, 7= 2*(5*)+s* and ZBZ = ZBZS'S. (15)

By (13) and (15), Yo~ T = Xo + Yo~ X = Z(5")'§' = Z/(5") (ZBZ) = Y. Hence, X = Xg + T, Y = Yy~ T and
X +Y =Z". By (13), (14) and (15),

TAT + TBT = | Z(5') @B2) - XO]*(A +B)|Z(s") @82y - Xo|

= (ZB2)S'ZA +B)Z'(S") (ZBZy - (ZBZ)S'Z(A + B)Xo - Xi(A + B)Z'(S") (ZBZ) + Xy(A + B)Xq 6)
(ZBZ)(S") (ZBZy - (ZBZ)S'ZBZ - (ZBZ)(S’) (ZBZ) + ZBX,

—(ZBZ)S*ZBZ + Z(B - A : B)Z.

By (13), (14) and (16), it follows that
X'AX + Y'BY = (Xo + T)'A(Xo + T) + (Yo = T)'B(Yo — T)
= X AXo+Y,BYo+ T"AT + T*BT + T"AXo — T'BY, + X;AT — Y;,BT
= Z(A:B)Z+TAT+T'BT=Z(A:B)Z+Z(B-A:B)Z - (ZBZ)S'ZBZ
= ZBZ - (ZBZ)S'(ZBZ) = (ZAZ) : (ZBZ).
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This completes the proof. O

Note that
+
T*AT + T'BT = —(ZBZ)S'ZBZ+Z(B-A:B)Z = ZB[(A +B)f - Z(Z(A + B)Z) Z]BZ.

Theorem 3.11 includes the following special case.

Corollary 3.12. Let A, B, Z € B(H) and 7= 2" Pg(a++p+y be such that R(A + B) and R(EAZ + 2BZ) are closed and
A and B, ZAZ and ZBZ are w.p.s, respectively. If B (A* + B)'A = A*(A* + B)'B, R(Z) C R(ZAZ + ZBZ) and
+

(A+B) = Z(Z(A ; B)Z) 7, then Z(A - B)Z = (ZAZ) : (ZBZ).

If A, B € B*(H) and Z € B(H), then ZA=Z7'Aand ZB = Z'B. Hence, we have the following corollary.

Corollary 3.13. Let A, B € B8*(H) and Z € B(H) such that R(A + B) and R(Z*AZ + Z*BZ) are closed.
() (Z*AZ) : (Z'BZ) > Z*(A : B)Z > 0.
(ii)
(Z'AZ) : (Z'BZ) = Z'(A : B)Z + T'AT + T'BT
- [|A +BiEsZ + :r] A[IA +BIiEsZ + T] + [lA +BEsZ - T] B[|A +BREsZ - T],
:

where T = PR(AU,B*)Z[Z*AZ ; Z*BZ] (Z'BZ) - (A + B)'BZ.

.
(iii) If (A + B)t = Z(Z*(A + B)Z) 7', then (Z*AZ) : (Z'BZ) = Z*(A : B)Z.

Similar to the proof of Theorem 3.11, one has the following inner product properties.

Theorem 3.14. Let A and B € B(H) be such that R(A + B) is closed and u = Pgia-+p-yu for every u € H. Then for
X, Y,z € Hsuchthat x+y =z,

(Ax,xy + (By,y) = {(A : B)z,z) + {t, A"xo — B'yp) + {(A + B)t, 1),
where xo = |A + B|>Epz, Yo=1A+ BI*ExZ and t = X — xo. Moreover, if A and B are self-adjoint,
(Ax,x) +(By,y) = {(A : B)z,z) + {(A + B)t, ).
If A and B are positive (see [1, Lemma 18] for parallel sum case),
(Ax,x) +(By,y) 2 {((A:B)z,z), VYx+y=z.

Proof. Note that X = Pra++p)%, Y = Pra-+p)y and X+ y = z. Denote by xp = |A + B|3Epz and Yo =I|A+ B3E4Z.
Since A and B are w.p.s, by (5), (6) and (10),

Xo+Yo=2 Axo=F,Epz=(A:B)z=(A:B)z, Byo=FyEaz=(A:B)z

(A+B)xo=U|JA+B|2Esz=Bz=Bz, (A+B)yy=Az, Ax=Ax, By=By,

Bxg = FEEBE: (B-A:B)z=(B-A:B)z, Ayo=(A-A:B)z.
Putt=x-xp. Thenx=x0+t,y=1y—t,

(Ax, ) = (A%, ) = (Axg + At, xo + £) = ((A : B)z, x0) + (A : B)z, t) + (At, xo) + (At, 1)
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and
(By,y) = (BY,y) = (Byo — Bt, yo — t) = {((A : B)z, yo) — {(A : B)z,t) — (Bt, yo) + (Bt, t).

Hence, (Ax, X)+(By, ) = {(A : B)z,z)+(t, A*xg—B*yo) +{(A+B)t, ). Moreover, if A and B are self-adjoint, then
A'xog = B'yp and (Ax, x) + (By, y) = {(A : B)z,z) + {(A + B)t, t). Itis obvious that (Ax, x) + (By, y) = ((A : B)z,z)
if A and B are positive. O

4. Concluding remarks

If A and B are Hermitian positive semi-definite matrices, the parallel sum A : B is defined by A : B =
A(A + B)'B. Anderson and Duffin defined the parallel sum operation on Hermitian positive semi-definite
matrices and investigated its most important properties [1]. The extensions of the theory to the positive
operators in Hilbert space have been given by Anderson and Schreiber [4] and Fillmore and Williams [13].
Recently, Xu et al. [14, 18, 19] obtained the perturbation estimation of the parallel sum and extended some
properties of parallel sums to adjoint operators on Hilbert C* modules.

This paper considers a natural generalizations of parallel sum for bounded operators on infinite-
dimensional spaces. Under the suitable range inclusion relations

R(A) CR(A*+ B |2), R(B)CR(A +B|2), RA)CRI(A+BI|2), R(B)CR(A+B]2).

Definition 2.6 of weakly parallel sum A : B = A — F, E4 may be applied to any pair of linear operators. In
particular, all the positive operators are w.p.s by Definition 2.5. The present article is devoted to the further
development of the properties of weakly parallel sum for arbitrary bounded operators in a Hilbert space.
By the spectral decomposition theorem and the closed graph theorem, the generalized inverse A’ is always
defined (need not to be bounded) and A'B is bounded if R(B) C R(A). Many rather natural extensions have
been developed in this paper. When these results are restricted ro the positive operators, these results can
be reduced as certain properties of the parallel sum.
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