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1. Introduction

This article presents a study of partial orders on the set L(H, KC) of bounded
linear operators between Hilbert spaces H and K. It focuses on three partial

orders: the star order (%)7 the minus order (<) and the diamond order (%)
All these orders emerged as generalizations, in different senses, of the well-
known Lowner partial order. Recall that, given A, B € L(H), A < B with
respect to the Lowner partial order if and only if B — A is a positive semi-
definite operator. The star order, defined by Drazin in [10], then coincides
with the Lowner order when restricted to the set of orthogonal projections.
It emerged as a natural generalization of this fact for L(#). On the other
side, the minus order was introduced independently by Hartwig [15] and by
Nambooripad [20]. It replaces the adjoints operations involved in the star
order by inner inverses. Finally, another natural generalization of the star
order is the diamond partial order, introduced on C"*" by Baksalary and
Hauke [6] when studying a new version of Cochran’s theorem. The diamond
order was later extended in a natural way to operators acting on Hilbert
spaces.
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(20020190100330BA). A. Maestripieri was supported by CONICET PIP 2127CO and in
part by the Interdisciplinary Center for Applied Mathematics at Virginia Tech.
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Several characterizations of the previous orders are scattered in the
literature. However, a unified overview of this topic affording a clearer under-
standing of the behaviour of these orders and their relationship is missing.
Our purpose here is to, in a clear and orderly way, characterize these orders in
the contexts of matrix representations, inner inverses, operators ranges and
operator equations. Moreover, we introduce a new partial order for operators,

+
the plus order (<), which connects the three orders:
A<B
7 Ny
* +
A<B A<B

NG
A<B

The plus order then provides a unified scenario for the study of the
three orders. Characterizations of this order are given in terms of matrix
representations and inner inverses. Moreover, we observe that the previous
orders can also be related to the notion of the bilateral shorted operator, a
concept introduced in [4] with the aim of extending to arbitrary operators
in Hilbert spaces and pair of subspaces, the Schur complement which was
initially defined for positive operators and fixed subspace by Krein in [16]. The
bilateral shorted operator plays a role with operators related by the minus
and diamond orders. This overview is concluded by studying the relation of
the diamond and plus orders to certain factorizations of operators, including
the polar decomposition and products of projections. If A, B are subsets of
L(H,K), AB ={AB : A € A and B € B}, then partial orderings on A
and B induce a partial ordering on the whole set. With this approach we
observe, among other results, that the plus order on products of projections
is equivalent to the minus order on the factors.

The paper is ordered as follows. Section 2 is devoted to recalling the
definitions of the star, minus and diamond orders of operators, as well as
some other concepts used throughout the paper. In Section 3 we present an
exhaustive description of these orders by means of matrix representations.
Here, we explore the relationship between the minus and diamond orders with
the bilateral shorted operator. Then, we introduce the plus order and describe
it through matrix representations. Section 4 is entirely devoted to studying
the relationship between all of these orders and inner inverses, while Section
5 studies their relationship with ranges and operator equations. Finally, in
Section 6 we investigate the behaviour of the diamond and plus orders on
certain factorizations involving projections and the polar decomposition.

2. Preliminaries

In this article H, X denote complex Hilbert spaces and L(H,K) the set of
bounded linear operators from H to K. When H = K we write, for short,
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L(H). By L(H)" we mean the set of positive semi-definite operators; i.e.,
T € L(H)' if (Tx,z) > 0 for all x € H. By |T'| we denote the modulus of
T; ie., |T| = (T*T)"/?. The range of T € L(H,K) is written R(T) and its
nullspace N (7). In addition, T is the (possibly unbounded) Moore-Penrose
inverse of T € L(H,K). The direct sum of two subspaces S and T of H is
expressed by S+ 7, and S @ 7 means that the sum is orthogonal. We write
Q={Q € L(H) : Q* = Q} for the set of projections and P = {P € L(H) :
P? = P* = P} for the set of orthogonal projections. Denote by Qs T the
projection with range S and nullspace 7. Given T' € L(H,K), Pr stands for

the orthogonal projection onto R(T'). Throughout, we write A % B whenever
R(A) C R(B) and R(A*) C R(B*). The relationship % defines a pre-order
on L(H,K), known as the space pre-order on L(H, K).

Let us define the partial orders on L(H, ) that we shall study in the
article.
Definition 2.1. Let A, B € L(H,K). Write

1. A< Bif A*A = A*B and R(A) C R(B); the left star order. A similar
definition for the right star order (<*).

9. A< B if A*A = A*B and AA* = BA*; the star order.
<& S
3. A< Bif A< B and AA*A = AB*A; the diamond order.
4. A ; B if there are projections Q and Q such that A = QB = BQ; the

minus order.

The following lemma collects some basic well-known properties of these
orders. The proof is straightforward.
Lemma 2.2. Let A,B € L(H,K). The following statements hold:
1. A*< B if and only if A = PsB and R(A) C R(B). Similarly, A <* B
if and only if A = BPs« and R(A*) C R(B*).
2. A< B ifand only A= PyB = BPy-.
3. AA*A = AB*A if and only if and PABPs- = A.
4. If A ; B then the ranges of the projections Q and Q* such that A =
QB = BQ can be fized so that R(Q) = R(A) and R(Q*) = R(A*).

We also consider the notion of bilateral shorted operator which relies
on the condition of weak complementability introduced in [4]: Given A €
L(H,K) and S and T two closed subspaces of H and K, respectively, consider
the matrix representation of A with respect to the decompositions H = S&S+

and K=T & TL:
b
A(d Z) (1)

Definition 2.3. An operator A € L(H, K) with the matriz decomposition as in
(1) is called (S, T)—weakly complementable if R(c*) C R(|e|*/?) and R(d) C
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R(|e*|'/?). In this case, the bilateral shorted operator of A to the subspaces

S, T is defined as:
b—g*f O
AssT= ( Og f 0> ) (2)

where f = (|e*|"?u)Td, g = (|e|'/?)Tc*, and e = |e*|u is the polar decomposi-
tion of e.

The weak complementability condition emerges as a generalization for
arbitrary operators in Hilbert spaces of the fact that if A is a positive op-
erator and S = 7 then R(d) C R(e'/?). If the stronger conditions R(c*) C
R(e*) and R(d) C R(e) hold, then A is (S,7)—complementable. If A is
(8, T)—complementable then the matrix representation of A with respect to
the decompositions H =S &St and K =T @ T+ is:

(b ye
A= (ex e) ’ (3)
for some z € L(S,81) and y € L(T*,T). For details we refer the reader to
[4].

Lemma 2.4. Let A € L(H,K) and S and T be two closed subspaces of H and
K, respectively. If A is (S, T)—complementable and the matrix representation
of A with respect to the decompositions H =S ® S+ and K =T & T+ is as

in (3), then
b—yex 0
A/S,T = ( Oy 0) . (4)

Proof. Assume that A is (S, 7)—complementable and let A = (el; y:) be

the matrix representation of A with respect to the decompositions H = S&S+
and K =T @ T+. Then:

* *

¢ = eyt = feluty” = [e[V2el 2ty
That is, g := |e|'/?u*y* = (Je|”?)Tc*, and d = ex = |e* |ux = |e*|"/?|e*|"/?uz =
|e*|1/2u\e\1/2$.
That is f := |e|*/2x = (|e*|*/?u)Td. Therefore, b—g* f = b—yule|'/?|e|'/?z =

b —yex 0)

b—yer and so A;s 7 = 0 0

d

The following concept also plays a role in what follows.

Definition 2.5. Let B,C € L(H)T. The geometric mean of B and C is the
operator:

B#C 1= max {X € L(H)" : G‘? )c() € L(H @H)+} .
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For B invertible and T" € L(H), the algebraic Riccati equation in X is
given by:
X*B7'X -TX - XT =C. (5)
The next lemma gathers some useful properties of B#C' . See [2] and [12] for
their proofs.

Lemma 2.6. Let B,C € L(H)*. Then:
1. B#C = C4B.
2. If B is invertible, then B#C = B'/?(B~Y/2CB~1/2)1/2B1/2,
3. If B is invertible and BT is selfadjoint, then the selfadjoint solution of
the algebraic Riccati equation (5) is

X = (T*BT + C)#B + BT.

3. Operator orders and matrix representations

Consider the following operator block matrices of A and B with respect to
the decompositions H = R(A*) & N(A) and K = R(A) & N(A*) :

(a0 (b1 bio
A= (O O) and B = (621 b22) . (6)

In [9] and [18], the matrix representation of B is described when A % B or

A < B. However, the matrix representation of B when A % B is missing.
Here, we study this problem and we relate it with the notion of bilateral
shorted operator.

For completeness of this overview, we include the results for the star
and minus orders:

Proposition 3.1. Let A,B € L(H,K).

1. A*< B if and only if B = “ 0 for some x € L(R(A*), N(A)).
boow oo

2. A <* B if and only if there exists y € L(N(A*), R(A)) such that B =
a  yba
0 a2 )’

3.A§Bifand0nlyifB: a 0 .

Proof. See [9] and [18].
U

Proposition 3.2. Let A, B € L(H,K). The following conditions are equivalent:
1. A< B;

boox b2

2. B= (a + yboow yb22> , for somey € L(N(A*), R(A)), z € L(R(A*), N(A)).

Proof. See [18].
O
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Proposition 3.3. Let A, B € L(H,K). The following conditions are equivalent:

1. A< B.
2. bi1 = a, R(b21) € R(B) and R(b},) C R(B").

Proof. Assume that by; = a. Hence, for any x € R(A*), Bx = ax + ba1x, and
so R(A) C R(B) if and only if R(b21) C R(B). In the same way, using that
B*z = a*z + bjyx for any x € R(A), we get that R(A*) C R(B*) if and only
if R(b1,) € R(B"). O

The matrix representations for the minus and diamond orders are con-
nected to the notion of bilateral shorted operator.

Theorem 3.4. Let A,B € L(H,K). The following conditions are equivalent:
1. A % B;
2. B is (R(A*), R(A))—complementable and

B iy may = A

Proof. By Proposition 3.2, A < B if and only if there exist 2 € L(R(A*),N(4))

and y € L(N(A*),R(A)) such that B = @t ybow yboo . Then, B is
boow bz

(R(A*), R(A))—complementable, and Lemma 2.4 leads to B/iR(A*),iR(A) =

a 0
0 0/
Conversely, if B is (R(A*), R(A))—complementable then we can write

_( bir ybao (b1 —ybaazr O
B = (bmaz - and, by Lemma 2.4, B/T(A*),T(A) = 0 0/

But using that B/m7m = A, we get that bj; — yboox = a or, by =

a+ybaor  ybao

a+yboox. Then, B = bt -

) and, by Proposition 3.2, A é B. O

<&
When A < B, the next corollary gives a more explicit formula for B
than in Proposition 3.3 under an additional compatibility condition which,
in particular, holds when A has closed range.

Proposition 3.5. Let A, B € L(H,K). If B is (N(A), N(A*))—complementable
and S := B/n(a),n(a*) then the following conditions are equivalent:
1. A< B.

a xS " N B
2. B= (Sy b22) for somey € L(R(A*), N(A)) and x € L(N(A*), R(A)).

Proof. Since B is (N(A), N(A*))—complementable, by [4, Corollary 4.9],

R(S) = R(B) N N(A*). Assume that A % B. Then, b1; = a. Furthermore,
by Proposition 3.3, R(be1) C R(S). By Douglas’ lemma there exists y €

L(R(A*), N(A)) such that by = Sy. In a similar way, b}, = BNy na)T”
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or, bjg = x5 for some x € L(R(A), N(A*)), where we used that B* is
(N(A*), N(A))—complementable and Bl n(a) = (B/n(ay,n(as))" = 5%,
see [4, Proposition 4.3].
The converse follows using again that R(S) = R(B)NN(A*) and Propo-
sition 3.3.
[

For fixed operators A, B, the previous result provides a criterion for

il
A < B in terms of S := B/n(a),n(a+). We next describe all the positive
operators B such that A < B, for a fixed A € L(H)™".

Theorem 3.6. Let A, B € L(H)", such that A has closed range. Then, the
following conditions are equivalent:

<&
1. A< B;

a Gily*bgg T
2. B = 1 , fory € L(R(A), N(A)), bas € L(N(A))
baayG bao

and G = % + [(y*bo2y + §)#ala™.

Proof. Assume that A % B. Then, b1; = a and the operator S := B,y (4) n(4)

is well-defined. In fact, a is invertible and so B is (N (A), N(A))—complementable.
Moreover, by [1], S = bay — bjya~1b12 and, by Proposition 3.5, b}, = Sy for
some y € L(R(A), N(A)). Hence,

baoy = biy + bi2ailb12ya (7)
and multiplying both sides by y* we get
Y*baoy = y"biy + Y bisa” bioy.

Renaming z := byoy and ¢’ := y*beoy and noting that z = z*, the last equality
turns into the Riccati equation:

1 z+ 2"
z+ 5

Therefore, applying Lemma 2.6 , we obtain that bioy = (§ + y*baoy)#a — 5.
Replacing in (7) we get that:

d =z~

* * — a * a
12 = bay—bia 1((1 + Y baoy)#a — 5)
« —1,0 " b}

= by — bisa 1(1 + Yy booy)#a + ;2

Therefore, b’{Z(% + a_l(% + y*baoy)#a) = baoy and so big = (% + [(y*baoy +
G#alat) "y bas.

Conversely, suppose that item 2 holds. Then, from Gbio = y*bao, it can
be easily deduced that

* * — * a a
biy + biga” (Y ba2y + Z)#a - 5) = bay, (8)
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and so y* by + y*bisa " ((y*baoy + D#a—5) =y baoy. If D := (y* by + §),
we claim that D#a — § = biay. In fact,

1 N a
(5 + (D#a)ail)buy =y by = v +D
_ _a +a1/2(6171/2D(171/2)1/2611/2(171611/2(6171/2Dafl/2)1/2a1/2
4
a

= %1 (D) (DHa)
= (5 + (D#a)a™)(D#ta—3).
and so D#a — § = biay as desired. Hence, from (8) we get that b, =

-1
baay — bisa~tbiay. Now, if X = (1 + a_yb12y 8) , then BX = A. Hence,

N | =

R(A) C R(B) and so A < B.
O

We end this section by introducing a new order relation in L(H,K),
called the plus order, which emerges as a natural generalization of both, the
diamond order and the minus order.

+
Definition 3.7. Let A,B € L(H,K). Write A < B if A % B and there are
projections Q and Q such that A = QBQ. In such case, without loss of
generality we can assume that R(Q) = R(A) and R(Q*) = R(A*).

+
Lemma 3.8. The relationship < defines a partial order on L(H,K).

+
Proof. Clearly, < is a reflexive and antisymmetric relation. Let us prove that

+ +

it is also transitive. If A < B and B < C then R(A) C R(B) C R(C) and
R(A*)~§~ R(B*) C R(C*). Moreover, if A = QBQ and B = @:1CQ then
A = QQ1CQ1Q and an easy computation shows that QQ; and Q1Q are

projections. Hence, A % C. ]
Lemma 3.9. Let A, B € L(H,K). The next implications hold:

1L ASB>A<B=A<B= A<D

9. ASB>A<B=A<B=A<B.
Proof. Straightforward. O
Theorem 3.10. Let A, B € L(H,K). The following conditions are equivalent:

+

1. A< B.
_ (a+ybrpx yba yw 0 2z

2.3_( bao 522>+(w O>+<0 0> where y € L(N(A*), R(A)),
JCEL(R( *), —

N(A)), w € L(R(A*),N(A)), and z € L(N(A), R(A)) are
sudzﬂmtfz(<%y 8)) C.R(B)andfi((xmz 8)) R(BY).
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3. There exist two projections Q,Q such that A = QBQ, R((I - Q)BQ)
R(B) and R(QB(I - Q))") C R(B").

Proof. Let Q= <(1) _Oy> and @ = (_lx 8) in the decompositions K =

R(A)® N(A*) and H = R(A*) ® N(A), respectively. Then, A = QBQ if and
only if
B =A+(-Q)B(I-Q)+(I-Q)BQ+QB(I-Q)

_ a + ybax  ybao + y(b21 - 5221) 0 + (b12 - yb22)=’C bio — ybao
bQQZE b22 b21 - bQQZE 0 0 0 ’

N

In addition, R ((y(bbjll__bl;ﬁ) 8)) = R(I-Q)BQ)) = R(BQ—QBQ) =

R(BQ — A) C R(B), if and only if R(A) C R(B). Similarly, it holds that
R (P pnn) b _Oybm) > C R(B) if and only if R(A*) C R(B").
Therefore, 1 & 2. ~
To prove 1 < 3, assume that there exist two projections @),  such that
A = @QBQ. Then BQ = A+ (I — Q)BQ, and so R((I — Q)BQ) C R(B) if
and only if R(A) C R(B). In the same way, B*Q* = A* + (I — Q")B*Q",
and so R((QB(I — Q))*) C R(B*) if and only if R(A*) C R(B*).
O

4. Operator orders and inner inverses

Throughout, given T' € L(H,K), T[1] denotes the set of densely defined
operators T~ : D(T~) C K — H satisfying R(T) C D(T") and TT T =T.
The operator T~ is called an inner inverse of T'. The subset of T[1] of those
operators satisfying T~ = T~TT~ is denoted by T'[1,2]. Observe that Tt is
the unique element in T[1,2] with D(T") = R(T) @ N(T*), N(T") = N(T*)
and R(TT) = R(T*). If T admits bounded inner inverses, then we say that 7'
is relatively regular. An operator T is relatively regular if and only if T has
closed range. The aim of this section is to study operator orders by means
of inner inverses. The first result we present in this direction follows from
Proposition 3.1:

Corollary 4.1. Let A,B € L(H,K) with closed ranges. The following condi-
tions are equivalent:

1. A< B;
2. At < Bt

Proof. If A, B have closed ranges and A % B then, by Proposition 3.1, B =

t
a 0 . Hence Bt = ( (T) and, again applying Proposition 3.1, we
0 b 0 bl

get that At ; Bf. O
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The next result can be found in [21, Theorem 3.7] for A, B relatively
regular bounded linear operators on Banach spaces.

Proposition 4.2. Let A, B € L(H,K). Then, A <B if and only if A % B and
B[1] N A[1] is not empty.

To prove Proposition 4.2, we need the following lemma:

Lemma 4.3. Let A, B € L(#H,K) such that A % B. If B[1]N A[1] is not empty
then B[1] C A[1].

Proof. If A % B then, by Douglas’s theorem, there exist X € L(K) and
Y € L(H) such that A = BX and A* = B*Y™*. Furthermore, as B[1] N A[1]
is not empty then there exists B~ € B[1] such that AB~A = A. Consider
B= € B[1] then, since R(A) C R(B) C D(B=), AB=A = YBB=BX =
YBB~BX = AB~A = A, i.c., B= € A[l]. O

Proof of Proposition 4.2. Let A % B. Hence, there are projections Q and
Q such that A = QB = BQ. Thus, A< B. Moreover, let B~ € B[1], i.e.,
BB~ B =DB. Then, AB-A= QBB BQ =QBQ = A, and so B~ € A[l].

Conversely, assume that A % B and B[1] N A[1] is not empty. Define
Q = BYA. then Q € L(H) since R(A) C R(B). From Lemma 4.3, it follows
that B € A[1] so that ABTA = A. Therefore, Q> = B'ABTA = BTA = Q,
and @Q is a projection. Also,

BQ = BB'A = PrlpsnA = A, (9)

because R(A) C R(B).
~ On the other hand, define Q= (~B*)TA* € L(K). Again by Lemma 4.3,
Q? = (B")TA*(B*)TA* = (B*)TA* = Q. In this case,

From (9) and (10), it follows that A < B.

We recommend [8, Proposition 3.8 and Corollary 3.19], for other char-
acterizations of the minus order in terms of inner inverses.

We next study the equality AA*A = AB*A involved in the diamond
order in terms of inner inverses. This result can be found for regular elements
in rings in [17, Lemma 5].

Proposition 4.4. Let A,B € L(H,K) . Then the following conditions are
equivalent:

1. AA*A = AB*A;

2. ATBAT = At on D(A);

3. ATBAT € A[1,2].
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Proof. 1 = 2. Let AA*A = AB*A, or, equivalently, A = PsBPa4~. Then,
BPa-x € R(A) + R(A)* for all # € H. Thus, BPs-z € D(AT) for all
x € H, and so AATBATA = A; ie., ATBAT € A[l]. Moreover, ATBAT =
ATAATBATAAY = ATAAT = AT, as desired.

2 = 3. Trivial.

3 = 1. Suppose that ATBAT € A[1,2] . Then, A = AATBATA =
Prcaloan BPa- = PaBPa. . 0

The next relationship between the minus order and diamond order
comes from [6]. We include the proof for completeness.

Corollary 4.5. Let A, B € L(H,K) with closed ranges. The following condi-
tions are equivalent:

<
1. A< B;
9. At < Bt

Proof. Let A % B then R(A) C R(B), R(A*) C R(B*). Also, by Proposition
4.4, AT = ATBAT = AY(BT)TAT; i.e., Bt € AT[1]. Therefore, by Proposition

42, AT < BT, Conversely, if AT < BT then R(A) C R(B), R(A*) C R(B*)
and, by the proof of Proposition 4.2, B = (B ¢ AT[ ]. Thus, ATBAT = Af

or, equivalently, by Proposition 4.4, AA*A = AB*A. Hence, A % B.
d

We turn to characterizing the equality A = QBQ for projections @, Q
involved in the plus order in terms of inner inverses.

Proposition 4.6. Let A,B € L(H,K) . Then the following conditions are
equivalent:

1. There are two projections Q,Q such that A = QBQ;
2. There exists A~ € A[1,2] such that A" BA~ = A~ on D(A™);
3. There exists A~ € A[l,2] such that A-BA~ € A[l,2].

Proof. 1 = 2. Let Q and Q be two projections such that A = QBQ. Hence,
BQz € R(A) + N(Q) for all z € H. Thus, consider A~ € A[l,2] with
D(A™) = R(A)+N(Q) and AA~ = Q|p(a-y, A~ A = Q. Since BQz € D(A™)
for all z € H, we have that AA"BA~ A = A;ie., A~ BA~ € A[l]. Moreover,
A"BA- = A AA"BA AA~ = A" AA™ = A~ as desired.

2 = 3. Trivial.

3 = 1 Suppose that there exists A~ € A[l,2] such that A—BA~ €
A[1,2]. Hence, D(A™) = R(A) + S for some closed subspace S and AA~ =
Qray//s and A~A = Q7//n(a) for some closed subspace 7. Consequently,

A= AA"BA™A = QRa))/sBQT//n4) = Qrray  sBRT//N(4) -

Remark 4.7. Given A, B € L(H,K) such that A S B, we can change the inner

<&
products of H, K in a convenient way so that A < B in the new spaces. In fact,
if A= QBQ, where Q and Q are projection in H, IC, respectively, the operator
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Ag =Q*Q+ (I —-Q*)I —Q) € L(H)" is invertible. Thus, the sesquilinear
form (z,y)o = (Aqw,y) defines an inner product equivalent to the inner
product (, ). In the Hilbert space Hq = (H,(, )q), the projection Q is

<
orthogonal. Defining AQ in a similar way we get that A < B in L(Hg, ICQ).

+
Proposition 4.8. Let A, B € L(H,K) with closed ranges. If A < B then there
exist A~ € A[1,2] and B~ € BI[1,2] such that A~ <B~.

+ .
Proof. Suppose that A < B and let @, @ be two projections such that A =
~ <&
@QBQ. Then, by Remark 4.7, A,B € L(HQ,ICQ) satisfy A < B and so, by
Corollary 4.5, the Moore-Penrose inverses of A and B in L(K,Hq), denoted

here by A~ and B~, respectively; verify A~ ; B~. O

5. Operator orders, ranges and operator equations

5.1. Operator orders and ranges
Recall that given A, B € L(H,K), A < Bif and only if R(A) C R(B) and
R(A*) C R(B*). This condition is in turn equivalent to

R(B) = R(A)+ R(B — A) and R(B*) = R(A") + R(B* — A™).

It is easy to check that if A ; B then A % B and the same holds replacing
< by the rest of the orders we study. In what follows, we gather several
characterization of this additivity.
Proposition 5.1. Let A, B € L(H,K). The following conditions are equivalent:
1. A< B;
2. R(B)=R(A)® R(B-A4).
Proof. If A *< B then, from Proposition 3.1, there exists x € L(R(A*), N(A))

a 0
such that B = (bggx bos

verse is also trivial because R(B — A) C N(P,), and so P4B = A.

). Thus, the result follows immediately. The con-

O
As a corollary we retrieve the following from [8] and [3]:
Corollary 5.2. Let A,B € L(H,K). The following conditions are equivalent:
1. A ; B;
2. R(B) =R(A)® R(B— A) and R(B*) = R(A*) @ R(B* — A*);
3. R(B— A)=R(B)© R(A) and R((B — A)') = R(B") © R(A").
Proof. The equivalence 1 < 2 follows from Proposition 5.1. On the other
hand, R(B*) = R(A*) @ R(B* — A*) is equivalent to R(B*) = R(A*) @
R(B* — A*) or equivalently, R(B) = R(A")@® R((B — A)"). Therefore 2 < 3
holds. (]
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A similar characterization can be given for the minus order. See [8].
Proposition 5.3. Let A, B € L(H,K) the following conditions are equivalent:
1. A % B;
2. R(B) = R(A) + R(B — A) and R(B*) = R(A*) + R(B* — A*);
3. R(B) = R(A) + R(B — A) and R(B*) = R(A*) + R(B* — A*).

As a corollary we get the next result concerning the diamond order:

Corollary 5.4. Let A,B € L(H,K) with closed ranges. The following condi-
tions are equivalent:

1. A< B;
2. R(B) = R(A) + R((Bt — A"*) and R(B*) = R(A*) + R(BT — A").
Proof. Apply Proposition 5.3 and Corollary 4.5. O

5.2. Operator orders and operator’s equations

Here, we describe the operator orders by means of solutions of operator equa-
tions.

Proposition 5.5. Let A, B € L(H,K). The following conditions are equivalent:
1. A B;
2. B = A+C where C € L(H,K) is such that R(C) C R(B) and A*C = 0.

Proof. T A< B, B=A+ (B—A) and A*(B— A)=0. Thus, C:=B— A
verifies R(C') C R(B) and A*C = 0. Conversely, if B = A + C with R(C) C
R(B) and A*C = 0 then, trivially, A*B = A*A and R(A) C R(B); i.e., A
< B. 0

In [14], the logic order between selfadjoint operators was introduced: for
A, B € L(H) selfadjoint operators, A is less than or equal to B with respect
to the logic order if there exists a selfadjoint operator C' € L(#) such that
B = A+ C and AC = 0. Notice that the above proposition shows that the
logic order is the restriction of the left star order to selfadjoint operators.

More generally, A ; B if and only if B = A+ C with C € L(H, K) such that
A*C = AC* = 0.

Corollary 5.6. Let A,B € L(H,K) such that A % B. Then, A ; B if and
only if B'A and (B*)TA* € P.

Proof. If A < B then A — P4B — BP4.. Thus, B'A = BiBP,. —
Pp«Pa- = Py« because R(A*) C R(B*). Analogously, (B*)TA* = (B*) B*Ps =
P,4. Conversely, if BfA € P then B ABTA = BYA and so AB'A = A. From
this, N(BTA) = N(A), so that BT A = P4.. Therefore, A = BBTA = BP4-.
Similarly, from (B*)TA* € P, we get that A* = B*P4. Therefore, A % B.

(I

The following is an equivalent way of presenting the minus order. See
[19].



14 M. Laura Arias and Alejandra Maestripieri

Proposition 5.7. Let A, B € L(H,K). The following conditions are equivalent:

1. A ; B;
2. there exist X € L(K) and Y € L(H) such that A = XB = BY and
A=XA.

Proof. If A < B then there exist projections Q and Q with R(Q) = R(A)
such that A = QB = BQ and A = QA.

Conversely, suppose that there exist X € L(K) and Y € L(H) such
that A = XB = BY and A = XA. Define Q := XPp and Q := Y Py-.
Then, A = XB = XPgB = QB and A = BY = BY Pa. = BQ. Finish
by proving that Q and Q are projections. Indeed, (Q*)? = PgX*PpX* =
(B B*X*PpX* = (B )1 A*PgX* = (B*)IA*X* = (B*) A* = (B*)I B*X* =
PpX* = Q*. Similarly, Q2 = Y P4-Y Pa- = YATAY P4. = YATXBY Py =
YATXA=YATA=YPys =Q.

([

Corollary 5.8. Let A, B € L(H,K) such that A < B. Then, A < B if and
only if BTA € Q.

Proof. If A ; B then, by the proof of Proposition 4.2, we have that Q := BT A
is a bounded projection. Conversely, if BTA is a projection then BfA =
BTABTA and so, as R(A) C R(B), A = BB'A = BB'AB'A = ABTA.
Therefore, Bt € A[1] and so, since A < B, by Proposition 4.2, A < B.

O

Proposition 5.9. Let A,B € L(H,K) . Then the following conditions are
equivalent:

1. AA*A = AB*A;
2. B=A+C with C € L(H,K) such that AC*A=0

Proof. If item 1 holds, then C' = 0 bi
bo1  boo

Conversely, if item 2 holds then, clearly, AA*A = AB*A.

) verifies the desired conditions.

O

6. Partial orders onto projections

Evidently, all the operator orders studied in this paper are closely linked
to projections. Our goal in this section is to highlight this relationship in
different senses. To this aim, we begin with the following lemma, where for
fixed order relation < in L(H), we denote by [0,I]<:={T € L(H): 0 < T <

I}.
Lemma 6.1. The following hold:
1. 0,1] [0,1]-< = [0,I]<- =P.

* =
<
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2. [0,I-=Q
<
,I] o = PP
<
[07I]+ = QQ
<
Proof. 1t is straightforward. O

As we have said, the star order coincides with the Lowner order re-
stricted to orthogonal projections. More precisely:

VANY
IN+

. -
Lemma 6.2. On orthogonal projections the partial orders <, <, <, < and

coincide.

Proof. Let P, P’ € P. By Lemma 3.9, it suffices to prove that P < P’ < P %
P’ & P < P'.Clearly, P < P’ifand only if R(P) C R(P’),i.e., P < P'. Now,
if R(P) C R(P’) then P = PP = PP' and so P ; P’. Conversely, if P % P’
then P = PP = PP’ i.e.,, R(P) C R(P’) or, equivalently, P % P O

The Lowner order can also be related to the minus order on projections.

Lemma 6.3. Let Q,Q" € Q. The following conditions are equivalent:

1. Q<Q;

2. Q< Q;
3. PQ S PQ/ and PQ/* S PQ*.

Proof. If Q % Q' then R(Q) C R(Q') and R(Q*) C R((Q")*). Thus, Q =

QR'Q = QQ and so Q < Q'. The converse always holds. Finally, 2 < 3 follows
from the proof of Lemma 6.2. [

Motivated by Lemma 6.1, we focus now on studying in more detail the
relationship between the diamond and plus orders with the sets PP and QQ,
respectively. Recall that if A, B are subsets of L(H,K), AB = {AB : A €
A and B € B}, then partial orderings on the domain of both components
induce a partial ordering on the whole set. More precisely, given (A, <4)
and (B, <p) two partially ordered subsets of L(H,K), then if A = A1 B
and B = AyB, with A1,As € A and By, By € B then the relation A<B
if Ay <4 As; and By <p Bs defines a partial order on AB. Under this
scheme, we propose to study the diamond order onto the set PP and the
plus order onto QQ. Before stating our next result, observe that if T € PP
then T'= PrPr-, see [7] for this fact and some other properties of PP.

Proposition 6.4. Let T, T € PP. The following conditions are equivalent:
1. T<T

S
2. T <T.
If T" € PP has closed range then the previous conditions are equiv-
alent to:
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3. Pr < Ppi and Pp+ < Pris.

Proof. 1 = 2. Obvious.

92 = 1.IfT < T’ then R(T) C R(I") and R(T™) C R((T")*). So TT*T =
PrPr.Pp« PrPpPp. = PrPrp.PpPp. = T2 and T(T')*T = TPrpn-PprT =
TT =T?% e, TT*T =T(T")*T, and so T g T'.

If T € PP has closed range then 2 < 3 follows from the proof of Lemma

6.2.
t

Now, consider the set QQ. Denote by [QQ]|r :={(E,F) € Qx Q: T =
EF,R(E) = R(T) and N(F) = N(T)}. For characterizations and properties
of the sets QQ and [QQ)]r, see [5].

Proposition 6.5. Let T,7" € QQ and T’ with closed range. The following
conditions are equivalent:

+
1. T<T:
2. for all (E',F") € [QQ|r there exists (E, F) € [QQ]r such that E <E
and F ; F.

Proof. 1 = 2. U T < T then R( ) R(T"), and R(T*) € R((T")")
and there exist two projections Q, @ such that T' = QT'Q. Without loss
of generality we can assume that R(Q ) R(T) and R(Q*) = R(T*). Let
T = E'F" = Qgrr)/sQwr /Ny Then, QE' is a projection. Indeed,
(QE')? = QE'QFE' = QE’ since R(T) C R(T"). Moreover, R(QE’) = R(T).
Let E':= QE'. Analogously, I := F'Q is a projection with R(F*) = R(T™).
Therefore, T'= QT'Q = QE'F'Q = EF. Furthermore, as E = QE’, R(E) C
R(E’) and R(FE’) is closed, we get by [8, Corollary 3.16] that F < E'. Simi-
larly, <F.

2 = 1. Let (E/,F') € [QQ]r and (E, F) € [QQ]r such that B < E’

and F ; F'. Then, from F ; E', there exist Q1,Q> € Q such that E =
Q1E" = E'Qs. Hence, R(T) C R(T) = R(F) C R(E') = R(T"). Similarly,

since F ; F’, there exist Q1,Q> € Q such that F = Q1F’ = F'Q,, and
so R(T*) C R(T*) = R(F*) C R((F")*) = R((T")*). Finally, T = EF =

~ ~ +
QLE'F'Qy = Q1T'Q2, and so T < T as desired. O

Finally, it is natural to consider the relation between operator orders
and polar decompositions. Consider polar decomposition of T € L(H,K),
= |T*|Vr, Where Vr is a partial 1sometry with N(VT) N(T). In [13] it is

proven that A < B if and only if |A*| < |B*| and V4 < V. Furthermore, if
|A*| < |B*| and V4 < Vg then A < B; and the converse is false in general;
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o +
see also [13]. Here, we complete this analysis by considering < and <. We
begin with the next lemma:

* = o
Lemma 6.6. The partial orders <, < and < lead to the same relation within
the class of partial isometries.

Proof. Let F,G € L(H, K) be partial isometries. Assume that F % G. Then,
F = FF*F = FG*F, R(F) C R(G) and R(F*) C R(G*). Therefore,
(FG*)? = FG* and FG*(FG*)*FG* = FG*GF*FG* = FPg-F*FG* =
FF*FG* = FG*. Thus, FG* is a projection and a partial isometry; and
so FG* is an orthogonal projection. Moreover, R(FG*) = R(FG*GF*) =
R(FPg«F*) = R(FF*) and as a consequence F'G* = FF*. Analogously,
from F* = F*FF* = F*GF* we get that F*G is an orthogonal projection
with R(F*G) = R(F*F), i.e., F*G = F*F. Summarizing, GF* = FF* and

F*G=F*F,and so F ; G. The converse implication always holds. For the
equivalence F’ ; G if and only if F ; G we referred to [13, Lemma 2]. O

+
The partial order < provides a new order relation within the par-

1 (g 8) and G =
12 1/2

<? (1)>, and the projections Q = (1/2 1/2) and Q = <\@1 , 8)
Clearly, F = QGQ, R(F) C R(G) and R(F*) C R(G*), i.c., F % G. How-
ever, F' # FG*F.

Proposition 6.7. Let A = |A*|V4 and B = |B*|Vg be the polar decompositions
of A, B € L(H,K) respectively, and let B have closed range. If |A*| % | B*|
and Va < Vig then A < B.

tial isometries. Consider the partial isometries F' =

Proof. It Vi < Vi then R(A) C R(A) = R(V4) C R(Vs) = R(B) and

R(A*) C R(A*) = R(V}) C R(VE) = R(B*). Furthermore, by Lemma 6.6,
Va % Vp; ie, VaVi = V4, V5 and ViVy4 = ViVg. On the other hand, if

<&
|A*| < |B*| then |A*||A*||A*| = |A*||B*||A*|. So, AA*A = |A*||A*||A*|V4 =
|A*||B*||A*|Va = |A*|VAV ;| B*||A*|V4 = |A*|VAV]|B*||A*|V4 = AB*A.
O

Remark 6.8. The converse of Proposition 6.7 does not hold in general. For

(10 (0 2 (V20
example, letA-(l 0) andB—(2 0). Then, VA—2<\/§ 0) and

Rl <o
Ve = (1) (1) . A simple computation shows that A < B but Vj < Vg does
not hold.

However, if A % B and V4 % Vi then |A*| % |B*|. Indeed, if V4 % VB
then by Lemma 6.6, VaV3i = VaVE. Now, as A % B, |A*]3V4 = AA*A =



18 M. Laura Arias and Alejandra Maestripieri

AB*A = |A*|VaVE|B*||A*|Va = |A*[VAVAIB*||A*|[Va = |A%[|B*[|A"[Va.
Postmultiplying by Vi, we get that |A*|> = |A*||B*||A*|; i.e, |A*| % |B*|.
Proposition 6.9. Let A = |A*|V4 and B = |B*|Vp be the polar decompositions
of A,B € L(H,K) respectively, and let B with closed range. If |A*| ; | B*|
and Va E Vg then A % B.

Proof. If |A*| % | B*| then |A*| = | B*|P4. On the other hand, if V4 ; Vg then
R(A) C R(A) = R(Va) C R(Vp) = R(B) and R(A*) C R(A*) = R(V}) C
R(V3) = R(B*) and V4 = QViQ for some Q,Q € Q and R(Q) = R(A).
Hence, A = |A*|V4 = |B*|PaQVsQ = |B*|QVsQ = |B*|Q|B*|' BQ. Now,

~ +
|B*|Q|B*|T € Q and Q € Q. Thus, A < B. 0
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