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Abstract

Given a closed subspace S of a Hilbert space H and a (bounded) selfadjoint operator
B acting on H, a min-max representation of the shorted operator (or Schur com-
plement) of B to S is obtained under compatibility hypotheses. Also, an extension
of Pekarev’s formula is given.
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1 Introduction

Let H be a (complex) Hilbert space and L(H) the algebra of bounded lin-
ear operators on H. Given a positive (semidefinite) operator A € L(H), the
shorted operator of A to a closed subspace S of H is defined as

As=max{X € L(H): 0< X <A, R(X)CS},
where the maximum is taken in the natural order of positive operators.

Although the above definition is due to W. N. Anderson Jr. and G. E. Trapp
[3], M. Krein proved the existence of this maximum previously, in his work
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about the theory of extensions of Hermitian operators [14]. Also in [3] the
shorted operator A,s was characterized as the greatest lower bound of a set:

As = inf QAQ,

where ) € L(H) is a projection. Later, E. L. Pekarev [17] obtained an explicit
formula for A /s in terms of the square root of A and the orthogonal projection
onto M*:

Ass = AYV2Py L AV,
where M is the closure of the subspace AY2(S).

There are definitions of shorted operators (or Schur complements) for broader
classes of bounded operators, see for example [4,5]. In particular, given a
closed subspace S of ‘H, T. Ando [4] defined the Schur complement of S-
complementable selfadjoint operators. Then, G. Corach et al. [9] shown that
a selfadjoint operator B € L(H) is S-complementable if and only if the pair
(B,S) is compatible, i.e. there exists a projection P € L(H) with range S
which is selfadjoint respect to the sesquilinear form induced by B:

<J;7y>B:<Bx>y>u 50;3/67'(-

Under this hypothesis, the Schur complement of B to S is given by B,s =
B(I — P). Furthermore, they shown that, if A € L(H) is positive, the pair
(A,S) is compatible if and only if

As= min Q*AQ,
/s N(Q):SQ Q
where () € L(H) is a projection.

Following these ideas, P. Massey and D. Stojanoff [16] showed that, given a
selfadjoint operator B € L(H) and a B-nonnegative closed subspace S of H
(i.e. (Bx,xz) > 0 for every x € S), if (B, S) is compatible then

B/;s = min Q*BQ,
IS = Wias @ P9

where ) € L(H) is a projection.

The purpose of this work is to show that, given a selfadjoint operator B €
L(H) and a closed subspace S of ‘H such that (B,S) is compatible,

B/s = min max T (QTBQ_ ,
R=H (N(Q)S QQ-be )Q+>
where Q1 are projections in L(H), S =S, + S_ is a suitable decomposition
of § with B-definite subspaces S4 and the natural order induced by the cone
L(H)* is considered.



We also obtain an extension of Pekarev’s formula for selfadjoint operators: if
(B,S) is compatible then

B/S - JAI/ZPJ(MJ_)//MAI/2,

where B = JA is the polar decomposition of B (with A positive and J =
J* = J7") and Pyt m is the (possibly unbounded) projection with range
J(M1) and nullspace M.

Section 2 contains the preliminaries; mostly results concerning compatibility
conditions and the definition of the shorted operator of a selfadjoint operator
given by T. Ando. For the proof of these results see [8,9,10,15].

Section 3 is devoted to prove the above mentioned min-max representation
of the shorted of a selfadjoint operator B to a B-indefinite subspace S. It is
divided in four subsection. The first one deals with extremal characterizations
of the shorted operator to B-definite subspaces. In subsection 3.2 conditions
for shorting a shorted operator are given and the shorted operator B,s to a B-
indefinite subspace S is shown to be equal to (Bs, )/s_, where S = S, ®S_isa
suitable decomposition of the subspace S. Finally, the min-max representation
of the shorted operator is presented.

Given a selfadjoint operator B € L(H) and a closed subspace S of ‘H which
are compatible, a generalization of Pekarev’s formula is developed in Section
4. Also, this formula allows to extend Ando’s definition of shorted operators to
a broader class of selfadjoint operators, namely, those for which the operator
given by the formula is well defined and bounded. Furthermore, it is shown
that the sharper descriptions of the range and nullspace of the shorted operator
obtained in [10] hold only under compatibility hypothesis.

2 Preliminaries

Along this work H denotes a (complex, separable) Hilbert space with inner
product (, ). Given two Hilbert spaces H and KC, L(H,K) is the algebra of
bounded linear operators from H into K and L(H) = L(H,H). If T € L(H)
then T denotes the adjoint operator of 7', R(T") stands for the range of T" and
N(T) for its nullspace.

Given a Hilbert space H, let L(H)" be the cone of (semidefinite) positive
operators in L(H), L(H)® the (real) vector space of selfadjoint operators in
L(H) and denote by Q the set of projections in L(H), i.e., @ ={Q € L(H) :
Q? = Q}. If S and 7 are two (closed) subspaces of H, denote by & + T
the direct sum of S and 7, S & 7 the (direct) orthogonal sum of them and
SoT =8N(SNT)*+. If H= 8+ 7, the oblique projection onto S along 7,



Ps; /7, is the projection with R(Ps//7) = S and N(Ps;/7) = 7. In particular,
Ps = Ps//s: is the orthogonal projection onto S.

Given B € L(H)® consider the sesquilinear form in H x H defined by
(z,y)g =(Bzx,y), forz,yeH.

If S is a closed subspace of H and B € L(H)?®, the B-orthogonal subspace to
S is given by

St ={reH : (z,8)5=0 for every s € S}.
It holds that S*& = B71(S8+) = B(S)*.

A vector z € ‘H is B-positive if (x,x)z > 0. A subspace S of ‘H is B-positive
if every x € S, x # 0 is a B-positive vector. B-nonnegative, B-neutral, B-
negative and B-nonpositive vectors (and subspaces) are defined analogously.

An operator T' € L(H) is B-selfadjoint if (T'x,y )z = (z,Ty) 5 for every x,y €
H. It is easy to see that T satisfies this condition if and only if BT = T*B.
The operator T' € L(H) is B-positive if (Tx,x )5 > 0 for every x € H, i.e.
BT is a (semidefinite) positive operator. B-neutral and B-negative operators
are defined in a similar way:.

Definition 2.1 Let B € L(H)® and S a closed subspace of H. The pair (B, S)
1s compatible if there exists a B-selfadjoint projection with range S, i.e. if the
set

P(B,S)={QeQ : RQ) =S, BQ=Q"B}

18 not empty.

A projection () is B-selfadjoint if and only if its nullspace satisfies the inclusion
N(Q) € R(Q)*=. Then, (B,S) is compatible if and only if

H =35+ B Y(SH).

In this case it holds that S N B(S)* = S N N(B). Given a compatible pair
(B,S), define N = SN N(B). Since H = S + (B(S)* & N), consider the
oblique projection

Pps = Ps//p(s)ten- (2.1)
Observe that Pgs € P(B,S) because R(Pps) = S and N(Pps) C B(S)*.
Moreover, if N = {0} then P(B,S) = {Pss}-

Lemma 2.2 Let B € L(H)*, S be a closed subspace of H and N' = SNN(B).
Then, (B,S © N) is compatible if and only if (B,S) is compatible.

See [15] for the proofs of these facts.



An operator T' € L(H) is a B-contraction if (Tx,Tx), < (x,z)p5. It is
easy to see that T' is a B-contraction if and only if 7*BT < B. An operator
T € L(H) is a B-expansion if (Tx,Tx )y > (x,x)p (i.e. T*BT > B) and T
is a B-isometry if (Tx,Tx ), = (x,x)p (i.e. T*BT = B).

S. Hassi and K. Nordstrom characterized those projections which are B-
contractive (see [12, §3, Proposition 5]). A similar result holds for B-expansive
projections.

Proposition 2.3 If Q € Q then the following conditions are equivalent:

(1) Q is B-contractive;
(2) Q is B-selfadjoint and N(Q) is B-nonnegative;
(3) I —Q is B-positive.

The following paragraphs introduce the notion of shorted operator for selfad-
joint operators acting on a Hilbert space H.

Definition 2.4 (T. Ando) Given an operator T € L(H) and a closed sub-
space S of H, T is S-complementable if there exist operators M;, M, € L(H)
such that:

(1) MZP = Ml and MZTP = TP,
(2) PM, = M, and PTM, = PT;

where P = Ps 1is the orthogonal projection onto S.

In this case, T M, only depends on T" and §. Therefore, the compression of T
to § is defined as Ts = T'M,. and the generalized Schur complement of T' to S
as Tys = T(I — M,), see [4].

In [9] it was shown that, if B € L(H)* and S is a closed subspace of H, B
is S-complementable if and only if the pair (B, S) is compatible. Moreover, it
was proved that, if (B,S) is compatible and @ € P(B,S), then M, = @Q and
M; = Q" satisfy the S-complementability definition. Therefore,

Bs=BQ and Bs=B(—Q). (2.2)

Observe that these operators are selfadjoint because () is a B-selfadjoint pro-
jection.



3 A min-max representation for shorted operators

If A is a positive operator, the shorted operator of A to S satisfies that

Ajs =inf{Q°AQ : Q € Q, N(Q) =5,

(see [3]). Furthermore, given B € L(H)® and a B-nonnegative closed subspace
S of H, it was shown in [16] that, if (B,S) is compatible then

B/s =min{Q"BQ : Q € Q, N(Q) =S}

The aim of this section is to generalize this formula for any closed subspace &
of H such that (B,S) is compatible.

3.1 FExtremality of the shorted operator for definite subspaces

Along this section S is a B-definite subspace. Propositions 3.1 and 3.5 were
partially stated in [16]. Although the results in this section are announced for
every B-definite subspace, we only present the proof of the B-positive case.

Proposition 3.1 Let (B,S) be compatible. Then,

(1) B/s = m<in{Q*BQ :Q € Q,N(Q) = S} if and only if S is B-nonnegative.
(2) Bjs = m;aX{Q*BQ :Q € Q,N(Q) =S8} if and only if S is B-nonpositive.

Proof. Suppose that (B,S) is compatible and § is B-nonnegative. By Egs.
(2.1) and (2.2), B)s = B(I{ — Pp,s) = (I — Pp,s)*B(I — Pps), then it is clear
that B/s € {Q*BQ : Q € Q, N(Q) = S}.

Given @ € Q with N(Q) = S, consider E =1 — Q. Then, if v € H,

(BQz,Qr) = (r — Ex,v — Ex)p =
= (Ppsr+ (I — Pps)r — Ex,Pgsr+ (I — Pgs)x — Ex ), =
=((I—-Pps)r,I —Pps)r)y+ (Ppst— Ex,Pgsx — Ex), >
> <B/3x,x>.

Therefore, Q*BQ > B/s.

Conversely, suppose that B/s = mgn{Q*BQ Q€ Q, N(Q) = S}. Then,
given z € H\ S and s € S, there exists £ € Q with R(E) = S such that



FEx = s so that

(Bjsz, ) < (B(I = E)x,(I - E)x) = (Bx—s),x—s) =

= (B((z — Ppsz) + (Ppsr — 9)), (x — Ppsz) + (Pgsr —8)) =
(B(x — Pgsx),x — Pgsx)+ (B(Ppst —s),Pgst —s) =

= <B/51;,x> +(B(Ppst —s),Pgsr —s), for every s € S,

i.e. (B(Pgsx—s),Ppst—s) >0 for every s € S, or equivalently, S is B-
nonnegative. O

Proposition 3.2 Let B € L(H)*® and suppose that the pair (B,S) is compat-
wble. Then, the following conditions are equivalent:

(1) B;s € L(H)*;
(2) N(Q) is B-nonnegative for some Q) € P(B,S).
(3) B~Y(S*) is a B-nonnegative subspace of H;

Proof. (1) & (2) : Let @ € P(B,S), by Eq. (2.2) we have that B/s =
B(I-Q). Ifx e™H,

(Bisz,x) = (B - Q)z,x) = (I - Qz.(I - Q)z) . (3.1)
Therefore, B;s € L(H)" if and only if R(/ — Q) = N(Q) is B-nonnegative.

(2) & (3) : Observe that, for any projection Q € P(B,S), N(Q) Lg N,
“1(81) = N(Q) +N and N is a B-neutral subspace of H. Therefore, N(Q)
is B-nonnegative if and only if B~1(S) is B-nonnegative. O

The following is a consequence of Propositions 3.1 and 3.2.

Corollary 3.3 Let S be a closed subspace of H and B € L(H)® such that the
pair (B,S) is compatible. Then, B € L(H)" if and only if B)s € L(H)* and
S is B-nonnegative.

A C
Remark 3.4 Given a Hermitian block matrix M = ( ) (with A €
C*

Ch*F C € C*™ and D € C™ ™) the Schur complement of M in A is defined
as My = D — C*ATC, where A' stands for the Moore-Penrose inverse of A.
n [1], A. Albert showed that M is semidefinite positive (which we denote by
M > 0) if and only if A > 0, M,y > 0 and N(A) C N(C*) (or equivalently,
R(C) C R(A)). See also [7, Section 2.1] and [11, Theorem 1.10].



Since shorted operators are an infinite dimensional generalization of Schur
complements, the above corollary can be understood as an extension of [1,
Theorem 1] (recall that, in [8], it was proven that (B, S) is compatible if and

only if R(b) C R(a), where
a b
B =

is the matrix representation of B induced by §). See Corollary 2 (to Theorem
1.7) in [18] for a similar result in this direction.

If Ae L(H)* and S is a closed subspace of H, the shorted operator of A to
S was defined as

Ass =max{X € L(H)": X <A, R(X)C S},
(see [14,3]). Given B € L(H)® and a closed subspace S of ‘H, consider the sets

M~(B,SY) = {X € L(H)*: X <B, R(X)CS*),
MH(B,8Y) = {X € L(H)*: B<X, R(X)C S

Proposition 3.5 Let (B,S) be a compatible pair. Then,

(1) S is B-nonnegative if and only if B/s = max< M~ (B,S*).
(2) S is B-nonpositive if and only if B/s = min< M*(B,S%).

Proof. Suppose that S is B-nonnegative. Then, if ) = I — Pp s it follows,
by Proposition 2.3, that @ is B-contractive. Therefore, by Eq. (2.2), B/s =
BQ = Q*BQ < B and R(B/s) C 8*, ie. B;s € M~ (B,S*). Furthermore,
if X € M™(B,8%) then X = Q*X = XQ = Q*XQ < Q*BQ = BQ = Bs.
Thus, B/s = max< M~ (B,S%).

Conversely, suppose that B/s = max< M~ (B,S*). Then, since R(B,s) C S+,

Bis = Q*B;sQ < Q*BQ, for every ) € Q with N(Q)) = S. On the other hand,
B/S = (I — PBjs)*B(I — PB7,5). Therefore,

Bjs =min{Q"BQ: Q € Q. N(Q) = S}.

Applying Proposition 3.1 it follows that S is B-nonnegative. O



3.2 Shorting shorted operators

Given a selfadjoint operator B € L(H) and two closed subspaces S; and Ss of
H, we are interested in obtaining (whenever it is possible) the shorted operator
to &; of Bys, and compare it with the shorted operator to S; of Bys,.

First, we need to prove that B,r = B s for a family of subspaces of H.

Lemma 3.6 Let B € L(H)® and S be a closed subspace S of H. If (B,S) is
compatible and T is a closed subspace of H such that

SN CTCS+N(B)

then (B, T) is compatible and B)r = Bson .

Proof. Suppose that (B,S) is compatible. Then, by Lemma 2.2, (B,S & N)
is compatible. Observe that H = S © N + B(S)t € 7 + B(T)* because
B(T) = B(S© N). Therefore, (B,T) is compatible.

It only remains to prove that B/;r = B/soa. Notice that R(I — Ppsen) =
N(Ppsen) = B(S@./\/')L = B(']')L = N(Pp7)+7TNN(B). Then, BPp 7(I—
Ppsen) =0 and Br = BPg 1 = BPp1Ppscn = BPpscn = Bsan. There-
fore, B/T = B/S@N‘ O

Proposition 3.7 Let B € L(H)® and consider two closed subspaces Sy, Sa of
H such that S1 LSy and (B, S;) is compatible for i = 1,2. Then, (B/s,;,S;) is
compatible and

P(Bvsj>:P(B/3i78j) (fmﬂl?‘é])
Proof. Suppose that (B,S;) is compatible and consider Q; € P(B,S;), for
i =1, 2. Since §; L g5, it follows that BQ,;Q; = Q7 BQ; = 0if ¢ # j. Therefore,
Bs,Q; = B(I — Q:)Q; = BQ;(I — Q;) = Q;Bys,,

i.e. Q; € P(B/s;,S;). The other inclusion follows in a similar way. O

Proposition 3.8 Let B € L(H)® and consider two closed subspaces Sy, Ss
of H such that S; LSy, S = 81 + Sy is closed and (B, S;) is compatible for
i =1,2. Then, (B,S) is compatible and

Bys = (Bys,) /s, = (Bys,) /s, -



Proof. Consider N7 = SN N(B). Observe that N1NS, = {0} and N} + 8> is
a closed subspace of B(8;)*. If 7, = B(S1)*© (N, +8,), then 7, + 8, is closed
and 71 + N1 + S, = B(81)*. Let Q1 = Ps, /7 +s,, notice that Q1 € P(B,S;)
and QP = 0 for every P € Q with R(P) = Ss.

Analogously, consider Ny = S N N(B), To = B(Sy)* © (Ny + S1) and Qy =
Ps,/ /1348 € P(B,S,). Therefore, Q = Q1 + Q2 € Q satisfies BQ = Q*B and
R(Q) =S, i.e. (B,S) is compatible. Noticing that I —Q = (I — Q1)(I — Q2),
it holds that

Bis = B(I-Q) = B(I-Q1)(I-Q2) = B/s,(I-Q2) = B;s,(I-Q2) = (Bys,)/s,-

Analogously, B/s = (Bys,)/s,- O

To obtain a representation of B/s for a general closed subspace S, we decom-
pose S as S = S, + S_, where S, is a B-nonegative subspace and S_ is a
B-nonpositive subspace.

The following theorem is a rewriting of the decomposition of B-selfadjoint
projections given in [15]. See [15, Theorem 5.1 and Proposition 5.2] for the
proof.

Theorem 3.9 Let S be a closed subspace of H. Then, (B,S) is compatible
if and only if there exists a (unique) decomposition of S SN as SO N =
S. @S-, where Sy is a (closed) B-positive subspace, S_ is a (closed) B-
negative subspace, (B,Sy) is compatible and Sy 1 pS_.

The following is a corollary of Proposition 3.8 (considering the decomposition
of Theorem 3.9).

Proposition 3.10 Let S be a closed subspace of H and B € L(H)*. If (B,S)
18 compatible then

Bs = (Bys,)js- = (Bys_) /s,
where SGN =8, ® S_ is the decomposition given in Theorem 3.9.

Proof. If (B, S) is compatible then, by Lemma 3.6, B/s = B/sen. f SON =
S, ®S_ is the decomposition given in Theorem 3.9 then (B, S4) is compatible
and Sy 1 gS_. Therefore, applying Proposition 3.8 we get that

Bs = (Bs,);s. = (Bys_ )ysy- D

Suppose that (B, S) is compatible and consider the decomposition of Theorem

10



3.9. Then, Proposition 3.5 says that
B;s, < B<Bys_.

The following corollary shows that B,s also belongs to this interval of selfad-
joint operators.

Corollary 3.11 Let B € L(H)® and S be a closed subspace of H. If (B,S) is

compatible then
B/s, < B/s < Bys_, (3.2)

where SO N =8, & S_ is the decomposition given in Theorem 3.9.

Proof. If (B,S) is compatible consider the decomposition given in Theo-
rem 3.9. Then, applying Propositions 3.10 and 3.5, it follows that B/s =
(B/s_)/s, = max< M*(B/g ,Si) < B/s_. Analogously, B/s = (Bys,)/s. =
mine M*(Bs,,8%) > Bys,. O

3.8 A min-max representation for B-indefinite subspaces

Theorem 3.12 Let B € L(H)*® and S be a closed subspace of H. If (B,S) is

compatible then

B;s = min = max B
T AN e S R Q+(Q )
3.3

where SON =8, ® S_ is the decomposition given in Theorem 3.9.

Proof. If (B, S) is compatible then, by Theorem 3.9, SON = S, ®S_, where
S, is a (closed) B-positive subspace, S_ is a (closed) B-negative subspace,
(B,S4) is compatible and Sy 1 gS_. Therefore, applying Propositions 3.10
and 3.1, it follows that

Bis = (Bys_)s, = min Q+B/s Qi =

N(Q+)
max Q" BQ- >Q+=

= min *
N(Q+)=8 @

= min max B
N(Q+)=5+ (N(Q QROBQ- Q+>

N(Q

Analogously, Bjs = (Bjs,)js. = | max, (| min Q" (Q7BQ4)Q-). O
- +

11



Corollary 3.13 Let B € L(H)® and S be a closed subspace of H. If (B,S) is
compatible then, for every x € 'H,

(Bjsw,z ) = minmax (B(x — (s +1)),x — (s +1)), (3.4)

seSy teS—

where SGN =S, & S_ is a decomposition as in Theorem 3.9.

Proof. By Theorem 3.12 it holds that

B/s = min max B = mln B
/5= ydnin D Q+(Q Q-)Q+ N Q+ /s_ Q4.

Then, given z € 'H,

<B/s$7$> = <(N(m1fl Q1 B/s_Qy)x, >

; = @i, (QiBrs. Qurw) =
— ing (Bys (a—(I=Qu)a)a— (1= Qu)r) =
- Srr€1g+1<B/S (x —s), x—3>
By Proposition 3.1, B)s. = max Q2 BQ@Q_ and a similar argument shows

N(Q— ) S
that

<B/5x,m> = m1n<B/3 (x —s), x—s>

sES+

:snelgIS‘ilItIelgi(<B(m_<8+t))7x_<8+t)> for every x € H. O

4 A formula for the shorted operator

In [17, Theorem 1.4], E. L. Pekarev proved that the shorted operator of an
operator A € L(H)™' to a closed subspace S of H can be represented by the
following formula:

Ass = APy A2 (4.1)

where Py is the orthogonal projection onto M+t and M = A/2(S).

Along this section we are going to prove that, given B € L(H)® and a closed
subspace S of H such that (B,S) is compatible, there is a natural general-
ization of Pekarev’s formula (4.1) for the shorted operator of B to S. More
generally, we will show that, if the given formula defines a bounded opera-
tor, then it can be used as the definition of B/s and its basic properties are
obtained.

12



In the following, if B € L(H)® we use the polar decomposition of B given by
B = JA, where A= |B| € L(H)" and J = J* = J ! satisfies that Jz = z for
every x € N(B).

Lemma 4.1 Let B € L(H)® with polar decomposition B = JA. If M =
AY2(8) and (B, S) is compatible then M N J(M)+ = {0} and therefore M +
J(M)*t is dense in 'H.

Proof. See [15, Corollary 4.6].

Theorem 4.2 Let B € L(H)® with polar decomposition B = JA and S be
a closed subspace of H. Then, if (B,S) is compatible, the S-compression and
the Schur complement of B to S can be written as

BS = JAl/ZPM//J(M)LAl/Q and B/S = JAl/QPJ(M)L//MAl/Q, (42)

where M = A1/2(S).

Proof. If (B,S) is compatible then, by Lemma 4.1, Py is densely
defined. Furthermore, Py// sy A'/? is well defined, bounded and satisfies

Pryssomr A2 = AV2Q,

where Q@ € P(B,S). Indeed, if 2 € § = R(Q) then Py A2z =
A2y = AY2Qz, and if y € N(Q) it follows that A2y € J(M)* and then
PM//J(M)LAl/Qy = 0 = AY2Qy. Therefore, if Q € P(B,S) we have that
Bs = BQ = JAYV}(A2Q) = JAYV? Py 5y AY? and

Bjs = B— Bs = JAY* Py AV O

In particular, if B € L(H)*, the formula (4.2) for the Schur complement of B
to S is just Pekarev’s formula, see [17, Theorem 1.4].

The next example shows that Eq. (4.2) gives well defined and bounded oper-
ators in some cases where the definition of shorted operator given by T. Ando
in [4] can not be applied.

Example 4.3 Let S and 7 be closed subspaces of an infinite-dimensional

Hilbert space H such that S + 7 is not closed. Denote by W the orthogonal
complement of 7 in H. Consider the Hilbert space Hy = H & H and the

13



operators A, J € L(H,) defined by

Py 0 I 0
A= |V, g= ,
0 I 0—-1

in the matrix representation induced by H @ {0}. Let B = JA. Observe that
A € L(Ha)", R(A) = W& H is closed and J = J* = J~!. Since J and A
commute, B = JA is the polar decomposition of B and B € L(H,)®.

Given the closed subspace S = & @ {0} of Hs we show that the operators
given in (4.2) are defined but (B,S;) is not compatible. Observe that M =
AL2(S;) = Py(S) @ {0} € H @ {0} is invariant under J and Pyt m =
Py € L(H,). Therefore, B/s, (as in Eq. (4.2)) is defined, in fact

PyPzPy 0
B/SQ = ;
0 -1

where Z is the orthogonal complement of Pyy(S) in H. On the other hand,
AYV2(Sy) = Py (S) @ {0} is not closed (because S+ 7 is not closed, see [6,13])
and by [15, Proposition 4.11] the pair (B, Ss) is not compatible.

Definition 4.4 Let B € L(H)® with polar decomposition B = JA and S be
a closed subspace of H. Consider M = AY/2(S) and suppose that the operator
PJ(M)L//MA1/2 18 well defined and bounded. Then the shorted operator of B
to S is defined as

Bys = JAY? Py ) u AP
and the S-compression as Bs = JAY? Py sy AY2.

Remark 4.5 Observe that, if Pys/mAY? is well defined and bounded,
then R(AY?) C M+ J(M)* and M N J(M)* = {0}. Therefore, Pypmys)/m
is a densely defined (possibly unbounded) operator and admits an adjoint.

Proposition 4.6 Let B € L(H)® with polar decomposition B = JA and S be
a closed subspace of H. If B/s is given by Definition 4.4 then B;s and Bs are
selfadjoint operators.

Proof. If P = Pj1//0m it is easy to see that JP is a symmetric operator
with domain M + J(M)*+. Therefore, for every z,y € H,

<B/Sa:,y> = <JPA1/2x,A1/2y> = <A1/2x, JPA1/2y> = <x, B/5y>,

because R(A'?) is contained in the domain of JP. Then, B/s € L(H)*. O
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Proposition 4.7 Let B € L(H)® with polar decomposition B = JA and sup-
pose that B,s and Bs are given by Definition 4.4. Then,

(1) B(S) C R(Bs) C B(S) and N(Bs) = B(S)*;
(2) R(B)NS* C R(B)s) C R(AY?) NS+ and N(B)s) = A~Y2(M).

Proof. (1)1t is easy to see that B(S) = JAY2(AY2(S)) = Bs(S) C R(Bs) C
JAYA(M) C B(S). Since M € N(A)*, then N(Bs) = N(Puy/ st AY?) =
ATR(I(M)) = BH(ST) = B(S)*.

(2) If y € R(B) N St then there exists € H such that y = Bz € St
Notice that A2z € J(M)* and Bjsz = JAY2Pypye jypm(AY22) = Bz = y.
Thus, R(B) NSt C R(Bs). On the other hand, R(B/s) C JAY2(J(M)*+) =
AV2(ATV2(SY)) = S8t N R(AY?). As in item (1), notice that N(B/s) =
N(Pyopmye jymaAV?) = A7V2(M). O

In general, the inclusions in items (1) and (2) of the above proposition are
strict. See the examples in [3] and [9)].

Let A € L(H)" and S be a closed subspace of H. The range and the nullspace
of A/s and As had been initially studied in [3], [14] and [17]. Under com-
patibility hypothesis, G. Corach et al. [10] obtain a sharper description, say,
R(As) = A(S), R(4;s) = R(A) NS+ and N(As) = N(A) + S. Moreover,
these characterizations of the range and nullspace of A/s and Ag are attained
if and only if (A, S) is compatible. The following theorem shows that the same
result holds in the selfadjoint case.

Lemma 4.8 Let S be a closed subspace of H, and B € L(H)® with polar de-
composition B = JA. Suppose that B,s is given by Definition 4.4 and consider

M = AY2(S). Then, the following inclusions hold:

J(M)E N R(AY?) C R(PypyeymAY?) C J(M)E 0 R(AY2).

Proof. Let P = Pj1//m- Suppose that PA'Y? is everywhere defined and
bounded. Hence, the first inclusion is trivial. If y € R(PA'Y?), theny € J(M)*
and there exists 2 € H such that y = PAY?z. It is easy to see that ML +.J(M)
is dense in H, it is contained in dom(P*) and P*u = Py, ;au for every
u € ML + J(M). Then, since N(AY?) C M*, (y,z) = <A1/2:E,P*z> =
<A1/2x, z> = 0 for every z € N(AY?). Therefore, y € R(AY2) N J(M)+. O

Theorem 4.9 Let B € L(H)® with polar decomposition B = JA and S be a
closed subspace of H. Suppose that B/s is given by Definition 4.4. Then, the
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following conditions are equivalent:

(1) (B,S) is compatible,
(2) R(B/s) =S*NR(B) and N(Bjs) =S8+ N(B);
(3) R(Bs) = B(S).

Proof. (1) = (2) admits the same proof given in Proposition 3.4 of [9].

(2) = (3): Let P = Pjuyr/jpm- If A7V3(M) = S + N(B) = N(Bys) then
MNR(AY?) = AV2(S4 N(B)) = AY?(S) and we have that A/2(S) is closed
in R(AY?). If R(B;s) = S* N R(B) then AY?(R(JPAY?)) = S+ N R(A).
Taking the counterimage of A2 on the equation, we obtain R(JPA'Y?) 4
N(AY?) = A712(8+ N R(A)) = ML N (R(AY?) + N(AY?)), and applying J
we obtain R(PAY?) + N(AY?) = J(M)* N (R(AY?) 4 N(AY?)).

Since N(AY2) C J(M)*, it follows that
R(PAY?) + N(AY?) = J(M)* N R(AY?) + N(AY?)

and, by Lemma 4.8, we get that J(M)* N R(AY?) = R(PA'Y?). Using this
fact it is easy to show that R((I — P)A'Y?) = M N R(AY?) and

R(A'?) = R(PAY?) + R((I — P)A'?) = J(M)* N R(A'?) + AV3(S).
Thus, R(Bs) = JAY? Py yomye (R(AY?)) = JAY2(AY2(S)) = B(S).
(3) = (1): The identity R(Bs) = B(S) implies that
M = Bs'(R(Bs)) = Bs'(B(S)) = Bs'(Bs(S)) = S+ N(Bs) = S+ B7'(S%),
because, by Proposition 4.7, N(Bs) = B~'(8*). Therefore, (B,S) is compat-

ible. O

Remark 4.10 Some of the results of Section 3, stated for compatible pairs
(B,S), remain valid when the new definition of shorted operator is considered.
For instance, it is not difficult to prove that, given B € L(H)*® and a closed
subspace of H such that B/s is well defined, the following conditions are
equivalent:

(1) (B,S) is compatible and S is B-nonnegative;

(2) Bjs =min{Q*BQ: Q € Q,N(Q) = S};
(3) B/s = max<{X € L(H)*: X < B, R(X) C §*}.

16



References

1]

A. Albert, Conditions for positive and nonnegative definiteness in terms of
pseudoinverses, SIAM J. Appl. Math. 17, No. 2, (1969) 434-440.

W. N. Anderson Jr., Shorted operators, SIAM J. Appl. Math. 20 (1971) 520—
525.

W. N. Anderson Jr. and G. E. Trapp, Shorted operators II, SIAM J. Appl.
Math. 28 (1975) 60-71.

T. Ando, Generalized Schur complements, Linear Algebra Appl. 27 (1979),
173-186.

J. Antezana, G. Corach and D. Stojanoff, Bilateral Shorted Operators and
Parallel Sum, Linear Algebra Appl. 414 (2006), no. 2-3, 570-588.

R. Bouldin, The product of operators with closed range, Tohoku Math. J. 25
(1973), 359-363.

S. Boyd, L. Ghaoui, E. Feron and V. Balakrishnan, Linear Matrix Inequalities
in System and Control Theory, Studies in Applied Mathematics, STAM, 1994.

G. Corach, A. Maestripieri and D. Stojanoff, Oblique projections and Schur
complements, Acta Sci. Math. (Szeged) 67 (2001), 337-256.

G. Corach, A. Maestripieri and D. Stojanoff, Generalized Schur complements
and oblique projections, Linear Algebra Appl. 341 (2002), 259-272.

G. Corach, A. Maestripieri and D. Stojanoff, A classification of projectors,
Banach Center Publ., Institute of Mathematics, Polish Academy of Sciences,
Warszawa, 67 (2004), 145-160.

G. E. Dullerud and F. Paganini, A Course in Robust Control Theory, Springer,
2000.

S. Hassi and K. Nordstrém, On projections in a space with an indefinite metric,
Linear Algebra Appl. 208/209 (1994), 401-417.

S. Izumino, The product of operators with closed range and an extension of the
reverse order law, Tohoku Math. J. 34 (1982), 43-52.

M. Krein, The theory of self-adjoint extensions of semibounded Hermitian
operators and its applications, Mat. Sb. (N.S.) 20 (62) (1947), 431-495.

A. Maestripieri and F. Martinez Peria, Decomposition of Selfadjoint
Projections in Krein Spaces, Acta Sci. Math. 72 (2006), 611-638.

P. Massey and D. Stojanoff, Generalized Schur Complements and P-
Complementable Operators, Linear Algebra Appl. 393 (2004) 299-318.

E. L. Pekarev, Shorts of operators and some extremal problems, Acta Sci. Math.
(Szeged) 56 (1992) 147-163.

17



[18] Ju. L. Smul’jan, A Hellinger operator integral, (Russian) Mat. Sb. (N.S.) 49
(91) 1959 381-430; (English) Amer. Math. Soc. Translations 22 (1962), 289
337.

18



