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Quotient Operators and the Open Mapping Theorem
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Abstract. Quotients of bounded operators on normed spaces have been discussed. Open mapping theorem
for quotients of bounded operators and its consequences are given.

1. Introduction

Saichi Izumino introduced the notion of quotient of bounded operators on a Hilbert space and showed
explicit formulae for computing the quotients which correspond to the sum, product, closure, adjoint and
weak adjoint of given quotients [2—4]. A quotient is then possibly an unbounded linear operator and is
what was called “semiclosed operator” by Kaufman [5]. In fact, the quotient of two compact operators need
not be compact [1]. In this paper we explore quotients on normed spaces and find sufficient conditions for
the set of quotients being complete. We prove open mapping theorem for quotients of bounded operators.

We conclude this introduction by establishing some notation and terminology. We consider normed
spaces X, Y, Z over a field K of real or complex scalars. The set of linear operators from a normed space X
to a normed space Y will be denoted by £(X, Y) and the set of bounded linear operators will be denoted by
B(X,Y). If T € L(X,Y), then R(T) and N(T) denote range and null space of T respectively.

2. Concepts and Results

Definition 2.1. [2] Let X, Y, Z be normed spaces and A € L(X,Y), B € L(X, Z) with N(A) C N(B). The mapping
Ax +— Bx defined on R(A) is called a quotient of linear operators B and A and is denoted by B/A. The condition
N(A) € N(B) is described by saying that B is determined by A. Given A € B(X,Y), B € B(X, Z), a stronger version
is that for some k > 0, ||Bx|| < k||Ax||, for every x € X, which says that B is majorized by A.

Let A € L(X,Y) be fixed. We form a set, say L4(X, Z) the set of all linear operators B from X to Z such
that B/A is defined. That is,

LA(X,Z) = {B € L(X,Z): N(A) C N(B)}.
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Note that L4(X,Z) contains the operator A and the zero operator from X to Z. It is easy to show that

LA(X,Z) is a subspace of L(X, Z), for each fixed A in L(X,Y). Motivated by the space L4(X, Z), for a fixed
A € L(X,Y), we define the following set of quotient operators

QA(R(A), Z) := {B JA: N(A) C N(B)}.

Addition and scalar multiplication are defined by

B/A+CJA
a(B/A)

(B+C)/A
aB/A

for B/A,C/A in Qa(R(A),Z) and scalars a in K. It can be proved that Q4(R(A), Z) is a linear space by
verifying the null space inclusions. Generally

LiaX,Z) C {B e L(X,Z) : |IB()II < kIlA()|| for some k > 0} C L(X, 7).

The second inclusion may fail if we replace £(.) by bounded operators $(.) : without boundedness, we
have

LR(A), 2) = LY, Z)lrery = {Blreay : B € LY, 2)}.

For Banach spaces, if R(A) is not closed then it cannot be another Banach space, although it is an “operator
range.”

Theorem 2.2. Let X, Y, Z be linear spaces and let A : X — Y be linear. If X and Z are of finite dimensions, then
dim(Qa(R(A), Z)) = dim(R(A)) dim(Z).

Proof. The relation holds good when A is the zero operator. Let dim(X) = n, dim(Z) = m and dim(N(A)) = k.
Then dim(R(A)) = n — k. By rank-nullity theorem, we observe that the quantity in the right side of
the last equality is finite. When A is injective, B/A can be formed for every member of L(X,Z). Thus
nm = dim(Qa(R(A), 2)) = dim(L(X, Z)) = nm.

We now assume that N(A) and R(A) are nonzero subspaces. Let {v1,vs,...,v:} be a basis of N(A).
We extend this to get a basis of X, say {v1,v2,..., Uk, Uks1,...,0s). Let {wy, wy, ..., w,} be a basis of Z. For
1<p<m,1 §q§n—k,deﬁneTW:X—>Zby

Tp,q(vi) = 6k+q,i Wp

fori=1,...,n. AsNA) S N(T,y) for1<p<m,1<g<n-kT,,/A€Qa(R(A),Z). Let B/A € Qu(R(A), Z).
Then B(v;) =0,i=1,...,k. Now foreach je {k+1,k+2,...,n}

m
BZ)]‘ = Z Oég/]',k Wy

=1

b

m  n—
for some scalars a5, 1 < p <m,1<q <n-k. Toprove B/A = Z @p,q(Tp4/A) on R(A), it is enough to
p=1 q=
prove the relation at each basis element of R(A). Let {ui,...,u k} be a basis of R(A). For each fixed j in
1 < j < n—k, thereis some x € X such that u; = Ax. Let x = 101 + - -+ + 8,0, for unique scalars f, ..., ;.
Then u; = Bx1Avgq + -+ - + BrAv,. Consider

—

(B/A)uj =Bx = PBr1Bogpr +--- + puBoy,

= ﬁk+l(a1,1w1 +oeet Ofm,lwm) +eeet ﬁn(al,n—kwl +eeet+ am,n—kwm)



M. Krishna K, P. S. Johnson / Filomat 32:18 (2018), 6221-6227 6223

and
m n—k m n—k
Z apg(Tpq/A)uj = 0p,gTpa(%)
p=1 g=1 p=1 g=1
n—k

ap,q(ﬁkﬂ Tp,q(vk+l) +--t ﬁnTp,q(vn))

1=

[uy

= Brer(@wr + o F @1 Wi) + 0+ Pr(@1 kW1 F - F Ak Win)-

=
I
—_

K

Therefore {Tp,q/A l<p<ml<g<n- k} spans Qa(R(A), Z).
Suppose

Y @ia(Tia/A) + - + (T /A) = 0/A
i=1

for some scalars a;;,1 <i<m, 1 < j<n—k Then
m
Z(ai,lTi,l + -+ ik Tink)/A = 0/A.
i=1

Evaluating A(v)), k + 1 < j < n, in the above operator relation, we get Y aiqw; = 0. Hence a;j =0, for all
1<i<m 1<j<n-k O

Theorem 2.3. Let X be a division Banach algebra (with identity) over the complex plane C. Then
dim(Qa(R(A), 2)) = dim(X) dim(Z) or (dim(X) — 1) dim(Z).
Proof. Gelfand mapping theorem [6] says that every complex Banach division algebra is isometrically

isomorphic to the complex plane C. As the null space of the non-zero operator A is of dimension zero or
one, the proof follows. [

We now discuss a collection of bounded operators for a fixed linear operator A from X to Z. We define
Ba(X,Z) = {B € B(X, Z) : N(A) € N(B)}.
Presence of the zero operator in B4(X, Z) proves that 84(X, Z) is non-empty. It is easy to verify that for

normed spaces X, Z, Ba(X, Z) is a closed subspace of B(X, Z). The following result tells that if X, Z are also
Banach spaces, then so is 84(X, Z).

Theorem 2.4. Let X, Z be Banach spaces. The set B4(X, Z) of bounded linear operators B with N(A) € N(B) is a
Banach space.

Proof. Let {B,} be a Cauchy sequence in 84(X, Z). Since B(X, Z) is complete, there exists B € B(X, Z) such
that B, — B in the norm of B(X,Z). Let x € N(A). Since for each n, B, € B4(X,Z), we have B,(x) = 0.
Convergence of the sequence {B,x — Bx} to zero in Z shows that x € N(B). O

Under the above settings, let us take BZ(X, Z) = :B € Ba(X,Z):B/Ais bounded}. Since 0/A is bounded,
the set given above is nonempty.

Theorem 2.5. BZ(X, Z) is a normed subspace of Ba(X, Z).
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Proof. First it is required to prove that 8% (X, Z) is closed under linear space operations.
Let a be a scalar and B, C € BZ(X, Z). Note that for any D € BZ(X, Z)

sup {IID/A)y]l : y € R(A), llyll < 1}
sup {IIDx|| : x € X, ||Ax|| < 1}.

ID/A]l

Let x € X be such that ||Ax|| < 1. Therefore
I(B+C)xll < |IBx|| + [ICx|l < |IB/AIl + IC/All  and

l@B)xll = lal|IBx|| < |ol [B/Al
imply that
B+ CO)/All < [IB/A|l+IC/A|l < oo and
la(B/AN < |al [IB/A]| < co.

Theorem 2.6. Let Z be a Banach space. If the set {x e X : ||Ax|| < 1} is bounded in X, then BZ(X, Z) is Banach.

Proof. Let {B,} be a Cauchy sequence in BZ (X, Z). Since B4(X, Z) is complete, there exists B € B4(X, Z) such
that B, — B in the norm of B4(X, Z). Now it suffices to show that B/A is bounded. Let M = supf|lx|| : x €
X, ||Ax|| £ 1} and x € X be such that [|Ax|| < 1. Since {||B,||} converges, there exists K such that ||B,|| < K for
all n. Choose N such that ||(B,, — B)x|| < 1 for all n > N. Then for each x € X such that ||Ax|| < 1,

IBx[| < [IBuxll + 1T < [IBull lIx]l + 1 < KM + 1,
for all n > N. Therefore ||B/Al| = sup {||Bx|| tx € X, ||Ax|| < 1} is finite. O

Let A € B(X,Y) be fixed. Now let us take QZ(R(A), Z) = {B/A € Q4(R(A),Z) : B,B/A are bounded}. We
now show that QZ(R(A), Z) is Banach when Z is a Banach space and {x e X ||Ax|| < 1} is a bounded set in
X.

Theorem 2.7. QZ(‘R(A), Z) is a normed subspace of Ba(X, Z).

Proof. We start first by showing that the operator norm is a norm on QZ (R(A), 2).

Let B/A € QZ(R(A), Z) be such that ||B/A|| = 0. Then Bx = 0 for all x in X such that Ax # 0. Whenever
Ax =0, due to the nullspace inclusion, we have Bx = 0. Thus B is the zero operator. Hence B/A = 0/A.
Let B/A € @ (R(A), Z) and a be a scalar. Now

laB/All = sup{li(@B)x|| : x € X, ||Ax|| < 1}

l sup {|IBx| : x € X, |Ax]| < 1} = |al IB/AI.
Let B/A,C/A € @, (R(A), Z). Then

IB/A + C/A]l

sup {[IBx + Cxl| : x € X, [|Ax]| < 1

IA

sup {[IBx|| : x € X, |Ax] < 1} + sup {|ICx|| : x € X, |Ax]| < 1}
IB/AIl + |IC/Al.

O

Theorem 2.8. Let Z be a Banach space. If {x € X : ||Ax|| < 1} is a bounded set in X, then QZ(R(A),Z) is Banach.
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Proof. Let {B,/A} be a Cauchy sequence in QZ(R(A), Z). We claim that {B,} is a Cauchy sequence in B(X, Z).
Let € > 0 be given. Since {B,/A} is Cauchy, there exists N such that

[1Bn/A — Bn [A|l < forall n,m > N.

_&
Al +1
That is, for all n,m > N,

I3
supil|(B, — Bu)x|l : x € X, ||JAx|| £ 1} < .
I8 = B < e
Let x be an element in X such that ||x|| < 1. Then ||Ax|| < ||A|. Now for all n,m > N,
I(Bu — Buw)xll = [I((Bn — Bu)/A)AX]|
< By = Bw) /Al |Ax|
< |I(Bu = Bw) /Al |All
€
< ——|All < e.
||A||+1“ |

Thus ||B;, = Byll = supill(Bx — Bu)xll : x € X, ||x|| £ 1} < & for all n,m > N. Let B be the linear uniform limit of
{B,} and M = sup{|lx]| : x € X, ||Ax]| < 1}. By Theorem 2.6, we see that B/A is bounded. For a given ¢ > 0,
convergence of {B,} to B gives an integer N such that ||B, — B|| < %5 for all n > N. Thus for alln > N,

M+1
IB./A — B/A|l I(B» — B)/All
= sup{lI(B, - B)x|l: x € X, |Ax]| < 1}

< sup{|IB, - Bl x|l : x € X, || Ax|| < 1}
= [1B, —BIl sup {llx € X : |Ax]| < 1}
= |IB, - BIM <e.
|
Example 2.9. The condition {x € X : |Ax|| < 1} is bounded in X is sufficient but it is not a necessary condition.

Consider the zero map on R. Now Q3({0}, R) being singleton is a Banach space but the set {x €R:|0x] < 1} =Ris
not bounded with the usual metric.

We denote QZ(R(A), Z) by QZ(R(A)) when X = Y = Z. Q4(R(A)) is an algebra with respect to the
multiplication defined by (B/A).(C/A) = (BC)/A.
Theorem 2.10. If {x € X : ||Ax|| < 1} is bounded in a Banach space X and ||Al| < 1, then Qa(R(A)) is a Banach
algebra.

Proof. Let B/A, C/A € Qa(R(A)). Now

Il(B/A).(C/A)| sup {I(BO)xl| : x € X, [|Ax|| < 1

= sup l(B/A)YACA| : x € X, |Axl| < 1)

< sup{IIB/AIl II(AC)| : x € X, |Ax|| < 1)

= |IB/Allsup {|(AC)x]| : x € X, ||Ax|| < 1

< |IB/Allsup {JAll ICxll : x € X, [|Ax]| < 1

= |IB/AIl llAllsup {IICx]| : x € X, |Ax]| < 1}
= IB/AI ANl IC/A]l < [IB/AIl IIC/AI
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3. Open Mapping Theorem and Its Consequences

We now prove the open mapping theorem for quotient operators without using its boundedness. We
derive the following lemma first.

Lemma 3.1. Let X, Y, Z be Banach spaces and let A € B(X, Y) with closed range, and B € B(X, Z) with N(A) € N(B).
If (B/A)(B+(0)) contains an open ball centered at the origin in Z, then

(B/A)(B(0)) < (B/A)(B2(0)).

Proof. Suppose B;(0) € (B/A)(B+(0)) for some s > 0. Let w € (B/A)(B,(0)). We choose a sequence {v,,} in B,(0)
such that

o3, st = - 505 o] <

i=1 i=1

for all n. Since {Zl 15+ 101} is Cauchy and R(A) is complete, Y2, > 50v; € R(A). Each v; in B,(0) gives

12, zi—,lvill < 2r. For each i, let u; = 5.5 A™'(v;). The open mapping theorem produces A as a homeomor-

211

phism from X to R(A).
Now
=1
s+l = a7} 50|
i=1
<

A7 —1 Vi
i
im1

implies {Z,’-Ll ui} is Cauchy; and hence { Y2 u,-} € X. Continuity of A~ and B give Y2, u; = A™/(1.72, 2,.1—,lvi)
and B(Y.i2; ui) = Y.y B(u;) respectively. Thus

i (B/A) (5 2, -0 Z(B/A) 570

i=1

S
I

| g ER

(BJA)A(u:) = Z B(u;)

1l
—_

i

= iul = B/A) iu,

= B4 izi -
i=1

O

Theorem 3.2. Let X,Y,Z be Banach spaces. Let A € B(X,Y) be injective and B € B(X,Z) be surjective. If
N(A) € N(B) and R(A) is closed, then B/A is an open mapping on R(A).

Proof. Let G be a nonempty open set in R(A) and w € (B/A)(G). Now w = (B/A)(v) for some v € G.
From the openness of G in R(A) there is some r > 0 such that B,(v) € G; from the linearity of B/A,
(B/A)() + (B/A)(B,(0)) = (B/A)(B,(v)) < (B/A)(G).

Now, (B/A)(B+(0)) contains an open ball centered at the origin. Surjectiveness of B pressures the same
for (B/A) from range of A. Thus Z = B(X) = (B/A)(R(A)) = (B/A)(U;,B.(0)) = U (B/A)(B,(0)). From
Baire’s theorem, we get a > 0 such that B;(0) € (B/A)(B1(0)) and hence BM(O) Ccr(B /A)(Bl(O)) = (B/A)(B,(0)).
By Lemma 3.1, (B/A)(Bry (0)) € (B/A)(Bawy(0)). So (B/A)(G) > (B/A)@) + By, (0) = By, (w). D
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