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NONNEGATIVE MOORE-PENROSE INVERSES OF
UNBOUNDED GRAM OPERATORS

T. KURMAYYA AND G. RAMESH

ABSTRACT. In this paper we derive necessary and sufficient conditions for
the nonnegativity of Moore-Penrose inverses of unbounded Gram operators
between real Hilbert spaces. These conditions include statements on acuteness
of certain closed convex cones. The main result generalizes the existing result
for bounded operators [II, Theorem 3.6].

1. INTRODUCTION

Monotonicity of Gram matrices and Gram operators has received a lot of atten-
tion in recent years. This has been primarily motivated by applications in convex
optimization problems.

A real square matrix 7' is called monotone if x > 0, whenever Tx > 0. Here
2 = (z;) > 0 means that z; > 0 for all . Collatz [4] has shown that a matrix is
monotone if and only if it is invertible and the inverse is nonnegative. Gil gave
sufficient conditions on the entries of an infinite matrix 7' in order for ! to
be nonnegative [5]. An extension of the notion of monotonicity to characterize
nonnegativity of generalized inverses in the finite dimensional case seems to have
been first accomplished by Mangasarian [I3]. Berman and Plemmons [2] made
extensive contributions to nonnegative generalized inverses by proposing various
notions of monotonicity. The book by Berman and Plemmons [2] contain numerous
examples of applications of nonnegative generalized inverses that include Numerical
Analysis and linear economic models.

The question of monotonicity and their relationships to nonnegativity of general-
ized inverses in the infinite dimensional setting, have been first taken up by Sivaku-
mar ([14] and [15]). Three other types of operator monotonicity were studied later
by Kulkarni and Sivakumar [I0]. For applications of nonnegative Moore-Penrose
inverses of operators to the solution of linear systems of equations defined by op-
erators between infinite dimensional spaces, we refer to Kammerer and Plemmons
([6, Section 6)).

There is a well known result by Cegielski that characterizes nonnegative invert-
ibility of Gram matrices in terms of obtuseness (or acuteness) of certain polyhedral
cones. (See for instance [3, Lemma 1.6]). The results of Cegielski were general-
ized by Kurmayya and Sivakumar [I1] in two directions; from finite dimensional
real Euclidean spaces to infinite dimensional real Hilbert spaces and from classical
inverses to Moore-Penrose inverses.
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In this paper we consider linear operators (not necessarily bounded) between real
Hilbert spaces and obtain necessary and sufficient conditions for the nonnegativity
of Moore-Penrose inverses of Gram operators in terms of acuteness of certain closed
convex cones. This can be achieved by taking cones in the domain of the Gram
operator. Because of this slight modification, we observe that there is a slight
change in some of the existing results (see Lemmas B and [3:2] and the condition
@) in Theorem BA4). Our results generalizes the existing results due to Kurmayya
and Sivakumar [I1] and the related results (See for instance Lemma 1.6, [3]) in the
literature.

The paper is organized as follows. In section 2 we introduce some basic notations,
definitions and results. In section 3, we present some preliminary results and prove
the main theorem. In section 4, we illustrate the main theorem with some examples.

2. NOTATIONS AND PRELIMINARY RESULTS

Throughout the article we consider infinite dimensional real Hilbert spaces which
will be denoted by H, H1, Hs etc . The inner product and the induced norm are
denoted by (,) and ||.|| respectively.

A subset K of a Hilbert space H is called cone if, (i) 2,y € K =>z+y € K
and (i1) v € K, a € R, a > 0= az € K. For a subset K of a Hilbert space H,
the dual of K denoted K* is defined as K* = {z € H: (z,t) > 0,for all ¢t € K}
and K** = (K*)*. Note that in general, K** = K, where the bar denotes the
closure of K. If H = {2, the Hilbert space of all square summable real sequences
and K = (% = {z € (*: 2; > 0,Vi}, then K* = (2 and hence K** = ¢3. A cone C
is said to be acute if (x,y) >0, for all z,y € C.

Let T be a linear operator with domain D(T'), a subspace of H; and taking values
in Hs, then the graph G(T') of T is defined by G(T) := {(z,Tz):x € D(T)} C
Hy, x Hy. If G(T) is closed, then T is called a closed operator. If D(T) is dense
in Hy, then T is called a densely defined operator. For a densely defined operator
there exists a unique linear operator T* : D(T*) — Hy, where

D(T*) := {y € Hs : the functional z — (Tx,y) for allx € D(T)is continuous}

and (T'z,y) = (x, T*y) for all x € D(T') and y € D(T™*). This operator is called the
adjoint of T. Note that T™ is always closed whether or not T is closed.

The set of all closed operators between H; and Hs is denoted by C(H;, Hs)
and C(H) := C(H, H). By the closed graph Theorem [I§], an everywhere defined
closed operator is bounded. Hence the domain of an unbounded closed operator
is a proper subspace of a Hilbert space. For, T € C(Hy, H3), the null space and
the range space of T' are denoted by N(T') and R(T) respectively and the space
C(T) := D(T) N N(T)* is called the carrier of T. In fact, D(T) = N(T) &+ C(T)
[1, page 340]. For a closed subspace M of H, we denote the orthogonal projection
on H with range M by Pyy;.

If T € C(Hy,Hy) and S € C(Ha, Hs), then D(ST) = {x € D(T) : Tx € D(S)}
and (ST)(z) = S(Tx) for all x € D(ST).

If S and T are closed operators with the property that D(S) C D(T) and
Sz = T for all x € D(S), then S is called the restriction of T' and T is called an
extension of S. For the details we refer to [16] 7], [18].

Next, we recall some of the definitions and important results that we use through-
out the article.
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Definition 2.1. For a linear map T : Hy — Hs, the operator T*T is said to be
the Gram operator of T.

Definition 2.2. (Moore-Penrose Inverse)[Il, definition 2, page 339] Let T € C(H;, H3)
be densely defined. Then there exists a unique densely defined operator TT €
C(Hs, Hy) with domain D(TT) = R(T) @+ R(T)* and has the following proper-
ties:

(1) TTty = Prepy y, for ally € D(TT)

(2) T'Tx = Py(ryx @, for allz € D(T)

(3) N(T%) = R(T)~.
This unique operator T is called the Moore-Penrose inverse of T.
The following property of TT is also well known. For every y € D(T), let

L(y) := {:v e D(T):||Tx —y|| < |[|Tu—yl|| forall ue D(T)}.

Here any u € L(y) is called a least square solution of the operator equation Tx = y.
The vector x = Tty € L(y), [|TTy|| < |Jul| for all w € L(y) and it is called the
least square solution of minimal norm. A different treatment of TT is given in [I],
where it is called “the Mazimal Tseng generalized Inverse”.

We have the following equivalent definition:
Definition 2.3. Let P := Ppey. Ify € R(T) @+ R(T)*, the equation
(2.1) Tz = Py

always has a solution. This solution is called a least square solution. If x € D(T)
is a least square solution, then

Tz —y|[* =[Py —yl|* = min IITZ—yII2
zeD(T

The unique vector with the minimal norm among all least square solutions, is called
the least square solution of minimal norm of the Equation[2.1] and is given x = T'y.

Here we list the properties of the Moore-Penrose inverse, which we need to prove
our main results.

Theorem 2.4. [I, theorem 2, page 341] Let T € C(Hy, Hz) be densely defined.
Then
D(T) = R(T) &+ R(T)*, N(T')=R(T)" = N(T")

(T7) = C(T)

T is densely defined and T' € C(Hz, H)

R
T
Tt is contmuous if and only R(T) is closed.
Tt =
T

(T*T) N(T)
) = TiT*
(9) (TT*)t =TT,

Proposition 2.5. [I] Let T € C(H,, H2) be densely defined. Then
(1) N(T) = R(T*)>
(2) N(T*) = R(T)*
(3) N(T*T) = N(T) and

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8) (T

A

*
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(4) R(T*T) = R(T*).
Proposition 2.6. [Il[7] For a densely defined T € C(Hy, Ha), the following state-

ments are equivalent:

(

1) R(T) is closed

(2) R(T*)is closed

(3) R(T*T) is closed. In this case, R(T*T) = R(T*)

(4) R(TT™*) is closed. In this case, R(TT*) = R(T).
Theorem 2.7. [12, Theorem 4.1] Let T € C(Hy, H2) be densely defined. Assume
that R(T) is closed. Then

(T*T)'T* c TH(TT) =TT,
For more information on generalized inverses we refer to [19] 20, [17].

3. MAIN RESULTS

For proving the main theorem (Theorem B4]) we consider the following results.

Let Hy and Hy be real Hilbert spaces, T € C(Hy, H2) be densely defined with
closed range. Let K be a closed convex cone in D(T*T) such that K* C D(T*T).
Let C =TK and D = (T1)*K*.

Lemma 3.1. ue C*ND(T*) = T*u € K*.
Proof. Let w € C* N D(T*) and r € K. Then 0 < (u,Tr) = (T*u,r). O

Lemma 3.2. The following are equivalent :

(1) C*ND(T*)NR(T) is acute.

(2) Forallz,y € D(T*T) with T*Tx € K*, T*Ty € K*, the inequality (T*Tz,y) >

0 holds.
Proof. ) = @): Let x,y € D(T*T) satisfy T*"Tx € K* and T*Ty € K*. For
r € K, we have Tr € C' and hence
(Tz,Tr) = {(T"Txz,r) > 0.

So, Tx € C*. Similarly, we can show that Ty € C*. Since C* N D(T*) N R(T) is
acute, we have 0 < (Tx, Ty) = (T*Tz,y).

@) = @): Let u,v € C*ND(T*)NR(T). Let u = Tz for some = € D(T).
Since u € D(T*), T*u is defined. That is € D(T*T). Similarly, v = T'y for some
y € D(T*T).

Next we show that (u,v) > 0. Since v € C*, for r € K we have

0<(Tz,Tr)=(T"Tz,r).
Thus T*Tx € K*. With a similar argument, we can conclude that 7Ty € K*. By
assumption,
(u,0) = (T, Ty) = (T*Tz, ) > 0.
Hence C* N D(T*) N R(T) is acute. O
Lemma 3.3. D is acute if and only if {r,(T*T)'s) > 0, for every r,s € K*.
Proof. Let x,y € D. Then x = (TT)*r, y = (T1)*s for some r,s € K*. Then D is
acute if and only if
0 < (z,y) = ((T1)'r, (T1)s) = (r, THT")*s) = (r, (T*T)"s),
by &) of Theorem 2.4 O
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We are now in a position to prove the main result of this paper.

Theorem 3.4. Let T € C(Hy, Ha) be densely defined with closed range. Let K be
a closed convex cone in D(T*T) with TI'TK C K. Let C = TK and D = (TT)*K*.
Then the following conditions are equivalent:

(1) (T"T)'(K*) € K
(2) C*ND(T*)NR(T)CC
(3) D is acute
(4) C*ND(T*)NR(T) is acute
(5) T*Tx € Pppey(K*) => v € K
6) T*Tr € K* =z € K.
Proof. )= @): Let u e C*ND(T*) N R(T). Then u = T'p for some p € C(T).
Then Ttu = T'Tp = Py(pyrp = p. Since u € D(T*), by Theorem 27 TTu =
(T*T)'"T*u. Set z = TTu. Then Tz = TTu = Pp(ryu = u. Also T*u € K*, by
Lemma 311 So by the assumption, z = (T*T) T*u € K. Thus u € C.
@)= @): Let x = (T")*u and y = (TT)*v with u,v € K*. Since
R((TY)*) = R(T")") = C(T™) = D(T*) N N(T*)*
=D(T*)NR(T)
= D(T*)NR(T),
z,y € D(T*)NR(T). Let r € K. We have v’ = T'Tr € K (as T'TK C K). Then
(x,Tr) = (T *u,Tr) = (u, TTTr) = (u,r’) > 0.
Thus x € C*. Since C*ND(T*)NR(T) C C, we have z € C. Thus x = T'p for some
pe K.
Finally, with p’ = T1Tp € K, we have,
(@,y) = (Tp,(T")*v) = (T'Tp,v) = (p',v) > 0.
Hence D is acute.
B)= @): Let =,y be such that r = T*Tz € K* and s = T*Ty € K*. Since D
is acute, by Lemma [3.3]
0 < (r,(T*T)'s) = (T" T, (T*T) ' T*Ty)
= (2, (T*T)(T*T)(T*T)y)
= (&, (T"T)y)
=(T*Tz,y).
By Lemma 32 C* N D(T*) N R(T) is acute.
@)= @): Let T*T'x = Pg(p-yw for some w € K*. Since, R(T*T) = R(T*), we
have T*Tx = Pp(r-myw. Hence z = (T*T)"w (By Definition 23]).
Let » € K*. Then
(w,r) = (T*T)'w,r) = (THTT) w,r) = (TT)*w, (TT)"r).
Set u = (TT)*w, v = (TT)*r. Then, as was shown earlier, u,v € R(T) N D(T*). For
t e K, with ' = TTTt € K, we have
(u,Tt) = (TT)*w,Tt) = (w, TTTt) = (w,t') > 0.

So u € C*. Along similar lines it can be shown that v € C*. Thus for all r €
K*, (x,r) = (u,v) >0. Sox € (K*)" = K.
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B)= ([@): Choose x such that T*Tx € K*. We have

Hence by ({), = € K.

@)= [@): Let u = (T*T)Tv with v € K*.

Then T*Tu = T*T(T*T)'v = Pgrr«yv = T'Tv. Then for r € K with v/ =
T'Tr € K, we have

(T*Tu,r) = (T"Tv,r) = (v, T'Tr) = (v,r') > 0.

Thus T*Tu € K*. As (@) holds, u € K. Thus (T*T)"(K*) C K.
This completes the proof of the theorem. O

Remark 3.5.

(1) In [II], conditions (5) and (6) were shown to be equivalent to each other
and also equivalent to the nonnegativity of (7*T)" under an assumption
that © € R(T™*) by Kurmayya and Sivakumar. Here, we make a remark that
the above mentioned assumption is redundant to prove equivalence of those
conditions. If T*T'x € Pgr(r+)(K*) then it can be shown that x € R(T™).

(2) If K C C(T*T), then the condition TTTK C K is satisfied automatically.

(3) If T is one-to-one, then 77T = I and hence in this case TTTK C K holds
for any cone in D(T).

4. EXAMPLES
In this section, we illustrate Theorem B.4] with examples.
Example 4.1. Let H = ¢ and D(T) = {(xl,xg,...) € H: Z|j:1:j|2 < oo}.

j=1
Define T': D(T') — H by

T(x1,22,23,...,Zn,...) = (21,222,3T3,...,NTy,...) forall (z1,z2,...) € D(T).

Since D(T) contains cgo, the space of all sequences having at most finitely many

nonzero terms, we have D(T') = H. Clearly T is unbounded and closed since T* = T.
By [8, example 5.1], R(T) is closed. In fact, T~! exists and

_ Y2 Ys Y
T 1(y17y27y37"'7yn7"'):(ylu_ Y AL

57 g n,...), for all (y,,) € H.

Note that D(T*T') = {(x,) € H : Zn4|xn|4 < oo}. Let

n=1
K = {(z,) € D(T?) : ©, > 0 for all n € N}.

Clearly, K* = K and TTTK = K. Hence K satisfy the Hypothesis of Theorem [3.41
In this case, D = TT" (K*) = T~Y(K). Let 2,y € D. Then2 = T, y = T~'v for

some u,v € H. Then Let u = Z(u, enYen and v = Z(v, en)en (Here {e, : n € N}

n=1 n=1
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is the standard orthonormal basis for H). Then
(@,y) = (T"%u,v) > 0

= Z %(u, en) (v, ep)
n=1

>0 (since (u,en), (v,e,) > 0).

Therefore D is acute. Hence by Theorem [3.4, (7T*7T)" is nonnegative with respect
to the cone K. This can be easily verified independently by using the definition.

Example 4.2. Let H = (* and D(T) = {(z1,22,...,2p,...): Z|j:1cj|2 < o0},
j=2

Define T : D(T) — H by
T(z1,%2,...,Zn,...) = (0,239,3z3,424,...) forall (21,22,...) € H.
Observe that T is densely defined, T = T* and N(T) = {(21,0,0,...): z; € C}.
Hence C(T) = {(0, Xo,Tg,y...): Z ljz;]? < oo}. We can show that R(T') is closed
j=2

(see [8, example 5.2] for details) and

Y2 Y3
TT(ylva;yPM'-';) = (053737"')7 (yn) € 62-

It can be seen that T'=T* and D(T?) = {(z,) € H : Zn4|xn|4 < oo}. Take

n=2
K ={(z,) € D(T?): 2, > 0for alln =2,3,...}.
It is easy to verify that K* = K and TTTK C K. Also D =TT (K*) = TT(K). Let
2,y € D. Then = TTu, y = T'v for some u,v € H. Then Let u = Z(u,en>en

n=1
o

and v = Z<’U, €én)en. Then

n=1

(2, ) = (Ttu, TH) > 0

=3 lusen) (v en)
n=2
>0 (since (u,ey), (v,e,) > 0).

Therefore D is acute. Hence by Theorem 3.4, (T*T)' is positive with respect to
the cone K.

Example 4.3. Let AC[0, 7] denote the space of all absolutely continuous functions
on [0,7]. Let

H := The real space L*[0, ] of real valued functions
H = {¢ € AC[0,7] : ¢/ € H}
H":={¢peH :¢' € H}.

Let L := % with D(L) = {x € H' : $(0) = ¢(7) = 0}.
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It can be shown using the fundamental theorem of integral calculus that L €
C(H). Let ¢, = sin(nt), n € N. Then {¢, : n € N} is an orthonormal basis for H
and is contained in D(L), hence L is densely defined. Also C(L) = D(L). i.e., L

is one-to-one. It can be shown that R(L) = {y € H : [y(t)dt = 0} = span {1}*.
0

Hence in this case D(LT) = H. Let 1, = \/g cos(nt), t € [0,7], n € N. Then
{¢n : n € N} is an orthonormal basis for R(L).

We have, L*L = —j—; with D(L*L) = {¢ € H" : $(0) = 0 = ¢(m)} [Il page 349].
By using the projection method (see [, example 3.5]), we can show that

(4.1) Li(y) =) %<y,¢n>¢n.

Let K = {¢ € D(L*L) : (¢, p) > 0, for all n € N}. Then K is a cone and K* =
K. We verify condition [l of Theorem B4l First note that, by Equation 1] we
have

(1.2) L6 =3" {6, 6u)h, for all 6 € H.
n=1

Now, let f € K. Then
(L*L)'(f) = LY LY)*(f)

= 1
=D 5 (f:6n)n.
n=1

Since f € K, we have (f, ¢,) > 0 for all n € N and so nl—2<f,¢)n> >0 for all n € N.
This concludes that (L*L)f(K*) C K.

Acknowledgements: We thank Prof K.C. Sivakumar who studied this article
thoroughly and helped us to improve and bring it in this form.

REFERENCES

1. A. Ben-Israel and T. N. E. Greville, Generalized inverses: theory and applications, Wiley-
Interscience, New York, 1974. MR0396607 (53 #469)

2. A. Berman and R.J. Plemmons, Nonnegative Matrices in the Mathematical Sciences, Classics
in Applied Mathematics, SIAM, 1994.

3. A. Cegielski, Obtuse cones and Gram matrices with non-negative inverse, Lin. Alg. Appl.,
335, 167-181, 2001.

4. L. Collatz, Functional Analysis and Numerical Mathematics, Academic, New York, 1966.

5. M.I. Gil, Stability of Finite and Infinite dimensional systems, Kluwer Academic, 1998.

6. W.J. Kammerer and R.J. Plemmons, Direct iterative methods for least squares solutions to
singular operator equations, J. Math. Anal. Appl., 49, 512-526, 1975.

7. T. Kato, Perturbation theory for linear operators, second edition, Springer, Berlin, 1976.
MRO0407617 (53 #11389)

8. S. H. Kulkarni, M. T. Nair and G. Ramesh, Some properties of unbounded operators with
closed range, Proc. Indian Acad. Sci. Math. Sci. 118 (2008), no. 4, 613-625. MR2511129
(2010e:47006)

9. S. H. Kulkarni and G. Ramesh, Projection methods for computing Moore-Penrose inverses
of unbounded operators, Indian J. Pure Appl. Math. 41 (2010), no. 5, 647-662. MR2735209
(2012k:47001)



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

NONNEGATIVE MOORE-PENROSE INVERSES OF UNBOUNDED GRAM OPERATORS 9

S.H. Kulkarni and K.C. Sivakumar, Three types of operator monotonicity, J. Analysis, 12,
153-163, 2004.

T. Kurmayya and K. C. Sivakumar, Nonnegative Moore-Penrose inverses of Gram operators,
Linear Algebra Appl. 422 (2007), no. 2-3, 471-476. MR2305132 (2008g:15037)

S. H. Kulkarni and G. Ramesh, Perturbation of closed range operators and Moore-Penrose
inverses; Preprint.

O.L. Mangasarian, Characterizations of real matrices of monotone kind, SIAM. Rev. 10,
439-441, 1968.

K.C. Sivakumar, Nonnegative generalized inverses, Indian J. Pure Appl. Math., 28(7), 939-
942, July 1997.

K.C. Sivakumar, Range and group monotonicity of operators, Indian J. Pure and Appl. Math.,
32(1), 85-89, January 2001.

S. Goldberg, Unbounded linear operators: Theory and applications, McGraw-Hill, New York,
1966. MR0200692 (34 #580)

Generalized inverses and applications, Academic Press, New York, 1976. MR0451661 (56
#9943)

W. Rudin, Functional analysis, second edition, International Series in Pure and Applied
Mathematics, McGraw-Hill, New York, 1991. MR1157815 (92k:46001)

C. W. Groetsch, Generalized inverses of linear operators: representation and approrimation,
Dekker, New York, 1977. MR0458859 (56 #17059)

C. W. Groetsch, Stable approximate evaluation of unbounded operators, Lecture Notes in
Mathematics, 1894, Springer, Berlin, 2007. MR2268011 (2008a:47022)

DEPARTMENT OF MATHEMATICS, NATIONAL INSTITUTE OF TECHNOLOGY, WARANGAL, TELAN-

GANA, , INDIA 506004.

E-mail address: kurmayya@nitw.ac.in

DEPARTMENT OF MATHEMATICS, I. I. T. HYDERABAD, ODF ESTATE, YEDDUMAILARAM, TELAN-

GANA, INDIA-502 205.

E-mail address: rameshg@iith.ac.in



	1. Introduction
	2. Notations and Preliminary results
	3. Main results
	4. Examples
	References

