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1. Introduction and preliminaries

It is well known that in an inner product space (H, (-, -)) over the real or complex number
field K the Bessel inequality holds. Namely, if {e;};cr is a family of orthonormal vectors
in H, then for any = € ‘H we have

> e < (). (1.1)
i€l
Furthermore, some results concerning upper bounds for the expression
(z,x) — Z |(x, e:)|? (x eH) (1.2)
iel
and for the expression related to the Griiss-type inequality

() = o cilesl)| (€M) (13)

iel

have appeared in [5].

In this paper we give an analogue of the Bessel inequality (1.1) and we investigate
expressions analogous to (1.2) and (1.3) in an inner product module over a proper H*-
algebra or a C*-algebra.
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Throughout this paper we denote by A a proper H*-algebra or a C*-algebra.

As we know, a proper H*-algebra is a complex Banach algebra (A, || - ||) whose under-
lying Banach space is a Hilbert space (A, (-,-)) equipped with an involution a +— a*
satisfying (ab,c) = (b,a*c) = (a,cb*) for all a,b,c € A. An element a of a proper H*-
algebra A is called positive (a > 0) if (az,z) > 0 for every x € A. Each a > 0 is
self-adjoint (a* = a). For a proper H*-algebra A, the trace class associated with A is
T(A) = {ab : a,b € A}. For every positive a € 7(A) there exists the square root of a,
that is, a unique positive a'/2 € A such that (a1/2)2 = a. There are a positive linear
functional ‘tr’ on 7(A) and a norm 7 on 7(A), related to the norm of A by the equality
tr(a*a) = 7(a*a) = ||al|? for every a € A.

A C*-algebra is a complex Banach #-algebra (A, || - ||) such that |la*a| = ||a||? for all
a € A. An element a of a C*-algebra A is called positive (a > 0) if it is self-adjoint and
has positive spectrum. The square root of a exists for every positive a € A.

In both structures, the relation ‘<’ is given by a < b if and only if b —a > 0.

An inner product module over A is a right module H over A together with a generalized
inner product, i.e. with a mapping [-,:] on H x H which is 7(A)-valued if A is a proper
H*-algebra or A-valued if A is a C*-algebra satisfying the following properties:

(H1) [f,g+hl=[f.g]+ [f,h] for all f,g.h € H;
(H2) [f,ga] = [f.gla for all f,.g € H, a € A;
(H3) [f,g]" =g, f] for all f,g € H;

(H4) [f, f] > 0 for every f € H;

(H5) [f, f] = 0 implies f = 0.

We shall say that H is an inner product H*-module if A is a proper H*-algebra and
that H is an inner product C*-module if A is a C*-algebra.

A mapping [, ] satisfying (H1)—(H4) is called a generalized semi-inner product, and
H is called a semi-inner product H*- or C*-module.

The absolute value of f € H is defined as the square root of [f, f] and it is denoted
by |f|. Let us emphasize that |f| is a positive element of A and is thus self-adjoint. It is
said that f,g € H are orthogonal if and only if [f,g] = 0.

For some additional facts about H*-algebras, C*-algebras and (semi-)inner product
modules over these structures we refer to the literature: see [8], [10], [11], [12], [13], [14]
and the references therein.

2. Bessel-type inequalities

An element p € A is called a projection if p is non-zero and p* = p = p?. If A is a
C*-algebra, then ||p|| = 1, while if A is a proper H*-algebra, then ||p|| is not equal to
1 in general. An element A from a semi-inner product module over A is called a lifted
projection if |h| is a projection in A. According to [7, Lemma 2.4], h is a lifted projection
in an inner product module over A if and only if & is non-zero and h|h| = h.
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The following theorem gives us an A-valued Bessel-type inequality in an inner product
module.

Theorem 2.1. Let A be a proper H*-algebra or a C*-algebra. Let (H,|-,-]) be an
inner product module over A and let {hq,...,h,} be a set of mutually orthogonal lifted
projections. Then, for all f € H,

> Ufhallha, A1 < | fP (2.1)

i=1
holds.

Proof. Using the properties of the generalized inner product and the characterization
of lifted projections we have

n

P - Z;[f, hil[hi, f]
—iﬁwmﬂ
. i{hz,ﬂ [hi,f]—é ik, 1] + Z Mk, £
Y i[hz,ﬂ i 11 - Z b, /14 immmhm
1) z:[hz,f] e 1] - Z dlhe, /14 Z lhePfhe, ]
- ﬁ;[hz,,ﬂ e ] i{f, dlhe, /14 il[hi7f] s, sl

- {f_;hi[hi’ﬂ’f—ihi[huﬂ] >0

The following theorem gives an upper bound for the expression

n

|f|2 - Z[fa hz][hla.ﬂa

i=1
that is, the A-valued best approximation formula.
Theorem 2.2. Let A be a proper H*-algebra or a C*-algebra. Let (H,[-,-]) be an

inner product module over A and let {hy,...,h,} be a set of mutually orthogonal lifted
projections. For all f € H and aq,...,a, € A,

n 2
|fI? — Z[fa J[hi, f] < ‘f > hia;
=1

1=1

(2.2)
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n

Proof. We have
n 2 n
‘f_zhiai 2 ’f_zhiaz Z| u ‘h |az|2
i=1 ;
{ Zha“f thal} U b — ) (b, £] — [hilas)
=1

= 1P - Za (i, f] — Z ,hi]aﬁza;‘\hiﬁai
=1 3
—Z[f, hz,f+2a*|h\hz,f} Z il hila; — Za|h|az

i=1 i=1

n

= [f1? =Y _If hillh, £)-

i=1

O

Remark 2.3. Results such as these can be found in [1] and [2], where a concept of
an orthonormal basis for Hilbert H*-modules and Hilbert C*-modules is discussed.

Let us emphasize that there are inner product H*-modules and inner product C*-
modules that lack the property of being a complex vector space that is compatible with
the structure of A (see, for example, [6, Example 4.1]). However, for A € C, h € H and
a € A we put A(ha) := h(\a). In particular, if h € H is a lifted projection, then h|h| = h,
so we are able to define Ah := h(A|h|) and we have (Ah)a = h(Aa) = A(ha) for every
A € C and every a € A.

Corollary 2.4. Let A be a proper H*-algebra or a C*-algebra. Let (H,|[-,]) be an
inner product module over A and let {hy,...,h,} be a set of mutually orthogonal lifted
projections. For all f € H and \y,...,\, € C,

2
=1

=1

Proof. It is sufficient to define a; = A;|h;| and apply Theorem 2.2. |

3. Griiss-type inequalities in inner product H™*-modules

Let us recall the original Griiss inequality [9]. Let f and g be real functions that are
defined and integrable on [a, b] C R. If there exist real constants ¢, ¢, v, I" such that

o< f(x)<p, v<yglx)<T (x€]a,b]),
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o [ rwewar— ot [ i@ [ gwar <o - pw o)

The constant i is the best possible.
Recently, some papers on the Griiss inequality in real and complex inner product spaces
have appeared [3,4,15]. Here we reproduce the basic result from [4].

then

Theorem 3.1. Let (H,{(-,-)) be an inner product space over K (K =R or C) and let
e€H, el =1.Ifp, &, v, I" are real or complex numbers and x, y are vectors in H such
that the conditions

Re{(de —x, 2 —pe) 20 and Re(l'e—y,y—ve) =0 (3.1)
hold, then we have the inequality
[z, y) — (z, e)le,y)| < flo— ¢l - [ =l
It is easy to see that the assumptions (3.1) are equivalent to the following conditions:

F+7€
2

- <
Tr —

B 2|¢ <)0| and H < %|F - 7‘

Generalizations of Theorem 3.1 for inner product modules are given in [7].

In the following text we give Griiss-type inequalities which are based on Bessel-type
inequalities (2.1) and (2.2) described in the previous section.

Let (H,[,-]) be an inner product H*-module or an inner product C*-module and let
{h1,...,hs} be a set of mutually orthogonal lifted projections in H. Below we will use
the notation [-,-] for the mapping defined on H x H by

[[fag]] Z z ug

i=1

The mapping [-, ] is a generalized semi-inner product on H. The properties (H1)—(H3)
can be verified by simple calculation and (H4) is, in fact, the inequality (2.1).

Theorem 3.2. Let (A, ||-||) be a proper H*-algebra. Let (H, [-,]) be an inner product
module over A and let {hy,...,h,} be a set of mutually orthogonal lifted projections in
H. Ifa;,b;,ci,d; € A(i=1,...,n) and f,g € H are such that the assumptions

- Zh(aﬁb)m ;( ai—bi||2>1/2,

o Er (=5 <o)
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hold, then we have the inequality
n
( =Y [f.hil z,g)
=1
1 1/2
i leaz—b\l zzllcz—dH2
4
a; +b;
Z\laz—bu —|[|f - Zhi .
i=1 i=1

1 2
. (Q;uci—di -
2

The constant i is the best possible.

2>1/2

2 ¢+ d;
-2 (*5%)

i=1

2>1/2. (3.3)

Proof. From the strong Cauchy—Schwarz inequality (see [10]) for a semi-inner product
H*-module (H,[-,]), we get

TN
= r(15,9)? < (1. /) x(lg. 1)

( Zn: hz,f) ([g,g] - Zn:[g,hi][hi,go

=1 1=1

(tr %) zz:tr [hi f1[his £1) )(tr l91) Zz:tr [hi, g1 wg]))
~ (nse - 2_: . 21 ) (ol - ZH i) )

From Theorem 2.2 we have

) ) 2
PP =S U bk, £ < ’f Zm(‘“;bj
1

=1

which implies that

n

e (162 = St mine 1) < or |1 - zh<;b)

i=1

y

This yields

- a; bz'
A1 =3 e A1 < || = o (252
1
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In the same way we obtain

llal? - 2_: sl < o - Zh(;d) ) (35
Multiplying (3.5) by (3.6) w; get 7
(s - Z s, 117 - (il - Z gl
P g5 o

Let us define

1/2

1 n ) 1/2 1 n )
m=g(Sta-n?) o= 3 (e al?)
i=1 1=1

Taking into account the assumptions (3.2), we can also define
2>1/2

1 - - a; + b;

(e

=1 1=1

1 n n i +d; 2\1/2

q:(4Z”Ci—di2_H‘g—Zhi( D) > > .
=1 =1

Applying the inequality (m? — n?)(p? — ¢®) < (mp — nq)?, we get

- alerl 2 - Ci+dl
=)l (5%)
=1 =1
1 n n 1/2
< (3(Zta -0t - )
1 =1

i=

n n ) ) 2\1/2
- (iznaibiHQ'Hfzhi(al;bz) >
i=1 1=1
n n ; dz 2\1/2\2
X(iZHCi—dHQ—H‘g—Zhi(C —; ) ) ) (3.8)
i=1 i=1

The inequality (3.3) is obtained after comparing the inequalities (3.4), (3.7) and (3.8).

If the submodule of H generated by {h1,...,h,} is not equal to H, then there exists
h € H such that h# > | hilhi, h]. If we put k=h—>""_, hi[h;, k], then k € H is
non-zero and for any j € {1,2,...,n} we have

2

[k, h;] = [h, hj] — i[h,hi} [his hj] = [hy hy] = [hy hyllRy|? = 0.
i=1
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Let us define

= k(MK +ih(a;b) g9 = k(ulkl) +Zn:hz'(ci ;di>’

=1 i=1

where

1/2 1/2

— i (Dl 0?) = g (Sl - i)
TP\ 2 e \ 2

For these f,g € H, (3.2) and (3.3) become equalities. More precisely,

-4
[ Zh@”)”’ <lecld||2>2

(so the second summand on the right-hand side in (3.3) vanishes), and

(0= il ) = (Znaz—bu Z||cz—d|2)1/2.

=1

Hence, the constant i is the best possible. (I

Corollary 3.3. Let (A, ||-||) be a proper H*-algebra. Let (H, |- ,-]) be an inner product
module over A and let {hy,...,h,} be a set of mutually orthogonal lifted projections in
H. If a;,b;,¢;,d; € A (i =1,...,n), and f,g € H are such that the assumptions (3.2)
hold, then

(1.0 SOl ) < (Znaz—bn chz—dﬁ)

i=1
The constant l is the best possible.

For @i, ¢i, i, I1 € C (i = 1,...,n) weset a; = ¢i|hi|, b = @i|hi|, c; = L hil, di = ilh]
(i=1,...,n) in Theorem 3.2 and Corollary 3.3 to obtain the following corollary.

Corollary 3.4. Let (A, ||-||) be a proper H*-algebra. Let (H, |- ,-]) be an inner product
module over A and let {h1,...,h,} be a set of mutually orthogonal lifted projections in
H. If ;,¢0i,7vi, [; €C(i=1,...,n) and f,g € H are such that the assumptions

[l- ZW% (Zl@ R
3.9
‘HQEF;% ;(ZIF ul? |||h|2)2 Y
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hold, then we have the following inequality:

n
(11— 15l
=1
1 n 1/2
< 1 D16 oI S 1= )
i=1 i=1
n n 2\1/2
1 ¢i + i
—(4Z|¢i—w|2|hi|||2—mf—zZthz )
=1 =1
n n 2.1/2
1 2 2 I+
(1 mnmmir o= 5| )
1 n n 1/2
<3 (Xt ol UmIP 1 - Plali?)
=1 =1

The constant i is the best possible.

For n = 1, Theorem 3.2 and Corollary 3.3 become the generalized Griiss inequality
and its refinement.

Corollary 3.5. Let (A, ||-||) be a proper H*-algebra. Let (H, [, -]) be an inner product
module over A and let h € H be a lifted projection. If a,b,c,d € A and f,g € H are such
that the assumptions

a+b c+d
[l7-# (5 <tro-on - flo-n(59) [ <tre-ar o

hold, then we have the following inequality:

< glla—bllfle —dl

2.\1/2 2\1/2
(e =[le=a(52) ) (o= flo=n(=59)]])

< zlla = bllfle - dl|. (3.11)

The constant i is the best possible.

Furthermore, from Corollary 3.4 in the case in which n = 1 we obtain [7, Theorem 4.1]
and [7, Corollary 4.2].

Remark 3.6. For f = g, Corollary 3.3 becomes the Bessel-type inequality. Namely,
we have the following result.
If the assumptions of Corollary 3.3 are satisfied and if

H‘f Zh (aﬁb )‘H (leal b|2) - (3.12)
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holds, then we have the following inequality:

(1= ol ) < § 3 b

i=1

4. Griiss-type inequalities in inner product C*-modules

Theorem 4.1. Let (A,||-||) be a C*-algebra. Let (H, [-,-]) be an inner product module
over A and let {h1,...,h,} be a set of mutually orthogonal lifted projections in H. If
ai,bi,ci,d; € A (i =1,...,n) and f,g € H are such that the assumptions (3.2) hold,
then we have the following inequality:

-3 0030

i=1
1/2

1 n
< (a0l Y e d)
=1 =1
B 1 n Ha f_zn:h* a; + b;
4 - K3 Z — (3 2

=

e e

i=1

2)1/2

2>1/2. (4.1)

The constant i is the best possible.

Proof. First we have the Cauchy-Schwarz inequality for a semi-inner product C*-
module (H,[-,-]) (see, for example, [8, Proposition 1.1] together with [11, Theo-
rem 2.2.5.(3)]):

7.0 S hillheg

i=1

H|f|2 S 11 - 12 wuhi,mH. (12)

Applying [11, Theorem 2.2.5.(3)] on (2.2), taking into account (2.1), we get

12 = S ke 1 < [ £ - fjm(‘“”f,
that is, o -

= Sttt < |- o () | (13
Analogously, . .

]w-i[g,muhi,g} <|lls - ihz(“d) (4.4

i=1 i=1
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Multiplying (4.3) by (4.4) yields
(DD B (7 A (O
i=1 i=1

<Jlr-an ()

2

2 n
C; + dz
. — hi 4.
o= (5] e
The inequality (3.8) is then obtained as in the proof of Theorem 3.2. It remains to
compare the inequalities (4.2), (4.5) and (3.8).
The equality in (4.1) holds for the same f,g € H that give the equality in (3.3). Note

that the second summand on the right-hand side in (4.1) vanishes for such f and g
as well. ]

Corollary 4.2. Let (4, ||||) be a C*-algebra. Let (H, |- ,-]) be an inner product module
over A and let {h1,...,h,} be a set of mutually orthogonal lifted projections in H. If
ai,bi,ciyd; € A (i =1,...,n) and f,g € H are such that the assumptions (3.2) hold,
then

n n n 1/2
|70 St < 5 (X s = S les = ilP)
i=1 i=1

=1

The constant i is the best possible.

As in the case of inner product H*-modules, Theorem 4.1 and Corollary 4.2 for

a; = ¢i|hql,

bi = @ilhal,
i=1,...,n,

C; = Fz‘hl|,

di = ilhi,

give the following corollary. Note that, in contrast with the H*-case, here we have
ITAalll = 1.

Corollary 4.3. Let (4, ||-||) be a C*-algebra. Let (H, [-,-]) be an inner product module

over A and let {hy,...,h,} be a set of mutually orthogonal lifted projections in H. If
i, 0iyYi, I3 €C (i=1,...,n) and f,g € H are such that the assumptions

1 n 1/2
< 2(2 |¢i — %|2) ;

732k,

=1 2 =1
s (4.6)
o5 ] < (o)
=1 =1
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hold, then we have the following inequality:

7.0 S bl il < j{(Zm oil? Zw %F)
=1
‘ 4 241/2
_(i2|¢i_¢i|2_H’f_Z¢1;%hz )
i=1 i=1
n n ] ) 2\1/2
><(izwz'—%F—H‘g—zn—g%hi )
1 n = n 1/2121
4(§:Wr—%F§:U}—%F> :
=1 =1

The constant i is the best possible.

For n =1 we get [7, Theorem 5.1] and [7, Corollary 5.2].

The following result is the generalized Griiss inequality and its refinement and it is

obtained from Theorem 4.1 and Corollary 4.2 for n = 1.

Corollary 4.4. Let (A, ||]|) be a C*-algebra. Let (H, [-,-]) be an inner product module
over A and let h € H be a lifted projection. If a,b,c,d € A and f,g € H are such that

the assumptions (3.10) hold, then we have the following inequality:

I1f; 9] = [f, hl[A, gl

< glla = bllfc —d|

(e fla-n(557)

2\1/2 241/2
c+d
) (ate=ar=[lo-n(5%)[[)

< glla—=bllfle —d|. (4.7)

The constant i is the best possible.

Remark 4.5. If we put f = g in Corollary 4.2, then we obtain the Bessel-type

inequality. More precisely, if the assumptions of Corollary 4.2 and (3.12) hold, then
2 = St 1 < Z —
i=1

5. Griiss-type inequalities in complex inner product spaces

A complex inner product space is an inner product module over the complex numbers. If
(H,{(,-)) is a complex inner product space, then the absolute value in H coincides with

the norm in A induced by (-, -), that is, with the mapping || - || defined by || f]| = /{f, f)
for every f € H. Therefore, e € H is a lifted projection if and only if ||e]| = 1, and
{e1,...,en} is a set of mutually orthogonal lifted projections in H if and only if it is an

orthonormal set in A (that is, |le;[| =1 (¢ = 1,...,n) and (e;,e;) = 0 for ¢ # j). Then

the previous results give us the following theorem.
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Theorem 5.1. Let (H, (-, -)) be a complex inner product space and let ||-|| be the norm
in ‘H induced by (-,-). Let {e1,...,e,} be an orthonormal set in H. If @;, ¢;,7vi, [; € C
(i=1,...,n) and f,g € H are such that the assumptions

n ) ) n 1/2
Hf—Z“?z ;(Zm—wiﬁ) |

i=1 =

n I ; 1/2
-2 ] <a(gimor)

i=1

hold, then we have the following inequality:

n 1/2
(i) = D tfelen)| < (z@ me )
=1
no, Co2n/2
_<i;|¢i_<ﬂi|2_Hf_;¢zg%ei )
1 n n I+ 2\1/2

1 n n 1/2
< 4<Z 6P S - %I2> | (5.2)
=1 =1

The constant i is the best possible.

Using the fact that

Re<z¢iei a f’f_z%'ei> = %ZW‘ —wil? - Hf—z(éi—;%ei
=1 =1 i=1 i=1

2

and
2

)

Re<ZF¢€i g,gZ’Y¢6¢> = %Zujz 77i|2 . ngpi;r%ei
=t =1 i=1

i=1

we get [5, Theorem 5]. An analogue of inequality (5.2) in the case of a real inner product
space is [15, Theorem 2].
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