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Generalized Cauchy-Schwarz type inequalities and their applications
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Abstract. In this article, we present generalized improvements of certain Cauchy-Schwarz type inequal-
ities. As applications of our results, we provide refinements of some numerical radius inequalities for

Hilbert space operators. Finally, we obtain certain numerical radius inequalities of Hilbert space operators
involving geometrically convex functions.

1. Introduction

Let H be a complex Hilbert space with inner product (-, -) and the corresponding norm | - |. Let L(#) be
the C*-algebra of all bounded linear operators from # into itself. An operator S € £(7) is said to be positive,
and denoted by S > 0, if (Sx,x) > 0 for all x € H, and is called positive definite, denoted S > 0, if (Sx,x) >0
for all non zero vectors x € H. The numerical range of S € L(H) is defined as W(S) = {(Sx,x) : x e H, ||x]| =1}
and the numerical radius of S, denoted by w(S), is defined by w(S) = sup{|z| : z € W(S)}. It is known that the
set W(S) is a convex subset of the complex plane and that the numerical radius w(-) is a norm on £(H);
being equivalent to the usual operator norm ||S| = sup{|Sx| : x € X, |x| = 1}. In fact, for every S € L(H),

J18l < w(s) < s, )

The inequalities in (1) are sharp. If S* = 0, then the first inequality becomes an equality, on the other

hand the second inequality becomes an equality if S is a normal. In fact, for a nilpotent operator S with
S" = 0, Haagerup and Harpe [7] showed that w(S) < |S| cos(nt/(n +1)).

Among many techniques in obtaining numerical radius inequalities is the study of certain scalar ones.
For example, the classical Young inequality which states thatif 2,b > 0 and 0 < a < 1, then

b <aa+ (1-a)b,

is an example of such important scalar inequalities. The numerical radius has some significant properties,
such as the power inequality:

w(S") <w"(S) for n=1,2,.... (2)
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For basic information about numerical radius one can refer [6]. The author of [11, 13] improved the
inequality (1) which is stated next. If S € L(H), then

1 1
w(S) < S [Isl+1871 < S (IS]+ 1*[72), (3)
where |S| = (§*S)'/? is the absolute value of S, and

§*S +SS* §*S + SS*

<w*(S) < %y ) (4)

1
7
The inequalities in (3) refines the second inequality in (1). For applications of these inequalities one can

refer [11, 12].
Dragomir [4] showed the following numerical radius inequality involving the product of two operators:

w' (S*T) < % TP +|S”

, rzl )
The Cauchy-Schwarz inequality states that for any vectors x and y in an inner product space

()l < [yl ©6)
where | x| = (x,x)/2. The equality holds if and only if x and y are linearly dependent. The Cauchy-Schwarz
inequality is the most essential and important inequality in mathematics. Motivated by the inequality
(6), Kittaneh et al. [14, Lemma 3] improved the Cauchy-Schwarz inequality (6). Using the improved
Cauchy-Schwarz inequality, they established a result which is a refinement of (5) (for r = 2).

Motivated by the same inequality (6), we establish the following inequality

[ < (2112 = [, y) ) + [Gx, g e PO [y 20700 < ey for 0< < 1. (7)

This inequality, nicely improves the Cauchy-Schwarz inequality. As a special case to the inequality (7) we
get a recent result by Kittaneh ef al. [14, Lemma 3]. Using the inequality (7), we establish a new refinement
of the inequality (5) (for r = 2).

The Schwarz inequality for positive operators reads that if S is a positive operator in £(#), then

(Sx, ) < (Sx,x) (Sy, ) 8)

for any vectors x,y € ‘H. In 1952, Kato [9] introduced a companion inequality of (8), called the mixed
Schwarz inequality, which asserts

(2} < (ISP % x) (I8P yy),  O<asl, ©)

for all operators S € £L() and any vectors x, y € H. In particular, the following inequality

[(Sx, y)| < V/{ISlx,x) (IS*| v, ) (see[8,pp 75 - 76]. (10)

A generalization of the mixed Cauchy-Schwarz inequality which is useful in proving our main results
is presented as follows.

Lemma 1.1. [10, Theorem 1] Let S be an operator in L(H). If f and g are non-negative continuous functions on
[0, oo) satisfying the relation f(t)g(t) =t forall t € [0, c0), then

[(Sx, ) < [ £SO g (ST for all x, y in H. (11)
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Motivated by the inequality (11), we shall establish in this article that

(Sx, 1) < p{ £2(SDx, XGPSy, ) + (1= IS, IFUS), x) 2 (G (IS*y, v) 2
<(F2(SNx, x)g*(IS* Ny v) (12)

forall x,yin H, 0 < y < 1 and f, g are non-negative continuous functions on [0, c0) satisfying the relation
f(t)g(t) =tforallte [0, c0). This inequality (12) improves the inequality (11). By employing the inequality
(12) and for f(t) = g(t) = t'/?, we obtain a considerable improvement of the second inequality in (4). As a
special case to the inequality (12), we obtain an improvement of Kato’s inequality (9).

The following lemma demonstrates a norm inequality involving convex functions of positive operators.

Lemma 1.2. [1, Theorem 2.3] Let f be a non-negative, convex function on [0, o), and let S, T € L(H) be positive

operators. Then
P
2 2
ST+T"

S+TY
<
2 2
The following lemma is known as the operator version of the classical Jensen inequality.

Lemma 1.3. ([17, Theorem 1.2]) Let S € L(H) such that S is self adjoint and sp(S) c [m,M] for some scalars
m < M. If f(t) is a convex function on [m, M|, and x € H be a unit vector then

f({Sx,x)) < (f(S)x,x),

In particular, if v > 1, then

where sp(S) is spectrum of an operator S.

The following McCarthy inequality can be obtained as a special case of Lemma 1.3. For more details one
can follow [10], and [17, Theorem 1.4].

Lemma 1.4. [McCarthy inequality] Let S € L(H) be a positive operator and x € H with |x| = 1. Then
(i) (Sx,x)" < (S'x,x) forr > 1;
(ii) (S"x,x) < (Sx,x)" for 0 <r < 1.

The objective of the article is to improve the inequalities (4), (5) (for r = 2), (6), (9), and (11).

To do this, the article is organized as follows. Section 2 contains our main results, and is of two parts.
The first part presents refinements of generalized mixed Cauchy-Schwarz inequality, Kato’s inequality.
Using these inequalities we have established certain numerical radius inequalities for operators on Hilbert
space which refine the Kittaneh’s inequality (4). We also obtain certain numerical radius inequalities using
generalization of Buzano’s inequality. Some special cases of our results lead to the results of earlier works in
the literature while in the final part, we show how geometrically convex functions can be used to calculate
the numerical radius of Hilbert space operators. We emphasise that this application to numerical radius
inequalities is a novel approach that we hope will be useful to field researchers.

2. Main Results

2.1. Numerical radius inequalities via Cauchy-Schwarz type inequality
The following lemma is a refinement of Lemma 1.1.

Lemma 2.1. Let S be an operator in L(H). If f and g are non-negative continuous functions on [0, co) satisfying
the relation f(t)g(t) =t forall t € [0, 00). Then

[(Sx, ) < w{FUSD, NG (S Dy, y) + (1= IS, pI(F(SDx, )2 (77 (IS Dy, )
<(f2(8hx xNg* (IS Dy, y) (13)
forallx,yin Hand 0 < p <1
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Proof. Using Lemma 1.1 and for 0 < p < 1, we have

(S, )P = pl(Sx, y) + (1 - w)l(Sx, y)lI(Sx, y)|
< w{£2(8Dx WU Dy, v) + (1= w(Sx, PIFAUS)x, x)2 (2 (1S Dy, ). (14)
On the other hand,
(S, )2 (1S Dy, y) + (1= WSz, ) FA(SDx, )2 (G (1S Dy, )2

< u(F2(SDx, NG (S Dy, y) + (1= (FAUSD% XGPSy, v) = (F2(ISDx,x) (g (1S, v)
= (£2(1SDx, NG (IS v, v)- (15)

Combining (14) and (15), we get
(S P < (PSS Dy, y) + (1 - I (Sx IS 2 (1S Dy, v)
< {2(ISDx, x> (IS* )y, y)- (16)
|

Remark 2.2. For f(t) = t* and g(t) = t'~%, 0 < a < 1 in the inequality (13), we find the following inequality.

a *12(1-a a " -a
(5 ) < ISP 2) (ISP ) + (1= (sl {157 xx) {1+ g, )
<(1sfxx) (5 PV yy),  0s<p< 17)
One can notice that the inequality (17) is a refinement of Kato’s inequality (9). For f(t) = t'/? and g(t) = t'/2,
u = % in the inequality (13), we find an inequality which is an improvement of the inequality (10) (see
also [14, Inequality (14)]). In particular, if S = I in the inequality (17), the inequality is the refinement of
Cauchy-Schwarz inequality. We should remark here that the inequality (13) is the generalization of the

inequality [14, inequality (14)].
As an application of Lemma 2.1, we have the following theorem.

Theorem 2.3. Let S € L(H) and let f, g are non-negative continuous functions on [0, 00) satisfying the relation
f(t)g(t) =t forallte[0,00). Then

@A(5) < E17(80) + g (5D + 5 (SIS + #(SDI for 05 pe<1. (18)

Proof. Putting y = x in the first part of Lemma 2.1, and using AM-GM (arithmetic mean-geometric mean),
and McCarthy inequality, we have

(S, < (8D, x5 ), ) + (1 - (S, 1) ), 1) g (157 ), x)

< B (P + (5" D x) + T s 1 (2513 0) + (9215 )

* (1_ ) *
< AP + 415" D) xx) + =52 HSx (IS + (18 D) %)
Taking supremum over x € H with |x|| = 1, we have the desired inequality. [

Remark 2.4. For f(t) = t* and g(t) = 7%, 0 < a < 1 in the inequality (18), we find the following inequality.

a * - 1- o *12(1-a
w?(5) < JIs + |5 H0-) + —Ea(S)lIsP + 15", for 0<p<1.
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For a = J in Remark 2.4, we have the following corollary which demonstrates that our inequality in Corollary
2.5 is much stronger than the inequality (4).

Corollary 2.5. Let S € L(H). Then
w?(S) < HHISIZ NSGEE w(S)HISI 1571l < 5 HISI2 +ISP], for Ospu<1. (19)
Proof. Putting a = 5 in Remark 2.4, we have
w’(S) < HIHSIZ NSGEE W(S)HISI Sl
< LlisP+1sP +T“H|S|+|s*|n2

2
. 1-ul|(2]S|+2|s*
= LlISP +1s*P1 + “H( Sl ')

< Byl + 5Py + Lt H<2|5|>2+<z|s )2

= Slisp +1s° P+t —E JIsf + 15

= §H|5|2+ 1S* 1,

where the second inequality follows from the inequality (3), third inequality follows from Lemma 1.2. [

Remark 2.6. For u =3 zn Corollary 2.5, we have the following inequalities.

1 . 1 o 1 "
w*(8) < ISP+ [S* P + Jw(S)IS|+ 1811 < S ISP + ISP, for S e L(H). (20)

The following example shows that inequality (20) is an improvement of the second part of the inequality

).

0 00
Example 2.7. Let S = (1 0 0) Then, §||SI +|S**| = 1, whereas §||S]* +|S*[*[ + ;w(S)||S| + |S*|| ~ 0.8536.
010

Remark 2.8. We mention here that Corollary 2.5 is a refinement of the Kittaneh inequality (4). Putting u = % in
Corollary 2.5, we get an inequality due to Kittaneh et al. [14, Corollary 2].

Buzano [3] obtained the following extension of the celebrated Cauchy-Schwarz inequality

[(x, e)(e, )l < %(HXHIW\HI(xy)I) (21)

where x, y, e are vectors in H with |e]| =1
Moslehian et al. [15, Corollary 2.5] obtained the following generalization of Buzano’s inequality

Blx, edle, y) = (x, y)| < max{1, | = 1[}|x[|y], (22)

where x, y, e are vectors in  with |e| = 1 and § € C. Inequality (22) was also recently established by Bottazzi
et al. [2, Proposition 3.1] using a rank one operator. If § € C \ {0}, then inequality (22) is equivalent to

(e, y) - <) <

5 B ~ max{1, |8 - 1]} x| y].
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Using the continuity property of modulus for complex numbers, i.e. |a - b| > ||a| - |b||, we have

1
(e~ it y>|‘ < max(L - 1) 1],
which implies that
e, )l < |;|(|<x,y>| + max{L, |§ - 1[}]x] |y|). 23)

For B = 2 in inequality (23), we have the Buzano inequality (21). Using inequality (23) and 0 < u <1, we
have

|(x,e)e, y)” < xe)le, y)ll(l(x,y)l +max{1, g - 1]}|x| IIyI)

g

- lmele y>||ﬁ| (101« max, g~ e
lmebte I 2 (1 b+ max(t - 1) o111
< ij(ux,yn + max(1, [ - 11} x| |y||)2
lebte 2 (1 0 max(t - 1) o111

|ﬁﬁz(ux WP + max(L, 5 1 21yl

2l max(1, I~ 10 ]
lebte 190 x5~ 1 ) o4)

As an application of the inequality (24) we have the following result.

Theorem 2.9. Let S € L(H) and u € [0,1], B € C~ {0}. Then the following inequality holds.

w(S) < |ﬁ|2w 2(82) + St max{1, |- IS + (5" + |ﬁ|2 max{1, |8 - 1[}w(5*)|IS]* + |5

2|81

(S)[w(SZ) max{1,|ﬁ—1|}

2

1-
—+

S[2+ (S| |. 25
|ﬁ| IS +1 II] (25)

Proof. Letx,y,ee?,0< u<1and replacing e by x, x by Sx, y by S*x in the inequality (24), we have

(55,3 < |“|2(|<s %, x)P + max{1, 5 - 1|}|Sx2|s*x|2)

vsTFZ'(S%‘ x)| max{1,|g - 1[}]|Sx| |S" x|

P FI(SXIXHZ(I(SZX/X)I +max{1, [ - 1[}[Sx| IS*xI)-
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(5,2 < (8%, x) P + max{1,[8 - 11} Lo (18P, x) (1S P, )

B
15, )| VISP, 1) (8", %)

"< 5
+max{l,|p - 1|}

P
<5x,x>|2(|<szx,x>| + max{1, |- 1 ¢<|S|2x,x><|5*|2x,x>)

Iﬁl

5250 max(1, 5~ 1) (5820 o 5P 22)

267
(s >|(<S|2x,x>+<|s*|2x,x>)

SW

+max{l,|f -1} |/3|2|

N x)|2(|<82x,x)| + max{1, |;a—1|}<|5| x,x) +{|57] x”‘>)

2

< L|(Szx,x)| +max{1,|p - 1|}2|ﬁ|2 ((|S|4+|S*|4)x,x)
+max{1,[ - 1|}|ﬁ|2|( x, )| (ISP +1S* ), x)
(Sx,x)|2(|(52x,x)| " w (s + |s*|2)x,x>).

IﬁI

Taking supremum over all x with |x| = 1, we get our desired result. O

Putting ¢ = 1 and B = 2 in Theorem 2.9, we get the first part of the following corollary.
Corollary 2.10. Let S € L(H). Then

1 1 | o 1 1 .
wh() < () + 1 ISIF + IS+ G SISE + 1] + J?(8)| w(s?) + ISP + 157
8 16 8 4 2
1
< Z[ISI* +[S* ).
SISl 571
Proof. Our aim is to prove the second inequality. Using power inequality, one may write
L)+ ISP+ 157+ (ISP + I + () [w(s?) + SIsF +15* ]
< SwA(S) LIS+ 157+ SaP(S)IISE +[5° ] + ywA(S)[w(S) + 3 ISP + Is*P]
<o+ 1S+ 2SI 1571+ <o 1ISP +15°RIZ + 2 ISP + Is°P
1 . 3 .
= SISt + 151 + = ISP +[5°PI?

2P +2/5* 2\
HERE H(|2||)

8

1 Lo\ 2
< Ljisf+1sp) H 25P)* + (215 )

| = 0

LSt el Hsr* S

= 5H|5|4+|5*I4H,

7653

(26)
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where the first inequality follows from the power inequality (2), the second inequality follows from w?(S?) <
L1ISI* +1S**| and w*(S) < 1 |SI* +|S*[*|, and the last inequality follows from Lemma 1.2. [

Remark 2.11. Putting i = % and p = 2 in Theorem 2.9, we get a recent result by Kittaneh et al. [14, Theorem 3].

2.2. Numerical radius inequalities via geometric convexity

In this section, we present some applications of geometrically convex function to numerical radius
inequalities. If I is a sub interval of (0,00) and f: I — (0, c0), then f is called geometrically convex, if

f@ ) < fE @) fAb),  pel01], (27)
for more on this one can follow [16].

Theorem 2.12. Let S € L(H) and h be an increasing geometrically convex function. If in addition h is convex, then

h(@?(8)) < ulah(ISP*) + (1 - a)h(S* )| + ! ; En(ew(8))1(ISP*) + h(S*PA)], (28)

foro<p,a<l.

Proof. By using the monotony of /1, we have for any unit vector x € #,

h((5x,2)P)

= uh(|(Sx, %)) + (1 = ph(|{Sx,x))

< (ISP, )15 PO, x)) + (1 = p)h(|(Sx, 1)) /{ISPx, x) S+ PO, 2))

< (ISP, x)(1S* P, x)17%) + (1 = w)h(I(Sx, x) e /([P 2|5+ P00, x))

< h® (ISP I (5% P, x)) + (1 - w)h(1(Sx, x)) (V/R((ISPx, x)h((]5* A=, x)

< p(ah({ISPx,x)) + (1 - a)h({IS* P, x)) + (1 - p)h((Sx,2)) (/ISP ) (IS P00 ), x)

< p{(ah(|SP) + (1= a)h(|S*F))x,x) + - ;“h(|<5x,X>|)((h(ISIZ“) +h(|SPY))x, x),

where the first inequality follows from the inequality (9), the second inequality follows from McCarthy
inequality, third inequality follows from the inequality (27), fourth inequality follows from Young's in-
equality, and fifth inequality follows from Lemma 1.3 and AM-GM. Now, by taking supremum over x €
with |x|, we have

1-

5 En(w(8)) [h(SP) +h(S* A=),

h(w?(8)) < ulah(ISP?) + (1 - a)h(IS* )| +

as required. O
Remark 2.13. Let S € L(H) and setting h(t) =t',r > 1, we have
1-
w”(S) < plalSP" + (1 - a)|S* P + THWV(S)HISIM +[S* P, for O<a <.

Remark 2.14. Putting i = %, a =1, r=1in Remark 2.13, we get a recent result by Kittaneh et al. [14, Theorem 2].
For u =0, we have a result by El-Hadad et al. [5, Theorem 1] and for u = 1 we have a result by El-Hadad et al. [5,
Theorem 2].
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Finally, we should mention that our analysis can be used to obtain a number of numerical radius inequalities
involving generalised Cauchy-Schwarz type inequality and geometrically convexity for Hilbert space op-
erators. Further research on this topic could lead to the discovery of an interesting area for future research.
We leave the details to the interested reader.
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