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1. Introduction

The Hilbert C*-module serves as a prevalent instrument within the realms of operator
and operator algebra theory. Moreover, the theory of Hilbert C*-modules is a captivating
subject independently. This is because the Hilbert C*-module is associated with the theory
of operator algebra and assimilates various concepts. Hilbert C*-modules initially emerged
in the work of Kaplansky, I. [1]. Kaplansky, I. employed Hilbert C*-modules to demonstrate
that derivations of type I AW*-algebras are internal. Subsequently, the theory of Hilbert
C*-modules was broadened to general C*-algebras and Hilbert spaces by Paschke, W.L. [2]
and Rieffel, M.A. [3]. Paschke, W.L. and Rieffel, M. A. utilized Hilbert C*-modules to prove
that induced representations of C*-algebras are connected to Morita equivalence. Since
then, Hilbert C*-module theory has flourished. Hilbert C*-modules are the main tools
of noncommutative geometry [4], KK-theory [5], quantum group theory [6], generalized
index theory [7], operator-valued free probability theory [8], and quantum probability
theory [9-12]. Hilbert C*-module theory is developed in the application process. Hilbert
C*-modules serve to generalize the structure of the Hilbert space. Hilbert C*-modules
achieve this generalization by redefining the inner product such that its values lie within a
C*-algebra. The values of the inner product within a Hilbert space belong to the complex
number field. That is to say, Hilbert C*-modules are the consequence of integrating the
concepts of Hilbert spaces and C*-algebras. Additionally, it can be stated that Hilbert spaces
and C*-algebras can be considered as special cases of Hilbert C*-modules. Consequently,
the theory that serves as the foundation for Hilbert C*-modules arises from the intersection
between the theoretical frameworks of Hilbert spaces and those of C*-algebras.

The investigation into the numerical range and numerical radius has a long and
remarkable history. The concept of the numerical range originated from the Rayleigh
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quotients utilized in the 19th century and has developed to be applied in numerous modern
fields. These fields cover multiple aspects. For example, in functional analysis, it is used
for norm estimation and the determination of bounds. In operator theory, especially in
the context of differential operators, it plays a role. In numerical analysis, it is related
to the convergence rate of algorithms. In quantum computing, it is applied to quantum
error correction. In quantum information theory, it is involved in the study of quantum
channels. And in quantum control, it is used for optimizing witnesses. The numerical radius
represents the radius of the smallest disk centered at the origin that encloses the closure of
the numerical range. The numerical radius also serves as a valuable tool for characterizing
the numerical range. Furthermore, the numerical radius plays a highly significant role in
the stability theory of the finite difference approximate solutions for the hyperbolic initial
value problem. In the context of researching inequalities within the fields of operator theory
and matrix analysis, the study of inequalities related to the numerical radius is one of the
most crucial topics (see [13-17]). Recently, many scholars have studied properties of the
numerical range and the numerical radius for bounded adjointable operators on Hilbert
C*-modules (see [1,2,18-25]).

Let us recall the definition of a Hilbert C*-module over a C*-algebra A (as shown
in [1]).

Let A be a C*-algebra. A semi-inner product A-module is a linear space E which is a
right A-module with the compatible scalar multiplication of

A(xa) = (Ax)a = x(Aa) forallx €E,a € A,and A € C

together with amap (-,-) : E x E — A, which has the following properties:

1) (xay+Bz)p =al(x,y)p+B{x,2)g, x,y,z€ E, 0, €C,
@ (xya)p=(xy)ga, x,ycEac A,
@) (xy)r= (v %) x,ycE

1
For every x € E, we put ||x||zp = ||(x,x)||2. A semi-inner product space E, which
satisfies

|xlp =0&x=0, 1)

is called an inner product A-module. A complete inner-product A-module is called a
Hilbert C*-module.

If A degenerates into the complex field C, then the Hilbert C*-module E becomes
a Hilbert space. Thus, the Hilbert space can be regarded as a special case of the Hilbert
C*module. If A degenerates into the complex field C and the inequality (1) is not satisfied,
then the Hilbert C*-module E is a semi-Hilbert space (see [26-28]).

Suppose that E and F are Hilbert C*-modules. We define L(E, F) to be the set of all
maps t : E — F for which there is a map t* : F — E such that (tx,y); = (x,t*y), for all
x € E, y € F. Itis known that t must be a bounded A-linear map (that is, t is a bounded
linear map and t(xa) = (tx)aforallx € Eanda € A).If E = F, then L(E) is a C*-algebra
together with the operator norm. A state on a C*-algebra A is a positive linear functional
on A of norm one. We denote the state space of A by S(A).

In [29], Buzano, M.L. proved the Buzano inequality

[(9(tx X)) y)p)? +lo(x e, @

NI~

lo((x,e)p)ep{ey)p)] <
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where x,y,¢ € Eand ¢ € S(A) with ¢(|e[*) = 1. If we take ¢ = (p_%(<y,y>5)y in (2), we
get a Cauchy-Schwarz inequality as follows:

lo((x, 1)) < o((x, %))y, 1) ). (3)

Fort € L(E),let Wa(t), wa(t), ||t|| denote the numerical range, numerical radius, and
operator norm, respectively, namely

Wa(t) = {p((x,tx)p) : x € E, ¢ € S(A), 9(|x*) =1},
wa(t) = sup{|@((x,tx)p)| : x € E, ¢ € S(A), 9(|x*) =1},
It = sup{|9((x, ty) )| : x,y € E, ¢ € S(A), o(|x*) = p(ly*) =13,

1 1
where [x| = (x, x){, [y| = (v, y) -
In [19], Mehrazin, M. obtained that if t € £(E), then

el < wa(t) < . @

The inequality is sharp, w4 (t) = ||t||, if ¢ is a self-adjoint element of L(E).
Mehrazin, M. also improved the inequality (4). It has been shown that

1 1
It < wy(t) < St + . (5)

In [18], Fakri, M.S. generalized the second inequality in (5). It is well known that
ift € L(E)andr > 1, then

1
WY (1) < 5|17+ 1 (6)

And they also obtained the upper bound of the numerical radius for the product of two
bounded adjointable operators on Hilbert C*-modules.

1
W (s7t) < §H|t|4r sl e, 7)

where |t| = (t*t)% is the absolute value of t € L(E).

In Section 2, we give the generalized inequality (2) and the extension inequality (3). In
Section 3, we present the upper bounds of the numerical radius of the bounded adjointable
operators on Hilbert C*-modules. And, our bounds refine and generalize the existing
related upper bounds, as shown in Remark 6 in the text. In Section 4, we obtain the upper
bounds of the numerical radius of the product of two bounded adjointable operators on
Hilbert C*-modules. And, our bounds refine inequality (7), as shown in Remark 8 in
the text.

2. Preliminaries

To establish our principal results, we require the following series of lemmas.
Lemma 1 ([18]). Let t € £(E), t > 0and x € E. Then, for every ¢ € S(A) with ¢(|x|*) =1,

(v t'x)p),  r=>1.

o({x,t'x
e((x,t'x)p), 0<r<1.
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Lemma 2 ([30]). Ifa,b > 0and 0 < a <1, then, form =1,2,3--- , we have
(a*b N £ (a? — b7 )% < (aa+ (1—a)b)",

where rg = min{a, 1 — a}. In particular, if x = , then,

a+b)m
7 .

— )% < (

Lemma 3 ([31]). Let f be a non-negative convex function on [0,00) and let t,s € L(E) be positive
operators. Then,

Hf tts) ’< Hf(t)+f(5) ’
2
In particular, ifr > 1, then,
<t—|—s)r 45"
2 - 2

Lemma 4 ([24]). Let D be a subset of R and let f, g : D — [0,00) be a mapping such that f(B) +
g(B) = 1forall B € D. Let E be a pre-Hilbert C*-module and ¢ € S(A). If x,y,e € E such
that ¢(|e|?) = 1, then for any r > 1and « € C\ {0}, we have

lo((xe)p)p((e,y)p)

112
< max{ll/illx2 o mp)p( )y

SE)) o (2, ) ) (ol (3, he)ple, )|

fB) r2maxilln ~ U} oo o y) p)E

Jf?

2

(2 y)p) (e((x e)p)p((e,y)p)) ™.

+

Remark 1. If we take r = 1 and o = 2 in Lemma 4, then,

lo((xe)p)p((e )l < ifp(<x,x>g)<p(<y,y>g> +

+f(ﬁi+2(¢(<x,x> Yo, ¥)p) e ((xy)p)l.

8 ()

Remark 2. When the Hilbert C*-module space degenerates to a Hilbert space, letr =1, a = 2,
g(t) = 0 IE()H) and f(t) = % in Remark 1, where h : (0,1) — R Then,

(xe) )P
< IR+ g s P + oo el s ®
Moreouver,
x,0) e ) P
< IR+ g s ) P+ (22+mewuxw|
< JIRIVIE + gt PR + o el e
< I P+ s ),
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which imply that inequality (8) refines Lemma 2.20 of [32], namely
3h(t) + 5h(t) +
x,e){e, < —F + e ||x X, (10)
[(x,e) (e ) < 80D+ )H P lly? 80D + )II Iyl (x, v)1-

Lemma 5 ([24]). Let D be a subset of R and let f,g : D — [0, 00) be a mapping such that f(B) +
g(B) = 1forall B € D. Let E be a pre-Hilbert C*-module and ¢ € S(A). If x,y € E, then for
anyr > 1and « € C\ {0}, we have

(1- ﬁfﬁmo«x,wgn”

a2
< max{1|,01¢|’é2 1] }(¢(<x,x>5)(l’(<%y>E))r

f<ﬁ>+2m|i>|<2{1f|“—1'}<¢<<x,x> Yol 1)e) E Lo (6, y)p) I

+

Remark 3. Ifwe take r = 1 and o = 2 in Lemma 5, then,

lo((xy)p)

< e PR e ne + R (0 ol e o))

3. The Upper Bounds of the Numerical Radius on Hilbert C*-Modules

In this section, we present a general upper bound for the numerical radius of bounded
adjointable operators on Hilbert C*-modules with different parameters. Furthermore, when
the Hilbert C*-module space degenerates to a Hilbert space and the parameter takes a
special value, the inequality of the numerical radius of the bounded linear operator in the
Hilbert space is improved.

Theorem 1. Let t € L(E) and let D be a subset of R. Let f,g : D — [0, 00) be a mapping such
that f(B)+ g(B) = 1forall B € D. Then, form =1,2,3,- - -, we have
1 x4 +2 *1(2

4
— inf y(x),
o(Ix[)=1

where
(x) = ()" 2" (% tx) ) — @" (x|t x) )2

Proof. If we take x = t*x, ¢ = x and y = tx in Remark 1, then,

(i )

Lot el ) + S g, 1)) P

+f (’2 (pl{tx, 1)) (#3,£°%) ) (£, £x) )|
(by Remark 1)

= ot Do (x b Py ) + 88 o (n,x) )f

B2 0 o) Jol(x 11 Px) E|o((x2x) ).
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Further,
|¢<<x tx) )|
< Do t2x) Jo((x 1 Px) )+ 88 o (x 2x) )
f(ﬁl (o 1) o (x 1T >E> o((x.Px) )"
< 00U 1) Dol (x 1 Px) )y + £ W“z R
+ LB (o) ot (1) 0¥ ol () )|

(by Lemma 3)

Employing the generalization of Young inequality in Lemma 2, we have

|p((x, tx) )| "
L P P

4 2
B (e ) — (xR )2+ B o (x ) )
X, 2y X, *2x m
+f(ﬁi+2.(qo<< t >E>+2‘P<< ] >E>)m’¢(<x,t2x>E)‘
(by Lemma 2, AM-GM inequality)
17 "((x,|HPx) )+ @2 (x| x) )
4 2

— o () ) — (I ) )2+ B () )
f( ) +2 . (Pm(<x’ |t|2x>E) * gom(<x’ |t*|2x>E) )‘P(<x t2x> )’m
’ E

Ty 2
(by Lemma 3)
<12 Pl (" :'” )>E)—<§>m<fpm<<x,|t|2x>E>—qom<<x,|t*|2x>E>>2}
8B o) )" LELE2 o e ) )t 20) )|
(byLemmal)
Therefore,

|o((x, t2) )"
< e + £ + LELE2) e e )

G (i) ) - g (P )

Now, by taking supremum over all x € E and ¢ € S(A) with ¢(|x|*) =1,

k(1) < 1+ e 4+ 8 a2y 4 LEEZ o e 2)

- inf (),
o(lxH)=1
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h
where 1

(%) = ()" 29" ((x tx) ) — 9" ((x 1) ).
O

Remark 4. When the Hilbert C* -module space degenerates to a Hilbert space, let x =2, m =1,
g(A) = ALH and f(A) = %H in Theorem 1, where A > 0. Then,

wh(t)
< gl e+ e + aif 162+ 11 P Jo) - - inf 9, v
where 1
1) = 5((x IHx) = (o))
Moreover,
wh(t)
H“|+“|H+,L+mw%ﬂ)+§§1?HM + | () fﬁﬁng)
(by inequality (7))
< el + 1 + g /\+1 it + 11t + Zﬁf 12 2 |eot?) —Hjﬁliil')’(x)
- 2w+ Rt 4 o) g 1)

Ix|*=1
which imply that inequality (11) refines Theorem 2.9 of [33], namely

2A+3

2A+1
wh(t) < TRy

s+l s

‘|t| + |t Hw (), A>0.

Next, we will present Example 1 and Example 2 to illustrate the effectiveness of the
results in Remark 4.

Example 1. Consider y(x) in the above Remark 4, namely

7(0) = (3 ) = (o 1)

010 000 100 00 2

Let t=10 0 2|, then|tP =0 1 of,|t*=1]0 4 o|,2=10 0 0,
000 00 4 000 00 0
00 0 1 0 0

itr=10 1 o, |*[*=1{0 16 0|.LetA =1, then,
0 0 16 0 0 0

1.5625 = w?(t)

1 1 5 .
< S|t + 11+ P () + |1+ 1P| ) = inf ()
8 8 16 :
flx]=1
= 3.8125,
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where
inf y(x) =0.
[lxl=1
In [33], we have
_ 4 B vad e rdll L S a2 e 2l 2y
1.5625 = w™(t) < —||[t|" + |t*|7|| + = ||[t|” + |"|"||w(t*) = 4.75.
16 16
Example 2. Consider y(x) in the above Remark 4, namely
1 2 #12.\\2
(%) = 5 (% [tx) = (x 1))
0 0 0 [0 I 0] 0 00 I 0 0
Lett= |1 0 0|, thent*= |0 0 2I|,2=10 0 of, |t = |0 4I o], |]*=
0 2 O 0 0 0] 21 0 O 0O 0 O
00 0 I 0 0 0 0 0
0 I of,]f*=10 161 0f,[t|*= [0 I 0 |, wherel is the identity operator in an
0 0 4I 0 0 0 0 0 16l
infinite dimensional Hilbert space. Let A = 1, then,
1=w(t)
Tia a0 2020 0 S ez 2l os2 .
S S| HIEP| + g™ () + = |[[H° + [ jw(t7) — inf y(x)
8 8 16 s
[lx[I"=1
= 3.8125,
where
inf y(x) =0.
[[x]|=1
In [33], we have

142 + |t*|2Hw(t2) = 4.75.

3 5
= < g1+ 5
L=awt(t) < o |1t + 12 +

Remark 5. By the above example, when inf (x) = 0 holds, the inequality of Theorem 1 also
llx]=1
improves Theorem 2.9 of [33]. When inf «y(x) > 0 holds, we take m = 1 and t as a uniformly
[[€[=1
hyponormal operator (t*t — tt* > M > 0) [14] in Theorem 1.

Theorem 2. Let t € L(E) and let D be a subset of R. Let f,g : D — [0, 00) be a mapping such
that f(B) + g(B) = 1forall B € D. Then, forr > 1and a € C\ {0}, we have

Wyl (t)

max{1, |a — 1|2}
2w

B+ 2max(L e 11}

2a?

+

_ max{1, fa — 1%} i

2r | ox|2r
wa(|t]™ |t
AL (e 1)

+ |t*|4r

wi(t2)wj(r_1) (t) +

8(B)

2(r—1)
o (t).

+ |t* |2r wA(tZ)wA

+

Proof. If we take x = t*x, e = x and y = tx in Lemma 4, then,
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|p((x,tx) ) [
max{1, |« —1|°}
=T P
+ S8 o((x ) Dl ot )+
f(B) +2max{1,|a — 1|}
o[
(by Lemma 4)
max{1, |« —1|°}
LML =g
- o
" iﬁ?\q’(@f P )l ) )[40+
f(B) +2max{1,|a — 1|}
o

(by Lemma 1)

o2

(({x,1tx) D[ Px) )"

(p((x, |tPx) Do |¢*x))?

o((x,P2x) )|lg((x tx) ) P

CATREIMEEATRREIN

((P(<x, |f|2’x>E)(p(<x, |t*|2’x>E))%

o((x,12x) )| lp((x,tx) ) P

’ ﬁ?\wwz%\z¢<<x,tx>,;>|4<f”+

f(B) + Zmaxz{l, lo — 1]}
||

((P(<x,|t|2rx>E)<p(<x,|t*|2rx>E))% ‘P(<X,f2x>E)‘\(p((x,tx)E)|2(r_1).

By employing the Buzano inequality (2), we have

2
< max{1, \uc2— 117}
2|

2
TR ORI
f(B) +2max{1, o —1|}

o
(by inequality (2))

max{l,\tx71|2} 4 . 4r max{l,\a71|2} or ik 12r
< i 2l S nninitel Sl bl B
T o((x (Y +1F[7)x) ) + T EXCAURIREINI

TR Ol

n f(B) —|—2max{21, lo — 1}
2|«

(by AM-GM inequality)

(@It 172 (I 11 x) )2+ o (16 117 x) )

(p({x, 112x) Yo ((x I ¥ x) )

o((x,2x) )|lg((x 1)) P

o({x 7+ 16 )x) Dfol(x ) )l 1)),

Therefore,

4
lp({x, ) ) ¥
2
< max{Lla =17
o]

max{1, |a — 1|2}
2la?

f(B) +2max{1, |« —1|} H P

2|0c|2

]|+ wa ([t

8(B)

Jaf?

WA (Bt V(1) +

+ + 1 |ewoa (B AV (1),
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Now, by taking supremum over all x € E and ¢ € S(A) with ¢(|x[*) =1,

wy ()

+

< max{1,|tx—l|2}H|t|4r max{l,\tx—1|2}
- 4af? 2|
g|(l|32) P (R)A D () 4 LB E 2rr2u|a><|{21, o — 1]} [
o o

+ |t*|4r

w7

+

1817 | wa ()t (1)

O

Remark 6. When the Hilbert C*-module space degenerates to a Hilbert space, let « = 2 in
Theorem 2. Then, we will obtain

T 1 * |41 1 Tk | 2r r—
W () < e 1H 1 L oqee )+ 8B 2 2wt (r)

8 4
+ f(:B)8+2 H|t|27 + |t*|27 w(tZ)WZ(r—l)(t)'

(12)

Moreover,

T 1 r * 1 V| gk r—
(1) < g |11 + 1801 + gele 1) + EL @)t

4
w(P)w (1)

2
_I_%H“'Zi’_'_“*ﬁr

1 4r x (4r
< —|||t t
—16H|| e

2
+.f(ﬁ%“|t|21’+|t*|27

1 s r
+ra(le 1) + 8B ey
er(t)
(by w(t") < w"(t), ne N1)
1 4r . 14r
< —
< o1t + 1
fB)+22r  ppep2r|?
+ L5 H|t| + |

1 ar 1 4r
— |||t t
+ 2|1t + 1)

+$H|t|‘"+ |

(by inequality (6), inequality (7))

< g(ﬁ)s%lumzlr |4r

2
+|t* +f(ﬁ;+ H|t|4r+|t*|4r

(by Lemma 3)

1 4r x (4r
= —Il|lt|" + |t
zHH 11

7

which imply that inequality (12) refines Theorem 2 of [34], namely

1
er(t) < §H|t|21’+’t*|27 , r>1.

4. The Upper Bounds of the Numerical Radius for a Product of Bounded
Adjointable Operators on Hilbert C*-Modules

In this section, we provide the upper bounds of the numerical radius of the product of
two adjointable operators on Hilbert C*-modules. And, our bounds refine inequality (7).
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Theorem 3. Let t,s € L(E) and let D be a subset of R. Let f,g : D — [0, 00) be a mapping such
that f(B) + g(B) = 1 forall p € D. Then, for m =1,2,3,- - -, we have

257 < gy I+ 5 S B 1 s

— inf y(x),
o(|x*)=1

where

100 = ey (3@ (e 1) ) = " ((x 1sx) )2

Proof. If we take x = sx and y = tx in Remark 3, then,

|¢«xstxn>ﬁ

—4 < o((x 1tP) Dol(x lsx) )
S (p((x 1122 Do ((x1sPx) )Ho((x, 5"}
(byRemark3)

Further,

(by Lemma 3)

By employing the generalization of Young inequality in Lemma 2, we have

[((x,s"tx)g) "
o [(¢%<x4tfxx;%¢%<x4sfx>E%m
4-2(p) 2
— ()" ((xtx) )~ 9" lsPx) )P
+ﬂm+z«¢@»#&g+¢«mM%%5m

4-g(p) 2
(by Lemma 2, AM-GM inequality)

|p({x,s™tx) )"




Axioms 2025, 14, 199 12 of 16

_ 1 P+ e ) )
_4—g(ﬁ)[ 2

— ()" (i) ) — o ({x IsPx) )2

WIGESS 9" ((x,1tPx) )+ 9" ((x,Is’x) )

4—g(B) > EJo((x, s tx) )"
(by Lemma 3)
o((x (11" +s"™)x) )
< < > ) @ (%) ) = 9" (s, )2
o((x (17" + sP™)x) )
B2, B0 s,
(by Lemma 1)
Therefore,
(5" tx) )"
< g g+ o+ oD P e
- Gy O () ) - o (x1sPr) )

Now, by taking supremum over all x € E and ¢ € S(A) with ¢(|x|*) =1,

1) < g [ 151 s e s
- ii’lf 'y(x),
o(|x*)=1
where 1 1
100 = e " @ (0 1) ) — 9" (5P )2
O

Remark 7. When the Hilbert C*-module space degenerates to a Hilbert space, let x =2, m =1,
g(B) =1and f(B) = 0 in Theorem 3. Then, we observe that

1 1 .
WP(s78) < gt + It + 3 |1 + 5P [aws ) = inf (),
lx[l=1

where

1) = ¢ (0o 1) = (3522

And this inequality refines Theorem 1 of [35], namely
1 1
W2 (s*) < 6H|t|4 + Isl*]| + gH|t|2 + |5 |ws*).

Next, we will give an example to show that there exists t,s € L(E) such that

inf y(x) #0.

[lx[]=1
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Example 3. Consider y(x) in the above Remark 7, namely

7(0) = ¢ (o 122) = (3, s

V2 0 10
Lett = ,8 = . Then,
¢ [ o v2|”" " |o 1| "
1 1 .
2 = w(s*t) < 8H|t|4 + |s|4H + §H|t|2 + |s|2ch(s*t) — inf y(x) =~ 2.0808,
[[x]|=1

where 1
inf y(x) == #0.
Ix[|=1 6

In [35], we have

1 1
2 = Wi(s*t) < BH 1+ 11| + §H 12+ s [w(s*) ~ 22475,

Theorem 4. Let t,s € L(E) and let D be a subset of R. Let f,g : D — [0, 00) be a mapping such
that f(B) + g(B) = 1forall p € D. Then, forr > 1, & € C\ {0} and |a|?* # g(B), we have

WA (571)
max{1, o —1

f(B) +2max{l, |a — 1]} H P
2(|af* - g(

2r
2(aP — g(8)) th

w’ (s7t).

+

2
| } Hlt‘4r + |S‘4r
)
Proof. If we take x = sx and y = tx in Lemma 5, then,

(1- 3|’(ff|?>|¢<<x,s*tx>g>|”

_ max{1, |a — 113

3P )yt )

+ f(:B) +2m|::1x>|<2{1, ‘DC — 1|} (¢(<x, ‘t‘2x>E)<P(<X, |s|2x>E))5|g0(<x,s*tx)E)|r
(by Lemma 5)

< max{1, |a — 1|2}

o ACAUREIWLCATENN
LB+ 2ma><2{1f 1]} (q0(<x, \t\2rx>E)(p(<x, |s|2’x>E))% o ((x,s"tx)p)["

]

(by Lemma 1)

maxyl, & — ’ ' r
< PO G (o o) )+ 2 (), )

+ P2t (7)) + 9 57) Dt 5"t )

(by AM-GM inequality )
max{1, |a —1]*} ar ar
<
T o((x, (H* + Is*)x) )
f(B) +2max{1, |a — 1|}
2Jaf?

(by Lemma 1)

+

o((x, (H7 + IsP)x) )le((x,s"tx,2) )]
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Thus,
(1- ﬁ“f)mo«x s'tx) )
<<mwﬂﬁa—ﬂﬁuuy+b@‘+f@)+2m““”“ 1”Wﬂ”+b W'y (s°t)
22 2Jf? |

Now, by taking supremum over all x € E and ¢ € S(A) with ¢(|x|*) =

Zr(s*t)
< max{l |DL 1| }Hl ‘41’ 4r
2(|af?

L 2oLl 1l

+ |S|21’
2(|af? -

w’ (s7t).
O

Remark 8. Let o = 2 in Theorem 4. Then, we observe that

r 2 r r r *
G50 < s [+ 1 s e o . a9
Moreover,
WY (s"t) < M*Hur“w Z(J}ﬁguwf’w WH(s°D)
(by inequality (7))
1 4r 4r f(:B) 2r

§2(477g(ﬁ))H|t| + [s] +WHM + s

(by Lemma 3)

4r f(:B) +2 4r 4r
< 2(47HItI 11 + 5 = gy [+ s
= 2+ 1sp

which shows that inequality (13) refines inequality (7), namely

w¥ (s*t) < HM“+H“ r>1
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