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Abstract. In this paper we develop a general method for improving Jensen-type inequalities for
convex and, even more generally, for piecewise convex functions. Our main result relies on the
linear interpolation of a convex function. As a consequence, we obtain improvements of some
recently established Young-type inequalities. Finally, our method is also applied to matrix case.
In such a way we obtain improvements of some important matrix inequalities known from the
literature.

1. Introduction

The classical Young inequality, or the arithmetic-geometric mean inequality, states
that
(1—v)a+vb>a'""b", (1.1)

where a,b > 0 and 0 < v < 1. Refining this inequality and its reverse has taken the
attention of numerous researchers. Kittaneh and Manasrah [13], improved (1.1) to

(1—v)a+vb>a" b’ +ro(v)(va— Vb)?, (1.2)

where ro(v) = min{v,1 —v}. Moreover, Zhao and Wu [22], established even more
accurate improvement:

(1=v)a+vb > a" b’ +ro(v)(va— Vb)? (1.3)
i) {(f_ *4/@2%(075(”* (*4@_\/5)2%@71)(”] »

where r;(v) = min{2ry(v),1 —2ro(v)} and x;(v) stands for the characteristic function
1, vel
0, vl

On the other hand, the reverses of inequalities (1.2) and (1.3) read as follows [14,
22]:

of an interval I, defined by y;(v) =

(1—v)a+vb<a™"b" +Ro(v)(va— Vb)? (1.4)
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and
(1—v)a+vb < a" b’ +Ro(v)(va—Vb)>? (1.5)
4 2 4 2
)| (Vo= ab) s, 0+ (Vb va) 2.0
where Ro(v) =1 —ro(v).

Other types of improvements of the Young inequality have been studied in numer-
ous recent papers. For example, Wu and Zhao [20], showed a pair of relations

(1=v)a+vb = K (a,b)"Ma'~"b" + ry(v)(v/a—Vb)?, (1.6)
(1—v)a+vb < Ky (a,b) "M b + Ro(v)(v/a— Vb)>,
2
where K (a,b) = %. Recently, Liao and Wu [15], have proven the inequalities
(1—v)a+vb > K (a,b)?Ma' b + ro(v)(va— Vb)? (1.7)
+r1(v) | (Vab = /a1 )+ (Vb= VabPyy )]

— () [(Vab = VB0, 1) () + (Va— VabPy s, )]
4 % 2
where rp(v) = min{2r;(v),1 —2r;(v)} and K»(a,b) = %. The constants of
the form (Aﬁ,["’;)z are called Kantorovich constants.

Further, Dragomir [6], showed the following pair of inequalities that hold for any
a,b>0and 0<v <1

1 b\’
(1=v)a+vb > a'"b" + Ev(l —v) <ln Z) min{a,b}, (1.8)

1 2%
(1=v)a+vb < a'"b" + Ev(l —v) <ln Z) max{a,b}.

Meanwhile, assuming a,b > 1 and 0 < v < 1, Minculete [16], proved that
p\ 2
(1—=v)a+vb > a'~"b" +ry(v)(va— vVb)? + a(v) (lna) , (1.9)

2
(1—v)a+vb < a' b’ +Ro(v)(va— Vb)* + au(v) (lng) ,

where | | |
av) = 5"(1 —v)— ZVO(V) = Zro(v)|2v— 1.

Finally, utilizing the Specht ratio
1/0=1)
 elng!/0=1)7
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Furuichi and Tominaga [7, 19], showed that the series of inequalities
S <c’0<v)> a7 < (1—v)a+vb < S(c)a' b, (1.10)

where ¢ = a~'b, holds for any a,b >0 and 0 < v < 1.
Basically, the Young inequality (1.1) is a consequence of the famous Jensen in-
equality
F((1=v)a+vb) < (1 —=v)f(a)+vf(D), (1.11)

where f is a convex function defined on the interval 1, a,b €1, and 0 <v < 1. Clearly,
the Young inequality (1.1) follows from (1.11) by putting f(x) = —Inx, where In
stands for a natural logarithm.

The main objective of this paper is to provide a unified treatment of Young-type
inequalities presented in this Introduction. More precisely, we will present a general
improvement of a Jensen-type inequality related to piecewise convex functions and
use it to refine some well-known classical inequalities. As an application, we will
also derive improved versions of some important matrix inequalities known from the
literature. It should be noticed here that the operator or matrix inequalities related to
the scalar inequalities introduced in this section can be found in some recent papers
including [6, 7, 13, 15, 16, 20, 22]. For some related refinements and generalizations
of mean inequalities and the Jensen inequality, as well as for some generalized aspects
of convexity, the reader is referred to recent papers [1, 2, 4, 8, 10, 17, 23, 24] and
references therein.

2. The main result related to convex and piecewise convex functions

In this section we give an improved version of the Jensen inequality that will, in
some way, gather the relations presented in the previous section. Our main result will
rely on the linear interpolation of a convex function.

Throughout the paper, we will use the functions r,(v) defined recursively by

ro(v) = min{v,1 —v},
ra(v) = min{2r,_1(v),1 = 2r,_1(v)},

for 0 < v < 1. Note that r9(v) and r;(v) can be rewritten as

2v, Oévgi

1 1

() =4 0<v<d () = I=2v, z<v<;
R Loygrr VT 1 3
-V §<V\ 2V—1, §<V<Z

2 —2v, %<v<1

Generally, r,(v) can be expressed as multipart functions.
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LEMMA 1. [5] Let n be a nonnegative integer and 0 < v < 1. If kz_,,l <v <
for k=1,...,2", then

3

2v—k+1, Sl<v<iA
rm(v) = n 2k—1 k-
k—2", <Vv<

Proof. We prove it by induction on n. The case n =0 is 0bV10us Assume k=l <

2n+l\
V< W‘f’mlfk—zm—llsodd,then 1112"1 <V<m2nl+2n+2 < 2n+1 and rn( )_
2"y —m+1 by induction. Since v < 22’;—:21,
k—1 2k—1 k—1 1
W) =2 — = < - =z
() =2 == 4 2 4

and
Fas1(v) = min{2r,(v), 1 = 2r,(v)} = 2r,(v) = 2"y — k4 1.
If kK = 2m is even, then 22’;'—:11 v B — 2,,% < 4 and r,(v) = m—2"v by induction.

: 2k—1
Since v < D=

and

Fap1(v) = 1= 2r,(v) = 2"y — k4 1.
Using the same argument, we can show that if £ T 14+ 2,1+2 <v <
k —2"+1y. We omit the detailed proof. [

2n+l , then rn+1( )

The functions 7, can be used for linear interpolation as follows.

LEMMA 2. Let f be a function defined on [0,1]. For a nonnegative integer N,
define on(v) by

on(¥) = (1=¥)(0) + /(1) = 3 zAfnk Xist g

k—1 k 2k—1
Af("yk)=f< T )+f<2—n> —2f<w)

and the summation is assumed to be zero if N =0. Then, @y (v) is the linear interpo-
lation of f(v) at v=1k/2N, k=0,1,...,2N.

where

Proof. First we note that since rn(%l) =0 for 0 < k < 2", the interval of the
characteristic function may contain boundary points. For example, Xkl &y can be
2)1 727!

replaced by Xikst kg OF %[AT N3k We will show that

k
o 52N

on(v) = (k—=2"v)f (";—Nl) +2%—k+1)f (%) (2.1)
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for K 2N <v< 2N and k=1,. 2 by induction on N. It is obvious for N = 0. Now,
assume that (2.1) holds and let ;’,'\,11 Sv< it form=1,... 2V 1 m=2k—1,
then 2N1 <v< %’fv“l < N and

on+1(v) = onv(v) —rv(V)Ar(N, k)
= (k—2M)f (lcz_—Nl) + (M —k+ 1)f<2];,> — (2Mv—k+ 1)As(N, k)

= (2k=2Nthy—1)f (%) + Ny —2k4+2)f (%)

m—1

= (m—2¥th)f ( e ) + Y v—m+1f (377)

by Lemma 1. Similarly, if m = 2k, then % 2N < él,‘wf <v<

on+1(v) = oy (v) — v (v)Af (N, k)

2%, and

= (k—2")f (%) +(2Y —k+1)f<2’;,) (k20 Af(N.K)
= (k2" f (%) +(@"y—2k+ 1)f<2]§\,>

= (m—=2Nh)f (';N_Hl) + ¥y —m 4 l)f<%) .

From now on, any summation having Z;V;OI will be assumed to be zero for N =0
and A¢(n,k) defined in Lemma 2 will be used throughout the paper.

Now, we are ready to state and prove our main result. The following theorem is
based on a fact that a convex function can be estimated by using the linear interpola-
tions @y (v) in Lemma 2. In fact, such estimation provides a refinement of the Jensen
inequality for a convex function defined on the interval [0, 1].

THEOREM 3. Let N be a nonnegative integer. If f(v) is convex on [0,1], then

on

(I—V)f( )+Vf +2Vn ZAf”k%("T L)(V)

k=1 2

and

(L=v)f(0)+vf(1) < f(O)+ f(1) = f(1—v) (2.2)

N—1 "
_Z ZAfnZ _k+1)l(k_ L)(V)-
n=0 k=1 B

I

I

Proof. By Lemma 2, we have @y (v) > f(v) which represents (2.2). Replacing v
by 1 —v in (2.2) and noting that r,(v) = r,(1 —v), we have

N—-1

(1= fO)+vf() K FO)+ (1) = f(1=v) =Y ralv gAfnk (it 4y (1),

n=0 2
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Now, replacing k by 2" —k+ 1 in the inner summation and noting that

k—1 | k ! k | k—1
on < —V<i<$ _2_n< v < _2—n’

we obtain (2.2) and the proof is completed. [J

It should be noticed here that Ay > 0 in the previous theorem since f is convex.
Therefore the inequality (2.2) represents the refinement of the Jensen inequality for a
convex function defined on the interval [0, 1].

REMARK 1. It is important to emphasize that Theorem 3 can also be applied to
piecewise convex functions. For example, if f(v) is convex on intervals [0, 4] and
[3.1],and £() < 3(f(0)+ f(1)), then f(v) fulfills the inequalities as in the theorem.
More generally, if f (v) is convex on intervals of the form [;’}V +11 s 5N ], 1 <m <2V
and A¢(N,k) >0 for 1 <k < 2N then the inequalities (2.2) and (2.2) are still valid for
f . To see this, note that @y (v ) ve [t 2N , 2,\,} is the line segment joining the two points
of f(v) atv= "2_—Nl and v = 2—N. Thus, if A¢(N,k) >0 and f is convex on the intervals
of the form [2N+11 s 57| » then the graph of f(v) is still below @y (v) for v € L= o 72’§V]

<k <2V, thatis, we have on(v) = f(v), as in the proof of Theorem 3.

3. Improved versions of Young-type inequalities

In this section, we will see how the Jensen-type inequalities from Theorem 3 can
be used to improve Young-type inequalities. The most general forms of (1.2), (1.3),
(1.4), and (1.5) have been proved recently.

THEOREM 4. [5, 18] Let a,b >0, 0<v <1, and N be a nonnegative integer.
Then,
N—1

(1—V)d+vb>al_vbv+n§6rn Zgnkab kz_%)( ) (3.1

= ) (Va- VB + S (v Zgnk G0t 4y (V);
n=1

and
X N-1 n
(l—v)a—i-vbéa—i-b—avb—v_grn Zgnkba "z—nzin)() (3.2)
o vil—v
= 2Vab—a"b' " +Ry(v)( Zrn Zgnkba kz_zin)(V)

<al_va+Ro()\/_—\/_ Zl’n Zgnkba kz_L)( v),

I

I
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where g, i(a,b) = A¢(n,k) with f(v) =a'="b", i.e

gnila,b) = = (k=D/2 p(k=1)/2" 4 1=k/2" /2" 5 17(21#1)/2”“1)(21#1)/2"+l

(\/a (k=1)/2p(k=1)/27 _ \/gl- k/2"bk/2") .
Note that the inequalities (1.2), (1.3), (1.4), and (1.5) follow directly from Theorem

4 for N =1 and N = 2. The original proof of Theorem 4 was rather lengthy, here we
give a simple and elegant proof based on our Theorem 3.

Proof. Since f(v) =a'~"b" is convex on [0, 1], the inequality (3.1) follows from
(2.2), where we note that if n =0, then

ZAfnk Ko 1)) =ro(v)(Va—VB)

Further, utilizing (2.2) we have

7

N

N—1
(1—v)a+vb<a—|—b—avb17v—z Zgnkba ATL)(V)
n=0

= 2Vab—a'b'~ "+Ro(v)( Z, Egnk (b,a)y, AT ZL)(V)-

Now, the second inequality in (3.2) follows by the arithmetic-geometric mean inequality
2Vab < a’b' v +a' b, O

The inequalities (1.6) and (1.7) involving Kantorovich constants can also be gen-
eralized in the following way.

THEOREM 5. [5] Let a,b >0, 0<v <1, and N be a nonnegative integer. Then

N—1 2"
(1= v)a+vb > Ky(a,b)"a 17VbV+n§)rn Zg,,ka b)x ,CTLH)(V) (3.3)

= Ky(a,b)"Va' Vb’ + ro(v)(\/a ~ \/5)2

N—1 on
+ z () Zgn,k(ayb)x(k;l_L)(V)
n—1 =1 21 527
and
(I—=v)a+vb < a—|—b—KN(a b)rN(V) b (3.4)

7T

W

N—-1
_Zz)rn Zgnkba kz_i)()
=2\/a_b—KN(a b)rN() "'+ Ro(v)(Va— vb)?

N—1
_;rn Zgnkba kz_i)()

i
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Ky (a,b) "™V b’ + Ry(v)(v/a—Vb)?
N—1 on
- 2 r"(v) ngk(b;a)xufz%l’%)(v),
n=1 k=1

[N]

where
(al/ZN n b1/2N> 2

Kn(a,b) = T a@)

and g,y 1s defined in Theorem 4.

The original proof of the above theorem can also be simplified by virtue of Theo-
rem 3.

Proof. Let f(v) = Ky(a,b)™a'=vb". Since Ky(a,b) does not depend on vari-
able v and ry(v) is aline segment on each interval I,, =[5+, z#+7] for 1 <m < 2VF1,
f(v) is of the form of” on I, for some o, > 0. Thus f is convex on I, for
1 < m < 2ML | Moreover, since rN( ) =0 for 0 < k <2V, a direct computation
shows that

,b), 0<n<N
A fo = § Srsl@sl) O <N,
0, n=N

Although the function f is not convex on [0, 1] , it is convex on intervals I,,. Moreover,
since A¢(N,k) =0, Theorem 3 can be applied to function f. This yields the inequality
(3.3) and the first inequality in (3.4). Finally, the second inequality in (3.4) follows
simply from the arithmetic-geometric mean inequality:

2Vab < Ky(a,b)"Ma"b' ™" + Ky(a,b) ""Ma' b’ O

It should be noticed here that the inequalities (1.6) and (1.7) are the special cases
of Theorem 5 with N =1 and N = 2. In order to conclude our discussion regarding
the previous theorem, we show that the Kantorovich constants Ky (a,b) appearing in
Theorem 5 are the best possible.

PROPOSITION 6. Let N be a nonnegative integer. If &(a,b) is a nonnegative
function such that

N-1 2"
(1—V)a+Vb>g(a,b)rN(V)al_vbv_Fn:ZOr" Zgnk a, b kz_ Lﬂ)(v) (3.5

for a,b >0 and 0 < v < 1, then &(a,b) < Ky(a,b).

Proof. Let f(v) = é( ,b)" Vg Vb Similarly to the proof of Theorem 5, we
can show that A¢(n,k) = g, i(a, ) and that f is convex on I,, = [;}V;fl, vl for 1<
m <2Vt Since

N-1

(I—V)a‘f'\/b_ngarn Zgnkab kz_in)()
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is the linear interpolation of f(v) at v = k/2V, for 0 < k <2V, by Lemma 2, the

inequality (3.5) holds if and only if A¢(N,k) >0, for 0 <k <2V.

Now, let v, = . Since ry(ve—1) = rwv(v) = 0 and ry(%=5"%) = 1 the condi-

tion A¢(N,k) > 0 is equivalent to

E(a b)l/zal_("kfl+Vk)/2b(Vk—l+Vk)/2 < 1 (al_Vk—lek—l +a1_kaVk)
b ~ 2 b
that is,
<a1/2N_|_bl/2N)2
&(a,b) <

4(ab)V/?"
Therefore we have & (a,b) < Ky(a,b), a,b>0. O

The inequalities in (1.8), due to Dragomir, can also be improved by virtue of The-

orem 3.

THEOREM 7. Let a,b >0, 0 <v <1, andlet N be a nonnegative integer. Then,
N

1 on
(1—=v)a+vb>a'""b" + Z a(v) Z gn,k(a7b)X(k;nl72Ln)(V)
n=0 k=1

and
2)1
(1=v)a+vb<a+b—ab'™" — Zr,, )Y, gl b,a)%(k;nl’zin)(\))
k=1

v(l—v) (v b\? .
_< 5 _}sz;wz) <ln5> min{a,b},

where the function g, ;. is defined in Theorem 4.
Proof. Putting f(v) =a'~"b"+ $v(1—v) (In g)zmin{a,b}, we have

b
F'(v) = (In Z>2 (a'"b" —min{a,b}) >0
so the inequalities (3.6) and (3.7) follows directly from Theorem 3, since

1 A
A,f(n7k) = gn.,k(a7b) - W (ln ;) mln{a7b}. O

(3.6)

Note that the inequality (1.8) follows from the above theorem for N = 0. It is very
interesting to compare relations (3.1) and (3.6). It can be shown that if N > 2, then

l—v
< 2 2n+2’
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for O < v < 1. Thus, the inequality (3.6) is weaker than (3.1) for N > 2. On the other
hand, in the case when N = 1, the relation (3.6) is stronger than (3.1), since

1 1 1
Ev(l —v)— Zro(v) = Zro(v)|1 —2v[ >0

Similarly, the inequality (3.7) is stronger than the first inequality in (3.2) when N =1,
and we have the following result.

COROLLARY 8. Let a,b >0 and O <v < 1. Then,

(1 —v)a+vb = a' "B +ro(v)(Va— Vb)* + a(v)¢(a,b) (3.8)
and
(1—=va+vb<a+b—ab"™" —r(v)(va—vb)?—a(){(a,b) (3.9)
< a' 7"+ Ro(v)(Va— Vb): — a(v)¢(a,b),
where
alv) = (1)~ 3ro(¥) = gro()|1 21,

C(ah) = <lng>2min{a,b}.

Moreover, (3.8) and the first inequality in (3.9) are stronger than the corresponding
onesin(1.9)for a,b > 1.

Proof. The relations (3.8) and (3.9) follow from (3.6) and (3.7) with N =1 re-
spectively, where the second inequality in (3.9) follows from the arithmetic-geometric
mean inequality 2v/ab < a"b' " +a' Vb .

Now, assume that a,b > 1. Since min{a,b} > 1, itis obvious that (3.8) is stronger
than the first inequality in (1.9). Moreover, from (3.9) we have

2
(1=v)a+vb < a+b—a’b'™" —ry(v)(va—vVb)> — a(v) <1n g)
pY 2
— 2+ R (Va— VB~~~ () (1n2)
2
=a'" """+ Ro(v)(Va— Vb)* + a(v) (lng)

a

1 b\?
+2vab—a'b' ™ —a' b — (v(l —v)— Z) (ln —) .
Thus, it suffices to show the relation

1 b\’
2Vab < a' 7h 4 a'h' T + (v(l —v)— Z) <ln—>

a
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for a,b > 1 and 0 < v < 1. Denoting the right-hand side of the above inequality by
f(v), we have

2
f'v) = <1n9> (@'’ +a"p' " = 2).

a

Since a' VbV +a"b' 7V = 2+/ab > 2, it follows that f is convex. Moreover, since f(v) =
f(L—v), f attains its minimum value at v = %,that is, f(v) > f(%) =2vab. O

Now, our aim is to improve the series of inequalities in (1.10) which includes the
Specht ratio. Note that the Specht ratio S(r) = /=1 /(eInt!/¢=1)) has the following
properties (see e.g. [19]):

e S(1)=1lim, .;S(t) =1 and S(t) = S(¢~") for t > 0.
e S'(t)<0forO<t<1andS(t)>0forz>1.

Before the corresponding improvement, we first give an auxiliary result regarding the
Specht ratio.

LEMMA 9. Let S(t) be the Specht ratio and define D(t) by
1 -1
D)= 5+,

for t > 0. Then,
1. S(tr) < D(t) fort>0,

2. For any ¢ >0, f(v) = D(c""M)c" is convex on [0,3] and [%,1]. Moreover,

2
£(3) = 3(£(0) + £(1)).

Proof. Since S(t~1') = S(¢) and D(t~') = D(t), for t > 0, we will show S(¢) <
D(r) for ¢ > 1. Taking a natural logarithm, we can show that S(r) < D(t) <= y(r) >

0, where

v(t)=In(>+1)—In(2t) —In(r — 1) — tln—tl + 1 +Inlnz.

A direct computation yields

;o Int 1 2(+1)
Vi = ot A @ene-0
- 2 B 2t +1)
Vi) @i T)
tVi—1
RV R

for ¢ > 1. Since lim,_14 y(¢) =0, it follows that y(z) >0 forr > 1.
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The convexity of f is obvious, since

Finally, £(}) = D(ve)ve = 1(1+¢) = L(£(0) + f(1)). O
Now, the following improvement of the series of inequalities in (1.10) is also based
on our Theorem 3.

THEOREM 10. Let a,b >0 and 0 <v < 1. If N is a nonnegative integer, then

(1—=v)a+vb> S(c’O(V))al—VbV—l—NZ;rn ZAf nk)y Xkt Ln)(v) (3.10)
and
(1—v)a+vb < a+b—ab'"S(c0M) (3.11)
—Zrn ?Afnfl k+l)x(k2_ %)(V),

where ¢ =a~'b and f(v) = S(c"™)a' b,

Proof. For ¢ >0, let f.(v) = c"S(c"")). We will show that £ is convex on [0, 1]
and [4,1]. Since

fe)=c7"S(M) =l S () = ¢ (1),
we may assume ¢ > 1 and show that g(v) = e(Inc)f.(v) is convex on [0, 3] and [1,1].

From now on, we will write any function o/(v) simply as o, for a convenience. Letting
x=ry/(c®—1), h=c"/x,and g = c¢'h, a straightforward computation yields

1
W =x <lnc— —) h,
X
A 1
W=x" <lnc——)h—|—< ) h—|—x/<lnc——>h’
X X
1 A 1 2
=h lx” <lnc— —) + (JL) + (x)? <lnc— —) 1
X X X

gd=c (hlnc—!—h’) ,
¢" = ¢ (h(lne)* + 2 Inc +h")

=c'h ([1nc+x’ <lnc— %)]2 +é [xx” (xIne — 1)+ (x’)2]> .

and
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Thus, it suffices to show that

xx’ (xIne— 1)+ (x')?> > 0. (3.12)
Since
1 roc’f’lnc X
r_ o .
X =" (Cro —1 (c"o — 1)2) - ia(l —xc"Inc),
N [X/(l —2xcrolnc) _xzc’f’r(’)(lnc)z] o —)C(l — xc'o IIIC) r(/)
7
2
= _2((2xcr0—ro)lnc—2)c’°1nc7
o

the relation (3.12) can be rewritten as
((2xc" — rg) Inc —2) (xInc — 1) xc® Inc + (1 — xcIne)* > 0.

Replacing x by ry/(c’® — 1) and denoting ¢ by , the above inequality reads

1 1 ] Inz \?
A HOR S I (N L T L (L L R
—1 —1 —1 —1

for ¢ > 1. Multiplying by (# — 1)? and letting s = Inz, the above expression becomes
((t+1D)s—2(t—1)) (s—t+V)ts+(—1) (1 — 1 —15)* > 0,
or equivalently,
EM)=r+ (=35 =3) 2+ (" +3s°+3)r —1>0
for > 1. A straightforward computation shows
E =8 =32+ (257 — 35> — 65— 6)1 45> + 65> + 65+ 3,
& =18 = 617+ (253 + 357 — 125 — 12)1 4+ 35> + 125+ 6,
E =18 = 1217+ (25> + 95 — 65— 24)1 4 65+ 12,
&y =1E] = 2417 + (257 + 155> + 125 — 30)t + 6,
Es=1&, = 481 +25° + 215> + 425 — 18.

Since # > 1 and s > 0, it follows that & > 0. Thus, &(¢) > 0 results from

G()=-=a1)=85(1)=0.
We have shown that f; is convex on [0,1] and [§,1]. Now, by Lemma 9 it follows
that $(y/c+ Ve 1) = S(,/c) which is equivalent to £(0) + £(1) > 2f(3). Thus, f.
satisfies
N-1 2"
Lovive > ES(E00) = 3 n) X AL DL 4 0

k=1 7
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2’1
ZAf n,2" _k+l)X(k2_ L)(V)7

k=1 2

l—v+ve< 1+c— 1"S ro(v Zrn

O

In order to conclude this section, we give yet another improvement of the Young
inequality, based on Theorem 3 and Lemma 9.

by Theorem 3. Finally, letting ¢ = a~'b, we obtain (3.10) and (3.11).

THEOREM 11. Let a,b> 0 andlet N be a nonnegative integer. Define g,,(v) by
Gap(v) =a'""b*, 0<v < 1.

1. IfO<vy \27then

n—1
LR S :
(I1=v)a+vb > 5( 'bY +a) + ,;1 ZAA L k) ATL")(V),
1 1 lN 1 on-1
(I—v)a+vb<a+ Eb—iazvbl_zv Z rn(v ZAgba n k)x(kz_ 2Ln)(v).
2. If <v< 1, then
1 lN—l ol 1
(1=v)a+vb > =(a® > b* ' 4b)+= N () Y Ag, (k)2 i (V=3 ),
2 2.4 = () 2
1 Lo 1,020 1N ! o 1
(I=v)a+vb < Ea—i—b—za b Z (v Z 8h>a(n’k)x(%,2i,,) v=5 )
Proof. Utilizing Theorem 3 and Lemma 9 with
f(v) _ D(cro(v))alfvbv
_ l(a—ro(v)+l—vbr0(v)+v_|_ar0(v)+l—vb—r0(v)+V)
2
3@ +a),  0<v<d
3@ p), L<v<t?
we have
(1—v)a+vb>f(v)+2rn ZAfnk Xt 4y ), (3.13)
1 2)1

(1=v)a+vb<at+b—f(1-v)— Zrn ZAfnz_k+1)X(fc2_L)(V)~

n=1 =1 2

Note that the outer summation starts at n = 1, since As(0,1) =0.
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If 0<v < 4, then f(v) = 1(a'"2"p* +a) and f(1—v) = 1(a®b'"?"+b). Fur-
ther, taking into account (3.13), we have

N—1 on— 1
3@ +a) + Tr) T ARt 4 ()
n=1

1 1 - N—1 211
Eb a”’bh T — Z}"n ];Af n,2" —k+l)x(k2_ Zin)(v)

| —

(I=v)a+vb >

(I=v)a+vb<a+
Finally, since 1 <k < 2"!, it follows that

Ar(n k) = 3Ag,,(n k>

. k—1 2%—1

(n,k).

2 gha
On the other hand, if § <v <1, then f(v) = 1(a®>2p* "' +b) and f(1—v) =
%(a”’lbz’zv +a). Thus, utilizing (3.13) we have,

1 N=
(1=v)a+vb > 5(a2‘2”bzv‘l +b)+ Y, ra(v) Z Ag(n, k)x(kz_ Ln)(")
k=2n-141

1 N-1 21 1
= @4 3 () B Ak 2 g ) (v 5)
2 =1 k=1 o 2
and
(I—v)a+vb < 1a—|—b - Z (V) § Ar(n,2"—k+1) (v)
= k=2n—141 ! Kt )

n—1
o 1 2v 172-2v = : n—1 1
— 5a+b b g EAf ) —k+1)x(%72%) V=5

Finally, if 1 <k <2"!, we have
1 k-1 1 k 1 2k—1
f<§+ on >+f<§+2_">_2f<§+w>

1
= 2Agah(n k)

and
1k 1 k-1 1 2k—1
n—1__ _ -~ - o - =

Ap(n,k+2""1

EAgb‘a

which completes the proof. [
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4. Applications to some matrix inequalities

Our aim in this section is to discuss some matrix inequalities that correspond to
scalar inequalities derived in the previous section.

Throughout this section, we will use M, for the set of n x n complex matrices,
M, for the subset of M, consisting of positive definite matrices, and ||| - ||| for any
unitarily invariant norm. For A € M,,, A > 0 (A > 0) means that A is positive definite
(semidefinite). For Hermitian matrices A,B € M,;, A < B (A < B) implies that B—A
is positive definite (semidefinite). The absolute value of A € M, will be defined by
A] = (aA)'/2.

For A,B € M,,+ and 0 <v < 1, the v-weighted arithmetic mean and geometric
mean of A and B are defined, respectively, by

AV,B = (1 —v)A+ B,
AﬁVB ZAl/z(A_l/ZBA_l/Z)VAI/z.

For convenience of notation, we use AVB for AV ! B and AfB for Af ! B.

In order to obtain matrix inequalities from the corresponding scalar inequalities,
we will use the operator monotonicity of continuous functions, that is, if f is a real
valued continuous function defined on the spectrum of a self-adjoint operator A, then
f(z) = 0 for every ¢ in the spectrum of A implies that f(A) is a positive operator.

Matrix inequalities that correspond to Theorems 4 and 5 have been already es-
tablished in papers [5, 18]. Now, we are going to discuss matrix inequalities that cor-
respond to Corollary 8, closely connected to some recent matrix inequalities due to
Dragomir.

In order to do this, we will first generalize the definition of the geometric mean
Af,B=AY2(A"1/2BA1/2)*A1/2 Let f be a continuous function defined on an interval
I containing the spectrum of A~'/2BA~1/2_ Then, using the functional calculus for
continuous functions, we define A ;B by

AﬁfB :AI/Zf(A71/2BA71/2)A1/2.

Utilizing the scalar relation (1.8), Dragomir [6], established the following series of
inequalities

1
SV(1 = V)AL, B <AV.B—ALB < Sv(1—v)Ats,, B, 4.1)

N —

where A,Be M, 0<v<1,and

Smin(x) = min{1,x} (lnx)z,
Smax(x) = max{l7x}(lnx)27

where x > 0. Now, by virtue of our Corollary 8 we can obtain more accurate relations
than those in (4.1).
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THEOREM 12. Let A,B € M, and 0 <v < 1. Then,
AV,B > At B+ ro(v)(A + B—2A4B) + at(v)At ;B
and

AV,B < A+B—At_,B— ro(V)(A +B— ZAﬁB) - (X(V)AﬁfminB,
= AB— Aty _,B+ Ro(v)(A+ B —2A%B) — OC(V)AﬁfminB,

where oi(v) = 2v(1—v) — 2ro(v) and fuin(x) = min{1,x}(Inx)2.

Proof. By Corollary 8, we have
L—v+ve=c"+ro(v)(c+1—2vc)+ o(v) fnin (),
l—v4ve<l4+c—c ™ —ry(v)(c+1—=2/c) — o(v) fimin(c)

=2vc—c"VHRo(v) (e 41 —2v/¢) — ot(v) fimin(c)

for ¢ >0 and 0 < v < 1. Now, substituting ¢ by A~'/2BA~1/2 and multiplying each
inequality by A'/2 both-sidedly, which preserves operator order, we obtain desired re-
lations. [J

Next, we give the matrix interpretation of Theorem 11.
THEOREM 13. Let A,B € M, and 0 <v < 1. Define G, x(A,B) by
G k(A B) = A1) jp-1B+ Al 301 B — 248 1) /o B.
1. IfO<v< 3, then

1 1Nzt 2n-1
(I=v)A+vB > S (At B+A) + 35 g ra(v Z Gni(AB)x it 1) (v),

I

I

11 o
SB—3At 2B -3 Zrn L OnkBAK g 1) ()

on

(I-v)JA+vB<A+
2. If <v< 1, then

1 2 1
(1-v)A+vB > E(Aﬁ2V7lB+B Z rn(v Z n.k A,B)X(u Ay (V——) ,

1 1 2! 1
(1-v)A+vB < EA+B—§At¢2,2v3 Z (v Z nk(BLA) X o1 &y (v——).

Proof. Let ¢ > 0. Taking into account Theorem 11 with 0 < v <

1 1 N=1 on-1
(I=v)4ve > E( 2"—f—l + = Zrn ZAglc(n k)l(k2_ L)(V),
k=1

n
n=1 2
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11 RS
(I=v)4ve < l—l-ic - Z ra(v Z Ag,,(n k)%(kz_.i)(v)»

where
Agre(nk) = kD2 KT g k)2
Age1(n,k) = k=12 k2 1= (2k-1) /2"

Now, the desired inequalities follow by substituting ¢ by A~'/2BA~1/2 and multiplying
each inequality by Al/2 both-sidedly. The same conclusion can be drawn for the case
% < v < 1. We omit the detailed proof. [J

The rest of this section will be dedicated to improving some important matrix
inequalities known from the literature. First, we deal with Heinz-type inequalities. For
0 <v < 1, the Heinz mean in parameter v is defined by

al—vbv +avb1—v

Hy(a,b) =

a,b>0.

The Heinz mean is convex on [0, 1], as a function of variable v and attains its minimum
value at v = 1/2. Thus, the Heinz mean interpolates between the geometric mean and
the arithmetic mean, that is,

Vab < Hy(a,b) < a—l—b
Similarly, it is easy to see that for any A, B € M, holds relation
AfB < H,(A,B) < AVB, 4.2)
where
Hy(A,B) — At,B —I—ZAﬁl v

Now, by virtue of Theorem 3, we can improve the second inequality in (4.2).

THEOREM 14. Let A,B € M;[. If N is a nonnegative integer, then

N—1 2n
Hy(A,B)<AVB— Y r,(v) Y, (H% (A,B) +Hy (A,B) — 2H (A, B)) Xt 2L)(v).
n=0 k=1 " " " o

Proof. Let ¢ > 0. Since f(v) = H,(1,c) = (¢"+c'7")/2 is convex on [0,1], we

have
2)1

N-1
_ngz)rn EAfl’lk ICTL")(V)

by Theorem 3. By the functional calculus, we can replace ¢ by A~'/2BA=1/2_ Then,
multiplying the obtained inequality by Al/2 both-sidedly, we obtain the desired in-
equality. [
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Note that the second inequality in (4.2) follows from the above theorem with N =
0. Moreover, if N = 1, we have

Hy(A,B) < (1 2ro(v))AVB+2ro(v)ALB

for all 0 < v < 1, which was proved in [12].
Kittaneh [11], showed that if A,B € M,jr, XeM,,and 0 <v<1,then

[[[AT"X B+ AXB' ||| < 4ro(n)|||A"2XBY2([| + (1= 2r0(v)) [|[AX + XB||. (4.3)
This Heinz-type inequality for unitarily invariant norms can be improved as follows.

THEOREM 15. Let AABEM, and X e M,,. If 0 < v < 1, then

N—1 2"
1A' XB" + A'XB' ||| < |||AX +XB|[| = Y, ra(v) Y, As(n,k) it gy (),
n=0 k=1

where f(v) = |||A'""XB"+A"XB'~"|]|.

Proof. Tt follows from Theorem 3 since the function f(v)=|||A! " XB"+A"XB'~"|||
is convex on [0, 1] (for more details, see [3, Corollary 1X.4.10]). O

Considering the above theorem for N = 0, we obtain the well-known Heinz in-
equality
[[A""XB"+A"XB' ||| < |[|AX + XBl]|,

while for N = 1, we have
IIA""XB" + A"XB' ||| < |||AX + X B||| — 2ro(v) (||AX + X B]|| — 2|/|]A' X B'/?|||)

which is simply (4.3).
Now, consider the following relation that interpolates the matrix Cauchy-Schwarz
inequality [21, Corollary 4.31]:

1A= X B[] - [[]|A*X B

I1AY2X B[] < |
< HAXI- 11X B,

where A,B € M,T , X € M, and r > 0. This series of inequalities can be improved as
follows.

THEOREM 16. Let A, B€ M\, X € My, and N be a nonnegative integer. If t >0
and 0 <v <1, then

AT XB (I HAXB 1] < [IHAX |- |1 1x 8Ll
2)1

N—1
_rgbr" EAfnk AT%)(V)’

where f(v) = [|||A"XB"['[[| - [[[|A"XB"'|lI.
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Proof. 1t follows from Theorem 3 since f(v) = ||||A'="XB"|'||| - ||||A*XB'~"|"|||
is convex on [0,1] (see [21, Theorem 4.30]). O

In particular, if N = 1 the above theorem reduces to

A XB I IHA™X B[] < (1= 2nW))I[[JAXI']]] - ][ 1XBI']]|
+2ro(v)|IAY2x B2 P,
where 0 <v< 1.
Similarly to the previous theorem, we can also utilize convexity of a function

F) =|[|AYXB ||| - |l|[A""XB"|"||| on the interval [—1,1] (for more details, see
[21, Corollary 4.32]).

THEOREM 17. Let A\ B€ M, X € M,, and N be a nonnegative integer. If t >0
and —1 <v <1, then

vy p— —lyp-1
(A XB"['[|-[[[JAT"X B[] < [[[|AXBI|[] - [l |A~ X B~ [']]|

N-1 2l
=Y sy ) 2 Ag(n, k)x( n/11>(V),
n=0 _on—1

where f(v) = ||| [A"XB"['[[| ||| |A7"XB™"|'||| and 5u(v) = ra(*5F).

Proof. Applying Theorem 3 to g(v) = f(2v—1), 0 < v < 1, we have

N—1 2"
FOr=1 S U=WAED + (1) = 3 ) S anbtg 4y () 44
n=| =1

Now, since

Ag(n,k):f<];n—ll—1>+f<2nl ) 2f<k ! 1)

replacing v by "H and k by 2"~! —k in (4.4), we obtain

on— 1

zsn v) 2 Af(”k))(( k )(V>7

k=1-2n-1

l—vf(_1)+1—|—v

fv) <

which represents the desired inequality. [

In particular, if N =1 the above result reduces to

I[A"X B[] AT X B[] < (1= 2s0())[[[]A~"XB~"['[I|- Il |AX BI']]|
+2s50(v)I[IXT[II%,

where —1 <v < 1.
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To conclude the paper, we will improve the following inequality involving positive
definite matrices and arithmetic mean (see [9, pp. 554-555]):

(Av,B)~' <AT'V,B7, 4.5)

where A,B € M, and 0 < v < 1. This inequality can also be refined by virtue of
Theorem 3.

THEOREM 18. If A,BE€ M, and 0 <v < 1, then

N-1 2"
(AVVB)_I gA_lva_l - Z rn(v) ZFn,k(AaB)X(u L)(V)a
n=0 k=1

oL e

)

where
In,k(‘LB) (A; EB)_I (A; LB)_I 2(11; MB)_I'
27!

on on+1

Proof. Let ¢ > 0. Applying Theorem 3 to the convex function f(v) = (1 —v+
ve)~!, we have

A1)

N-1 2"
(I=v+ve) ' < 1=v4ve ' = Y () EAf(mk)X(’%l
n=0 k=1

Now, the result follows by the functional calculus as in Theorems 12, 13, and 14. [

If N =0, the above theorem reduces to inequality (4.5), while for N = 1 we obtain
relation
(AV,B) "' <AT'V,B™!' —2r(v) (AT'VBT' = (AVB) ),

where 0 <v < 1.
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