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REFINEMENTS AND REVERSES OF YOUNG TYPE INEQUALITIES

CHANGSEN YANG AND YU LI

(Communicated by M. Krni¢)

Abstract. Recently, some Young type inequalities have been promoted. The purpose of this pa-
per is to give further refinements and reverses to them. Meanwhile, on the base of the scalars re-
sults, we obtain some corresponding operator inequalities and matrix versions including Hilbert-
Schmidt norm, unitarily invariant norm, trace norm, which can be regarded as an application of
the scalar inequalities.

1. Introduction

It is well known that the classical Young inequality for scalars says that if a,b > 0
and v € [0,1], then
a’b' ™" <va+ (1 —v)b, (L.1)

with equality if and only if @ = b. This simple inequality is not only interesting in
itself but also very useful. It is a particular case when v = %, by (1.1), we obtain the
arithmetic-geometric mean inequality

\/Eg";“b. (1.2)

Some years later, Kittaneh and Manasrah [8] obtained a refinement of inequalities
of (1.1), which can be stated in the following form

a@’b' ™V +r(vJa—Vb)?> <va+ (1 —v)b, (1.3)
where r = min{v,1 —v}.

Also, the inequality (1.3) was refined by Zhao and Wu [15] as follows:
Ifog<v< %, then

a' b’ +v(va—Vb)? +ro(Vab—a)* < (1—v)a+vb. (1.4)
If $ <v< 1, then

a' b’ + (1 —v)(va—Vb)* +ro(Vab —vVb)> < (1 —v)a+ vb, (L.5)
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where ry = min{2r,1 —2r} for r = min{v,1 —v}.

In a recent work, Hu [7] gave the following Young type inequalities:
If 0 <v< 3, then

Va? 4+ (1—v)%0* = (va)>'b*> % +v*(a—b)>. (1.6)

If 5 <v<1, then

1
2
Va4 (1—v)20% = a®[(1 —v)b]* 2+ (1 —v)*(a—b)*. (1.7)

Later, on the basis of the result of Hu [7], Nasiri, Shakoori and Liao [12] have
given some refinements of (1.6) and (1.7). These inequalities can be written as:
If 0<v< 4, then

Va® + (1=v)20% > (va)>* 0>~ + v (a—b)* +vob(v/va—Vb)?,  (1.8)
where vo = min{2v,1 —2v}.
If £ <v<1, then
Va4 (1—=v)2? > a®[(1 = )b 2 + (1 —v)*(a—b)? +via(vVa— /(1 —v)b)?,
where vi = min{2v— 1,2 —2v}.

Here we remark that some other refinements and reserves of Young’s inequality
by the partitions of the weighted parameter v € [0, 1] can be found in [3, 4, 13].
Meanwhile, based on Young type inequalities (1.8) and (1.9), Nasiri, Shakoori
and Liao [12] have presented corresponding matrix versions for Hilbert-Schmidt norm,
which can be stated that suppose X € M,, and A,B € M, , v € [0,1].
If 0 <v< 3, then
[VAX (1 —v)XB||3 >v*"||A"XB' |3 +v?||AX — X BJ|}
1,1 1.3
+volv[|AZXB2[[3 + |IXB||3 — 2V]|ATX BT|[3]
+20(1 —v)||A2XB?| |3, (1.10)
where vo = min{2v,1 —2v}.
If%gvg 1, then
[IVAX + (1= V)XBIB (1 —v)> 2 |JAXB' |3+ (1 - v)?||AX — XB|}
1 1 3 1
+vi[(1=v)[[A2XB2 |3+ ||AX |3 — 2v1 —v||ATX B3]
1 1.9
+2v(1 —v)||A2XB2||5, (L.11)

where v; = min{2v—1,2 —2v}.
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Furthermore, an interesting thing is that authors in [1] obtain the following reverse
of inequalities (1.6) and (1.7)

{v2a2 +(1—=v)%b

(1—v)*(a—b)>+(1— v)z(l’v)(avbl’v)z, 0<v< %,
v2a? + (1 —v)2b* <v

?<
2<v (@b +v® (@b )2, <y L (1.12)

In this paper, we will present some another refinements of these inequalities.
Throughout the paper, M, denotes the space of all n x n complex matrices. M, de-
notes the set of all positive semidefinite matrices in M,,, X > Y for X,Y € M, means
that X and Y are Hermitians and X —Y € M| . The set of all strictly positive definite
matrices in M, is denoted by M, . The unitarily invariance of the |||.||| on M, means
that |||UAV ||| = |||A]|| for all A € M, and for all the unitary matrices U,V € M,,. For
A = [a;j] € M,,, the Hilbert-Schmidt (or Frobenius) norm and the trace norm of A are

defined by
n n
A2 = s54), (Al = X si(A),
j=1 j=1

respectively, where s1(A) > s2(A) > ... > s,(A) are the singular values of A, that is,
the eigenvalues of the positive matrix |A| = (A*A)% , arranged in decreasing order and

repeated according to multiplicity. Moreover, it is well known that ||.||, is unitarily
invariant. For the notations adopted in this paper, the difinitions

AV,B=(1-v)A+vB, vel0,1],

Af,B=AZ(A"IBA"I)'AT, ve(0,1]

will be used for the matrix arithmetic and geometric means, when A, B € M, . In par-
1

ticular, denoted by AVB and AfB respectively when v = 5.
Furthermore, let B(H) denotes the C*—algebra of all bounded linear operators
on a complex Hilbert space H. In the case of dim H = n, we identify B(H) with
the matrix algebra of all n x n matrices with entries in the complex field. An operator
A € B(H) is called positive, if
(Ax,x) >0

for all x € H, and we write A > 0. The set of all positive operators on a complex Hilbert
space H is denoted by BT(H). Also, the set of all positive invertible operators on a
complex Hilbert space H is denoted with B+ (H). If A € BT (H), we write A > 0.

The paper is organized in the following way: In section 2, we give Young type
inequalities for scalar consisting of the reverse version of inequalities (1.12) and the
refined version of (1.8), (1.9) and so on. In section 3, on the basis of our main
scalar results, we obtained the related operator version, including the reverse and the
refinement. In the last section, as an application, we establish some corresponding
inequalities of matrix version for Hilbert-Schmidt norm, unitarily invariant norm, and
related trace versions based on the result of part one.
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2. Young type inequality for scalar

In this section, we mainly present some refined and reversed scalar Young type in-
equalities, including the reverse of (1.8), (1.9). Therefore, we start from the following
improved reverse Young type inequalities.

THEOREM 2.1. Suppose that a,b >0 and v € [0,1].
i) IFO<v< s 5, then
Va4 (1=v)%0> <a®[(1—v)b> 2"+ (1=v)*(a—b)> —voa(v/a— /(1 —v)b)?,
where vy = min{2v,1 —2v}. >y
i) If%évgl,then
va* + (1—v)%? < (va)*b*=2" +v?*(a — b)* — vib(v/va— Vb)?, (2.2)
where vi = min{2v — 1,2 —2v}.
Proof.
) Ifo<v< l, by (1.3), then we have
a[(1=v)bP 2 + (1 —v)*(a—b)* —v?d® — (1 —v)**
=2v[(1 —v)ab] + (1 —2v)a* —2(1 —v)ab + a*[(1 — v)b]*~%
>a® > [(1—v)b]> + vo(a — /(1 =v)ab)* = 2(1 —v)ab + a*[(1 —v)b]*~>
=voa(v/a—/(1=v)b)> +[(1 =v)’a'"p" — (1 —v)' a7

>voa(va—+/(1—v)b)?

@‘

That is
Va4 (1—v)20* <a®[(1—v)b)* 2"+ (1 —v)*(a—b)? —voa(v/a— /(1 —v)b)?
So (2.1) holds.
i) If % <v < 1,by (1.3) again, then we have
(va)>’b*> % v (a—b)* —via* — (1 —v)?b?
=(2v —1)b*+ (2 — 2v)vab — 2vab + (va)*'b*~?"
>(va)> 2 b* +vib(v/va— Vb)? — 2vab + (va)*b*?"
=vib(vva—Vb)? + [(va) b’ — (va)'b' )* = vib(v/va — Vb)>.
That is
Va4 (1—v)2? < (va)*b* =2 +v*(a — b)? — vib(v/va— Vb)>.

This completes the proof.
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REMARK 2.2. Obviously, inequalities (2.1) and (2.2) are reverses of inequalities
(1.8), (1.9) and are refinements of inequalities (1.12).

Next, we give our second main result which is a refinements of (1.8), (1.9), (2.1)
and (2.2).

THEOREM 2.4. Let a,b >0 and ve [0,1] .
D) IFoO<v< s 1 then
(va)>' >~ 42 (a — b)* + 2vb(v/va — Vb)* 4 vob(Vvab — V/b)?
<P 4 (1— )2
<@ [(1 =B 2+ (1= v)*(a—b)* = 2va(v/a— /(1 —v)b)?
—vaa({/(1=v)ab— Va)*, (2.3)
where vy = min{4v, 1 —4v}.
ii) If4 v < é, then
(va)?’ 6> 22 (a—b)? + (1 — 2v)b(v/va — V'b)? + v3b(V/vab — \/va)>
<P+ (1— )2
<a'[(1=)B 2 + (1= v)2(a—b)’ - (1= 2v)a(Va— /(T - 1))’
—v3a(y/(1—=v)ab— /(1 —v)b)?, (2.4)

where v = min{2 —4v,4v — 1}.

iii) If $ <v <3, then

@' [(1=v)b >+ (1 —v)*(a—b)* + (2v—Da(va— /(1 —v)b)*
+vqa(y/(1—v)ab— /(1 —v)b)?
a +( — )2b2

<v
<(va)?b* ¥ v (a—b)? — (2v—1)b(vva— Vb)?
— vyb(Vvab — \/va)?, (2.5)

where v4 = min{4v — 2,3 — 4v}.
iv) If4 v < 1, then

a1 =)D 2+ (1 —v)*(a—b)*+ (2 —2v)a(va— /(1 —v)b)?
+vsa(V/ (1 —v)ab—+/a)?

<a +( - )2b2
<(va)?b* ¥ 4 (a—b)? — (2—2v)b(vva— Vb)?
—vsb(V/vab—V/b)?, (2.6)

where vs = min{4 —4v,4v — 3}.
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Proof.
i) When 0 <v < %, by simple calculation and (1.4), then we have
via? +(1—v)?p* —v?*(a—b)?
=b[(1 —2v)b+2v(va)]
>b[(va)*b' " +2v(v/va— Vb)* + vy (Vvab — Vb)?]
=(va)*b*~ % + 2vb(\/va — Vb)* +vab(V/vab — V/b)?
and
(1—=v)*(a—b)* —v?a® — (1 —v)*b* +a®[(1 — )b~
=2v[(1 —v)ab] + (1 —2v)a®> = 2(1 — v)ab 4 a®[(1 —v)b]> %
>a> 2 [(1 = v)b]® + 2va(va— /(1 —v)b)? +vaa(/(1 — v)ab — /a)?
—2(1 —v)ab+a*[(1 —v)b*~%
=2va(va—/(1=v)b)* +vaa(y/(1 = v)ab— Va)’
a7 (1= b)Y — @ (1 - v)b)' P
>2va(va—+/(1=v)b)* +v2a(/(1 = v)ab— /a)?
So we completed the proof of (2.3).

ii) According to the inequality (1.5), the proof of (2.4) can be completed by an
argument similar to that used in 1).

iii) When § <v < 3,by (1.4), then we have
va® 4 (1 —v)*p* — (1 —v)*(a—b)?
=a[(2v—1)a+ (2—2v)((1 = v)b)]
>a{a® (1 =)+ (2v—1)(Va— /(1 -v)b)*
+v4(V/ (1 =v)ab— /(1 —v)b)*}
=a”[(1=v)b]* 2 4+ (2v— Da(va— /(1 —v)b)?
+vaa(V/(1—v)ab— /(1 —v)b)?

and
V2 (a—b)?—v?a* — (1 —v)*b* + (va) > b>=2
(2v—1)b* + (2 — 2v)vab — 2vab + (va)*b* =%
>(va)> 2 4 (2v—1)b(\/va—Vb)* +v4b(Vvab—/va)* —2vab-+(va)* b* >
>(2v—1)b(vva—Vb)* +vab(Vvab — /va).
So we completed the proof of (2.5).

iv) According to the inequality (1.5), the proof of (2.6) can be completed by an
argument similar to that used in iii).
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3. Inequalities for operator

In this section, we are going to present some Young type inequalities for an opera-
tor version by the monotonic property of operator functions. These operator inequalities
are easily given by a standard functional calculus(or Kubo-Ando theory [11]). First, we
give the following basic Lemma.

LEMMA 3.1. ([5]) Let X € B(H) be self-adjoint and let f and g be continuous
real functions such that f(t) > g(t) for all t € Sp(X) (the Spectrum of X ). Then
f(X) = g(X).

Now, according to the scalar result of (1.6), (1.7) which are presented by Hu, we
obtain some of their operator versions as follows.

COROLLARY 3.2. ([7]) Let A,B € B (H) and v € [0,1].
i) If ve[0,3], then
VA + (1 —v)°B > v (Al _,B) +v*[A+ B —2(AtB)]. (3.1)
ii) If v € [3,1], then
VB4 (1-v)?A > (1-v)>"2(Af,B)+ (1 —v)’[A+B—2(AtB)].  (3.2)

And then, by applying Lemma 3.1, the operator version of (1.8),(1.9),(2,1) and
(2.2) can be obtained as follows.

COROLLARY 3.3. Let A,B€ B""(H) and v € [0,1].
i) Ifve [07%]7 then
v?(Af1_,B) +V?[A+ B —2(A%B)] + vo[B+ v(A#B) — 2\v(At;3B)]
<A+ (1-v)’B
<(1—v)>"2"(Afh—,B) + (1 —v)*[A+ B — 2(AtB)]
—volA+ (1-v)(A2B) —2V1 - (A, B)], (3.5)
where vog = min{2v,1 —2v}.
ii) If ve [%,1]7 then
(1=v)*""(At,B) + (1 - v)’[A+ B — 2(A4B)]
+vi[B+ (1= v)A—2V1—v(Af3B)]
<B4+ (1-v)%A
<P (AfB) +V?[A+B—2(A1B)] — vi[A+ v(ALB) — 2VV(Af B)], (3.6)
where vi = min{2v — 1,2 —2v}.

Also, the operator version of Corollary 2.4 is deduced immediately as follows,
which can be regarded as a generalization of Corollary 3.2 and Corollary 3.3.
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COROLLARY 3.4. Let A,B€ B""(H) and v € [0,1].
i) If ve[0,3], then

v?'(Af1_,B) +V?[A + B —2(A%B)] + 2v[v(AtB) +B—2Vv(At3B)]
+va[VV(Af3B) + B~ 23/v(Af; B)]
<A+ (1-v)’B
<(1=v)>""(Af1B) + (1 - v)’[A+ B —2(AB)]
—20[A+ (1 - v)(AtB) — 2V - v(A4) B)]
—n[VI-v(AfyB)+A—2V1—v(A, B)], (3.3)
where vy = min{4v,1 — 4v}.

i) If ve [%,%], then

V¥(Af1-,B) + 7 [A+ B—2(AB)] + (1 - 2v) [W(ALB) + B —2V/(At B)]
+ vs[ﬂ(Ati;TB) +Vv(AYB) — ZW(Ati%B)}
<A+ (1-v)’B
<(1—=v)>"2 (At _,B) + (1 —v)’|JA + B — 2(A4B)]
—(1=2v)[A+ (1 —v)(A4B) —2V1 —v(Aﬁ%B)]
—v3[VI—v(Af1 B) + (1 —v)(AfB) — 21/ (1 —v)3(A13 B)], (3.4)

where vz = min{2 —4v,4v — 1}.
iii) If v € [%,3], then

(1—v)>"2"(Af,B) + (1 —v)*[A + B — 2(AtB)]
+(2v=1D)[(1 - v)(A4B) + B2V —v(At;3B)]
+va[V1=v(Af3B) + (1 - v)(A2B) — /(1 = v)* (A%, B)]

<B4+ (1-v)%A

<V (Af,B) + Vv [A+ B —2(AtB)] — (2v— 1)[v(AfB) + A — 2vv(A2) B)]
—valVi(ALy B) +v(ALB) — V(AL B, (3:5)

where v4 = min{4v —2,3 —4v}.

iv) If v € [3,1], then

(1=v)*"?(Af,B) + (1 —v)*[A+B —2(AzB)]
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+(2—2v)[(1 —v)(A#B)+ B — 2@@1@3)1
+vs[VI—v(Af3B) + B —2V1—v(A1; B)]

<VBH(1-v)%A

<?(AfB) +v?[A+ B~ 2(A1B)] — (2 2v)[v(ALB) +A — 2v/v(Afy B)]
—vs[Vv(AL1B) +A —2V/v(Af) B)], (3.6)

where vs = min{4 — 4v,4v — 3}.

Proof.
i) Let a=1,b*> =1 > 0 in (2.3), then the inequalities become
VY 2 (Lt —202) 4 2v(vt 2 1 — 23 E ) v (Ve 1 — 28t F)
<V (1—v)
(L —v) 2 (1= )2 (L1 —207) — 2v[1 + (1 — )2 — 2T — wr¥]
VT —wE +1—29T—wE]. (3.7)

For the operator X = A"3BA™3 hasa positive spectrum, / be the identity oper-
ator. By Lemma 3.1 and replace # with X in inequalities (3.7), then we have

VXY (T4 X —2X )+ 20(vKT + X — 2K 7)
(VX T+ X — 20X F)
<P+ (1-v)X
<(1L—v)2 22X 4 (1= v)2(I+X —2X3) = 20[I+ (1 — v)X2 — 23/ T —vX 4]
VT =X 3§ 41— 2T X 5], (3.8)
Then multiplying (3.8) by AZ on both sides, we get the required inequalities
(3.3).

ii) The line of proof ii) is similar to the one presented in i) by applying the inequali-
ties (2.4), thus we omit it.

iii) Let b= 1,a*> =t > 0, in (2.5), then the inequalities become
(1= )22+ (1= v)2(1+1—202) + (2v — D[(1 = v)r2 41— 2T —wri]
Fua(VT—vtd 4+ (1= vz —27/(1—v)%3)

< (1—-v)?

2 v (L —20%) — (20— 1) ur? + 1 — 2\t
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—V4[\/;t%—|—vt%—2\4/v_3t%}. (3.9)

For X =A ?BA~? hasa positive spectrum, / be the identity operator.
By Lemma 3.1 and inserting X in inequalities (3.9), we have
(1—v)22X" + (1 —v)2(I+X —2X?)
+v=D[(1—v)XZ +X — 2T =X 1]
Fua[VT—vXE 4+ (1—v)X2 —2¢/(1 —v)3X ]
<X+ (1—v)I
X V(I +X —2X2) — (2v— D)[vX2 +1—2/vX 4]
— ua[VIX T VX2 —2VA3XE). (3.10)

Then multiplying both sides of the inequality (3.10) by AT, we get the desired
inequalities (3.5).

iv) The line of proof is similar to the one presented in iii) by applying the inequality
(2.6), thus we omit it.

4. Inequalities for matrix

It is known that some matrix norm inequalities can be obtained by the point-wise
order (scalar inequality). (See, for example, [6, 10, 13]).

In this section, we only present some interesting matrix versions of Theorem 2.4
for Hilbert-Schmidt norm, unitarily invariant norm, trace norm and trace. To do these,
we need the following Lemmas. However, it is worth mentioning that the first Lemma
is a Heinz-Kato type inequality for unitarily invariant norms.

LEMMA 4.1. ([9]) Suppose A7BEM,‘l|r and X e M. If 0 <v < 1, then

[[14"XB ([ < [llAX[[][[|xBI||".

In particular,
tr|AB 7| < (trA)Y (1rB)' .

LEMMA 4.2. ([2]) Let A,B € M,,, then
5j(AB) < X s(A)s;(B).
=1 j=1

J
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LEMMA 4.3. Let A,BE€ M, and v € [0,1], then

n

‘AVBI v||2 2[ ]2.

Proof. For any C € M,,, we have the following inequality by [14],

1rC| < Y 55(C)
Jj=1
So by Lemma 4.2,

Z [S;(A)S}_V(B)]2 Z (A2vB2(1 v)) > tr(A2vB2(1—v)) _ tr(Bl—vAZVBl—V)
= =

S = |AB 3.

M:

1

J

Now, we first establish matrix versions of Theorem 2.4 for Hilbert-Schmidt norm,
whose proof is based on the spectral theorem.

THEOREM 4.4. Suppose A,B,X € M, such that A,B € M, and satisfy v € [0,1].
i) Ifve [07%]7 then

Vv2||AX B3+ 2v]|AZX B2 |3 +V?||AX — XB|2
+ (v2+20)||XB| 3+ (v — 4) VAl AT X B3| 3 — 200 /0] | A X BF [}
<|[vAX + (1 —v)X B3
<(1=v)> ?||A"XB"[[5+ (1 —v)*||AX — XBI[5— (v2 4 2v)||AX]|3
— (va— 4v)VT —V||ATXBF| 3+ 2v,3/T —v||AS XBF| |2, (4.1)
where vy = min{4v,1 — 4v}.

ii) If v € [%, %], then

V(JAX B3+ v(vs+ 3 — 4)||AZX B2 |2 +v?||AX — XB| 3
(1= 20)||XBIB + (vs — 2+ 4v) /7|4 X B3 — 203943 |4S X BE | 3
<|[vAX 4 (1 —v)XB|[3
(1= v 2AXB 3+ (1—v) (4v — 1 —v3)|JA2XB2 ||}
+(1=v)*||AX — XBI[5 — (1—2v)||AX||3
(3 4y —2)VT V| |ATXBI |2+ 2058/ (1 — v)3||ARXBE |2, (4.2)

where v = min{2 —4v,4v — 1}.
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iii) If v € [%,3], then

(1= 24X B B+ (1 = v) (vy + 4v — 1)]|A2XB2 |}
+(1—=v)’||AX = XBI[5+ (2v— 1)[|AX||3
(v +2 — ) VTV |ASXBH |2 — 2va /(1 — v)3||A X B3 |2

<|[vAX 4 (1 —v)XB|[3

<P||AXB B4 v(3 — 4v—vy)||A2XB2| 3
+v?||AX = XBI[5— (2v—1)[|XB[|3
— (va+2— 40) VAT X B3| + 20403 AF X BR |3,

where v4 = min{4v — 2,3 —4v}.

v) Ifve [%,1]7 then

(1= 2 |IAXB ™| 3 +2(1 - v)||A2X B |}

+ (1 —=v)?||AX —XB|3+ (vs +2—2v)||AX |3

4 (vs— 4+ 4v)VT V||ATXBH |2 — 2vs¢/T — v||AF X B3 |3
<|VAX + (1 -v)XBI[3
<vP||A"XB' |3+ v*||AX — XB| |3 — (vs+2—2v)||XB||3

— (vs — 4+ 4v)\/rl|ASXBE |} + 205 0] |ARXBE |,

where vs = min{4 —4v,4v — 3}.

(4.4)

Proof. Since A and B are positive semidefinite, it follows by spectral theorem
that there exist unitary matrices U,V € M,,, such that A=UA;U*,B=VA,V*, where

Al = diag(llylz,"',ln),l\z = diag(.ul;.u2a"'7un)aliuuj = Oai7j = 1,2,"',71.

our computations, let Y = U*XV = [y;;|. Then we have

For

VAX + (1 =v)XB=U[(vAi+ (1 —=v)u;)yi;]V*,AX —XB=U[(Ai — W;)yij]V",

- v x Adypi 3,2 * .
A'XB' = U[(A 1) )yij]V,ATX B2 = U[(A7 7 )yijlV*, AX = Uldy]V™,

13 17
and XB = Uuyy]V*, ATXB = U4 1} )y ]V, ARXBS = U[(2" ) )y ]V*.

i) If velo, ﬂ, now, by (2.3) and the unitarily invariant property of the Hilbert-

Schmidt norm, then we have

|[VAX + (1 —v)XB|[3

= i (WAi+ (1= v)1)?[yij |

i,j=1
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YN (AT il 2 (1 =) Y, 7“#, Iy v Y (=) i
i,j=1 i,j=1 ij=1
n L3
+2v Z [vlillj +I~L,,2' - 2\/‘_’7%‘2 H.,'Z] |yij|2
ij=1
o 3 [Virdud w2 -2t ]y P
i,j=1

=¥(|A"X B |2 4+ 2v(1 — v)||ATX B2 || +*||AX — XB|2
+2v[V][AZXB2|[3+[[XB|3 —2/7]|ATX B | 3]
+ 2 [VIllASXBE [+ ||XBI 3~ 234145 X B | 3]

and

|[VAX + (1 —v)XB|[3

=3 At (1= Plyis?

i,j=1
<=2 Y (A'wj~ )\yu|2+2V(1—V)Z(7L2 22y 2
i,j=1 i,j=1
1
02 Y, el -20 3, (1) A+ A2 2v T ]y
i,j=1 i,j=1
3 VI A2 2T P

i,j=1
—(1=v)> ||AXB" |3+ 2v(1 - v)||A2XB2 |3+ (1 — v)||AX — XB|]3
—20[(1 = v)||JA2XB? |3 + [|AX| |3 — 2V T—v||ATX B4 | 3]
3 1 7 1
— v [VI—V||ATXBH |3 + [|AX]|[3 — 23/ (T —v)[|AS xBE 3],

So we completed the proof of (4.1).

Using the same technique in (2.4), (2.5) and (2.6), respectively, we can get (4.2),
(4.3) and (4.4). Here we completed the proof.

REMARK 4.5. Itis clear that the first inequality of (4.1), (4.2), (4.3) and (4.4)

are refinements of inequalities (1.10) and (1.11).

The following results for unitarily invariant norm and trace are established by

Lemma 4.1.

THEOREM 4.6. Suppose A,B,X € My, such that A,B € M, " and satisfy v € [0,1],

for any unitarily invariant norm |||.|||.

i) If ve[0,%], then

[vI[JAX |||+ (1 =) |Ix B[]
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>v2|JAX B2+ 20(1 - v)[[|A2XBE |2 +2 (] |AX || - [||XB]])?
2
+2v[[|X B[ (VVI[[AXT]] = VX BI[T)
2
+valIXBI[ (VY IIAXIHTIXBIT = VX BIIT), (4.5)

where vy = min{4v,1 —4v}.

ii) If ve [%,%}, then
IAX ][]+ (1= v)|[1X B[]’
>V ([IAX B ||P - 2v(1—v)[[|A2 X B2 ||+ 3 (| [JAX || — [[[XBI|])
+(1—29)[|1XB||| (v ITIAXT[ - VITIXBIT])?
+ 31X B (YITAXTTTIXBI - YTIAXITT)?, (4.6)
where vy = min{2 —4v,4v — 1}.
iii) If v € [%,3], then
lllAX]]]+ (1 = v)l1XBI[[]*
>(1—)> 2| AXB' ||+ 2v(1 —v)|||A2X B2 ||
+ (L= (|[IAXl| - I1XBIII)*
+ (2v = D[AX ||| (VITTAX] — /(T —)[[XB])
+vall|AX || (/T = V)ITAXTITTIXBIT - /(L= »)IXB), (4.7)
where v4 = min{4v — 2,3 —4v}.
iv) If ve[3,1], then
IllAX][]+ (1= v)[[1XB]|[]?
> (1= )2 24X B || P+ 2v(1 — v)|||A2X B2 ||
+ (L= (|[IAXl| - X BIIT)*
+ (2~ 20)[|AX || (VITIAXT] — /(T =W)X B])
+vs 14X || (/T =)TAXTTTIX BN - VI[1AXT]]), (4.8)

where vs = min{4 —4v,4v — 3}.

Proof.

i) When v € [0, 1], by Lemma 4.1 and the left inequality of (2.3), then we have

[vl[JAX |||+ (1 —v)||Ix B[]
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>V [[[[AX|P11X B )7 4 2v(1 - v)JAX ]| || XB]]|
+ v (11IAX][| — 11X BIl)* +2v][[XB||| (v/YTIAXT] — +/TIXBI[])?
+ 21X BI|| (VVITAXTTTTX BN — /TIXBI)’

>V |[|JAYX B! |2+ 2v(1 —v)|||AZX B2 |2
+ 2 (1l1AX][] — 11X BIl)* + 2vl[[X BI[| (v/VTIAXT]] - v/TIXBI[])?
+ ol l1XBI|| (YAITTAXT TTXBIT — VITIXBIT) .

So we completed the proof of (4.5).

The proof of the line ii), iii), iv) are similar to the one presented in i) by using the
Lemma 4.1 and the left inequalities of (2.4), (2.5) and (2.6), respectively, thus we
omit them.

THEOREM 4.7. Suppose A,B,X € My, suchthat A,B € M;}" and satisfy v € [0, 1].
i) Ifve [07%]7 then

[tr(AVl_VB)]2 >y [tr | A"B'™V | ]2 +v? (trA — trB)2
+2v(1—v)(tr | ATB} \ )2 +2vtrB(VvirA — \/ZV_B)Z
+votrB(VvirAtrB —\irB)®, (4.9)
where vy = min{4v,1 — 4v}.

ii) If v € [%,%], then

[tr(AV,_,B)] STl [tr|AYB' ] P02 (1rA — trB)2
+20(1—v) (tr | A2BZ | )24 (1 — 20)trB(V/virA — VirB)
+vytrB(VirAtrB — VirA)?, (4.10)
where vy = min{2 —4v,4v — 1}.
iii) If v € [%, 2], then
[tr(AVl,VB)]2 >(1—v)>? [tr\AVBl_VH2 +(1—v)*(trA — trB)2

+20(1—v) (tr | A2B? | )+ (2v—D)trA (VirA—/(1—v)irB)
+vgtrA(Y/(T=v)irAtrB— /(1= v)irB)’, (4.11)

where vy = min{4v — 2,3 —4v}.

iv) If v € [3,1], then

[tr(AV1,B)]® =(1—v)> 2 [1r|A"B' ™| + (1 —v)*(¢rA — trB)
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+2v(1—v) (e | A2B? | )+ (2—20)trA (VirA—/(1—v)irB)
+vstrA(Y/ (1= v)trAtrB— VirA)’, (4.12)
where vs = min{4 — 4v,4v —3}.
Proof.
i) When v € [0, 1], by Lemma 4.1 and the left inequality of (2.3), then we have
[tr(AV,_,B)]?
[vtrA +(l—v) trB]2
>v2v[ trA)Y (trB)'~ v]z +12 (trA — trB)2 +2v(1 —v)trAtrB
+ 2vtrB( VirA trB)2 + thrB(m — \/tr_B)2
>y [tr |A"B™Y | ] +v2(tr —trB)2 +2v(1—v)(tr \A%B% | )2
+ 2vtrB(VvirA —v/irB)? + vatrB(VvirAtrB — VirB).
o (4.9) holds.

The proof of the line ii), iii), iv) are similar to the one presented in i) by using the
Lemma 4.1 and the left inequalities of (2.4) — (2.6), respectively, thus we omit them.

Also, we get the following result which gives refinements of the trace norm version
of Young type inequality.

THEOREM 4.8. Let A,B € M,, such that A,B € M, and satisfy v € [0,1].
i) Ifve [07%]7 then
VY[R + (1 =) B3 = (A% + (1 -v)*B?)
_ 2
>v?||AB" |3+ (J[Al]2 — [[B]]2)
+2v[v]|AB||1 +[[BI[3 — 2v/vy/[|Al]1 [|B3]]1]
1.3 1 A
+va [VVI[AZB3|| +||B|[; — 2Vv\/ [|AZ[]1 [|B2 1], (4.13)
where vy = min{4v,1 —4v}.
ii) If v € [§, %], then
VA3 + (1 —v)?|B|3 = tr(VVA* + (1 —v)*B?)
v vpl— 2
>v?||A"B |54+ v (|[Al]2 — [[BI|2)
+ (1=2v)[V[|AB| |1+ |B[3 — 2v/v/[|Al]1 [1B3]]1]
1.3 3 5
+v3 [VVIAZBE |1 +v]ABI| = 2V /(A3 |1y [1B2] 1], (4.14)
where vz = min{2 —4v,4v — 1}.
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iii) If v € [%,3], then
V0IAI3+ (1=v)?||BIl5 = tr(V’A> + (1 —v)*B?)
>(1=20)>" || A"B' |3+ (1 =v)*(||Al |2 — |1B]]2)
+(2v = 1) [(1 =w)||AB]|s + ||AlZ — 2vT = vy /(1431 [1BI]1]
+va [VI—V||AZB2 ||y + (1 - v)[|ABI[ —2{/(1 —v)3\/|A ||, [|B2]]1], (4.15
where v4 = min{4v — 2,3 —4v}.
v) Ifve [%,1]7 then

VIIAI+ (1= v)?([Bll3 = (A% + (1 —v)’B?)
>(1=20)> 2|A"B" |3+ (1= v)*(|All2 — ||BI|2)*

+(2=29) [(1=v)|4B||1 + |3 —2v/T=v\/||43]|1 |1B]]1]
3 1
+vs [VI—V|A2B2 |1+ A3 — 23/ (T=v)\/ [|A2 ||, [1B2]]4], (4.16)

where vs = min{4 — 4v,4v — 3}.

Proof. We shall prove the first inequality and leave the others to the reader because
the proof is similar to each other.

i) When v € [0, 4} then using Lemma 4.2, Lemma 4.3, Cauchy-Schwarz inequal-
ity and the left inequality of (2.3), we have

tr(v* A% + (1 —v)*B?)

H(A4) + (1 v)’s3(B)]

Il
M=
=

o
o

~.
Il
—_

1(A)?'s372 (B) +v2(s(A) — 5(B))?

2vs;(B) (y/vs;(A) — \/s;(B))” +vas (B )({‘/vsj(A)sj(B)—\/sj(B))z]

n

[s;(A)sJ (B)] +v2[25 )+ Zs Zisj(A)sj(B)]

Y%
M=

~.
Il
—_

+

Il
<
v
M=

J=1 j=1 =
+2v[vilsj(A)sj(B)+ils3 2\/_2s J% B)]
j= j=
+v2[ﬁfif ; +le 2\/_2s ;7* B)]
j= j=
2 [sA)si B [ X 5@+ Y 28 -2( 3 2 (3 58)]

j=1 j=1 j=1 j=1

~
I
—_

.
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n

mpil 5i(AB) + Y. 2(B) ~ 2v5( Y. 5(4)

J=1 j=1 J=1

A=
—~
5y
~w
=)
=
N
A=
[

n 1.3 n n 1 1 n 7 1
FnlVi Y satBh) + X 36 - 205( 3 sT) (3 5F8) ]
j=1 j=1 ' ]
>v?|A"B |3+ v (1|All2 — [1B]12)?
+2v([v[|AB||1 +[BIIz — 2v/v/l|All1 [IB3])1]
1.3 1 7
+va [VVI[AZB2 |y +||BI13 —23/vy/ (1421 [1B2]]1].

For another, since

n
1r(VA% 4+ (1=v)?B?) = v2trA? + (1 —v)2trB? = v? D s?(A) +(1—v)? D S%(B),
= =

that is
tr(v?A>+ (1 —v)*B*) = v[|A| 3+ (1 —v)?[|B|5.

This completed the proof.

REMARK 4.9. It is obvious that inequalities (4.13) — (4.16) are refinements of
the well-known results in [12].
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