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ON THE REVERSE YOUNG AND HEINZ INEQUALITIES
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(Communicated by M. Krni¢)

Abstract. In this paper, we study further improvements of the reverse Young and Heinz inequal-
ities for positive real numbers. We use these modified inequalities to obtain corresponding oper-
ator inequalities and matrix inequalities on the Hilbert-Schmidt norm.

1. Introduction

Let a,b >0 and v € [0,1]. The classical Young inequality for scalars a, b is known
as
a'7'b" < (1—v)a+vb, )

with equality if and only if a =b. If v = %, we obtain the arithmetic-geometric mean
inequality

Vab < a ; b.
The supplemental Young inequality
a'™b" = (1—v)a+vb, 2)

holds when v ¢ [0, 1], the proof can be found in [1].
Heinz mean, introduced in [2], defined as

alfvbv _|_avblfv

H,(a,b) = 7

for a,b >0 and v € [0, 1], interpolates between the arithmetic and geometric means. It
is easy to see that

b
Vab < Hy(a,p) < 27,

which are called Heinz inequalities. Improvements of Young and Heinz inequalities and
their reverses have been generalized, extended and strengthened in various directions.
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The reader can find them in [3, 4, 9, 10, 12, 16, 18, 20]. Kittaneh and Manasrah [13]
gave refinements of Young and Heinz inequalities respectively as follows

a' 7'+ r(va—Vb)? < (1—v)a+vb, ©)

Hy(ab) +r(va—vBP < 22 @

where r = min{v,1 —v} and v € [0,1]. Subsequently, reverses of the inequalities (3)
and (4) were obtained in [14] respectively as follows

a' '’ +s(v/a—Vb)? = (1 —v)a+vb, (5)

Hy(ab) +s(va- vy > 20, ©)

where s = max{v,1 —v} and v € [0,1].

Let B(H) denote 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
M, (C) of all nx n matrices with entries in the complex field C. An operator A € B(H)
is called positive and we write A > 0 if (Ax,x) >0 for all x € H. The set of all positive
invertible operators is denoted by BT (H). If A € B""(H), we write A > 0. We say
A > B if A—B > 0. The Hilbert-Schmidt norm of A = [a;;] € M,,(C) is defined by

1

,, 2
|All2 = (2 Iaij|2> :
ij=1

This norm is unitarily invariant in the sense that |[UAV ||, = ||A]| for all unitary
matrices U,V € M,(C).

Let A,B € B™(H) and v € [0,1]. v-weighted geometric mean of A and B,
denoted by Afi, B, is defined as

L/ 1 1\Y 1
A8B—=A* (A } BA z) Al
and v-weighted arithmetic mean of A and B, denoted by AV,B, is
AV,B=(1-v)A+vB.

When v = %, At 1 B and AV 1 B are called geometric mean and arithmetic mean and
denoted by AfB and AVB respectively [17]. One can easily show that if v € [0, 1], then

AfB = Bfi\A. (7
It is well known that if A,B € B™*(H) and v € [0,1], then
AV,B > A#,B,

which is the operator version of the scalar Young inequality (1) [5, 6].
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An operator version of Heinz mean was introduced in [12] by

_ At B+ At B

H,(4.5) -

It is easy to see that Heinz operator mean interpolates the arithmetic-geometric operator
mean inequality

A#B < Hy(A,B) < AVB,

which are called the Heinz operator inequalities [11, 12].
The operator versions of the refined reverse Young and Heinz inequalities (5) and
(6) were obtained in [14] as follows

AV,B < A#,B+2s(AVB — A#B),
AVB < H,(A,B) +2s(AVB — AtB),

where A,B € B*"(H), s =max{v,1 —v} and v € [0,1].

Recently, Zhao and Wu [19] presented some new refinements of the reverse Young
inequality (5). It is interesting to ask whether there exist further refinements and im-
provements of the reverse Young and Heinz inequalities. This is a main motivation for
the present paper and we are concerned with these inequalities in this paper. In section
2, we give the whole series of new refinements of the scalar reverse Young inequalities
which help us to obtain refined Heinz inequalities. In section 3, we extend inequalities
proved in section 2 from the scalar setting to a Hilbert space operator setting. In section
4, the corresponding Hilbert-Schmidt norm inequalities are established.

2. Improved reverse Young and Heinz inequalities for scalars

We start from the following improved reverse Young inequalities given in [19].

LEMMA 1. ([19]) Let a,b>0, v€ [0,1], r =min{v,1 —v} and ro = min{2r,1 —
2r}.

(i) If 0 <v < 5, then
(1—v)a+vb<a' b’ +(1—v)(va—vb)* — ro(Vab— vb)>.
(ii) If 3 <v <1, then
(1—=v)a+vb < a' b +v(va—Vb)? — ro(Vab— /a)>.

The following corollary is a direct consequence of Lemma 1. Notice that Corollary
2 is deduced by Corollary 1.
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COROLLARY 1. Let a,b >0 and v € [0,1].

(i) IFO<v< 1L then
(1—=v)a+vb<a' "'+ (1—v)(va—Vb)* —2v(Vab—Vb)*.

(ii) If £ <v < 3, then

(1=v)a+vb<a'"b"+ (1—v)(vVa—Vb)*+ (2v—1)(Vab— Vb).

(iii) If + <v < 3, then
(1—=v)a+vb<a' ™"b +v(va—Vb)? — (2v—1)(Vab — a)*.

(iv) If4 v< 1, then
(1—=v)a+vb<a'™"b" +v(v/a—Vb)> + (2v—2)(Vab— \/a)*.

COROLLARY 2. Let a,b>0 and v € [0,1].
(i) If 0 <v < g, then

a+b

Hy(a,b) + (1 =v)(va— VB) —v|(Vab— VB) + (Vab - va)*| .

(ii) If}t <v< %,then

a;b<Hv<a7b>+<1—v><f—¢z>2+<v-§> [(Vab VB + (Vab—v/ay] .

(iii) If 3 <v< g, then

“;b (@ b) +v(va— VB — (v 3) [(Vab VB + (Vab— vay’].

(iv) If4 v< 1, then

a+b

— <Hy(a,b)+v(Va- Vb7 +(v—1) [({‘/a_b—\/z?>2+(<‘/ﬁ—\/a)2] .

Next we give our first main Theorem which concerns improved reverse Young
inequalities.
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THEOREM 1. Let a,b >0 and v € [0,1].
(i) If vée [%,?—J then

(1=v)a+vb<a' "B + (1 —v)(va—Vb)> + (2v—1)(Vab—Vb)*>.  (8)
(ii) If v ¢ [%,%], then

(1=v)a+vb<a' b +v(va—Vb)> — (2v—1)(Vab—/a)*>.  (9)

Proof. (i) Notice that (3 —4v) ¢ [0,1] where v ¢ [4,3]. Compute

(1—v)a+vb+(v—1)(va—vVb)*— (2v—1)(Vab— Vb)?

= (1—=v)a+vb+ (v—1)(a—2Vab+b) — (2v—1)(Vab—2Vab? + b)
= (3 —4v)Vab + (4v—2)Vab?

< (Vaby (Va2 =a'™p"  (by (2)

and so

(1=v)a+vb+ (v—1)(ya—vVb)* = (2v—1)(Vab—Vb)* <a' b,
which gives the inequality (8).
(i) If v ¢ [3, 4], then (4v—1) ¢ [0,1]. We have
(1 —=v)a+vb—v(va—Vb)*+ (2v—1)(Vab— /a)*
(1 —v)a+vb—v(a—2Vab+b)+ (2v—1)(Vab—2Va3 b+ a)
= (4v—1)Vab+ (2 — 4)VdPb
< (Vab)" ' (Vadb) ™ =a' b (by ()

so we get the desired inequality (9) as follows

(1=v)a+vb—v(va—vVb)>+ (2v—1)(Vab—va)* <a' b

This completes the proof of Theorem. [

REMARK 1. We here give advantage of Theorem | in comparison with Corol-
lary 1.

(a) Firstly, inequality (8) corresponds to (ii) of Corollary 1 when v € [%, %] Notice
that the range of (i) of Theorem 1 is wider than (ii) of Corollary 1. Namely, (i) of
Theorem 1 also holds in the cases such as v € [0, 1] and v € [3,1].

(al) For the case of v € [0, ‘l‘], we easily find that the right hand side of (i) of
Theorem 1 is less than or equal to the right hand side of (i) of Corollary 1.

This means that (i) of Theorem 1 is tighter bound of (1 —v)a+ vb than (i)
of Corollary 1 where v € [0, 1].
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(a2) For the case of v € [%7 1], we can claim that the right hand side of (i) of
Theorem 1 is less than or equal to the right hand side of (iv) of Corollary 1.
Since the inequality

v(va—Vb?+2(v=1)(Vab—/a)* > (1-v)(vVa—Vb)*+(2v—1)(Vab—vb)*

is equivalent to the inequality
(14— 1)2 {(4v—2)z1/4+4v— 3} >0,

for # >0 and v € [3,1], this is obviously true.

(b) Secondly, inequality (9) corresponds to (iii) of Corollary 1 when v € [%, fﬂ No-
tice that (ii) of Theorem 1 also holds in the cases such as v € [0, 1] and v € [2,1].

(bl) For the case of v € [%, 1], we easily find that the right hand side of (ii) of
Theorem 1 is less than or equal to the right hand side of (iv) of Corollary 1.

(b2) For the case of v € [0, ‘l‘], we can claim that the right hand side of (ii) of
Theorem 1 is less than or equal to the right hand side of (i) of Corollary 1.
Since the inequality

(1-v)(va=Vb)*=2v(Vab—Vb)* > v(/a—Vb)—(2v—1)(Vab—/a)’
is equivalent to the inequality

11414 )2 {(1 — vy Ay 4v} >0,

for t >0 and v € [0, 1], this is obviously true.

Thus for all cases, the right hand sides of both inequalities (8) and (9) in Theorem 1
give tighter upper bounds of v-weighted arithmetic mean than those in Corollary 1.

As a direct consequence of Theorem 1, we have the following improved reverse
Heinz inequalities

COROLLARY 3. Let a,b >0 and v € [0,1].
(i) If vée [%,?—J then

a+b

< Hy(a,b)+(1-v)(Va—vb)*+ (v—%) [(\“/E—\/E)%(\“/%—\/a)z} .

(ii) If v ¢ [%,%], then

“;b < Hy(a,b) +v(va—vb)? — G—%) (Vab— /by + (Vab — ay].
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REMARK 2. The importance of Corollary 3 in comparison with Corollary 2 is
same to the advantage of Theorem | in comparison with Corollary 1.

COROLLARY 4. Let a,b >0 and v € [0,1].

(i) If vée [%,fﬂ then
(1—v)a®>+vb* < (al_vbv)2+ (1—v)(a—b)*+ (2v—1)(Vab—b)>.  (10)
(i) If v ¢ [1,%], then

(1=)@+ b2 < (a'b") +v(a—b)*— (2v—1)(Vab—a)®. (1)

Proof. Replacing a and b by their squares in Theorem 1 gives the desired in-
equalities. [

THEOREM 2. Let a,b >0 and v € [0,1].
(i) If v [5,3], then
(1 —v)a+vb)* < (alfvbv)z—f— (1—=v)2(a—b)*+ (2v—1)(Vab—b)*. (12)
(ii) If v ¢ [%,%} then

(1=v)a+vb) < (@) 41 (a—b)2— (v—1)(Vab—a)®.  (13)

Proof. (i) By easy calculation, we have
(1 =v)a+vb)* — (1 —v)*(a—b)?
(1 =) +v?p> +2v(1 —v)ab — (1 —v)%a* — (1 —v)*b* +2(1 —v)?ab
=(1—v)a>+vb*> — (1 —v)(a—b)?
< (aB")’ 4+ (2v—1)(Vab—b)?  (by (10))

which gives the inequality (12).
(ii) According to the inequality (11), the proof can be completed by an argument
similar to that used in (i). [

3. Operator inequalities for the improved reverse Young and Heinz inequalities

In section 2, we obtained the improved reverse Young and Heinz inequalities for
positive scalars a and b in Theorem | and Corollary 3. Now we are going to extend
them for positive invertible operators.
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LEMMA 2. ([7]) Let X € B(H) be self-adjoint and let f and g be continuous
Sunctions such that f(t) < g(t) for all t in the spectrum of X. Then f(X) < g(X).

LEMMA 3. ([19]) Let A,B€ B™t(H), v € [0,1], r = min{v,1 —v} and ry =
min{2r, 1 —2r}.

(i) if0< v < 4, then

AV,B < Af,B+2(1 —v)(AVB — AtB) — ro(AtB + B — 2A1B).

(ii) If § <v <1, then

AV,B < A4,B+2v(AVB — AfB) — ro(AZB + A — 24% B).

COROLLARY 5. Let A,B€ B™"(H) and v € [0,1].
(i) FO<v< g, then

AV,B < AfB+2(1—v)(AVB — AfB) — 2(AfB+ B—2A43B).

(ii) If 3 <v< 3, then

AV,B < Af,B+2(1 —v)(AVB—AfB) + (2v—1)(AtB+ B — 2Aﬁz3B)'
(iii) If $ <v < 3, then
AV,B < Af,B+2v(AVB — AB) — (2v—1)(AfB+A — 2Aﬁ11B).
(iv) If% <v <1, then
AV,B < Af,B+2v(AVB — AB) + (2v —2)(AfB+A — 2Aﬁ11B).
Now we obtain the operator version of Theorem 1 as follows

THEOREM 3. Let A,B€ B™*(H) and v € [0,1].
(i) If v¢ [5,3], then

AV,B < ABB+2(1—v)(AVB—AfB) + (2v— 1)(A$B+B—2A,B).  (14)

(ii) If v ¢ [1,3], then

AV,B < AfB+2v(AVB — AfB) — (2v—1)(AfB+A 241, B).  (15)
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Proof. (i) According to the inequality (8), we have the following inequality for
t>0

(1=v)+vr <"+ (1 =) (1= VD)2 + 2v—1)(Vi— Vi)

=t"+(1—-v) (I—H—ZI%) +(2v—-1) (t%—H—Zt%),

if we replace t with A"2BA~? and then multiplying both sides of the inequality by AZ ,
we get

(1= v)A+vB < A$B+(1—v)(A+B—241B) + (2v— 1)(AfB+ B~ 2A%;B),

since (1 —v)A+vB=AV,B and 442 = AVB, so we have
AV,B < Af,B+2(1 —v)(AVB—A4B)+ (2v—1)(AtB+ B — ZAﬁ%B),
which is the desired inequality (14).

(ii) The line of proof is similar to the one presented in (i) by applying the inequality
(9), thus we omit it. [J

REMARK 3. According to the one-to-one correspondence between Theorem 1
and Theorem 3, the advantage of Theorem 3 in comparison with Corollary 5 is sim-
ilar to the advantage of Theorem 1 in comparison with Corollary 1.

By applying (7), the operator version of Corollary 3 is deduced immediately by
Theorem 3 as follows

COROLLARY 6. Let A,B€ B™*(H) and v € [0,1].
(i) If vée [%,?—J then

AVB < Hy(A,B) +2(1 —v)(AVB — A$B) + (2v — 1)(A$B + AVB — 2H; (A, B)).

(i) If v ¢ [1,%], then

AVB < Hy(A,B) +2v(AVB — A$B) — (2v — 1)(AtB+ AVB — 2H, (A, B)).

4. Improved reverse Young inequality for the Hilbert-Schmidt norm

In this section, we give the new improvement of the reverse Young inequality for
the Hilbert-Schmidt norm based on Theorem 2.

LEMMA 4. ([19]) Let A,B,X € M,(C), A,B>0, ve[0,1], r=min{v,1 —v}
and ro = min{2r,1 —2r}.
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(i) if 0< v < 4, then

(1 —v)AX +vXBI[; < ||A'~ VXBVH2 +(1—v)?||AX —XB|}3

1 1 2
—rOHAf)(Bz —XBHz.

(u)zf <v< 1, then

_ 2
I(1—v)AX +vXB|[; < ||A'""XB"||; ++* |AX — XB|j3

1 1 2
’ATXBT —Atz.

)

COROLLARY 7. Let A,B,X € M,(C), A,B>0 and v € [0,1].

(i) FO<v< 1, then

(1 —v)AX +vXBI[; < ||A'~ VXBVH2 +(1—v)?||AX —XB|}3

1 1 2
—2vHA7X37 —XBHz.

(ii) If% <v< %,then

(1 —v)AX +vXB|; < (1—v)?||AX —XB|);

a5+
G - 1)HA%XB% —XBHj.

(iii) If 1 5 <v< g, then

(1 —v)AX +vXB||; < [|A"~ VXBV|\2+V2 |AX — X B3

1 1 2
—(2v—1)HA7XBf—AXH2.

(iv) If% <v< 1, then

I(1—v)AX +vXB||; < ||A"~ VXBV||2+v2||AX XB|3

2
+(2v—2) HA7X37 —Atz.

THEOREM 4. Let A,B,X € M,(C), A,B>0 and v € [0,1].

(i) If v ¢ [5,3], then

|(1—v)AX +vXB|)% < 1—v)?||AX — XB|3

lA =X B3+
+(2v— 1)HA%XB% —XBHz.

(16)
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vagé[%,%},then
(1 —v)AX +vXBI[3 < ||A"~ "XB"HZ—i—vZHAX XB|3

(- 1)HA7X37 —AXH2. (17)

Proof. By the spectral theorem, there are unitary matrices U,V € M,,(C) such that

A=UDU* and B=VEV*,where D=diag(A,A2,...,A,) and E =diag(y1,%,---, %)
with A4;,7; >0 for 1 <i,j <n.If Y =U*XV = [y;;], then we have

(1 =v)AX +vXB=U|[((1 —v)Ai+vy;)yi] V",
AYVXBY = U (A )i Ve

AX —XB=U|(A — y,)yij] v,
Ai 7/) Y.f)yz'j} v,
Aivp)t = Dy | V.

A%XB%—XB:U[

Nl—

(
(

— =~

A%XB%—AX:U[

The ordering of scalar means is equivalent to the ordering of Hilbert-Schmidt norm
inequality (see Proposition 2.5 in [15] or Exercise 5.1.5 in [8]). Now using this fact and
the inequalities in Theorem 2 with a = A4;,b = v;, we get the desired inequalities. [

REMARK 4. Theorem 2 is a consequence of Theorem 1. So according to Remark

1, the advantage of Theorem 4 in comparison with Corollary 7 follow such way as in
Remark 1.

Acknowledgement. The author (S. F.) was partially supported by JSPS KAKENHI

Grant Number 16K05257.

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]

REFERENCES

M. BAKHERAD AND M. S. MOSLEHIAN, Reverse and variations of Heinz inequality, Linear Multi-
linear Algebra., doi: 10.1080/03081087.2014.880433.

R. BHATIA, Interpolating the arithmetic-geometric mean inequality, SIAM J. Matrix Annal. Appl.,
14, (1993), 132-136.

S. FURUICHI, On refined young inequalities and reverse inequalities, J. Math. Inequal., 5, 1 (2011),
21-31.

S. FURUICHI, Refined Young inequalities with Specht’s ratio, J. Egyptian Math. Soc., 20, (2012),
46-49.

T. FURUTA AND M. YANAGIDA, Generalized means and convexity of inversion for positive operators,
Amer. Math. Monthly., 105, (1998), 258-259.

T. FURUTA, Invitation to Linear Operators: From Matrix to bounded linear operators on a Hilbert
space, Taylor and Francis, 2002.

T. FURUTA, J. MICIC HOT, J. PECARIC, Mond-Pecari¢ Method in Operator Inequalities, Element,
Zagreb, 2005.

F. HIAL, Matrix Analysis: Matrix monotone functions, matrix means and majorization, Interdisci-
plinary Information Science., 16, (2010), 139-248.



652

[9]

[10]

[11]
[12]
[13]
[14]
[15]
[16]

[17]
[18]

[19]

[20]

M. BAGHER GHAEMI, N. GHARAKHANLU AND S. FURUICHI

O. HIRZALLAH AND F. KITTANEH, Matrix Young inequalities for the Hilbert-Schmidt norm, Linear
Algebra Appl., 308, (2000), 77-84.

O. HIRZALLAH, F. KITTANEH, M. KRNI¢, N. LOVRICEVIC AND J. PECARIC, Eigenvalue inequal-
ities for differences of means of Hilbert space operators, Linear Algebra Appl., 436, (2012), 1516~
1527.

F. KITTANEH AND M. KRNIC, Refined Heinz operator inequalities, Linear Multilinear Algebra., 61,
(2013), 1148-1157.

F. KITTANEH, M. KRNIC, N. LOVRICEVIC AND J. PECARIC, Improved arithmetic-geometric and
Heinz means inequalities for Hilbert space operators, Publ. Math. Debrecen., 80, (2012), 465-478.
F. KITTANEH AND Y. MANASRAH, Improved Young and Heinz inequalities for matrices, J. Math.
Anal. Appl., 361, (2010), 262-269.

F. KITTANEH AND Y. MANASRAH, Reverse Young and Heinz inequalities for matrices, Linear Mul-
tilinear Algebra., 59, (2011), 1031-1037.

H. KOSAKI, Positive definiteness of functions with applications to operator norm inequalities, Mem-
oirs of the American Mathematical Society 997, 2011.

M. KRNIC, N. LOVRICEVIC AND J. PECARIC, Jensen’s operator and applications to mean inequali-
ties for operators in Hilbert space, Bull. Malays. Math. Sci. Soc., 2, 35 (2012), 1-14.

F. KUBO AND T. ANDO, Means of positive operators, Math. Ann., 264, (1980), 205-224.

1. MICIC, J. PECARIC AND V. SIMIC, Inequalities involving the arithmetic and geometric means,
Math. Inequal. Appl., 3, 11 (2008), 415-430.

J. ZHAO AND J. WU, Operator inequalities involving improved Young and its reverse inequalities, J.
Math. Anal. Appl., 421, (2015), 1779-1789.

H. L. Zuo, G. H. SHI AND M. Fuill, Refined Young inequality with Kantorovich constant, J. Math.
Inequal., 5, (2011), 551-556.

(Received February 20, 2016) Mohammad Bagher Ghaemi

School of Mathematics
Iran University of Science and Technology
Narmak, Tehran 16846-13114, Iran

e-mail: mghaemi@iust.ac.ir

Nahid Gharakhanlu

School of Mathematics

Iran University of Science and Technology
Narmak, Tehran 16846-13114, Iran

e-mail: gharakhanlumnahid@mathdep.iust.ac.ir

Shigeru Furuichi

Department of Information Science

College of Humanities and Sciences, Nihon University
3-25-40, Sakurajyousui, Setagaya-ku, Tokyo, 156-8550, Japan

e-mail: furuichi@chs.nihon-u.ac.jp

Journal of Mathematical Inequalities

v.ele-math.com

jmi@ele-math.com



