athematical
nequalities
& Papplications
Volume 21, Number 3 (2018), 739-757 doi:10.7153/mia-2018-21-53

QUADRATIC INTERPOLATION OF THE HEINZ MEANS

FuAD KITTANEH, MOHAMMAD SAL MOSLEHIAN AND MOHAMMAD SABABHEH

(Communicated by J.-C. Bourin)

Abstract. The main goal of this article is to present several quadratic refinements and reverses
of the well known Heinz inequality, for numbers and matrices, where the refining term is a
quadratic function in the mean parameters. The proposed idea introduces a new approach to
these inequalities, where polynomial interpolation of the Heinz function plays a major role. As a
consequence, we obtain a new proof of the celebrated Heron-Heinz inequality proved by Bhatia,
then we study an optimization problem to find the best possible refinement. As applications, we
present matrix versions including unitarily invariant norms, trace and determinant versions.

1. Introduction
The celebrated Heinz inequality states that
2Vab <d'b' ' +d' W <a+b, ab>0, 0<r<l1. (1)
n [5], a matrix version of this inequality was shows as follows
1 ] ty pl—t Ity pt
2[|A2XB2 ||| < [||AXB +ATXB|| < [||AX +XB|||, 0<:<1, (2)

where X € M,,, the algebra of all n x n complex matrices, and A,B € M,J{ , the cone of
positive semidefinite matrices in M,. In the setting of matrices, the notation ||| - ||| will
be used for an arbitrary unitarily invariant norm on M,. Recall that these are norms
on M, with the property |[|UXV]|| = |||X]|| for all X € M, and any unitary matrices
U,V e M,,.

In the past few years, a considerable attention has been put towards refining or
reversing these inequalities, and some related inequalities. We refer the reader to [1,
4,8,9,10, 12, 17, 18]. For example, in [10], the convexity of the function 7 — ||| <
|||A’XB!~" + A'"'X B'||| was utilized to find some refining terms of (2). Then in [4, 15],
further refinements were obtained, modeling the same idea of [10]; see also [1, 6]. For
example, it was shown in [10] that

0 < s < [ romae<OT < o), <<

1
2 2
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where f(1) = |||A’XB'~" + A'~’XB'|||. On the other hand [8, 9] presented the refine-
ment and reverse

|A'XB"" + AYIX B34 r(1)||AX — X B3
<[lAX +XB|3
< A'XBY + AYIXB 3+ R(1)||AX — XB|)3, 0<r<I,

where r(t) =min{t,1—t}, R(t) =max{z,1—r} and || - ||, is the Hilbert-Schmidt norm
defined, for A € M,,, as follows

IA[IZ = X lai|* = w(AA%).
i.j

In the above refinements, and many others, r(¢) or R(r) term is linear in the pa-
rameter 7.
Earlier, Bhatia [2] showed that, for a(z) = (1 —2¢)?,

Hi(a,b) < Kg(a,b), 0<r<1, 3)

where
a’bl” 4 alftbt
2
are the Heinz and Heron means, respectively.
Notice that both the Heinz means H; (a,b) and the Heron means K;(a,b) interpo-
late between the geometric mean a#b := v/ab and the arithmetic mean aVb := #.
Inequality (3) attracted researchers who investigated this inequality and some pos-
sible matrix versions. We refer the reader to [14, 7, 19] for some nice discussion and
history of these inequalities.
Rewriting (3), we obtain the following refinement of the Heinz inequality

Hy(a,b) = and K,(a,b):(l—t)\/a_b+taTM

Hi(a,b)+4t(1 —1)(aVb — a#b) < aVb.

This last refinement has been explored recently in [13], where some matrix versions
were obtained.

Our motivation of the current work begins with this last inequality and its relation
to (3). So, our first concern is why ¢(¢) is given this way, and is there any alternative?
It turns out (3) follows from a more general inequality that treats quadratic interpola-
tion of the Heinz means. More precisely, if we let H(¢) := H;(a,b) and we find the
quadratic polynomial interpolating H at t = 0, %,1, we obtain Ky ;). Therefore, (3)
has its geometric meaning now. We refer the reader to [17] for an interpolation idea
that treated Young’s inequality.

But then, if this is the origin of (3), what about taking the quadratic polynomial
interpolating H; (a,b) at 0, 7,1, for an arbitrary value 7 € (0,1). This idea will be the
main work in this paper, where we describe these polynomials and their relation to
the Heinz means. Then, we discuss the “best” possible choice of 7. This decision
will depend on the error between the Heinz means H(z) and the quadratic polynomial
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F:(t). We will show that the 1-norm difference between H(¢) and Fr(¢) is minimized
at the unique root of 873 — 127> +1 =0 in (O, %) . This is an interesting result because
this 7 is independent of @ and b. Our numerical experiments show that other norms are
minimized at values that depend on a and b, which makes the 1-norm an interesting
case.

To prove our results, we need to prove monotonicity of certain functions.

Our first main result in this paper states that if T € (0,1), r(t) = min{z,1 — 7},
R(t)=1—r(7) and v < r(7) or v > R(1), we have the inequality

aVb— H(a,b) . aVb—Hy(a,b)
(1-7) = v(l-v) ~’

while we have the reversed inequality when (7) < v < R(7). Then letting 7= 1 im-

plies (3). Therefore, this is a generalization and a new proof of (3). This last inequality
can be thought of as a quadratic refinement and reverse of the Heinz inequality. Then
this idea is explored to obtain squared versions and multiplicative versions.

Once these numerical results are proved, we present their matrix versions, where
unitarily invariant norms, trace and determinants are involved. Some matrix versions
are as follows. For certain 7, v, one has

v(l—v
|AYXB'™V +A"VXBY |3+ ﬁ [|JAX +XB|3— |[A®XB' "+ A'""XB"| 3]

< |AX +XBI]3,

which is a quadratic refinement of the matrix Heinz inequality. If we let T = % in
this inequality, we obtain a recent result of Krni¢ [13]. Another matrix version for any
unitarily invariant norm will be

[|AVXB'™Y + AVXBY||
v(l—v)
(1 —1)
< |[|AX][[ +[|1XBl||.

+ [NAX I+ 11X BID = (HAX X BIT + [[AX 171X Bl 7)]

Further results about the determinant and the trace will be presented too.
For the notations adopted in this paper, we use

aVib=(1—1t)a+tb and atb=a'"'b'
for the weighted scalar arithmetic and geometric means, while
Lo 1o CIND
AV,B=(1—1)A+1B and A#B=A? (A } BA z) Al

will be used for the matrix arithmetic and geometric means, when A,B € M,/ ", the
cone of positive definite matrices in M,.
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2. Main results

2.1. Scalar results

In this part of the paper, we present the scalar results that we need to accomplish
the matrix versions. The main tool in proving the scalar results is some delicate and
tricky computations.

2.1.1. The main scalar results

THEOREM 1. For ¢ > 0, let

B l+c— (4
f(t)_ l(l—l)

Then f is decreasing on (O, %) and is increasing on (%, 1) .

Proof. Notice that f(r) = g(r) +g(1 —1), where

o lvtC_ l#tc
g(t)_ t(l—t)

We prove that g is convex on (0, 1), then we use this observation to prove the stated
facts about f. Direct Calculus computations show that

0=~
where
h(c) = =242t(3+1(=3+1—ct))+ (2+6(—1+1)
+(—141)tloge(2 — 4t + (—1+1)tlogc)).
Then

W (c)= ék(t) where k(1) = —2c+c'(2+ (=1 +1)loge(—2+ (—1+1)logc))

and
K(t)=c(1—1)2log’c.

We discuss two cases:

Case I If ¢ > 1, then clearly &(¢) > 0 and k is an increasing function of 7 € (0,1).
In particular, k(z) < k(1) =0, hence #'(c) <0 and h is decreasing in ¢ € (1,0). That
is, h(c) <h(1) =0. Now since i(c) <0 and 0 <7 < 1, we infer that g’ (¢) > 0, when
c>1.

Case II: If 0 < ¢ < 1, then clearly k'(r) <0 and k is decreasing in 7 € (0,1).
That is, k(¢) > k(1) =0 and /'(c) > 0. Since h is increasing in ¢ € (0,1), we have
h(c) <h(1) =0 and hence, g"(t) > 0.
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Thus, we have shown that, for any ¢ > 0, g is convex on (0,1). Now since
f(t) =gt)+g(1—1), f is clearly convex. Notice that f(0) = f(1). Since f is
convex it follows that either f is monotone on (0,1) or is decreasing on (0,7y) and
is increasing on (fo, 1) for some 0 < 7y < 1. But since f(0) = f(1), we have the later
case. Thus, there exists 7y € (0,1) with the above monotonicity property. We assert
that 7y = % Notice first that f’ (%) = 0. By Taylor theorem, for any ¢ € (0,1), there
exists & between 1 and ¢ such that

o=r(D)+ 78 (1Y 4 (1),

where the last inequality follows from the fact that f” > 0. This proves that f attains
its minimum at fo = 5. This completes the proof. []

COROLLARY 1. Let a,b >0 and 0 <t < 1. Then the following quadratic refine-
ment of Heinz inequality holds

(@' +a' b)) +4t(1—1)(Va—Vb)* <a+b. 4)

N NE
Proof. For c= ¢, let f(t) = %ﬁ)‘” Then f attains its minimum at 7y = %
Thatis, f (1) > f (%) . Simplifying this simple inequality implies the result. []

In particular, we obtain the following Heinz-Heron mean inequality. The proof
follows immediately by simplifying (4).

COROLLARY 2. Let a,b >0, 0<r <1 and let H,(a,b) and K;(a,b) denote the
Heinz and Heron means respectively. Then

Hi(a,b) < Ky()(a,b), where ot) =1—4t(1—1). (3)

Thus, this is another proof of the well known inequality (3) proved by Bhatia in
[2]. In fact, even this follows from a more general comparison of the Heinz means. The
following result presents a quadratic refinement and reverse of the Heinz inequality.

COROLLARY 3. Let a,b>0and 0<v <1< 5. Then

aVb— H(a,b) . aVb—Hy(a,b)
(1—-7) = v(l-v)

(6)
The inequality is reversed if % <v<t<l

Proof. For ¢ = %, the function f(r) = %ﬁ;lﬂ)
is increasing when ¢ > % Now if v <1< %, we have f(1) < f(v), which implies
the desired inequality in this case. On the other hand, if 1 < v < 7, then f(7) > f(v),
which implies the reversed inequality. [

is decreasing when ¢ < % and

Since the functions we are dealing with are symmetric about ¢ = %, a full compar-
ison is as follows.
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COROLLARY 4. Let a,b >0 andfix T € (0,1). Then

aVb— H(a,b) . aVb—Hy(a,b)
(1—-17) = v(l-v)

for v <r(t) and v > R(7). On the other hand if r(t) < v < R(T), the inequality is
reversed.

In fact the above inequalities have their own geometric meaning, as follows. Let
H(t) = H;(a,b) = M and fix any 7 € (0,1). Using the points (0,H(0)),
(t,H(7)) and (1,H(1)), we may find a quadratic polynomial that interpolates f at
0,7,1. Consider the function

aVb— H(a,b)

F(t) =aVb— =1

t(1—1). (7
Notice that, when 7 is fixed, F; is a quadratic polynomial which coincides with H at
t =0,71,1. That is, F; is the quadratic interpolating polynomial of H;(a,b).

From Corollary 4, it follows that H,(a,b) > Fr(¢t) when r(t) <t < R(f) and
H,(a,b) < Fy(t) when t < r(7) or t > R(t). Notice that when 7 = %, we are left
with H;(a,b) < F 1 (1), 0 <t < 1, which is the known comparison between the Heinz
and Heron means!

Our next target is to present a squared version of these refinements. This will help
prove some Hilbert-Schmidt norm inequalities for matrices.

THEOREM 1. Let a,b >0 and 0< v, 1< 1. If v < r(1) or v > R(7), then

(aVb)? — H(a,b)? . (aVb)? — Hy(a,b)?

(1 —1) b v(l—v ®

On the other hand, if r(t) < v < R(7), the inequality is reversed.

Proof. Notice that, when v < r(7) or v > R(1),

4[(aVb)* —Hy(a,b)*] = (a+b)*— (a"b" " +a'~"b")?
=2 [a2Vb2 —H, (a27b2)]

% [a2Vb2 - HT(az,b2)]
_v(l—v)

— b 2 ‘L'blf‘r lfrb‘r 2 )
-0 [(a+b)*—(a +a )7

Then dividing by 4 implies the desired result when v < r(7) or v > R(7). The other
case follows similarly. [

Notice that the above refinements and reverses of Heinz inequality have been found

(ot . . .
using the monotonicity of the function f(¢) = % Convexity of this function,

which we have shown in Theorem 1 implies the following reverse.
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COROLLARY 5. Let a,b >0 and 0 <t < 1. Then

b
(db'"+a" b)) +1(1—1)(b—a)log— > a+b. 9)
a
Proof. For ¢ = ¢, the function f(t) = %:;H) is convex. Therefore, f(t) <

(1—=1)f(0)+1zf(1). Simplifying this inequality implies the result. [
In [8], a reversed version of Heinz inequality was proved as follows

(@b +a"B) + 2max{t,1 — t}(a—b)> > (a+b)>. (10)
Numerical experiments show that neither (9) nor (10) is uniformly better than the

other. However, these experiments show that, for most values of z, (9) is better than

(10) when £ is relatively small and (10) is better when 7 is large. In fact, a squared

logarithmic-refinement maybe obtained as follows.

THEOREM 2. Let a,b >0 and 0 <t < 1. Then
b
(@b +a" 7B 2 (1 —z)(zﬁ—az)logZ < (a+b)2

Proof. Notice that, utilizing (9),

(a+b)2 _ (atblft _|_a17tbt)2 _ (a2 —|—b2) _ ((a2>t(b2)171 + (a2)17t(b2)t)
b?

<1(1—1)(b* —d?)log o

This completes the proof. [

The above refinement are all additive versions, where the refining term is added to
one side of the inequality. Multiplicative versions can be found as follows.

LEMMA 1. For ¢ >0, let

1
1+c¢ 1(1=1)
f@:(m) -

Then f is increasing on (O, %) and is decreasing on (%, 1) .

Proof. We prove that f is increasing on (0, %) , then the conclusion for the other

interval follows by symmetry of f. Thus, for 0 <t < 1, let F(t) = log f(t). Thatis,

log(c+1) —log(c' +c'™)

k) t(1—1)

Then
G()

FO= e
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where
G(t) = (c—c*)t(1—1t)loge+ (c+c*)(2t — 1) (log(c+ 1) — log(c' +¢' ™))
= (c—=c)g(0),

for
(c+c*) (2t —1) (log(c+ 1) —log(c" + ')

g(t)=1(1—r)logc+ %

c—c
Further, we have

c o o 4ol
) = 2log( + 1()6 _1;)552 + )h(t),

where
h(t) = — ¥ 214 (20 — 1) loge.

Finally we have
B (1) = 4c®k(r)loge wherek(r) = ¢ —c¥ + (2ct —c)loge

and
K(t) =2(c—c*)loge.

Now we treat two cases, based on whether ¢ > 1 or ¢ < 1.

If ¢ > 1, then clearly k'(r) > 0 because 0 <7 < %, and k is increasing. Hence,
k(t) <k(%) =0 and  is decreasing. Therefore, h(f) > h (1) =0 and g is increasing.
Since g is increasing, we have g(r) > g(0) = 0, and hence G > 0. This shows that
F'(1)>0 when ¢>1and 0 <7< 1.

If 0<c<1,then K(t) >0 and k < 0. Hence &' >0 and h(t) < (%) = 0. That
is g’ <0 and g() < g(0) = 0. Since g(r) <0, 0<t< 3 and 0 <c <1, it follows
that G(r) >0 and F'(¢) > 0.

Thus, we have shown that for 0 <t < § and ¢ > 0, we have F'(t) > 0. This
completes the proof. [

1
In particular, f(¢) = (cr};ﬁ»l(lﬂ) attains its maximum at fy = % This entails

the following reversed version of the Heinz inequality.

COROLLARY 6. Let a,b >0 andlet 0 <t < 1. Then

4t(1—t)
a+b< (%) (atbl_t—l—al_tbt).
a

A full Comparison can be given as follows.

COROLLARY 7. Let a,b>0 andlet 0 < v,t < 1. If v<r(t) or v = R(1), then

1 1
aVb v(I-v) aVb T(1-17)
v < (22 . 11
(Hv<a,b>> <H1<a,b>> (v

On the other hand, if r(t) < v < R(7), the inequality is reversed.
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Notice that (11) maybe though of as a refinement and a reverse of the Heinz in-
equality Hy (a,b) < aVb, if written as

7(1-1) v(1-v)
aVb v(I—v) aVb T(1-1)
H T <aVb < [ —— Hy(a,b).
(@b (gam) << (gy) oD

In fact, Corollary 11 does not provide a refinement and a reverse of the Heinz
inequality Hy(a,b) < aVb, but it also provides a refinement of the first inequality of
(1), as follows. Letting 7 = % in (11), we have

1

vblfv lfvbv (i-v)

2Vab<(a+b)<%) , O<v<l
a

. avhl—eral—vbv 1
Now noting that e <1 and =) > 1, we have

1
vblfv lfvbv W(i-v)
Wab < (a+b) (;)
a-+b
aVbI*V _i_alfvbv

=a"b'"V+d'7, O<v<I.
a+b

< (a+b)

2.1.2. The best quadratic interpolator of the Heinz means

We have observed in the previous subsection that the Heinz inequality can be re-
fined or reversed by looking at the quadratic polynomial interpolating H; at t =0, 7,1
for any choice of 0 < 7 < 1. Moreover, we have seen that the celebrated result of Bhatia
[2] about the comparison between the Heinz and Heron means happens to be a special
case of this general interpolation idea, taking 7 = %

In this part of the paper, we try to describe the “best” quadratic polynomial F;
that interpolates H;. Thus, we are searching for T that minimizes the error |H; — Fx||,
for some norm. We present this best interpolator using the norm || - ||;. In particular,
we show that ||H, — Fr||; will have its minimum value when T = t*, where t* is the
unique root of 87> — 127241 =0 between 0 and 5. Thus, 7* ~ 0.326352. Simple
calculations show that this cubic polynomial has 3 real roots, among which 7* is the
only rootin (0,31).

It is interesting that this value 7* is independent of @ and b.

In the following result, F; is the quadratic polynomial interpolating H,(a,b) at
0,7,1,asin (7).

THEOREM 2. Let a,b >0 and let H(t) := H;(a,b) represent the Heinz means of
a,b. If F; is the quadratic interpolator of Hy, then

1
min [[H — | 1= mTin/ H (1) — Fo(1)| di
0

is attained at T*, the unique root of 873 —12724+1=0 in (O, %) . Moreover, since H;
and F; are symmetric about t = %, this minimum is also attained at 1 —t*.
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Proof. Without loss of generality, we may assume a = 1. Since both H and F;

are symmetric about ¢t = % , it suffices to investigate the integral over [07 2] Moreover,

it suffices to consider 7 € [0, 1] . Therefore, we are searching for * € [0, 1] such that

G(1):= 1/ 2 |H (1) — Fe+(1)| dt is minimum. By our remark, which followed Corollary
4, we have H(t) < Fr(t) when t < T and H(t) > F¢(t) when 7 <1 < 5. Therefore, for

0<1< 3,
/ |H (1) (t)|dr = /OT (FT(I)—H(t))dH—/Tj (H(t) — Fr(2))dr.

Then

G’(’[) = {FT("L') -|-/T 81;1£l)dt—H(r)} + {FT(T) _‘/rf aF;‘y)dl—H(T)}

[ [t

where the last equation follows noting that F;(7) = H(7). Calculus computations imply

b~T(873 —127% 4 1)
2472(1 —1)2

G'(1) = f(1),

where

f(r) = (1=b")(b" —b)(2T— 1)+ (b**—b)(t— 1)tlogh = (b — b**)g(1),

for
(1-b9)(b*"—D)(2T—1)
g(r) = T —1(t—1)logh.
We assert that f < 0. Notice first that
oy (T =1)(b—b)
g(1)= Wh(T%
where
h(t) =2b — 26>+ (b+ b**) (27 — 1) logh.
Further,
() = 2k(t)logh where k(t)=b+b*"(—1+ (27— 1)logh)
and

K (1) =2b* (21— 1)log?b.

If 5> 1, then k() <0 because T < 1, hence k is decreasing and k(7) >k (3) =
0. Hence, /'(7) >0 and h(7) <% (5) =0, which implies g’(7) <0 and g(7) < g(0) =
0. Since b > 1, it follows that f(7) <0
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If b <1, then ¥(1) <0 and k(7) > k(1) = 0. Hence /'(7) <0 and h(7) >
h(3) =0, which then implies g'(T) >0 and g(t) > g(0) = 0. Since 0 < b < 1, it
follows that f(7) <O0.

Now let 7* be the root of £(7) := 87— 1272+ 1 in (0,4), and notice that £(7) >
0 when 0 < 7< 7% and £(7) <0 when 7" <7< 5.

Since f(7) <0 forall 0 <7< 1, and

b~T(873 —127% 4 1)
2472(1 —1)2

G'(1) = f(1),

it follows that G'(1) < 0 for 0 < 7 < 7% and G'(7) > 0 for 78 < T < % This shows

that G attains its minimum at 7 = 7*, which completes the proof. [

2.2. Matrix versions

In this part of the paper, we present some interesting matrix versions, based on the
above scalar results. We emphasize that the significance of these results is the quadratic
behavior of the refining terms, unlike the known results in the literature where linear
refining terms have been discussed only, except in [13].

2.2.1. Unitarily invariant norm versions

The following is a quadratic refinement and reverse of the Heinz inequality

|AYXB'™Y + A'""VXBY |, < |[AX + XB||2,A,B € M} X € M.

THEOREM 3. Let A,Be M, X e M, andlet 0< v, 7 <1. If v<r(T) orv=
R(7), then

v(il—v
|AYXB'™Y +A'"VXBY |3+ ﬁ [|JAX +XB|3— |A"XB' "+ A" "X B"||}]

< JlAX +XB|p.

If r(1) < v < R(7), the inequality is reversed.

Proof. Let A=UTU* and B=VAV* be the spectral decomposition of A and B.
That is, U,V are unitary matrices and I', A are the diagonal matrices whose diagonal
entries are the eigenvalues {A;} of A and the eigenvalues {i;} of B, respectively.
Denoting U*XV by Y and using o for the Schur product, we have

A'XB' L AIXB = U ([A;u}*’ + Ao [y,-jD v
and AX +XB=U ([Ai+ ;o [yij]) V*. Now if v < r(7) or v > R(7) we have
|AYXB'™Y +A'"VXB"||3

v, 1—v 1-v,,v 2 2
=2 (Ai B AT ) vij|© (Now apply) (8)
iJ
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<3t )y~ %z{munz—(w A ug) P

iJ

1
= ||AX + XB|j3— E ))[||AX+X32 |AXB'" T+ A TXBT|3].

This completes the proof when v < r(7) or v > R(7). The other case follows simi-
larly. O

In particular, if 7= % , we obtain the quadratic refinement

|AYXB'™Y + A" VXB" |5 +4v(1—v) [||AX +XB|%—|A2XB2 3] < |AX +XB|3,

which has been proved recently in [13].

Theorem 3 has been proved by employing Proposition 1. A difference version
maybe obtained by employing Corollary 4 as follows. The proof follows the same
steps as Theorem 3, so we omit it.

THEOREM 4. Let A,B € M, X € M, andlet 0 < v,T < 1. If v<r(7) or v=
R(7), then

|(AX +XB) — (A™XB'"" + A'""XB")||, o I(AX+XB) - (AVXB'™V +A'"VXBY)|,
(1 —1) h v(l—v) ’

If r(1) < v < R(7), the inequality is reversed.

On the other hand, a reverse of the Heinz inequality may be found using Corollary
7 as follows.

THEOREM 5. Let A,BE€ M+ X € M, and let 0 < v,T < 1. Then there exist two
positive numbers m < M, depending on A,B, such that

(l—v
M
+m) D JAYXB Y £ A YXBY |

| 2 (2\/mM
if v<r(t) or v2R(7).

Proof. We adopt the notations of Theorem 3. Since A,B € M/ ", it follows that
Ai i >0. Let m = 113_12 {Ai, 1} and M = 1n<1a<x {4, 1i}. Now
<isn <in

IAX +X B3 = X (A +w))*|yijl?
iJ
v(l—

27")
Aitu ) Y B B 2
<Z<2 ’) (A u ™+ A7) gl by (1)
2y

li.uj

o <M+m

==

T(l—7

|AXBY 4 A XB 3
2\/mM)
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where the last line is obtained noting m < A;, u; < M. This completes the proof. [

) v(l—v)
. M-+m T(1-1) . . .. 1 .
The function 7 — (2 W) attains its minimum at 7 = 5. In this case, the

above theorem is optimal and we have

M-+m
2vmM

4v(l—v)
|AX +XB||; < ( ) |AYXB'™V +AYVXBY|,, 0<v<I.

2
We should remark that the constant ( M+tm ) is called the Kantorovich constant and
2vVmM

has appeared in many recent studies treating matrix means.

In particular, if there exist m, M > 0 such that ml < A,B < MI, the above result is
valid.

In the above results, we have presented matrix versions using the Hilbert-Schmidt
norm. The following weaker version is valid for any unitarily invariant norm. For the
proof, we need to recall the matrix Holder inequality [11]

X B ||| < [IIAXIIFIIXBII'™,  A,B€M;,X €M,, (12)

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

THEOREM 6. Let A, BE M/, X €M, and 0< v, T <1.If v<r(1) or v = R(7)
then

[JAVXB'™Y +A"VXBY||]
v(l—v)

(1 —1)
< |[llAX][[ -+ [[[xBI|],

+ [(AX [+ 11X BII) = (AXIFIXBI* + [AX[[ 11X B )]

for any unitarily invariant norm ||| -||| on Ml,. In particular, if T=} then

IAYXB'™ + ATYXBY||| +4v(1 - v) (\/|\|AX\|\—\/H|XB\H> < [llAX||[+[[1xBI],
forall v €[0,1].

Proof. When v < r(t) or v > R(1), we have

[[AYXB'™Y +A'"VXBY|||

<|[JAYXB V||| 4 ||[A'"VXBY||| (by the triangly inequality)
< JIAXIIIXBII + AX [ XB] ¥ (by (12)

< ([lAX|[[+[[1xBI[[)

V(I—V) T —7 -7 T
—m[(IHAXH\HHXBIH)—(IHAX|H 11X BI[['=F + [[|AX[|"=*[11XBJ[|*)] .
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where we have used Corollary 4 to obtain the last inequality. This completes the
proof. [

The case 7= % of the above Theorem has been shown in [13].

When v = %, the second inequality of Theorem 6 is equivalent to the matrix
Cauchy-Schwarz inequality |HA%XB% Il < |HAXH|% H|XB|H% , which is the case t = §
of (12). It should be mentioned here that this inequality can be concluded from the
matrix arithmetic-geometric mean inequality

2|[|A2XB||| < |[|AX + XB]|], (13)

which is the case ¢t = % of (2), as follows: In the inequality (13), replacing A and B by
tA and [lB, respectively, where ¢ > 0, and using the triangle inequality, we have

1 1 1
2l[la2xB2 ||| < tllJAX ][+~ IXBIl].
Since this is true for all # > 0, it follows that

11 . 1 1 1
ZII\AZXBZIHSI;I;(I)I tHIAXIHJr;IHXBHI =2[[|AX |||z [||XB||>,

which means [||A2XB? ||| < [||AX |2 [|XB]||*.
In view of the inequalities of Theorem 6 and the inequality (13), it is reasonable to
conjecture that

11 2
20jatx? |+ (VIIAXTT - VIXBI)” < lllax + X5,

which is a refinement of (13). However, this inequality is refuted by considering the

. . 10 10 .
two-dimensional example A = 30, X= L0 and B= 1 | - In this case, under
03 01 053

the spectral norm || . ||, we have
2 3 :
20|ATXBY ||+ <\/||AX| - MHXBH) =2+ (ﬁ— 1) >2=||AX +XB].

2.2.2. Trace and determinant versions

On the other hand, trace versions maybe obtained as follows. For the proof, we
need to remind the reader of some facts about the trace. Recall that when A,B € M|,
one has

tr(A'B") <t (A)rr' (B), 0<r < 1. (14)

This inequality follows by log-convexity of the function ¢ — tr(A’B' =), [3, 16]. We
present the following reverse that we need to prove our next result.
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LEMMA 2. Let Let A,B € M[;" andlet 0 <t < 1. Then

tr(A'B') (

where R(t) = max{r,1 —1}.

trA - trB k@) -
tr2(A1/2Bl/2)) >wA-uw B, (15)

Proof. Let f(t) = tr(A'B'~"). Then f is log-convex. For 0 <t < 3, notice that

1
Ezat—i—(l—a) where o =

Using log-convexity of f, we have

2-2t

£(3) < ro0re

simplifying this inequality implies the result for 0 < ¢ < % Similar computations yield
the result for % <r <1l O

THEOREM 7. Let A,B € Mi" and let 0 < v,T < 1. If v < r(1) or v > R(1),
then
R(1)
1—- trA - trtB
V( V) _ T T tr (ArBlfr_FAlfrBr)

t AvBlfv Alvav
r + )+T(l—’l.')

< tr(A+B).
On the other hand, if r(1) < v < R(7), then

R(v)
trA - trB

tr(A+B) < | —F——v
tr2 (AZBZ>

tr (AYB'"V+A""VBY) +tr [A+B— (A'B'" T+ATBT)].
Proof. If v < r(7) or v > R(t), then Corollary 4 implies

v(l—v)
(1 —1)

for a,b > 0. In particular, let @ = trA and b = trB, then apply (14) and (15) to obtain

atb> (@b +ab")+ (a+b—(a'~*+a'"b7)),

1—
tr(A+B) > t’A-tr' VB+tr' VA -t B+ ";El :)) [tr(A+B)—(t"Atr'"B+tr' TAu"B)]

>t (AYB'V+A'"7VBY)
R(7)

1— trA - trB
V( V) L I tr (A‘L'BI—T _|_A1—‘L'BT)

71_(1_1_) tr(A+B) — 7“2(14%3%)
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The other inequality follows similarly. [J

Our next result is a determinant version, where quadratic refinements are provided.

THEOREM 8. Let A,B € M" and let 0 < v,T < 1. If v < r(7) or v > R(7),
then

v(l—v
det(A+B)1 > det(A#,B + A#_B)1 + % det(A + B — (A#:B+A#h_.B))i.

Proof. Let X —A~ZBA~7 andlet A; denote the i-th eigenvalue of X . Then noting
Corollary 4 and the Minkowski inequality

1 1 1
n n n n n n
(Hm) + (Hh‘) < (H(ai+bi)> o ai,bi >0,
=1 i=1 i=1

1
n

det(I+X)7 = ( - 7L,-(I+X)>_ = ( - (1+7Li(X))>E

i=1

we have

n

> 1| a0+ S 0 2 4|

> Tl en =l [ S oAt eao)

= - v -V v(l—v) [ . T -7
= lzl;\/z(X +X1 )) +m (EAKI—{-X-(X +X1 ))
= det(X"+X'") + %det(H—X — (XT4 X))

Then multiplying both sides by detA and utilizing simple properties of the determinant,
we get the required inequality. [

Notice that the above theorem provides a refinement of the well known determi-
nant inequality
det(A#,B + A#_,B) < det(A + B).

In particular, when 7 = %, Theorem 8 reads as follows
det(A#, B+ A#,_,B)7 +4v(1 — v)det(A + B —2A#B)7 < det(A+B)7, 0<v<I.

Following the proof of Theorem 8 and using Proposition 1, we obtain the following
squared version for the determinant of the Heinz means.
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THEOREM 9. Let A,B € MJ" and let 0 < v,T < 1. If v < r(1) or v > R(7),
then

=
=

1— 2
det(A+B) >det(A#vB+A#1vB)%+<v( V)> det(A+B—(A#B+A#,_.B))7.

(1-1)

The above are additive determinant versions. An interesting multiplicative version
can be found using Corollary 7. The proof is similar to that of Theorem &, and hence is
left to the reader.

THEOREM 10. Let A,B € M " andlet 0 < v,7 < 1. If v < r(7) or v > R(7),
then
1

det(A + B) W) _ det(A + B) =
det(A#,B + A#,_,B) = \ det(A#.B +A#,_.B)

On the other hand, if r(t) < v < R(7), the inequality is reversed.

In particular, when 7 = %7 we have the following multiplicative reverse of the
determinant of the Heinz means

det(A+B)
21 /det(AB)

Notice that 4v(1 —v) < 1 < v < . In this case, a weaker version of (16) is as follows

A#,B+A#,_\B
v det(AB) < det%,

which is the determinant version of the first inequality in (1).

4v(l—v)
det(A+B) < ( ) det(A#,B+A#,_,B), 0<v<1. (16

2.2.3. Lowener partial ordering

Our final goal in this article is to present some matrix versions using the strongest
comparison; the Lowener partial ordering. Recall that for two Hermitian matrices
A,B € M, the notation A < B is used to mean B —A € M. This introduces a par-
tial ordering on positive matrices and is considered as the strongest comparison. More
precisely, when A,B € M| are such that A < B, one concludes that 4;(A) < A;(B),
where A;(X) is the i—th eigenvalue of X, when written in a decreasing order. Then
the relation A;(A) < A;(B) implies that trA < trB, detA < detB and |||A||| < |||B]||, for
any unitarily invariant norm on M. In this section, we use the notation

A#,B+A#_.B

2 b
A standard functional calculus argument applied on (1) implies the following matrix
version

H/(A,B) = A,BeM; .

A#B < H,(A,B) <AVB, ABcM'" 0<r<l. (17)
In the following theorem, we present a quadratic refinement and reverse of this inequal-
ity.
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THEOREM 11. Let A,B€ M " andlet 0 < v,t < 1. If v <r(t) or v > R(7),

then
AVB—H:(A,B) P AVB—H\(A,B)

(l—1) = v(l—v)

On the other hand if r(t) < v < R(T), the inequality is reversed.

The proof of this theorem follows a standard argument as in the next result.

THEOREM 12. Let A,B € M} " andlet 0 < v,T < 1. If v < r(7) or v > R(7),
then
A+ BA™'B— (A#,.B+A#;_1.B) - A+ BA™'B— (A#,,B +A#,_»,B)
(1 —1) h v(l—v)

On the other hand if r(t) < v < R(T), the inequality is reversed.

Proof. Letting a =1 in (6), we get

1+b2_(b21+b2721) 1+b2_(b2v+b272v)
(1 —1) h v(l—v)

, b>0.
Now let X = A"2BA~2. Then X € M+, Therefore by applying monotonicity of
continuous functions on Hermitian matrices, we get

[+X7— (X4 X220 4+ X2— (X4 X*%)
7(1—1) = v(l—v)

Conjugating both sides with AZ implies the desired inequality when v < r(7) or v >
R(7). The reversed version follows similarly. [

Notice that the above result allows comparison of means with parameters bigger
than 1. This happens when v, 7 > %
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