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STUDY OF YOUNG INEQUALITIES FOR MATRICES

M. AL-HAWARI* AND W. GHARAIBEH

ABSTRACT. This paper investigates Young inequalities for matrices, a prob-
lem closely linked to operator theory, mathematical physics, and the arithmetic-
geometric mean inequality. By obtaining new inequalities for unitarily
invariant norms, we aim to derive a fresh Young inequality specifically
designed for matrices.To lay the foundation for our study, we provide an
overview of basic notation related to matrices. Additionally, we review pre-
vious advancements made by researchers in the field, focusing on Young
improvements.Building upon this existing knowledge, we present several
new enhancements of the classical Young inequality for nonnegative real
numbers. Furthermore, we establish a matrix version of these improve-
ments, tailored to the specific characteristics of matrices. Through our
research, we contribute to a deeper understanding of Young inequalities in
the context of matrices.
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1. Introduction

Let M,,(C) be the space of n x n complex matrices and let |||-||| denote any
unitarily invariant (or symmetric) norm on M, (C). So, ||[UAV]||| = |||A]|| for
all A € M, (C) and for all unitary matrices U,V € M, (C). For A € M, (C), the
Hilbert-Schmidt norm, the trace norm, and the spectral norm of A are defined

n
by ll4ll, = 2 s3(A))Y2, Al = 2 5(A)), and A = s1(4), respectively
Jj= Jj=

where s1(A4) > ... > s,(A)are the singular values of A, that is, the eigenvalues
of the positive semidefinite matrix|A| = (A*A)'/2.

Note that [|All, = (tr|A|?)*/? and A; = tr|A|, where tr is the usual trace
functional. It is evident that these norms are unitarily invariant, and it is known
that each unitarily invariant norm is a symmetric guage function of singular

values [[8], p. 91].
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The well-known Young inequality is a classic outcome attributed to William
Henry Young (1863-1942), an English mathematician. For the first time, it
officially appeared in a search W. H.Young [14].

Even though Young inequality looks very simple, it is very important in ma-
trix theory. The classical Young inequality for two scalars is the v-weighted
arithmetic—geometric mean inequality, which is a fundamental relation between
two non-negative real numbers. This inequality says that if a, d > 0and 0 < v
<1, then

a’d'™" <wa+ (1 —v)d,
with equality if and only if a = d, this inequality can be written as ad < % + %q,
if p,q > 1 such that %—1—5:1. Ifv= %,
mean inequality vad < azﬂ.

The matrix version of classical Young inequality proved by T. Ando [1], if
A, M, X € M,(C), then

we take out the arithmetic—geometric

AP M1
si(AM) < (— + —),
(AM) < (== +—=-)

for i = 1,...,n. so the trace version hold
tr [AYM ] < tr(vA + (1 —v)M),
And the determinant version [[10], p.467]
det(A"M*~?) < det(vA + (1 —v)M).

First refinement for Young inequality was finding by Hirzallah and Kittaneh [9]
as the follows:
Ifa,d>0and 0 < v <1, then

(ad* ™) +r%(a — d)* < (va + (1 —v)d)% (1)

Next improvement was defined by Kittaneh and Manasrah [12] If a,d > 0 and
0 <wv <1, then

a’d* " +r(va—Vd)? <va+ (1-v)d, (2)

where r = min{v,1 — v}.
Kittaneh and Manasrah give a generalization [6] that if a,d > 0and 0 < v < 1,
then for m =1,2,3, ..., we have

(a*d" ™)™ +r™(a% —d?)? < (va+ (1 —v)d)™ (3)
where r = min{v,1—v}. And for matrix they proved generalization as following
m m m m 2
(lAavx 2 =[)™ 4 (JAXN# - X 02%)
< (WIAX|I]+ (1 = o) [ XM]ID™ (4)
Here some important Corollary, Theorem, and Lemma we will need it.

Lemma 1.1. [7] Let ® be a strictly increasing convex function defined on an
interval I. Let x,y, z, and w are points in I such that
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z—w<zT—Y,
where w < z < x and y < x. Then
(0 9)@(z) — 2(w) < O(z) — D(y).

Corollary 1.2. [7] If a,d >0 and 0 < v <1, A, M, X € M,(C) such that A
and M are positive semidefinite, then for p € R, p > 1 we have

P((a + d)? — (2Vad)?) < (va + (1 —v)d)? — (a"d"~?)P. (5)
The matriz version of 5, [T]

P (||AX + XM — 2 || A% x M

p
) < lloA+ (=) — [[a"X 2.
(6)

Theorem 1.3. [11] Let m be positive integer and v a positive real number such
that 0 < v < 1, then we have

m dm,+1 _am,+1

(a¥d'=)™ + (T —(m+ 1)(ad)%) < (va+ (1 —v)d)™,

where r = min{v, 1 — v}.

Theorem 1.4. [11] Let M,E|)Y € M,(C) be positive definite matrices and
0<wv<1. Then form=1,2,3,..., we have:

v —v|||™,.m m))A i 5
A4 at= ||| (WG =A™ — (4 1) (X M 11AXD'E )

< ([IIAXI[+ (1 = v) [[[XM]ID™ .

2. Main results

At first we examined some inequalities for real number, after that we discuss
the matrix version of them . Now by assuming m = 1 in the inequality of
Theorem 1.3, then we have

d? —a?
r
( d—a
simplifying this inequality we get again inequality 2

This inequality will help us prove theorem 2.1 which shows another way to

prove corollary 2 in [7].

Theorem 2.1. Ifa,d>0, 0<v<1,andp€eR (p€ R, p>1), then

" ((d - ) - <z>p<ad>5> < (va+ (1= v)d)f = (@d"")P.  (8)

—2(ad)?) < va+ (1 —v)d —a’d*~". (7)

d—a

Proof. If ¥ : [0,00) — R is a strictly increasing convex function, then

v (rdfl:f) — (2r(ad)%) < W (va+ (1 —v)d) - (ad~).

Let 2z = rd2:“2,w = 2r(ad)?,x = va+ (1 —v)d, and y = a*d*~*. Then based

a
on the inequality 7 and the arithmetic-geometric mean inequality , we have

z—w<zxT—Y.
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Also w < z < z,y < x, then by lemma 1.1
U(z) =¥ (w) <V (x)—W(y).

Taking U(x) =a2P, pe R (p € R, p > 1), then we have

(4= ) ~ (2)°(ad)

Which is the same result in corollary 2 in [7].
In the next theorem we present prove for new result in same manner based
on the following inequality

vl

) < (va+ ((1 —v)d)P — (a”dl_”)p.

(a®d* ™) + 72 (a — d)* < (va + (1 —v)d)?

which we can write as

dS _ 0,3
2 ( 7 ) — 7% (3ad) < (va+ (1 —v)d)? — (a®d*~?)? (9)
—a
Theorem 2.2. Ifa,d >0 and 0 < v <1, then forp e R, p > 1 we have
r?P [(d2 +a? + ad)p - (3ad)p} < (va+ (1 —v)d)? — (a’d*~")?. (10)

Proof. Let z = 72 (dZ:ZS) yw = 12 (3ad),r = (va + (1 —v)d)?, and y =

(avd*=?)2, and ¥ : [0,00) — R is a strictly increasing convex function. Then
based on the inequality 9 and the arithmetic-geometric mean inequality, we have

z—w<zT—yY
Also w < z <z, y < x, then by Lemma 1.1
W (w) W (2) < U ()~ (y).
Now, taking ¥(z) = zP, where p € R, p > 1, we have

3 _ g3
v (r2dd> — U (3r%ad) < ¥ ((va+ (1 —v)d)?) = ¥ ((a"d"")?),

—a
then
d3 — g3 D )
<r2da> — (37%ad)"” < (va+ (1 —v)d)* — (ad' "),
equivalently
r2p [(d2 +a2+ ad)p _ (Bad)l’} < (a+ (1 —v)d)* — (a*d'~)?P.
O

Depending on the result in the previous theory, we can conclude that if 2p = ¢,
so that we have following corollary
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Corollary 2.3.
rd [(d2 + a2 + ad)% _ (3ad>%:| < (’Ua, + (1 _ ’U)d)q . (a“dl_")q,

take v = %, sor = %, now ew can get some inequalities by takingp = 1,2, 3, ...
I)g=1
1 2 2 3 1 1 1
5[(d +a? + ad) —(3ad)2} < Sla+d) = (ad)?
1 1 (3ad)? . 1
§(d2+a2+ad)2 f%Jr(ad)? < §(a+d)
1 1 3 1 1
3 (d* +a® +ad)® + (1 — \2[> (ad)? < 5(a+d)
II)g=2
1 1
(GPa-d? < (5)Pa+d? - (ad)
1 1 1
(5) (% +a® + ad) = (3)*(3ad) + (ad) < (3)*(a+d)?
1 3 1
(5)2(d2+a2+ad)+(1—1)(ad) < (5)2(a+d)2
1 1 1
(5)2(d2+a2+ad)+i(ad) < (5)2(a+d)2
III) ¢ =3
(@ 402 +ad)? - (Bad)}] < 2 (a+d)® - (ad)?
ﬁ[( +a+a)—(a)] _2—3(a+)—(a)
Ly 2)5 (3)2 3 1 3
ﬁ(a + ad + d*) —l—(l— 53 (ad)2 < 27(a—|—d)
IV)g=14
1 2 2 2 2 1 4 2
_ _ < _
= [(d + a2 + ad) (3ad)} < gila+d)' —(ad)
Lo 2 2 1 2 2 1 4
?(d + a* + ad) 72—4(3ad) + (ad)® < 2—4(a+d)
1 2 1 1
?(d2+a2+ad) —2—4(3(1d)2+(ad)2 < 2—4(a+d)4
1, o 2 32 ) 1 4
= (&® +a® + ad) +(1—2—4)(ad) < (a+d)
V)g=n,neN
1 2 2 b 3% z 1 n
2—n(d + a® + ad) +(1—2—n)(ad)z §2—n(a+d) :

Since r™(a? —d?%)? = ™ (a™ +d™) = 2r™ (ad)® , the inequality 3 becomes
rm(a™ + d™) — 2r™ (ad) 2 < (va + (1 = v)d)™ — (ad*—)™.
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Now, replace a by a?, and d by d?, we have
r™(a®™ + d*™) — 2r™ (ad)™ < (va® 4 (1 —v)d*)™ — (a¥d'7V)*™. (11)

We obtain next theory by using previous result and same method of proof in
theorem 2.1

Theorem 2.4. Ifa,d >0 and 0 < v <1, then forp e R, p > 1 we have
rP(a® + d*)P — (2rad)’ < (va® + (1 —v)d?)P — (a®d* )P (12)
Proof. In 11 let m = 1.Then
r(a® + d?) — 2r (ad) < va® + ((1 — v)d* — (a”d" ")
Applying ¥ : [0,00) — R is a strictly increasing convex function
P (r(a®+d*) — @ (2r (ad)) < @ (ta® + (1 —v)d*) — @ ((a’d'")?).
And let ¥(z) = 2P,p € R. Then
rP(a® + d*)P — (2rad)’ < (ta® + (1 —v)d®)P — (a¥d'™")?P
< (ta®)? + (1= v)d?)? — (a"d' 7).
O

Now we start to prove matrix version. In theorem 1.4 , let m = 2, and
[l = II-ll5 , then we have

3 3
) <||XM|2 — |Ax|;

=3[ AX], [ X M|
[ XM, = [|AX][, ’ ’

< W[ AX]ly + (1= v) | X M]|,)? — |4 X M| |2.

Applying lemma 1.1 on the above inequality, we are able to begin to prove
the following result.

Theorem 2.5. Let A,M,X € M,(C) such that A and M are positive semi-

definite. If ® : [0,00) — R is a strictly increasing convex function, then we
have

3 3

2 HXMHQ — ||AX||2

XM, — [AX]l,

< @ (@IAXI, + (1 —0) [ XM],)*) - @ ([|a"x 2 7]3).

o(r ) =@ (3r* | AX]|, [|IX M)

equivalently

O(r? |AX|[5 + | XM + [AX ||, [ X M],) — @ (3r* |AX ||, [| X M]|,)

2
< o ((vhaxii+ a—o x)”) - e (Jaxor).
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In particular, when ®(z) = 2P (p € R, p > 1), we have
P

2 2
22 (AX IS+ IX M+ [AX [, X 0],)" =22 (3 X, | X ML)

v —v 2
< (0| AX |y + (1 = 0) [IXM )" + [[A"X M)
If p =1, we have
# (JAXIZ + |X M3 + | AX], | XM1,) — 2 (8[| AX], | XM]],)
o2
< (| AX ]|y + (1 = v) [|XM],)* - [[A" XD
equivalently
v —v 2
r?[AX = XM|3 < (v AX ||y + (1 = v) [ X M[|y)* = A" X M]3
If p = 2, we have
2
P (LAXE + XM + X, X MI,) = 7 (3 AX ] [ XM]],)°
4 v —v||4
< (lAXly + (1 =) [XM],)" — A XM,
Which are some forms of inequalities that may be useful in future.

Lemma 2.6. [1]
A, M, X € M,(C) such that A and M are positive semidefinite.

abxmi| < HA%XH2 HXM% < IAX |2 |XM]|2

Out of theory 2.5 take 2p = ¢, we have the next Corollary.

Corollary 2.7. Let A, M, X € M, (C) such that A and M are positive semidef-
inite,and 0 < v <1

aq
2

2 2 a
o (JAX I+ XM+ | AX, 1X0),)F — 29 (314X, |X0]))
< (IAX ]y + (1 =) [XM],)* — [|MUX M5
where r = min{v, 1 — v}.

Letv=3=r=1
Dg=1

1 2 2
L (1A + 1M + A, X011,

1

2

1 1
= 5 (BlAX]l; [|X M)

1 1 1

< S (IAX, + (1xXM]l,) - [ab x|
1 2 2 5 1 1
5 (IAXI5 + 1X M3 + [ AX]), |1 XM]],) " = 5 (311 AXI], | X2]],)*
1 1 1

< 5 (AX [y + (1X M) = [AX |3 | X M]3 -(by lemma 2.6)
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1 ;1 1
5 (IAXI5 + IX M5 + [ AX]|, |1 XM1l,) " = 5 (B IAX |, [ X]],)*

1 1
+AX3 [ XMII3

1
< 5 (IAX I, + (1X M)
1 3 V3
5 (IAXI5 + 1X M3 + 1 AX]|, X M]l,) <1 - ) JAX 3 1X M5
1
< §(||AX||2 (I[XM]|y)
) g=2:
12
5 [1AXI5 + 11X 003 - 214X, | X 2]
12 . 1|2
< 3 (||AXH2+(||XM||2)2—HAEXM? _ (lemma 2.6)
L1 ax 2 2—2]A
5 [IAXIE+ 1X M5 - 2 | AX]), | X M ]l
2
12
< 5 (AX[p + (1XM)* = [AX [, [ XM

1 1
()2 (IAX Il = [ XM],)* < (G)*(IAX |, + | XM],)* = [[AX ]|, [ X M,

1 1
(507 (IAX I3 + 1X MU+ AX [ 1XM],) = (5)%(3 14X, | XM]l,)
+ (14X [ XM]l,)
1
< (PUAX ], + X M],)?

1 3
(502 (IAX 3 + 1 X MU + [ AX 11X M, ) + (1= SAX ], X M]l,)

1
< ((IAX, + [1X M]],)*

1 1
(*)2 IAX|3 + | XM5 + |AX ||, | XM, ) + S (1AX ||, [|IXM]l,)
4
1
(5)2(||AX||2+||XMH )
II) ¢ = 3
1? 2 2 3 3
o (1A - ax i xar),) - @AX I, XA
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1
o3 (IAX ], + XM ,)7 = (JAX |, [|X M]|,)

3
2

oa‘*_‘

2
1
23

<

“;lf) (1AX I, 1 X M) %

3
2 2 2
(14X + 10 D15 + 1 AX]|, X M1]l,) " + (1 -

(IAX ]y + [ X M],)°
Now, if g=n,neN
1 2 2 5 3%
o (LAXI + 1503 + X, 150M15) -+ (1= S2)(1AX, X M)
1 n

< S (IAX |, + X M],)

s
We prove in theorem 11 a matrix version of the inequality 11

Theorem 2.8. Let A, M, X € M,(C) such that A and M are positive semidefi-
nite, p€ R, p > 1. Then

(WX + 11X M| = 2 X)X ))
< (vlAx]P+ - xmP)” - (|||amxare=

Proof. based in inequality 4, and by putting A = 42, M = M?
(‘ ‘ ‘AQUXMQ(I—U)

™
D"

o ([1|A2X "+ |||X a7 = 2 |42 ||| X a2
< (s

)

o (WAXIP™ 4+ XM = 2 LAXP™ 11X M)
< (vlAXIIP + (1= v) [IIX M]|)

by lemma 2.6, and by inequality 11. Let m = 1.Then
r (IAXI + 11X M = 2 AX ) X))
2 2 v (1—v) 2
< (vlAax|P + @ = o) Ixm)P) = ([[Jarx =) | )"
Let ® : [0,00) — R be a strictly increasing convex function, and applying
lemma 1.1 on the previous inequality. Then we have
@ (X + 11X M) = @ (r [ AX][]]]1X M]])

< @((v|||AX|||2+<1v>||XM||2))@((]HA”XMM

)
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In particular, when ®(z) = 2P (p € R, p > 1), we have
P (111AX]|12 + |I1X M]||Z — 2 |||AX||| [[1xM]]])
w2 (AX? + XM — 2 [|AX | [1X M)l

< (wIAXIP + (= o) X a)" = (][ a7 2r0-0

™

3. Conclusions

We have introduced other forms of improvement to Young inequalities based
on the same manner of evidence in the research [7]. we prove Theorem 2.1
using inequality 2.7 presented in the paper [1], and lemma 1.1. By same way
we prove Theorem 2.2. Corollary 2.3 it is new improvement based on theorem
2.2. Theorem 2.4 is too another improvement of Young inequality we prove with
corollary 2.3. After that, we use these inequalities that we derive to get new
improvement of young inequalities for matrices which we explained in theory
2.5, theory 2.7, and theory 2.8. The use of these improvements may inspire
researchers to look for new improvements and reflections of Young and Heinz
inequalities for matrices.
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