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AN ELEMENTARY PROOF OF A HLAWKA TYPE INEQUALITY

FEN WANG

(Communicated by F. Kittaneh)

Abstract. In this paper, we provided an elementary proof of a multiple Hlawka type inequality
proved by W. Berndt and S. Sra in [1]. Our proof does not use the tensor product method.

1. Introduction

Positive definite (or positive semi-definite) matrices have similar properties with
positive (or nonnegative) numbers, especially about inequalities, see [0, 7, 13, 16]. One
of the fundamental inequalities is the following: For any two positive definite matrices
with the same size, we have (e.g. [7, p. 511])

det(A+B) > det(A) 4 det(B). (L.1)

There are many generalizations of (1.1). In 1970, E. V. Haynsworth [4] made the
first improvement of (1.1) by using the Schur complement method. Soon after that, D.
J. Hartfiel [3] obtained a quantitative improvement of Haynsworth’s result. He proved

THEOREM 1.1. [3] Let A,B be positive definite n x n matrices. Then
det(A+ B) > det(A) +det(B) + (2" —2) \/det (AB). (1.2)
In 2014, M. Lin [10] generalized (1.1) to three positive definite matrices.

THEOREM 1.2. [10, Theorem 1.1] Let A,B,C be positive definite n X n matrices.
Then

det(A+ B+C)+det(A) +det(B) + det(C)

1.3
>det(A+B)+det(B+C)+det(A+C). (13)

Recently, Y. Hong and F. Qi [5] obtained a sharper lower bound for Theorem 1.2,
which is also a generalization of Theorem 1.1.
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THEOREM 1.3. [5, Theorem 3] Let A,B,C be positive definite n X n matrices.
Then

det(A+ B+C)+det(A) +det(B) + det(C) A
(1.4)

Lol—

>det(A+B)+det(B+C)+det(A+C)+ (3" +3—3-2") [det(ABC)]3 .

Please see [2, 8, 11, 12] for other forms of generalization about (1.1)—(1.4).
By using tensor product, W. Berndt and S. Sra [1] extended (1.1) and (1.3) to
multiple version, which is called the Hlawka type inequality.

THEOREM 1.4. [1, Conjecture 3.1 and Corollary 3.4] Let A,As,---,A,, be pos-
itive definite n x n matrices. For each k =1,2,---.m, define

Sk(A17A27---,Am) = Z det(Ai1+A52+"'+Aik).

1< <ip<-<ixg<m

Then
(—1)" s (A1, Ap, -+, Ap) > 0. (1.5)

M=

k=1

At the same time, W. Berndt and S. Sra [1] also got another generalization to
multiple version, which is called the Popoviciu type inequality.

THEOREM 1.5. [, Theorem 4.3] Let A1,Az,---,Apn (m = 3) be positive definite
n x n matrices. Then

j=1 1<i<j<m

det(iA/)Hm—Z)idet(AjD Y, det(Ai+A;). (1.6)
j=1

More recently, we [14] proved a quantitative improvement of Theorem 1.5 in the
following form.

THEOREM 1.6. [14, Theorem 7] Let Aj,Az,---,Ay (m > 3) be positive definite
n x n matrices. Then

det (i A.,»> +(m—2) i det(A;)
j=1

J=1

S=

> Y det(Ai+A)+ [(m"—m— (2" = 1)(m— 1)m)] [det(A1Ar- - Ap)]
1<i<j<m

(1.7)

We also revisited Theorem 1.6 and got an improvement for m = 4.
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THEOREM 1.7. [15, Theorem 1.5] Let Aj,A3,A3,Aq4 be positive definite n X n
matrices. Then

det(iAi,)—l-Zidet(Aj)— Y, det(Ai+A))
j=1

j=1 1<i< j<4

wl—

>(3"-32"+3) [(det(A14243))F + (det(A14244)) (1)
4 (det(A14344))F + (det(ArA3A4))3 ]
+ (47— 43743271 4) (det(A1ArAzAq)) T
To generalize Theorem 1.1 and Theorem 1.3, we propose the following conjecture.

CONJECTURE 1.8. Let Ay,As,---,A, be positive definite n X n matrices. For
each k=1,2,---.m, define

Sk(A17A27---,Am) = 2 det(Ai1+Ai2+"'+Aik).

1<) <ip<---<ip<m

Then

S|-

M=

k=1 k=1

i(—l)m_ksk(Al,Az,m,Am)2( (—1)'"—’<c,’;k">[det(AlAz-.-Am)}, (1.9)

m!

k
where C,, = K

REMARK 1.9. It is easy to check that (1.9) reduces to (1.2) when m =2 and to
(1.4) when m = 3.

The main goal of this paper is to give an elementary proof of Theorem 1.4.

2. An elementary proof of Theorem 1.4

Firstly, we establish several lemmas needed in the proof of Theorem 1.4.

LEMMA 2.1. Let B be an n x n matrix. For j=1,2,---,n, let Bj be the subma-
trix of B by deleting the j-th row and j-th column. Then

d n
= [det (B +t1,) Zdet i+ th).

Proof. Let B +tl, = (by(t),by(t),---,b,(t)) and e; = (1,0,---,0)7, e; =
0,1,---,0)7,---, e, = (0,0,---,1)7, then by the product rule of multilinear functions
(e.g. [9, p. 125]), we have
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et (B+ 1)) = 5 [4et (b1 (1), ba(0),+++ bul0))]

= 3" det (b1 (6),bat), -+ By(0). - bul0)
=1

I
M=

det ((bi(t),ba(t),---,ej,---,bu(1))

~.
I
—_

I
M=

det(Bj+1tl,—1). O

~.
Il
-

LEMMA 2.2. For any positive integer m, we have
m
Y (1) *kC, = 0.
k=1

Proof. By the definition of the combinatorial number, we have
—1)"*kCr = R A —
(m—1)!

[(m—1)—(k—1)](k—1)!

—k k-1
(=D"7C, 5

(1)

I
3
M=~

~
Il
—

I
3
: T

I
3

(—nmEek
=0

Moreover, by Binomial Theorem, we get

§<—1>mlkca_l —[1+(-)Pt=0. D

Now we are in a position to prove Theorem 1.4.

Proof of Theorem 1.4. The proof of Theorem 1.4 is by induction on m and n.
Step 1:

e For m =2 and any n, it follows from the fundamental inequality (1.1).
e For n =1 and any positive integer m, we have

N —k < _ kCt
2(—1)’" Sk(A17A27"',Am):Z(—l)m 7m(Al_’_A2_|_..._|_Am)
k=1 k=1

A+ Art A
m

k
m—k kG
m

> (1)
k=1

:0’
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where the last step follows from Lemma 2.2.

Step 2: Suppose that the inequality holds for m,n—1 and m+1,n— 1. Now, suppose
Al1,Az,- -+, At are positive definite n X n matrices. First, notice

det (A1)

Z (_1)m+l_ksk (A17A27 tee 7Am+1)

m+1
k=1

" sk (AL A, Ay ) - det (A, )]

+1-k T A n
" Sk (A17A27"' aAmJn) )

m+1

> (-1
k=1

m—+1

> (=1
k=1
_1 _1

2 2, for 1 <i<m. Next, forany ¢ € [0,+o0) define

where Xi =A, 1 AA,

m+1 P N
(P(t) = Z (_1)m+l_ksk (A17A27"' 7Am7 t'ln> 5

k=1

then we only need to prove @ (1) > 0. In fact, by the definition of s, we have

m+1 PN =R
(P(O): 2(_1)m+liksk< 15 27"'3Am3 0")
k=1

= Sm+1 (A\la;‘2a“'agma On>
m ~ ~ ~
+ 3 (1) (A1 A A, 0,)
k=2
+ (_l)msl <A\17A\27 e aA\my 0}1)

o~

=3Sm (leA\Z;' o aAm>

+ Y (—1ymk [Sk (217227“',2111) + 851 <A\17A\27"'7A\m>}
=2
+ (_l)msl <A\17A\27 e 7A\m>
=0.

CLAIM. Forany 7 >0, we have ¢'(1) > 0.
Then ¢ is increasing on [0, +<c). So

the proof of the theorem is completed if the claim is true. [

Here is the proof of the claim:
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Proof of the Claim. Let A; ;(1 <i < m) be the submatrix of A; by deleting the

j-th row and j-th column. In order to compute ¢’(z), we consider the following three
cases.

e Casel1: k=1.

o~ o~ ~ !/
|:sl <A17A27' o aAmy t'ln>:|

= LE{ det (Z,) +det(r ~In)]

=[det(z-1,)]

>

2.1
n
= 2 det(¢-I,—1) (byLemma2.1)
j=1
n o~ ~ ~ o~ ~ ~
> [Sl (Al,,-,Az,,-,---,Am,j, t~1n—1> =1 (AL,-,AQ,,,---,A,,,,,-)] :
j=1
e Case 2: 2 <k<m. Since
Sk (A\laA\27 te 7A\m7 t'In>
- Y det(A+Ay e tAy,)
1<ii<ig<-<ix<m
+ D det (X,-l +Ki2 +--~+Xik,l +t-In) )
1< <ip<-+<igp_1<m
by Lemma 2.1, we have
o~ o~ ~ !/
|:Sk <A17A27 e aAmy t In>:|
o~ o~ —~ !/
_ ¥ [dot (& + A+ + Ay +1-1) |
1<i)<ip<---<ip_1<m
= D Zdet(ﬁi AL A .+t-In71)
1<iy <ip<<ig_ <m j=1 : ’ L (2.2)
=2 2 det (gil.,j +Ap it Ay +t'ln*1>
J=1 i <ip<-<ip_ 1 <m -
.' 1

[Sk (21,,/,22,,/7'“,2111,;, l'lnq) — Sk (gl,j,gz,j,---ﬁm,j)] .

~
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e Case 3: k=m—+1.

/

~ o~ —~ / —~ ~ ~
[smet (A1, A, 10| = [det (A1 + Ao o4 A1, )|

I
M=

det (A\],+A\27J+ "'+A\m,j+t'lnfl>

~.
Il
-

Sm+1 (Al,j»A2,j7"'»Am,j» t'ln71> .

I
M=

~.
Il
-

(2.3)

Now, from (2.1)—(2.3) and Lemma 2.1, we get

m+1 PN R ’

(p/(t) = 2 (_1)m+17k |:Sk <A17A2a"' 7Ama tln>:|
k=1

=D Smtl <A\1,j7A\2,ja"'7A\m,j7 l'1n71>

j=1
+ 2(_1)1’”4’1*/( [Sk (A\l,jaA\2,j7 T 7A\m.,j7 1 'In71> — Sk (A\l,j7A\2,ja T 7A\m,j>:|
j=1k=1
n |m+l1 = =N =N

=y (1) Ry (Al,jaAZ,j;"'aAm,ja t'ln—l)

J=1 [ k=1

+ 2 (1) sy <AAl,j7g2,j7 e aA\m,j>
k=1

=0,

where the inequality follows from the assumption of induction. The proof is fin-
ished. O
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