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Abstract. We show that every Kubo-Ando operator mean of positive definite operators exists
on the solvable Lie group of lower triangular matrices with positive diagonal entries. In particular,
we show that the operator geometric mean of such lower triangular matrices appears as the common
limit of the iteration process of the arithmetic and harmonic means. We further show that the
iteration terminates in the finite number [log, m] of iterations for m x m lower unitriangular
matrices and present its entrywise closed form for m < 4.
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1. Introduction

To the best of our knowledge, this paper is the first to study operator means of Kubo
and Ando theory [11] on non-additive matrix Lie groups, especially the operator
geometric mean that lies at the heart of Kubo and Ando theory of Hermitian positive
definite operators.

The operator mean iz (A, B) := AY2f(A"Y2BA™Y/2)AY2 of positive definite ma-
trices (operators) for an operator monotone function f : (0,00) — (0,00) with
f(1) =1 has the following integral representation

1+t
—

ps(A,B) =aA+bB + / t'AT + BT “Lam(b), (1)

0

where a,b > 0 and the probability measure m on [0, 00] are uniquely determined
by the operator monotone function f. Conversely every operator mean arises in this
way. This is a major result of F. Kubo and T. Ando [11] in the theory of operator
means on positive definite operators on a Hilbert space.

The operator geometric mean of positive definite Hermitian matrices A and B of
fixed size is explicitly given by

A#B — A1/2(A_1/2BA_1/2)1/2A1/2 (2)
whose integral expression is given by [9, 11]:
A4B =1 /Oo L (At 4 ¢B7Y 7 dt. (3)
TJo WVt
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A fast algorithm for computing the geometric mean is the iteration process of
arithmetic and harmonic means [2, 6, 7, 11, 12]

A#B = lim A = hm B, (4)

k—o0
Aty B
where Ag:=A, By: =B, Ayy1:= ———, Bpi1:= [u] . (5)

In this paper we consider the solvable Lie group L,, of m x m lower triangular
matrices with positive diagonal entries and study operator means on L,, based
on (1) and particularly the geometric means (2), (3), and (4). The sequences in
the arithmetic and harmonic mean iteration (5) of lower triangular matrices with
positive diagonal entries are well defined and belong to L£,,, and henceforth their
convergence to a common limit arises naturally.

The main result of this paper is the following.

Theorem 1.1.  Every operator mean (1) exists on the Lie group L., and the
three means (2) — (4) are well-defined on L,, and are all equal. Moreover, for lower
unitriangular matrices A and B,

Ay, = By, k > [logy m]. (6)
The geometric mean, denoted by A#B, of lower triangular matrices defined inde-
pendently via (2)-(4) is new in matrix analysis and matrix Lie groups and of interest

in operator means of nonpositive matrices. It is shown that X = A#B is a unique
solution in £, of the Ricatti equation

XAT'X = B (7)
and satisfies commutativity A#B = B#A, self-duality (A#B)™' = A~'# B~ the

group invariance
(XAX)#(XBX) = X(A#B)X, X e L,

A1+ B 11 [A+B
]

and

] — A4B.

The paper is organized as follows. In Section 2, we handle the problem on the
nilpotent Lie group N,, of m x m lower unitriangular matrices with m < 4 and
present an entrywise closed form for the geometric mean (4). It is shown that the
geometric means (3) and (4) are equal by using the integral formula

~(2m =120 —2m - 3)!!
/ \/_1+t B 2n=1(n — 1)! '

In Section 3, we prove the main theorem. We first prove the main theorem for the
nilpotent Lie group N,, and then for £,, with the same method (Remark 3.3 and
Remark 3.5). We show that the Lie group N, is uniquely 2-divisible where the
unique square root is given by

1 /1
1/2 —— _ -1
a2 /0 AL+ ) (8)




CHOI AND LM 177

and the integrand is absolutely convergent and A'/? defined in (8) is indeed lower
unitriangular for every A € N,,. We then show that the operator geometric mean
(3) is well-defined and belongs to N, , and is a unique lower unitriangular solution
of the Ricatti equation (7), from which the means (2) and (3) are equal. Using
basic properties of strictly lower triangular (nilpotent) matrices, we prove that the
iteration (5) stops in the finite step [log,m|. The group invariance (1) for both
geometric means (3) and (4) ensures the reduction to B = I. Then we apply the
Newton’s square root algorithm to show that these means are equal. It is noted in
Remark 3.3 that the integrand in (1) is well-defined on L£,, in a similar way and (1)
belongs to L,,. In Section 5, we extend the results on the operator geometric mean
to the general setting of simply connected nilpotent Lie groups.

2. Examples

We will provide a closed form for the geometric mean (4) of lower unitriangular
matrices A and B, denoted by AfB, when m = 2,3,4. It is direct to see that for
m = 2,

A1+ B 11" A+B
_ = = ApB. 9
AR A )
Suppose that m = 3. Let
1 0 0 1 0 0
A= aq 1 0 s B = bl 1 0
a3 Qa2 1 b3 bQ 1
Using
1 0 0 1 0 O
A7l = —ay 1 0], Bl = —by 1 0
12 — a3 —Aas 1 blbg — bg —b2 1
we have that
—-1 —17—1 1 0 0
B, = {A;B} — ot 1 0
2 az+bs _ (a1—b1)(a2—b2) as+by 1
2 4 2

By direct computation,

1 0 0 -1
A+B A7+ B!
A2 _ 1+ 1 _ algbl 1 ol = |: 1 + 1 :| — B27 (10)
2 az+bs _ (a1—bi)(az—b2) ap+by 1 2
2 3 2

from which we obtain AjB = Ay = Bs.
Suppose that m = 4. In this case,

1 0
a1+by 1
AtB=Ay = By= |, .42
2

ast+be __ as+bs
2 woTy v

(11)

o az+bs
u 2

_ o O O

)
wl}»—noo
o
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where u = (a1 = by)(az — by) v — (as — ba)(az — bs)
8 ’ 8 ’

W= — (ay — b1)(as — bs) + (a3 — bs)(as — by) " (ay — by1)(ag — b3)(az + bs)

8 16 .

A detailed proof of (11) is in Appendix A for the convenience of the reader.

Remark 2.1. By similar computations one can show that X =AiB for m=2,3,4,
is a unique lower unitriangular solution of the Riccati equation

XA 'X =B.

A+BA71A+B_A+2B+B2A—1 B
2 2 4 B

For m = 2, B.

It is quite nontrivial to show that for general m > 5.

Definition 2.2. For A, B € N,,, the nilpotent Lie group of lower unitriangular
matrices, define [,,(A, B) := min{k > 0: Ay, = By} if Ay = By, for some k € N.

We saw in the preceding examples that l5(A, B) < 1 and I3(A, B), l4(A, B) < 2.
By Theorem 1.1, [,,(A, B) < [log,m], VA,BéeN,,.
For instance, [5(A, B), ls(A, B), 1:(A, B), ls(A,B) <3 and

lo(A,B), - ,lis(A,B) <A4, Li7(A,B), - ,l52(A, B) <5.

Next, we consider the mean (3) for lower unitriangular matrices A and B, denoted
by A#B. We will show that A#B = AyB for m < 4. Note from (3) that

o 1
—dt =. 12
/0 VE1+1) (12)
1 [~ tm ~(2m - 1)!(2n - 2m — 3)!!
Generally — /o Vit t)ndt = > — 1] : (13)

The above integral is in fact the beta function. Recall that the beta function B(«, ()
is a function of two complex variables «, 3, defined by

B(a, p) = /01 22711 — z)? Vdu,

provided that R(«) > 0, R(S) > 0. The beta function can be rewritten as

o8} toz—l
B(OZ,B) = /0 Wdt

The beta function can also be expressed as the gamma function T.

L(a)I'(B)

Blof)=vuvp)
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Note that for a nonnegative integer m

T(m) = (m—1)! and T(m+ %) _@m-DN 2

Then it follows that

/Oo A /OO tnE B( 41 1>
———dt = ——dt = m+=,n—m— =
o VEl+1t)n o (1+1t)n 2 2

_m+3)Fn-—m—3)  (2m—1)!(2n —2m - 3)!!

I'(n) B 2n=1(n —1)!
10 10
For A= {a 11, B = [b 1] one can see from (12) that
1 0 1 [ a+th
A#B = , here * = — —dt
# [ J e mJo VE1+1)?
a—>b [ 1 b [~ 1
By (13), « = / dt+—/ S —
y (13) ™ Jo Vi(1+1)? mJo Vi(l+1)
_a—b+b_a+b
2 2

This together with (9) ensures that A#B = 432 = AjB.

Suppose that m = 3.

1 0 0] 1 00
Let A= ay 1 0 s B = bl 1 0
az az 1] b3 by 1
1 0 O
Then A#B = |adh 1 0,
a2+bo 1
i 2
where x = a3+ bs — (a1 — b)(az — bo) / —t dt
2 m o Vi(1+1)?
_ as + b3 B (a1 — by)(az — bo)
2 8 '
We conclude from (10) and (13) that A#B = AgB.
1 0 0 0 1 0 0 0
_ _laa 1 0 0 _{br 10 0
For m=4,let A= a a1 0| B = by by 1 0
ag as az 1 bg bs by 1
1 0 0 O
ath ] 0 0
Then A#B = 2 a2_2H,2 . ol
%ok ok k% ai”—;b?’ 1

179
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where . — l/ (CL4 + tb4)(1 + t) — (a1 — b1>(a2 — b2)tdt
™ Jo VL + )
LT a by t_l/oo (ay — by)(az — by)t
™ Jo Vil +1)? T Jo Vi )3
_ 04 + by B (a1 — by)(az — by)
2 8 ’
. 1 /OO (CL5 + tb5)(1 + t) - (CLQ - bQ)(ag — bg)t
ok = — dt
™ Jo VEL+ 1)
1 o as + tb5 1 /oo (a2 — bg)(ag — bg)t
= — —dt — — dt
mJo VHL+H2 Ty V(1 +1)?

_ G5 + bs B (ay — be)(as — bs)
2 8 ’

SRR SORSTAIES
T Jo Vi1 +)!

(a3 - b3)(@4 — b4) + (a1 — bl)(ag) — b5) *° (]_ + t)t di

B ™ 0 \/%(1 + t)4
(a1 — bl)<a3 — bg)(ag + bg) o t
i ™ /0 V(1 + t)4dt
. Qg + bﬁ _ (ag — bg)(a4 — b4) + (a1 — bl)(a5 — b5)
2 8
(ay — by)(az — b3)(az + by)
+ 16 .

We conclude that A#B is well-defined on N, and is equal to AfB.

3. Proof of the main theorem

We recall that if A is a complex square matrix and o(A), the set of eigenvalues of
A, lies in C\ (=00, 0], then A has a unique square root, called the principal square
root, whose spectrum lies in the open right half plane and is given by

1 [ 1
A2 = —/ —A(tI + A)7at. 14
L[ S (14
Generally, Ap = S0PT / PPAGT 4+ At 0<p<l. (15)
™ 0

See [4, 8, 9] for details.
Let A € N,,. Obviously o(A4) = {1} C C\ (—o00,0]. The diagonal entries of

1 —1_i —1\-1
AGT+ A = (T 247

1
are all ———— and hence by (12): A2 e N, 16
v v (12 (16)
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This implies that the Lie group N,, is uniquely 2-divisible. This together with the
group property of N, implies that

ATVPBATI2 € N,
for all A, B € N,,. In particular,

AVZ(ATVPBATYAIRAVZ ¢ N, VA, B €N, (17)

Remark 3.1. Let n,, be the Lie algebra of N,,, the space of lower triangular
matrices with vanishing diagonal entries. The exponential map exp : n,, — N, is
bijective. Its inverse is given by

bg4:/m[u+o”l—@]+Arﬂﬁ. (18)

We then have A2 = (1/2)log A YA € N,

The integral formula (18) holds for every A with o(A) C C\ (—o0,0] and hence
the preceding results holds on the Lie group L,,, whose Lie algebra is the space of
lower triangular matrices with real diagonal entries.

Let A, B € N,,. It is direct to see from AY2B~1AY2 ¢ N, that
I +tAY2B=1AY?
is invertible for all ¢ > 0 (indeed, all of its diagonal entries are positive) and hence
(tA) : B =tAY2 [ +tAYV2 B~ A2 AV

is well-defined, where A : B = (A~! + B~!)~! is the parallel addition of invertible
matrices A and B. One can see that

t+1 (t+1)]|AYV2|?
—|I(tA) : B|| <
t 1(24) = BI| < 1 — t||AY2B-1A1/2||

and the right had side is bounded for sufficiently small ¢ > 0. Similarly
(tA): B = [(zﬁA)*1 + Bfl}_l — BY/? [[ + t’lBl/QAlel/Q]_l BY/?

t+1 ' (t+ DB
and TH(tA)-BHSt_||Bl/2A—1Bl/2H'

(We have used the Neumann formula (I — A)~! = >>° ' A* for ||A|| < 1). The
right had side is bounded for sufficiently large ¢t > 0.

We conclude that A#B, the integrand (3) of lower unitriangular matrices A and
B, is absolutely convergent and hence is well defined. By (16) and (17),

A#B = AY? dt| A2

1 /°° (I +t(A"2BA 1217
™ Jo \/Z
Al/Q(A—l/QBA—l/2)1/2A1/2 c Nm (19)
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An immediate consequence of the preceding result is

Proposition 3.2. Let A,B € N,,. For X € N,,, X = A#B if and only if
XA7'X = B. Moreover, A#B = B#A, (XAX)#(XBX) = X(A#B)X and
(A#B)~! = A7Y# B~ for every X € N,,.

Remark 3.3. In [8], F. Hiai established a multi-dimensional version of Léwner
theorem for dissipative operators; every operator mean of positive definite operators
on a Hilbert space admits an analytic continuation on the space of dissipative
operators, the Siegel upper half plane. His elegant idea that we have taken here
for the operator geometric mean on Lie group N, is available for any operator
mean on the Lie group of lower triangular matrices with diagonal matrices. In fact,
the absolute convergence of the integral in (1) for every operator monotone function
f holds for matrices in £, in a similar way and hence the operator mean (1) is
well-defined and belongs to £,,. The properties in the above holds true for the
operator geometric means on L,,

Next, we consider the iteration (4) for lower unitriangular matrices and will show
that the iteration always terminates after the finite number of steps k = [log, m].

For A € N,,, we decompose A = I+ N4, where Ny € n:=n,,, the set of all m xm
lower triangular nilpotent matrices. Then the inverse of A =1+ Ny is

A=+ Ny '=1+) (-1)FNL (20)

We are greatly indebted to Professor Fumio Hiai for suggesting the following nice
lemma.

Lemma 3.4. For A,BEN,,,
{Al +Bl]_1 _A+B {NA—NB] {1+ N,LHFNB}‘1 {NA—NB]

2 2 2 2 2

Proof. It suffices to show that

= ]

Letting X := A""/2BA~'/? we have

I+ X1

5 =2X(I+X)"!

ATVHLHS)ATY? = {
and

A"YV2(RHS)A™Y/?

I+X I- X [I+X]'[I-X
2 2 2
I+X I+Xr1

2 2

XU XU XP v .
2
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Define subspaces n®) of n
{0} = n(m+l) = n(m) C n(mfl) C .- C T‘l(l) ——

where [ € N and n® for 1 < k < m consists of lower triangular nilpotent matrices
having vanishing entries along the j-th subdiagonal, 1 < j < k. For instance, n®
consists of strictly lower triangular matrices with the following form:

[0 0 0 --- 0]
0 0 O
*x 0 0
[+ % % - 0]

It is direct to check that n®n® c n*+D for all k, 1.

Let A, B € N,, and consider the sequences A, and By, of the iteration precess from
the given A, B € N,,. We shall show that Ay = I + Na, = I + Np, = By for all
k > [logym]. That is, N4, — Np, = 0 for 2¥ > m. It suffices to show that

Nj, — Np, en®) vk >o0. (21)

It is easy to check that N4, Np, € n). Suppose that Ny, — Np, € n@, By
Lemma 3.4 and (20),

A, + B Aty g1yt
Nayyy — Npyyy = Appr — B = : 2 "o { : 2 )
_ [Nay=No | [, Nap+ Np, "' [Na, — Ng,
m—1 .
Na, — Np, (Na, + Ng,\’| [Na, — Np
= 1 1) | Ak TPk k A
{ 2 + ;( ) ; e

I
T
—_

2 2 2

2
L [M] @)

By induction, we complete the proof of (21). We let AgB the common limit of the
iteration process from A and B.

Finally we shall show that A#B = AyB for all A, B € N,,. It is straightforward to

see that the geometric mean AfB, the common limit of the iteration, satisfies the
group invariance (1). Also, the mean A# B satisfies this property:

(XAX)#(XBX) = %/w%[(XAX)_1+t(XBX)‘1]_1dt
1 [~ 1

= = XA B 'Xat
™ Jo \/E [ * ]

= X(A#B)X.
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Then we may assume that B = I. In this case, the sequence A, in the iteration
process (4) defining Afl coincides with the Newton’s iteration

X+ X A
Xjs1 = HTk Xo=1. (22)
I+ A
Indeed, X, = % = A, B, = A1_1A = AAl—l (23)

and then X, = A, and B, = A,;lA = AA/,;1 for all £ > 0, by induction. This
implies that the limit X := lim A, = Ayl satisfies X2 = A. By Proposition 3.2,

Xoo = Agl = AY? = A4].

Remark 3.5. For A, B € L,,, the iteration process of the arithmetic and har-
monic means converges to the common limit A#B by the reduction B = [ and
lannazzo’s result [10] on the convergence of the Newton’s algorithm (22) for any
matrix A with o(A) C C\ (—o0,0].

Remark 3.6.  For every A = [a;;] € L,, can be written uniquely as A = A'Dy,
where D4 = diag(ai, .- ., @mm) is the diagonal part of A and A’ € N,,. Then for
A, B € L,,, we have

A#B = (A#B) Dayp.

By (2), Dazp = vDap and hence A#B’ = (A#B)v/Ds-15-1. One may expect
that (A#B) = A'#B'. It probably fails.

4. Simply connected nilpotent Lie groups

Let G be a (uniquely) 2-divisible subgroup of N,,. Then
A#B = AYV2(ATYV2BATYAI2 412 ¢ G, VA,B € G.

By Theorem 1.1, it has the integral expression (3) and also the finite iteration
algorithm (4), although the subgroup G is not closed under the arithmetic and
harmonic means, in general. Such 2-divisible subgroups arise commonly from finite
dimensional simply connected nilpotent Lie groups.

Let G be a finite dimensional simply connected nilpotent Lie group and let g be
its Lie algebra. Since exp : g — G is diffeomorphic, G is uniquely 2-divisible. By
Lie-Kolchin Theorem (cf. Theorem 3.6.6 of [16]), G has a faithful representation
p: G — N, and hence p(G) is a 2-divisible subgroup of N,,. It is well known that
the group G is isomorphic to (g, *), where z x y is the Baker-Campbell-Hausdorff
multiplication and satisfies exp(z * y) = exp(z) exp(y). Note that 0 € g acts as the
identity element and x +— —z is inversion on the group (g, *). Also, z * x = 2z for
all z € g and hence (1/2)z is a unique square root of z. Define
_o (Gryxs)

TSRyt mUEe
Then exp(z#y) = exp(z)# exp(y), where a#b = a'/?(a=/2ba=1/?)'/24'/2 for a,b €
G. The integral representation and finite iteration algorithm for x#y exist by
appealing on the Lie algebras g < n,, and the faithful representation of G.
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5. Final remarks

Every group G is a Loos symmetric space equipped with the binary operation
r ey = xy lw. If G is uniquely 2-divisible, then the equation x @ @ = b has a
unique solution x € X, called the midpoint or mean of a and b, and denoted by
a#b. One can directly see that a#b = a'/?(a=/?ba="/?)"/2a/? ([13, 14]). The Lie
group L,, is uniquely 2-divisible and hence A#B := AY2(A71/2BA~1/2)1/2A1/2
appears in this context. In this paper, we have obtained its integral representation
and the iteration algorithm (4) on L,,.

We have shown that the operator means ps(A, B) = AY2f(A"Y/2BA-Y/2) A2
over operator monotone functions f > 0 with f(1) = 1 are well defined on L,,.
For instance, the weighted geometric means A#,B = AY2(A"Y/2BA-Y2)P A2,
0 <p <1, exist on £,,. It is of interest to study operator means on general
uniquely 2-divisible matrix Lie groups, where the geometric mean

A#B — A1/2(A_1/2BA_1/2)1/2A1/2

already exists.

The geometric mean AjB from the iteration process of arithmetic and harmonic
means of lower unitriangular matrices is natural in the context of the matrix geo-
metric means. Finding a closed form for AgB in terms of the entries of A and B
for general m > 5, like (10) and (11), is attractive for further work.

The geometric mean A# B of positive definite matrices arises as the unique midpoint
between A and B for the Riemannian trace metric ¢ on the open convex cone P, of
m x m Hermitian positive definite matrices, where 0(A, B) = ||log A~Y/2BA~/2||,
(see [12]). It is unknown to us whether the operator geometric mean A#B of
lower unitriangular matrices can be realized as a metric midpoint on the Lie group
N, or not. Since log(A~Y2BA~'/2) is in the Lie algebra of A,, the notion of
§(A,B) = ||log A=Y/2BA~'/2||, on N,, seems natural to consider as one of desired
metrics. But we do not know whether it is indeed a metric on the Lie group N,,,
and also whether 6(A, B) = (1/2)6(A, A#B) for all A, B € N,, or not.

The original motivation of this paper was the LDL* decomposition (square-root-
free Cholesky factorization) of positive definite matrices A = LDL*, where L is
a lower unitriangular matrix and D is a diagonal matrix with positive diagonal
entries. A closed form for the LDL* decomposition of the geometric mean A#B
of positive definite matrices is unknown [15]. It is then natural to see how our
geometric mean on N, is closely related to this decomposition and the Lie group
action N, x P, — P, defined by (A, P = LDL*) — ALDL*A*. In general, for the
LDL* factorization of two positive definite matrices X = ADA* and Y = BF B*,

X#Y = (ADA")#(BDB") # (A#B)VDF(A#B)".
This gives an alternative new binary operation XxY :=(A#B)vV DF(A#B)* on P,,.
Finally, one can see that for lower triangular nilpotent matrices X and Y, the curve
y(t) = eX#e? is smooth with (0) = I and +/(0) = (1/2)(X +Y) using the
Riccati equation. Then we obtain an alternative Lie-Trotter formula

X+Y
e 2 = lim (!X #etY
t—>0( # )

1
t

This is well known for Hermitian matrices (cf. [1]). We expect various results from
the operator geometric mean on AN, and also on £,, that are well known on
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Hermitian matrices and positive definite matrices through the exponential map.
For instance, the (resp. finite step) convergence of the iteration of arithmetic and
geometric means on L, (resp. on N, ).

6. Appendix: Proof of (11)

1 0 0 O 1 0 0 O
a1 000 1000
Let A= aq4 Qg 1 0|’ B= b4 bg 1 0
ag as as 1 bg bs b3 1
be 4 x 4 lower unitriangular matrices. Then
[ 1 0 0 0
o —a 1 0 0
A o a1 — Ay —as 1 0]’ (24)
_CL16L5 + asayqg — (a1a2a3 + CLG) o203 — a5 —A3 1
[ 1 0 0 O
—b 1 0 O
-1 _ 1
B = biby — by b 10 (25)
0105 + bsbs — (bibobs + bg) bobs — b5 —by 1
and
1 0 0 0
A+ B ath 0 0
Al == 2 - a4—20—b4 az2+ba 1 0 9 (26)
2 2
astbs as+bs az+bs 1
2 2 2
1 0 0 0
A+ B! —ath 1 0 0
-1 o 2
Bl 2 - T _% 1 0 9 (27)
z Y —% 1
where
- a1a9 — a4 + blbg — b4 . as0a3 — Ay -+ bgbg — b5
- 2 ) y - 2 ’
aias + asay — (a1a2a3 + CLG) + b1b5 + b3b4 — (blbgbg + b6)
= 5 .
By (24) and (25),
) 1 0 0 0
A1+ BT atbl 0 0
N e e R (28)
i y/ a3-21-b3 1
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where
L = (CLl + bl)(al + bg) - (a1 + bl)(al + bg) Q14 — ay + b1by — by
4 4 2
as+b 1
= = 5 - - Z(al —b1)(ag — by),
ro_ (ay + bo)(as + bs) o (az + ba)(as + bs) (a3 — a5 + babs — bs
Y 4 4 2
as+ b 1
= =2 5 ° - Z—l(% —by)(az — b3),
r (a1 + bl)y (a3 + b3)l’ (a1 + bl)(ag + bg)(ag + bg)
zZ = - - — |- + 2z
2 2 8
. a6+bﬁ (a1—bl)(a5—b5)+(a3—bg)(a4—b4) (al—bl)(ag—bg)(a2+b2)
= — + ,
2 4 8
1 0 0 0
_ —adh 0 0
and Al b= f]fl? _a2—2|—b2 1 0l (29)
Z// y// __a3z+bs 1
2
where
N (a1 + bl)(ag + bg) _ ay + by n_ ((12 + bg)(ag + b3) _ as + bs
4 2 4 2
- (a1 + b1)(as + bs) + (a3 + bs)(aq + bs)
4
B (a1 + b1)(ag + b2)(as + bs) G+ be
8 2
Note that
P2 -z = a4+b4, y’+y”—y=a5+b5, (30)
2 2
and
S — ag + bg B (a1 — b1)(as — bs) + (a3 — b3)(as — bs)
2 4
(a1 —bi)(az — b3)(az +b2) | (a1 +b1)(as + bs) + (az + bs)(aq + by)
+ 8 + 4
_ (a1 -+ bl)(ag + b2)<a3 + bg) _ Qg + bG
8 2
4 aas -+ asyg — (a1a2a3 + a6) + blb5 + bgb4 — (blbgbg -+ b6)
2
ae + bﬁ aias + aszay + blb5 + b3b4
= — +
2 2
(a1 -+ bl)(ag, -+ b5) — ((11 — bl)(ag, — b5)
+ 4

T ((13 + b3)(&4 + b4) ; (a3 - b3)((l4 — b4)
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n (a1 — b1)(as — b3)(ag + b2) — (ay + b1)(as + b2)(as + bs)
8

ayasaz + b1bybs

2

ag + b 1
=2 2 =+ §<CL1CL5 + azas + bibs + b3bs + a1bs + asby + azbs + aqbs)

1
— Z(Qalazag + 2b1b2b3 + a1&gbg + albgbg + a2a3b1 + (Igblbg)

_a6 + b@ i (Cll + b1>(a5 + b5) -+ (&3 + bg)(CL4 + b4) ok
2 2 ’

1
where * := Z(Qalag(lg -+ 2b1b2[)3 —+ alagbg -+ a1b2b3 -+ CLQCLgbl + agblbg).

We claim that Ay = Bs, equivalently, I = A;B, . Since
A, + By AT+ Bt

ap= S By

it suffices to show that (A; + By)(A;' + By') = 41, that is,
Alel -+ BlAfl - 2[
By (27) and (29),

1b 0 0 0 lb 0 0 0
_ae—zi-b(; as+bs a3—2|—b3 1| - y a3—2|—b3 1]
[ Jlrb 0 0 0] 1+b 0 0 0]
| A Y ““3—;5’3 | 2 Y —a3tbs 1]

Using (30), the sum of (3,1) (resp. (4,2)) entries of A;B;" and B;A]"' is zero.
The sum of (4,1) entries of A;B;" and B A[' is

b b b b
a6—2|- 6_(a1+ 1)4((15-1- 5)+a3—21— 3x—|—z

o i bly' 4+ 8 + b3x” + 2"
2 2 ’

and is equal to zero if and only if

. [a6—2|—b6 B (a1 + bll(% + bs) N ag—zi—ng B a1—2|—b1y, N ag,T—l—ng,,}
_ _a6+b6+a1+b1 {a5+b5+y,} a3+b3(a;+x”)
2 2
_ _aﬁ‘;bﬁ “1”1 {a5+b5—— a2—b2)(a3—bg)}
_ a3 ‘2* bs { (aq + ba) + (3a1a2 + 3byby + arhy + agbl)}
ag +bs | (a1 +bi)(as + bs) + (a3 + b3)(as + bs)

= — — %
2+ 2 ’
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where

* = [(a1 + bl)(ag — b2)(a3 — b3) + (a3 + b3)(3a1a2 —I— 3b1b2 + albg —f- CLle)] .

1
8
One can check that x = % and hence the equality in above holds true. We have
shown that AjB = Ay = Bs.
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