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THE LEGENDRE-FENCHEL CONJUGATE OF THE PRODUCT OF
TWO POSITIVE-DEFINITE QUADRATIC FORMS

YUN-BIN ZHAO *

Abstract. It is well-known that the Legendre-Fenchel conjugate of a positive-definite quadratic
form can be explicitly expressed as another positive-definite quadratic form, and that the conjugate
of the sum of several positive-definite quadratic forms can be expressed via inf-convolution. However,
the Legendre-Fenchel conjugate of the product of two positive-definite quadratic forms is not clear at
present. Jean-Baptiste Hiriart-Urruty posted it as an open question in the field of nonlinear analysis
and optimization [‘Question 11’ in SIAM Review 49 (2007), 255-273]. From convex analysis point
of view, it is interesting and important to address such a question. The purpose of this paper is to
answer this question and to provide a formula for the conjugate of the product of two positive-definite
quadratic forms. We prove that the computation of the conjugate can be implemented via finding
a root to certain univariate polynomial equation. Furthermore, we show that the conjugate can be
explicitly expressed as a single function in some situations. Our analysis shows that the relationship
between the matrices of quadratic forms plays a vital role in determining whether or not the conjugate
can be expressed explicitly, and our analysis also sheds some light on the computational complexity
of the Legendre-Fenchel conjugate for the product of quadratic forms.

Key words. Convex analysis, matrix theory, quadratic form, Legendre-Fenchel conjugate

AMS subject classifications. 15A48, 65F15, 65K05, 90C25.

1. Introduction. Given a function h: R™ — R, its Legendre-Fenchel conjugate
is defined as

h*(z) = sup zTy — h(y),
yeR™

which is also widely referred to as the Legendre-Fenchel transformation of h(y) in the
literature (e.g. [1, 2, 3, 5, 10, 12, 13, 14, 25, 26, 27]). Like the familiar Fourier and
Laplace transforms, the Legendre-Fenchel transformation takes in a function A and
creates another function denoted by h*. Lasserre [19] pointed out that the Legendre-
Fenchel transformation is the analogue in the “min-plus” algebra of the Laplace trans-
formation in the “plus-prod” algebra (see e.g. [4]).

Throughout this paper, we use the term ‘conjugate’ as a short for ‘Legendre-
Fenchel conjugate (transformation)’. The conjugate has a significant impact in many
areas. It plays an essential role in developing the convex optimization theory and
methods (e.g. [3, 5, 6, 14, 25]). It is widely used in matrix analysis and eigenvalue
optimization [20, 21, 22]. For example, in [20, 21|, the conjugate was employed to
establish a Fenchel-dual type theorem of a spectral function that can be viewed as
an analogous result to von Neumann’s Theorem on unitarily invariant matrix norms.
The conjugate is also commonly used in thermodynamics and in the theory of non-
linear differential equations of first order, e.g. in solving a class of Hamilton-Jacobi
equation with explicit formulas [10, 16, 18, 23]. In addition, the conjugate of so-called
‘log-exp’ function is the well-known Shannon’s entropy function [28] which has been
widely used in the field of information science, and in so many fields ranging from
image enhancement to economics and from statistical mechanics to nuclear physics
[8]. Recently, conjugate functions have been used to establish the smooth-convex-dual
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problems of the L; spline models which in their original forms are non-differential (see
[9, 29] for example). Also, a broad class of robust optimization problems with general
uncertainty sets can be represented as finite mathematical programming problems via
conjugate functions (see [30]).

Although various properties of the conjugate function are presented (e.g. [3, 6, 25,
26]), given a function the expression of its conjugate is not always straightforward.
In fact, the question of whether or not the conjugate of a given function can be
(explicitly) expressed remains open in many situations. This stimulates many recent
investigations on the expression or computation of the conjugate (see for example,
7,9, 12, 13, 15, 19, 24, 29, 30]).

Let us consider the functions generated by quadratic forms. Let ga(y) and ¢p(y)
be the quadratic forms:

(1.1) aaly) = (1/2)y" Ay, as(y) = (1/2)y" By

where A, B are two n X n positive definite matrices (in this case g4 (y) and ¢p(y) are
called positive-definite quadratic forms). For a single quadratic form, it is well-known
(see e.g. [25, 26]) that its conjugate is also a quadratic form:

(1.2) Gi(@) = (1/227 A7, g5(x) = (1/2)a" B a.

It is also well-known that the conjugate of the sum of quadratic forms (or more gener-
ally, the sum of convex functions) can be expressed via inf-convolution of conjugates
of its individual components (e.g. [25, 26])). However, for the product of two positive-
definite quadratic forms

(1.3) W) = aa(w)as(y) = (1/49)(y" Ay)(y" By),

the formula for its conjugate is not clear at present. So a natural question is: What
is the expression or formula of the conjugate of the product function f(y)? From fast
computation and practical application point of view, it is interesting and important
to answer the above question. Jean-Baptiste Hiriart-Urruty posted it as an open
question in the field of nonlinear analysis and optimization ([11], ‘Problem 117).

In this paper, we will address this question and provide a formula for the conjugate
of the function (1.3). We will show that if f(y) is convex, its conjugate is finite at
any point in R™ and the formula for the conjugate can be obtained. It should be
stressed that the convexity of f(y) is the only assumption required here. Since the
product function loses convexity in general, we first establish a sufficient condition for
the convexity of the product function in the next section. However, the main purpose
of this paper is to derive an expression or formula for the conjugate. To achieve this
goal, we will develop a series of technical results on the existence and representation
of the solution to some nonlinear system of equations. These results will eventually
lead to a formula of the conjugate (see Theorem 3.6 for details), based on which some
other equivalent expressions will be obtained as well. In addition, we prove that a
completely explicit expression of the conjugate can be obtained in some situations.

It should be mentioned that in one-dimensional case, Hiriart-Urruty et al [13]
proved that the conjugate of the product of two both increasing or both decreasing
positive convex functions can be expressed. Their formulas show that even for one-
dimension functions, the conjugate of the product cannot be expressed in a simple
way (see ‘Theorem 15’ in [13]). Their results dependent on monotonicity seen difficult
to be generalized to the product of two general quadratic forms due to the loss of such
monotonicity in higher dimensional spaces.
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This paper is organized as follows. In Section 2, a sufficient convexity condition
for the product of two positive-definite quadratic forms is developed. In Section 3,
we establish a series of technical results and derive some formulas for the conjugate
of the function (1.3). These formulas show that evaluating the conjugate amounts
to finding a root to a univariate polynomial equation to which the root is shown, in
Section 4, to be unique under some conditions. The completely explicit expression of
the conjugate is discussed in Section 5. Conclusions are given in the last section.

Notation: Throughout this paper, M > 0(> 0) denotes a positive definite (pos-
itive semi-definite) matrix. (M) denotes the condition number of M, i.e., the ra-
tio of its largest and smallest eigenvalues: Apax(M)/Amin(M). Let qa(y), gs(y) and
f(y) be defined as (1.1) and (1.3) respectively, and their conjugates are denoted by
¢4 (z), g5 (x) and f*(z) respectively. ¢%(z) and gj(x) are given as (1.2).

2. Convexity conditions for the product f(y) . To ensure that the conjugate
is well-defined, a natural assumption is that f is convex. However, the product of two
convex functions is not convex in general. Therefore, before we start to express the
conjugate of f(y), let us first develop some convexity conditions for f(y). Notice that
the gradient and Hessian matrix of f are given respectively as

(2.1) Vf(y) = qa(y)By + q5(y) Ay,
(2.2) V2 f(y) = qa(y)B + qs(y)A+ Ayy" B + Byy" A.

When A and B are positive definite, a simple observation can be made immediately
from (2.2): If there exists a positive number v > 0 such that A = yB (in which case
A and B are called positively linearly dependant), the matriz Ayy” B + ByyT A is
positive semi-definite at any point y € R™. Hence, the function f(y) is conver. But
the condition “A = yB” is too restrictive, which basically implies that f(y) is the
square of a quadratic form. In what follows, we develop a general sufficient condition
for the convexity of f(y).
Let & denote the following class of positive definite matrices:

(23) S ={M=0: /(M) = Apax (M) Awin (M) < (V5 + 1)/ (V5 - 1)}
The condition x(M) < (v/5+1)/(v/5 — 1) can be equivalently written as

(24) ()\max(M) - Amln(M))/ (Amax(M) + )\min (M)) S \/5/5

Notice that if M € & then yM € & for any v > 0. So & is cone. This implies that if
M € S, so are all matrices which are positively linearly dependant with M. Moreover,
by Weyl Theorem (Theorem 4.3.1 in [17]), it is easy to show that S is also convex.
Clearly, 2.5 < (v/5+1)/(v/5 —1). Thus, {M = 0: x(M) < 2.5} C 3. This fact
will be used at the end of Section 4. The following lemma is used to prove Theorem

2.2 which is the main result of this section.
Lemma 2.1 ([17], Theorem 7.4.34). Let M be a given n X n positive definite
matriz with eigenvalues 0 < Apin(M) < -+ < Apax(M). Then

2
T 2 )\max(M) - )\mm(M) T T
<
(2" My)” < ( D TG ) @ Mo My)
for every pair of orthogonal vectors x,y € R™.

The following result claims that the product of two quadratic forms is convex if
the matrices A and B fall into the category & defined by (2.3).
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Theorem 2.2. For any n X n matrices A, B € S, the following inequality holds
(2.5)  4(zT Ay) (2T By) + 2T Azy” By + y" AyaT Bz > 0, for all z,y € R",

and hence the function f(y), defined by (1.83), is convez.
Proof. Denote

Iz,y) = 4(z” Ay) (2" By) + 27 Azy” By + y* Aya” Bz.

To prove (2.5), it is sufficient to show that for every given x € R™, the inequality
¥ x,y) > 0 holds for any y € R™. There is nothing to prove when z = 0. Thus, in
the remainder of this proof, let 0 # = € R™ be an arbitrarily given point, and denote
by L, the (one-dimensional) subspace generated by {z} and by £} the orthogonal
subspace of L., i.e.

Lo={tr: teR}, L:={y: 2Ty=0, ycR"}.

For any vector y € R"™, either y € L+ or y ¢ L. We now prove that each of these
cases implies that ¥(z,y) > 0 when A, B € Q.
Case 1: y € L+. Denote by

)\max(A) - )\min(A) )\max(B) - >\min (B)
Amax(A) + Amin(A) ’ )\max(B) + )\min(B) ’

In this case, since y is orthogonal with z, by Lemma 2.1 we have

(x(A))? 2T Azy" Ay > (2T Ay)?,  (x(B))* 2" Bxy” By > (2" By)*.

X(4) = X(B) =

Therefore, we have

x(A)x(B) (xTAxyTBy + yTAyacTBm)

> ANE) (2 Ay By " Ay B

= 21/ (x(4))? (7 Azy™ Ay) (x(B))* (27 Bay™ By)

(2.6) > 2\/(xTAy)2(xTBy)2 = 22" Ayz™ By)|.

Since A, B € 3, by (2.4) we have x(A) < v/5/5 and x(B) < v/5/5. It follows from
(2.6) that

(1/5)(z” Azy” By + y" Ayx™ Bx) > 2|2” Aya™ By,
and hence
I(z,y)
= g(xTAxyTBy + 9T Aya Bx) + %(mTAmyTBy +yT Ayx? Bx) + 427 Aya’ By

3
> 5(xTAxyTBy + y* Ayx” Bx) 4 4(|2T AyxT Ay| + (27 Ay) (27 Ay)) > 0.

Case 2: y ¢ L. In this case, y can be represented as y = & + ¢ for some & € L,
and § € L£}. By the definition £,, # = tz for some t € R. Clearly ¢ # 0 (since
otherwise y = §j € LX). Therefore, by the definition of ¥(z,y), we have

Iz, y) = Iz, te + ) = 9(x, t (x+§/t)) = 29 (x, .+ §/t).
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Thus, to prove that J(x,y) > 0, it is sufficient to show that 9(x, z + g/t) > 0. Notice
that §/t € L. It is sufficient to prove that

(2.7) Iz, x+2)>0, forallzeLr.

In fact, from the proof of ‘Case 1’, we have actually proved the following inequality:
(1/5) (2" Az2" Bz + 2" Aza” Bx) > 2|a" Aza" Bz|, for any z € L.

Thus, for any z € £, it follows from the above inequality that

W, x + 2)
=4(2T Az + 2))2" B(x + 2) + (2T Az)(x + 2)"B(x + 2) + (z + 2)T Az + 2) (2" Bz)
= 6(x” Az) (2" Bx) + 6(2” Az) (27 B2) + 6(27 A2)(2" Bx)
+ 4(2T Az) (2T Bz) + (27 Az) (2T Bz) + (27 Az) (2" Bx)
> 6(zT Az) (2" Bx) 4 6(2T Az) (2T Bz) 4 6(2T Az) (2" Bx)

3 2
+ g(xTszTBz + 2T Aza™ Bx) + g(xTszTBz + 2T Aza” Bx) + 427 AzaT Az
> 6(x” Az) (2" Bx) + 6(x” Az) (27 Bz) + 6(2” A2) (2 Bx)

+ (3/5) (2T Axz" Bz 4 2* Aza™ Bx)
= 6(x” Az) (2" Bx)n(z, 2)

where 7(z, z) is denoted by

n(x,z) =1+

x2TAz 2TBz 1 (2TBz 2TAz
2TAx  2zTBx 10 \2TBz 2TAz /)’

Thus, it suffices to prove that n(z,z) is nonnegative under our assumption. Since

2Tz =0, by Lemma 2.1, we see that

|zT Az| < Amax(A) = Amin(4)\ /2T Az < ﬁ 2T Az
2TAzx — \Amax(A) + Amin(A) 2TAx — 5 V 2TAz’

Similarly, we have

|27 Bz| < @ 2TBz

xTBx — 5 V2TBz’
Therefore,
V5 [2TAz /5 [2TBz 1 (2TBz  2TAz
wa) 21 L2 4
5 V2T Ax 5 VzTBx 10 \2zTBz 2T Ax

1 V6 [2TAz 1 2TAz 1 V6 [2TBz 1 "Bz
=|s- - + = +ls-+ +— >0,
2 5 VaTAzx 1027 Ax 2 5 V2TBzx 10zTBzx
where the last inequality follows from the fact that the quadratic function % — ? 5+
%OB2 > 0 for any 8 € R. Therefore, the inequality (2.7) holds as desired.
It follows from (2.2) that for any z,y € R", 2TV2f(y)z = %ﬁ(z,y). Under our
condition, ¥(x,y) is nonnegative for any z,y € R". Thus the Hessian V2f(y) is
positive semi-definite at any point y € R™, and hence f(y) is convex. O
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Remark 2.3: We have given an affirmative answer to the question: Can we
develop certain convezity condition for the product function f(y)? We believe that
the condition in Theorem 2.2 can be relaxed in certain directions, and thus the convex
cone & may be enlarged without damaging the conclusion of the theorem. Such an
extension is worthwhile in the sense that the developed condition can ensure the alge-
braic inequality (2.5) which may find some applications in optimization and numerical
analysis. However, we are not intending to make such an extension here, since our
major goal is to derive the formula for the conjugate.

3. Expression of the conjugate. In this section, we derive the formula for the
conjugate f*(x). First, let us develop some useful technical results. Most of them cope
with such issues as existence and representation of the solution to certain nonlinear
system of equations associated with the pair of matrices (A4, B). Through these results
the final expression of the conjugate will be obtained (see Theorem 3.6 in this section).

Lemma 3.1. Let A, B be positive definite. For any given 0 # = € R", let
g:(0,00) = R be a function defined as

2T (A+aB) 'A(A+aB)

(8:-1) gla) =a - 2T (A+aB)"1B(A+ aB) 1z’ o> 0.

Then the equation g(a) = 0 always has a (solution) root « in (0,00), and every root
to g(a) = 0 is located in the interval

(3.2) [Amm (B*1/2AB*1/2) Amax (B*l/QAB*/?)} .

Proof. Clearly, g(«) is continuous (in fact, continuously differentiable, see Section
4 for detail). Notice that

lim g(a)=—(z"A"z) / (2"A7'BA™'z) <0,

a—0t
and

lim eT(A+aB) 'A(A+aB) 'z - eT(LA+B)"'A(LA+ B) '
a=oo T (A4 aB)"1B(A+aB)~lz  a—c 2T(2 A+ B)"'B(tA+ B)~'x

= ("B 'AB'2) /(2" B ')

which implies that g(a) — 0o as a — oo. Thus, by continuity the equation g(a) =0
must admit a root in (0, 00).
Denote by z = BY/2(A + aB)~'z. Then for any root a of g(a) = 0, we have

oo 2T(A+aB) tA(A+aB)
2T(A+aB)"1B(A+ aB)~ 1z
tT(A+ aB)"'BY*(B~'?AB~Y*)BY?(A+ aB) 'z
2T(A+aB)~1BY2BY2(A+ aB) 1z
JT(B-Y/2AB-1/2),T
2Tz

which indicates that any root a must be located in between the largest and smallest
eigenvalues of the matrix B~'/2AB~1/2 and thus in the interval (3.2). ad
The next result plays a vital role in expressing the conjugate of f(y).
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Lemma 3.2. Let A, B be positive definite, and let 0 # x € R™ be an arbitrarily
given vector. Then there exist two vectors 0 # (1) 0 # 3 in R™ such that (x(l), x(2))
is a solution to the following nonlinear system of equations:

(3.3) e =2 4 2@

(34) [(x(l))TBIAle(l)] B~ = [(x(Q))TAlBAlx@)] AT

Moveover, any solution (M) # 0,23 % 0) of the above system can be represented as

1 -1
35 2= (I + 1AB‘1) o 2@ = Llap (1 + 1AB‘1) .
« (0% «

where o > 0 is a positive scalar such that g(a)) = 0, i.e.,

2T(A+aB) 'A(A+aB)

(36) T 2T(A+aB)'B(A+aB) 'z’

Proof. Let x # 0 be given. First, by Lemma 3.1 there exists some scalar « > 0
such that it satisfies (3.6). Let o™ > 0 be such a scalar. Define

-1

-1
3.7 W= (1+ 1*AB‘1> z, 1= i*AB—1 (I—i— 1*AB_1> x.
« « «

Clearly, z(!) # 0,2®) # 0 since z # 0. We now verify that (z(), 2(?) is a solu-

. . . I I .
tion to the system of (3.3) and (3.4). Notice that the matrix [ AB-! —otT } is
nonsingular, and its inverse is given by
I o1 (I+%AB™)7" L1+ A"
AB™' —a’I LAB [+ 2AB7Y T (A)?AB I+ LABTY T - LT |

(3.8)
It is evident that (z(1),z(?)) given by (3.7) can be rewritten as

M I I 17"/ =z
(x(2)>_[AB‘1 —a*I} (0)’

ie.,

which simply is
(3.9)
By (3.7), we have

-T
(zNTB 1AB 1z = 27 (I + 1*ABl>
«

1 N\? 1 \!
o o

(3.10) = ()22 (A+a*B) ' A(A+o*B) 'u,

—1
(B~'AB™Y) (I + 1*ABl> T
«
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and

(zNTATBA1z(?)
T
A~tBA™!

:a’jT

1, R
« «

1, P
—AB™' |1+ —AB @
« «
=2T(A4+a*B) 'B(A+a*B) 2.
(3.11)

Thus, by the definition of a* we have

@EV)TB1AB 105 [(a*)22T(A+a*B)'A(A+a"B) la C eyt — o
(ZTA1BA-1z® | — | 2T(A+a*B)~"'B(A+a*B) 1z - -

This together with (3.9) implies that (z(1), (?)) is a solution to the nonlinear system
(3.3) and (3.4). Thus, the system (3.3) and (3.4) does have a solution given as (3.7).

We now prove that any nonzero solution (z(!) # 0, 2(2) # 0) of the system (3.3)
and (3.4) can be represented as the form of (3.5) with a > 0 satisfying (3.6). The
argument is basically the reverse of the above proof. Suppose that (z(1) # 0, 2(2) # 0)
is a solution to the system (3.3) and (3.4). Set

1/3
> 0.

(3.12) 5o ((m(l))TB—lAB—lgg(l))

(x@NTA-1BA-12(2)

Since (3.4) is equivalent to B~'z(") = @A~12® ie., AB 'z = @z?, the system
(3.3) and (3.4) can be rewritten as

I I A WA
AB~' —al z@ 70 )
The coefficient matrix of the left-hand side is non-singular, and its inverse is given by
(3.8) provided that «* in (3.8) is replaced by &. Therefore,

-1
—1 1 —1
(3.13)[1:8}:{1“;1 {I} [g]: (1+LaB) &
x —a 1AB (1+ %AB*) o

which is exactly the form of (3.5). We now prove that a given by (3.12) satisfies (3.6).
In fact, by (3.13), we have the following equalities which can be verified by the same
way as (3.10) and (3.11):

(zNTB'AB 2 = 3227 (A+ aB) 'A(A + aB) 'z,
(zNTA'BA 2® = 2T (A+aB) 'B(A+aB) 'a.

Combining (3.12) and the above two equalities, we have

~_ (@V)TBAB 0 V3 ra2aT(A+aB) L AA+aB) e\
"\ @A BA 10 ) T\ WT(A+aB)'B(A+abB) 'z

which implies that & satisfies (3.6). o
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The next result gives some equivalent descriptions for the solution to g(«) = 0.
Lemma 3.3. Let A, B be positive definite. For any given 0 # x € R", each of
the following univariate equations in « is equivalent to (3.6):

2T(A+aB) 'z
(A+aB) 1B(A+aB)"1z’

(3.15) 9 2T (A+aB) lz
' - 2T(A+aB)'A(A+aB)" 1tz

(3.14) 20 = —

Proof. Note that for any a > 0 we have
zT(A+aB) 'A(A+aB) 'z
=27 (A+aB) " (A+aB —-aB)(A+aB) 'z
(3.16) =2T(A+aB) 'z —az"(A+aB) 'B(A+aB) 'a.
Dividing both sides of the above by 27 (A + aB) "' B(A + aB) 'z, we get

eT(A+aB) 'A(A+aB) 'z 2T(A+aB) lw W

2T (A+aB)"'B(A+aB)~'z  zT(A+aB)"'B(A+aB) 'z

which implies that « satisfies (3.6) if and only if it satisfies (3.14). Thus, (3.6) and
(3.14) are equivalent. Similarly, dividing both sides of (3.16) by 27 (A+aB) "t A(A+
aB)~lx, we have

2T(A+aB) 'z 2T(A+aB) 'B(A+aB) '

1=
2T (A+aB)'A(A+ aB)~ 'z aazT(A +aB) lA(A+ aB) lx

which implies that « satisfies (3.6) if and only if it satisfies (3.15). |
Lemma 3.4. (i) For any given () # 0 in R™, the nonlinear equation

(3.17) qa(y)By = 2V

has a unique solution which is given by

1/3
2
(1) _ ~1,(1)
(3.18) y )_<(x(1))TBlAle(1)> B la™.

(ii) Similarly, for any given x®) # 0 in R", the nonlinear equation
(3.19) q8(y)Ay = 2

has a unique solution which is given by

5 1/3
2) _ —1(2
(3.20) y® = ((x(Z))TA—lBA—lx@)) ATl ®.

Proof. (i) It is easy to verify that (3.18) is a solution to the equation (3.17). We
now prove that it is unique to (3.17). Let 7 be the unique solution to By = =1 i.e.,
7 = B2 +£ 0 since () # 0. Assume that y is an arbitrary solution to (3.17).
Thus, B(qa(y)y) = () and thus qa(y)y = § # 0, which indicates that y # 0. Denote
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by 8 = 1/qa(y). Then y = By. Since y is a solution to (3.17), substituting y = Sy
into (3.17) yields (Y = qA(B87)B(87y) = B3qa(y)By. Since By = (M) £ 0, it follows
that 83q4(7) = 1, i.e., B =1/(qa(7))"?. Therefore,

1 9 1/3 9 1/3 Lo 0
= 7’\/: _ ~: B* _ )
! (qA(@)l/gy (?TAy> Y ((x(l))TB—lAB—lx(1)> r Yy

Therefore, the solution to (3.17) is unique and given by (3.18).

Similarly, we can prove (ii) by exchanging the role of A and B. |

The vectors yV, y(?) given as (3.18) and (3.20) can be equal if z(!) and z(?) satisfy
certain conditions. In fact, notice that (3.4) is nothing but yM = 43 Lemma 3.2
claims that there exist vectors z(!), 2(?) such that y*) = y(® in which case by Lemma
3.4 the system (3.17) and (3.19) have a common unique solution. Clearly, we have
the following result:

Corollary 3.5. Given V) #0 and 2 # 0 in R, the system

{ qa(y)By = 2
qp(y)Ay = 2

has a solution if and only if yM) = y@ where yV), 42 are defined by (3.18) and
(3.20) respectively. If this system has a solution, it must have a unique solution
y =y =y,

We now prove the main result of this section.

Theorem 3.6. Let A, B be positive definite and the function f(y) be convez.
Then at any point © € R™ the value of the conjugate f*(x) is finite, and f*(x) =0 if
x =0, otherwise if x # 0,

2T (A + aB)_1x>2/3

(3.21) f*(x) = 3a'/? ( 1

where « is a root of the univariate equation g(«) =0 at x, i.e., « satisfies (3.6).

Proof. Clearly, f*(0) = 0. We only need to prove the case z # 0. In fact, for any
given 0 # 2 € R™, by Lemma 3.2 there exist two vectors (1) # 0, 2(2) # 0 such that
(x™, 2(2)) is a solution to the system (3.3) and (3.4), and (1), 2(?) can be represented
by (3.5) where « is a roof of g(a) = 0. Notice that the equality (3.4) simply means
y =5 (defined by (3.18) and (3.20)). Thus, by Lemma 3.4 or Corollary 3.5, there
exists a unique vector denoted by y* such that

(3.22) qa(y*)By* =2, qp(y*)Ay* = 2.

The unique vector is equal to ¥y and y®, i.e.,

2 1/3 9 1/3
* —-1,.(1) _ —-1,.(2)
y = ((:c(l))TBlAle(l)> Bl = ((x(2))TAlBA1x(2)) A7

Since (z(M), 2(?)) is the solution to (3.3) and (3.4), substituting (3.22) into (3.3) yields
x = qa(y*)By* + qp(y*)Ay*, which by (2.1) implies that,

(3.23) x=Vf(y").

Since f is convex, the function 27y — f(y) is concave with respect to y, and its gradient
with respect to y is given by x — V f(y). Thus, (3.23) implies that the gradient of this
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concave function at y* is equal to zero, and hence its maximum value (over R™) attains
at y*. Therefore, by the definition of the conjugate

(3.24) (@) = Seulgl(mTy — f) ="y — fy).

Since f(y) is positively homogenuous of degree 4, i.e., f(\y) = A f(y) for any A >
0. Thus, by Euler’s formula, it follows form (3.23) that z7y* = (Vf(y*))Ty* =
4f(y*) (where the second equality above can be directly verified without using Euler’s
formula). Therefore, (3.24) implies that

1 3
* _ . rox = T * _ 2 T, *
frla)y=ay" —qa7y" = a7y
3 2 Y3 Tnp—1_.(1
(3.25) = <(x(1))TB_1AB_1x(1)> B 1™
3 2 Y3 T 4—1,.(2
(3.26) T <(33(2))TA—1BA—1$(2)> w472,

Since (1) and x(?) are represented as (3.5), we can eliminate z(!) from (3.25) to get
the formula (3.21). Similarly, eliminating 2(?) from (3.26) yields the same result. Let
us eliminate (! from (3.25). By simply substituting (3.5) into (3.25), we have

o\ 3 2
F9=1 LT (I+1AB—1)"" B1AB-' (I+LAB1)~

1

3
_2 2 "4 La)”
4<wT<B+;A>1A<B+;A)1x>$ ™) 7

1
3 2 3 T —1
=2 — — ar’ (aB+A) "z
4\ a2z (aB+A) " A(aB+A) ' x

3 -1
- ] "B [[+ lAB‘l] x
T «

1
3
_3 712a — " (aB+ A) 'z
4\ 2T (aB+A) " A(aB+A) 'z

Note that « is a solution to g(a) = 0. By Lemma 3.3, « satisfies (3.15), and hence
the above formula can be further simplified as

1/3 T 1 2/3
kN3 4o T 1 _aapsfz (aB+A)
/ (a’)_4<xT(aB+A)‘lx> v (@B+4) e =3a ( 1 :

If we eliminate 2(?) from (3.26), then (3.14) will be used instead of (3.15). O

From Theorem 3.6, the conjugate of f(y) is, roughly speaking, determined by
a positive linear combination of their matrices. This is not surprising since both
quadratic forms contribute equally and interrelatedly to the product function. How-
ever, in order to see what role the individual quadratic form plays in the conjugate of
the product, we may rewrite the formula of f*(x) as follows.

Theorem 3.7. Let A, B be positive definite and f be convex. Then f*(x) =0 if
x = 0; otherwise for x # 0,

ol

F(@) = 303 | 244@)

2
—az" (ABT'A+aA) x|
az” ( + aA) x} _ 34

2
{Qq}g(x) — xT(aBA_lB + B)_lx 3
4

4o
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where a > 0 is a root to g(a) =0 at .
Proof. Notice that for any a > 0 the inverse of A + aB can be given as the
following two forms:

(327) (A+aB) '=A"1—aA 4B ' +ad )7 1AT

(328) (A+aB) ' =(1/a)B~' —(1/a®)B~ (A" + (1/a)B™Y) "

B~
Therefore, by (3.27), we have

tT(A+aB) e =2TA" 2 —a2TAY (B 1+ ad 1A s
=2TA s —azT (AB™' A+ @A) 2
(3.29) =2¢4(z) — ax’ (AB™'A + aA)a.

On the other hand, by (3.28) we have

T (A+aB) 'z = (1/a)z" B~z — (1/0?)zT (BA™'B + (1/a)B) 'z
(3.30) = (1/a) (2q5(z) — 2" (aBA™'B + B) 'x).

Substituting (3.29) and (3.30) into (3.21) yields the desired formula. |

From the above result, f* has two equal expressions in which either ¢% or g¢j
is involved. An immediate consequence from this result is the following expression
which is symmetric in the sense that both ¢% and ¢ are involved.

Corollary 3.8. Under the same condition of Theorem 3.7, the conjugate f*(z) =
0 if x = 0, otherwise for x # 0,

f(2) = Sab { {2qz<m> — az”(AB"'A +o~4>1w]§ N [%(m) —a"(B+ aBAlB)lx} }
2 4 4o
where « is a solution to g(a) =0 at x.

Remark 3.9. For any function h(y) which is positive homogeneous of p-degree,
its conjugate function h* must be homogeneous of g-degree such that (1/p)+(1/q) =1
(See Lasserre [19]). Since the product of two quadratic forms is positive homogeneous
of 4-degree, i.e., p = 4, its conjugate f* must be homogeneous of (%)—degree. This
can be easily verified from (3.21) by noting that for any positive number A > 0, the
value of o does not change if x is replaced by Az.

Basically, at every x € R"™ the conjugate f* can be expressed in terms of the
conjugate of the individual quadratic form, and the conjugate of certain combination
of these two quadratic forms. The computation of f*(z) can be implemented via
finding a root for the univariate equation g(«) = 0 at z. It should be stressed that the
aforementioned analysis does not rely on the uniqueness of the root of g(a) = 0 at
2. This implies that the conjugate f* can be evaluated by any real root of g(«) = 0.
When the real root to g(a) = 0 is not unique, all these roots yield the same value
of f*(x). While the uniqueness of « is not required in the computation of the value
of f*, the question about whether the real root « is unique or not is interesting and
worthy of further consideration. In the next section, we will prove that if the condition
number of matrices involved are not too large, the root of g(a) = 0 is always unique.

4. Uniqueness of the root to g(a) =0. In this section, we prove that the real
root of g(a) = 0 is unique under certain condition. We will see that all matrices in
the convex cone & defined in Section 2 satisfy this condition. First, let us calculate
the derivative of g(«).
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Lemma 4.1. Let A, B be positive definite. For any given 0 # x € R™, the
function g(«), defined as (3.1), is continuously differentiable and its first derivative

is given by ¢'(a) =3 — %a/;)(f) where o € (0,00) and w(a) := 27 (A + aB)'z.

Proof. For simplicity, denote
gi(a) = 2T (A4 aB) *A(A +aB) 'z, gi(a) =27 (A+aB) 'B(A+ aB) ‘.
For any given « > 0 and letting ¢ be sufficiently small, by (3.27) it is easy to see that

wla+1t) =27 [A+ (a +t)B] 'z
= 2T[(A+aB)+tB] 2T
=27 {(A +aB) ' —t(A+aB) ' (BT + t(A+aB)™] A+ aB)‘l} T

= w(a) — ta’ {(A +aB) ' [(BT'+t(A+aB)™!] A+ aB)_l} T
which implies that for any a > 0,
(4.1) w' (o) = —zT(A+aB) 'B(A+aB) 'z = —gs(a).

Let Q = AB YA + 2aA + o?B. Since for any o > 0 we have

1

=Q L
Thus, g2(a) = 27Q~'x. At any a > 0, by (3.27) we have for any sufficiently small ¢,

(A+aB) 'B(A+aB) ™' =(AB 'A+2aA +o’B)

g(a+t)=zT(A+ (a+t)B)'B(A+ (a+t)B) 'z
=27 [AB'A+2(a+t)A+ (a+1)*B] 'z
=27 [Q+t(2A+ (2a +t)B)] 'a
=" {Q7' —tQ 724+ 2a+)B) ' +tQ7T'Q  }a
= g2(a) —ta" Q724 + 20 + 1) B) T +1Q7 T Q e,

which implies that

ghla) = —2TQ 1 (2A +2aB)Q '«
= —22"(A+aB) 'B(A+aB) 'B(A+aB) 'a.

This together with (4.1) implies that w(«) is twice continuously differentiable, and
its second derivative is given as

(4.2) w’ (o) = —gh(a) = 22T (A+aB) ' B(A+ aB) 'B(A+ aB) .
We now consider the derivative of g;(a). By (3.16) and (4.1), we have

(43) 91(0) = w(a) - aga(a) = w(a) + aw'(a)

which implies that

(4.4) g1(a) = 2w (a) + aw’ ().

Therefore, by (4.1), (4.2), (4.3) and (4.4), the derivative of g(«) is given by

g'(@) = (a = g1(a)/g2(a)) = 3 = w(a)w"(a)/(w' ().
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The proof is completed. ]
Theorem 4.2. Let A, B be positive definite. If the condition number
(4.5) K(BTY2AB7Y?) < 34 2V/3,

then for any given 0 # x € R™, there exists a unique « € (0,00) such that g(a) = 0.
Proof. By Lemma 3.1, all solutions of g(a)) = 0 on (0, 00) are in the interval (3.2).
To prove the uniqueness of the solution, it suffices to show that the function g(«) is
strictly increasing over the interval (3.2). Denote by z = Bz (A + aB)'z. Let w(«)
be defined as in Lemma 4.1. By (4.1) and (4.2), we have
wl@) 2T(A+aB) 'x
w'(a)  2T(A+aB)"'B(A+aB) 'z
oT(A + aB)~1B? (B—%(A + aB)B—%) Bi(A+aB) 'z
- 2T(A+aB)"1B(A+ aB)"lz
2T (B_%(A + aB)B_%) z

T 2Tz
and
w”’())  22T(A+aB) 'B(A+aB) 'B(A+aB) 'z
w(a) zT(A+aB)"1B(A+ aB)"lz
2:TB¥(A+aB)"'Biz 227 (B—%(A+(1B)B—%)7lz
2Tz 2Tz '

Denote by P = B :AB 3. By Lemma 4.1 and Kantorovich’s inequality (See Theo-
rem 7.4.41 in [17]), we have

g'(a) =3 —w(a)w" (a)/(w'(a))?
2T (B_%(A-l—aB)B_%)z 2T (B_%(A—&-QB)B_%) 2

Ty z

=3-2
z

(NI
~—
N——
[V

(Amax(B—%(A +aB)B~ %) + Auin(B~3 (A + aB)B~
> 3 - 2 1 1 1 1
= o (B2 (A +aB)B~3)Amin(B~3 (A + aB)B~ %)

[(Amax(P) + @) + Qain(P) + 0]
2(>\Inax(P) + O‘)(AHHH(P) =+ O‘)
202 4 2(Amax(P) 4 Amin (P) @ + AAmax (P)Amin (P) — Amax(P)? — Amin(P)?
N 2(Mnax(P) + @) Ain (P) + ) '
To show that ¢’(«) > 0 on the interval (3.2), it is sufficient to show the following
quadratic function in « is positive over the interval (3.2):

5(0[) = 20[2 + 2()\max(P) + Amin(P))O[ + 4>\max(P))\min(P)) - )\max(P)Z - Amin(P)2-
In fact, it is easy to verify that the quadratic equation §(«) = 0 has at least one root,
the largest one is given as

_()\max(P) + )\min(P)) + \/g()\max(P) - )\min(P))
D) .

:3—

T =
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It is easy to see that r < Ayin(P) if and only if £(P) = Apax(P)/Amin(P) < 34 2V/3.
Thus, the condition of the theorem implies that r < Apin(P). Hence d(«) is positive
on the interval (3.2) since the interval is on the right of the largest root of §(«). |

We now consider the set {M > 0 : x(M) < 2.5} which is a subset of & (see
Section 2). It is not difficult to show that for any A,B € {M = 0: x(M) < 2.5} the
condition (4.5) is satisfied. In fact, let 0 # z € R™ be an eigenvector of B :AB 2
associated with )\maX(B_%AB_%). Then

TB—% AR~ 3 T -1
)\max(B_%AB_%): (z Bz AB 22) (z B z) < /\maX(A).

ZTB_%B_%Z 2Tz - )\min(B)

Let u € R™ be an eigenvector of B~2AB~% associated with Amin (B~ 3AB™3 ). Then

TR—3 -1 TnR-1 .
Amin(B~ ¥ AB™%) = (“ B AB “) (“ B “) > JuinlA),

UTB_%B_%U uTu /\maX(B)

Therefore,

K(B~'/2AB71/?) =

Amax (B~1/2AB1/2) Amax(A)Y [ Amax(B)\
S (BIPAB) = () (G = wames)

IfA,B€{M > 0: k(M) < 2.5}, the above inequality implies that x(B~'/2AB~1/2) <
(2.5)2 < 3+ 2v/3. By Theorem 4.2, the solution to g(a) = 0 is unique. Moveover,
since {M > 0: k(M) < 2.5} C S, by Theorem 2.2 the function f(y) is also convex.
Hence, combining Theorems 2.2, 3.6 and 4.2 leads to the following result:

Theorem 4.3. Let A > 0,B > 0,k(A) < 2.5 and k(B) < 2.5. Then f*(0) = 0,
and for any x # 0

f¥(x) = 3a'/? (z"(A+ ozB)flx/él)Q/3

where a > 0 is the unique root to g(a) =0 at .

From Theorems 3.6-3.8 and 4.3, we see that if the root of g(ar) = 0 can be given
explicitly in terms of z, a completely explicit expression of f* can be available by
eliminating o from the formula of f*. The next section is devoted to this discussion.

5. Completely explicit expression of the conjugate. In this section, we
take a further step to prove that in some special cases a completely explicit rep-
resentation of the conjugate can be available. Our analysis shows that whether a
completely explicit expression of f* can be obtained or not depends how close the
connection between the two quadratic forms is. Let A be an n X n positive definite
matrix and let £k = 0,1,...,n — 1. Consider the following cones of positive definite
matrices:

Cgk) =

k
{'yAJr ZTjuj(uj)T cy>0,75>0,u € R W7 =1,5=1,....k, (u') ! =0 fori# j}.
j=1

For example, when k =0, 1,2, we have 0540) ={y4A: >0} and

CS) ={yA+7uw’: v>0, 7>0, ueR", ||lu]| =1},
Cf) = {(vA+ nuu + v sy, 7,1 > 0,u,0 € R ||ul| = |jv]| = 1,uTv = 0}.
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Thus, given a set of mutually orthogonal unit vectors !, ...,u* and positive numbers
v >0and 7; > 0(j = 1,...,k), we may generate an element M € CXC) by setting
M = ~A+ Z?:l rju/ (u?)T which is a positive definite matrix. Clearly, each set
Cx(f)(k =0,1,...,n — 1) is a cone. The next lemma shows that the union of these
cones is exactly the whole positive-definite cone denoted by S}, = {M : M > 0}.

Lemma 5.1. Let A be an n X n positive definite matriz. Then any n X n positive
definite matrix M must belong to some C’I(qk), thus 8%, = Z;é C’gk).

Proof. Clearly, any element of Cl(f) is positive definite, and thus the right-hand
side of the above is contained in S . It is sufficient to prove that any n x n positive

definite matrix M must belong to a CXC). In fact, for any matrix M > 0, set v =
Then

1
)\max(M_l/QAM_l/Q) ’

1
)\maX(M—l/2AM—1/2)

M —yA=MY? (1 - (M—1/2AM—1/2)> MY2 =0
and at least one of the eigenvalues of M —~A is zero. If all its eigenvalues are zero, then
M =~A,ie, M € 01(40). Otherwise, let 7, > 0, ..., 7% > 0 be all its nonzero eigenvalues
(k <n—1), and let u',...,u* be the eigenvectors corresponding to these eigenvalues
respectively. These vectors can be chosen such that they are mutually orthogonal unit
vectors. Therefore, M — v A can be represented as M — vA = ZE=1 rjuf (uw)T, and
hence M € C,(ka) where k£ <n — 1. O

The next result claims that if B € C¥ where k = 0,1 then a completely explicit
expression of the conjugate is available.

Theorem 5.2. Let A= 0, B > 0 and f be convex. Then

NIrBec® () = 3 Amax(B~3 AB™3 13 ST A-1,\2/3
() If Be Cy’, then f*(x) = . 2 |

(ii) If B € 0541), then f*(0) = 0 and at every x # 0, f*(x) can be completely
1/3 (IT(A+a‘(1:r)B)’1:1: 2/3

and explicitly expressed, i.e., f*(x) = 3(a(x)) , where a(x) is
the real root (which can be explicitly given in terms of x) of the the cubic polynomial
equation in a: & +cy(x)a?+ea(x)a+tes(x) = 0, where 1 (), ca(x), c3(x) are explicitly
given in terms of © and some known data determined by A and B.

Proof. (i) Notice that B € Cgo) if and only if there exists a v > 0 such that

B = A, and hence B~'/2AB~'/2 = (1/~)I. Thus,
1/9 = Amax(B™/2AB™2) = Apin(B~2 AB™1/?)
in which case the interval (3.2) in Lemma 3.1 is reduced to a single point, and thus

the solution to g(a) = 0 is @ = Apax(B~Y2AB~Y/2) = 1/, which can be verified
also by subtituting B = A into (3.6). Thus, by Theorem 3.6, the conjugate function

is given
2 1
2T (A+ L(vA) 1\ Amax(B~3AB~H)\° /a4 10\ *
4 N 16 2 '

ol

o=+ (2)

(ii) Let B € C}y. We now prove that the equation g(a) = 0 can be written as a
cubic polynomial equation. Thus its real solution can be expressed explicitly. Since
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B € C}, the matrix B can be represented as B = yA + tuu® where v > 0,7 > 0 and
||lu|| = 1. This implies that

I — B Y2AB~Y2 = 7(B~Y2u)(B~/?u)T
which is a rank-one and positive semi-definite matrix. Therefore, it is easy to see that

v =1/Amax (B_%AB_%) . Since B —vA = tuu’ and |Ju|| = 1, 7 must be the unique

nonzero eigenvalue of B — yA. Therefore, we have

1

Amax (B*%AB*%) 4

B —

T

)

= )\max(B - fYA) = )\Inax

and the vector u with ||ull 1 is an eigenvector of B — yA associated with the

eigenvalue 7. Thus, when B € 01(41), the data (v, 7,u) can be completely given.
By Sherman-Morrison formula, we have

(A+aB)™' = (A+a(yvA+ 7'uuT))71 =(1+amA+ on'uuT)71
1+ o)A aruu®)[(1 + ay) A~
1+ atuT[(1+ ay)A]~tu
atA luut A1
14+ ay) + aTuTA—1u> '

@+ amayt - L

(47~

Therefore, if « is the root to g(«) = 0, it must satisfy that

1

1
(5:1) 1+ ay

tT(A+aB) 'A(A+aB) 'z

az’(A+aB) 'B(A+aB) 'z

axT(A+aB) ' (yA+ ruu) (A4 aB) 'z

=ayzT (A+aB) PA(A+aB) 'z 4+ ara’ (A4 aB) tfuu’ (A4 aB) .

Thus,

(1—~ya)z2T(A+aB) P A(A+aB) 'z = ar(2T (A + aB) 'u)?.
By (3.15), the above equality implies that
(5.2) (1 —ay)z™ (A +aB) 'z = 2ar(z(A + aB) tu)?.

By (5.1) we have

1 ar(zT A= 1u)?
T ~1 T g-1
A+ aB = A" x —
v (A+aB) e 1+ ay (x “ I+ ay)+aruTA 1y
and
T A= ) (u? A= )
T (A B lu = T p-1, ot (x

v (A+aB)"u 1+ ay “ “ (14+ay)+aruTA 1lu

2T Ay

(14 avy) +arul A1y’
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Substituting the last two equalities into (5.2) yields

1—ay WT A1y ar(zT A= 1u)? _ 207 (2T A~ 1u)?
1+ ay L+a(y+muTA ) ) (1+a(y+1uT A-1u))2’

Denote by D(x) = (2T A7*)? /(2T A= x) and 8 = v + 7u? A=u. Then the equation
above can be written as

1—ay arD(z)\ _ 2arD(x)
<1_ 1+a5) C (I+ap)?

Multiplying both sides by (1 4+ ay)(1 + 3)? and rearranging the terms, we have
[VB(rD(z) — B)]a® + [B° — 28y — 7(B+v)D(2)] o* + [28 — v — 37D(z)]a + 1 = 0.

Since (z7A71u)? < (2T A71z)(u? A=1u), it is easy to see that the coefficient of a3
nonzero. In fact, v8(rD(z) — ) < 0. Let

B2 — 28y — 7(8+7)D(x) 28—y —37D(z) (z) = 1
vB(rD(z) — B) vB(rD(z) —B) * °° vB(rD(z) - B)’

Then, the equation (3.6) is eventually written as a® + ¢1(z)a? + c2(z)a + c3(z) =0
which is a cubic polynomial. Its real root can be expressed explicitly in terms of its
coefficients c1, co and c3. Since a can be explicitly given, the desired explicit formula
of f* can be obtained by substituting «(z) into (3.21). O

When n < 2, it follows from Lemma 5.1 that S, is equal to the union of at most

c2(x) =

ci(x) =

two subcones: C'SJ) and C’E‘l). In both case, by Theorem 5.2, f* can be completely
and explicitly expressed. Thus, the following result is an immediate consequence of
Theorem 5.2.

Corollary 5.3. (i) If n =1 in which case f(t) = (2')/1t2) (% ) where 1 > 0

) 1/3 /s,
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(ii) Let A, B be any 2 x 2 positive definite matrices and f(y) be convex. Then its
conjugate f* can always be completely and explicitly expressed.

Proof. (i) When n = 1, the matrices A > 0, B > 0 reduce to two scalars v; > 0
and v, > 0 respectively. Clearly, for this case, Amax (B~ /2AB~1/2) = L. By Theorem

5.2 (i), we have
po=s(g)" () = (LY e
162 2m 4 \m7e

(ii) For any 2 x 2 matrices A > 0 and B > 0, we must either have B € 01(40)

B e CS). Both cases, by Theorem 5.2, imply that the conjugate f* can be completely
and explicitly expressed. |

We now consider the more general cases: n > 2 and B € C’ﬁ where 2 < k <n-—1.
Notice that in this case, the matrix B can be represented B = vA + mu! (ut)T + ... +
mru® (uF)T. By applying several times of Sherman-Morrison-formula, it is not difficult
to see that the equation (3.6) can be represented explicitly. For example, when k = 2,
the matrix B —~A is a rank-two matrix. By applying two times of Sherman-morrison
formula, (A + aB)~! can be represented explicitly in terms of the inverse of A~!,
and the equation (3.6) can be written explicitly as a quintic polynomial. We have the
following general observation:

and 2 > 0 are two constants, then the conjugate is given by f*(t) = (
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Observation: If B€ C% (k=0,1,...,n—1), then g(a) =0 can be equivalently
written as a polynomial equation (in o) with degree 2k + 1.

When k£ = 2, g(a) = 0 can be written as quintic polynomial equation whose
solution cannot be expressed explicitly by basic arithmetic operations. Thus, when
k > 2, some numerical methods should be employed to find a root to such a polynomial
equation. Clearly, the classification of the positive definite matrices into n subclasses
such as C%(k = 0,...,n — 1) can actually be regarded as a way for measuring the
connection (or distance) between matrices: B € C% means B —~A is a rank-k matrix.
The larger the number k is, the weaker the relationship between A and B will be, and
the less likely a completely explicit expression of the conjugate will be available.

Before we close this section, let us state one more result concerning the explicit
expression of the conjugate f*.

Theorem 5.4. Let A > 0,B > 0 be two n X n matrices such that f is con-
vex. If A, B can be simultaneously diagonalizable by congruence, i.e., there erists a
nonsingular matriz U such that

(5.3) A =U"diag(o1(A),---,0,(A)U, B =U"diag(c1(B),---,0,(B))U,

where 0;(A) and o;(B) satisfy the following properties:

(8) 71(A) £ 02(A) = - -+ = 7 (A),

(b) o2(B)="+-+=0,(B) and 01(B) can be any positive number.

Then the conjugate f* can be completely and explicitly expressed.

Proof. For any given x # 0, notice that the solution « to g(a)) = 0 can be obtained
by solving the equation (3.15), i.e.,

T (A+aB) ' =227 (A+ aB) 'A(A+ aB) .
Substituting (5.3) into the above, and using (a) and (b), we have

i (n—Dps  _, ( o1(A)p L _(n=1oa(A)p} >
0'1(A)+Oé0’1(B) 02(A>+0402(B) (Ul(A)+0401(B))2 (UQ(A)+0402(B))2

where p; = (U*Tx)j , the jth component of the vector U~7z. By multiplying both
sides of the above by (01(A) + aoy(B))?(02(A) + aoy(B))?, the above equation is
reduced to a cubic polynomial equation in a. Its solution « can be explicitly expressed,
and thus by (3.21) f* can be completely and explicitly given. 0

Conclusions. In this paper, we have derived formulas for the Legendre-Fenchel
conjugate of the product of two positive-definite quadratic forms, and thus the open
‘question 117 in [SIAM Review 49 (2007), 255-273] has been addressed. We start
with developing a sufficient convexity condition for the product function which to our
knowledge is the first sufficient convexity condition for this class of functions. Fol-
lowing that, we develop a series of technical results on the existence and uniqueness
of the solution to certain nonlinear system of equations. These technical results were
employed to prove our main results (Theorems 3.6) concerning the expression of the
conjugate of the product function. We have proved that (i) if the product is convex,
at any point in R" its conjugate function is finite, and can be given by the formula
(3.21); (ii) the computation of the conjugate can be implemented via solving a uni-
variate polynomial equation with odd-degree to which a root always exists (Lemma
3.1 and discussion in Section 5), and the root is unique if the condition numbers of
the matrices involved are not too large (Theorem 4.2); and (iii) when the connection
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(k)

of two positive definite matrices are strong enough (B € C;’, k =0, 1), a completely
explicit expression of the conjugate can be obtained (Theorem 5.2). Particularly, in
one- and two-dimensional spaces, a completely explicit expression of the conjugate
of the product function is always available (Corollary 5.3) provided the product is
convex.
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