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Abstract. Mordukhovich derivatives (Mordukhovich coderivatives) of set-valued mappings in Banach
spaces firmly lay the foundation of the theory of generalized differentiation in set-valued analysis, which
has been widely applied to varous fields. One of the most important applications of Mordukhovich
derivatives is to define the covering constants for set-valued mappings in Banach spaces, which play an
important role in Arutyunov Mordukhovich and Zhukovskiy Parameterized Coincidence Point theorem
(AMZ theorem). In this paper, we first introduce the concept of locally or globally stochastic systems of
linear equations in R”. We use the Mordukhovich derivatives to precisely find the covering constants for
some linear and continuous mappings in R”. In particular, we find the precise solutions of the covering
constants for linear and continuous mappings in R? and find the exact points, at which the covering
constant reaches. Then, by using the AMZ theorem, we prove the existence of solutions to some locally
or globally stochastic systems of linear equations in R”. Finally, we provide some examples for finding
solutions of some stochastic systems of linear equations in R".

Keywords. Covering constant; Fréchet derivative; Mordukhovich derivative; Stochastic system of linear
equations.

1. AN OVERVIEW FOR DIFFERENTIABILITY OF MAPPINGS IN BANACH SPACES

The continuity and differentiability of mappings from a Banach space to another Banach
space are essential and of paramount importance for the analysis in Banach spaces. It is clear
that the differentiability of mappings in (infinite dimensional) Banach spaces must be more
complicated and more colorful than the differentiability of (real or complex valued) functions
in real or complex analysis; see, e.g., [11, 12, 19, 22] for some details. When we study the
differentiability of mappings in Banach spaces, there are two cases of mappings: single-valued
and set-valued. For single-valued mappings, we may have Gateaux directional differentiability,
Frechet differentiability, and strict Frechet differentiability (see [11, 12, 19]). These differen-
tiabilities of single-valued mappings in Banach spaces can be considered as natural extensions
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of the differentiability of functions in real or complex analysis. Set-valued analysis has become
an important branch in modern analysis. It is understandable that it is difficult to define the
differentiability of set-valued mappings in Banach spaces. However, the Mordukhovich deriv-
ative for set-valued mappings has been developed, which firmly laid the crucial foundation of
the theory of generalized differentiation of set-valued mappings in Banach spaces; see, e.g.,
[1,2,3,4,19, 22] and the references therein.

In this paper, unless otherwise stated, we always let (X, || - ||x) and (Y, || - ||y) be real Banach
spaces with topological dual spaces (X*,|| - [|x+) and (Y*,]| - ||y+), and with origins Ox and 6y,
respectively. Let (S, 7, 1) be a topological probability space, in which § is the sample space.
Meanwhile, (S,7) is a topological space where S is the sample space. The topology T on S
coincides with the o-field of all events in S, and u is the probability measure in S defined on 7.
Let F(-): X =Y and G(+,-) : X X § = Y be set-valued mappings. In set-valued and variational
analysis, the following stochastic equation problems have attracted significant attention: Find
an open subset W C S and a single-valued mapping (a random variable) o : W — X such that

Oy € F(o(s)) —G(o(s),s), foranyseW. (1.1)

In order to study the existence of solutions to the stochastic equation problem (1.1), Arutyunov,
Mordukhovich, and Zhukovskiy [1] studied more general cases, parameterized coincidence
point problems: Find an open subset W C § and a single-valued mapping 6 : W — X such
that

F(o(s))NG(o(s),s) #0, foranyseW. (1.2)

We see that stochastic equation problem (1.1) can be considered as a special case of the pa-
rameterized coincidence point problem. In particular, for special cases, we let f : X — Y and
g : X xS — Y be single-valued mappings. The parameterized (stochastic) equation problem
with respect to f and g is to find an open subset W C Sand a single-valued mapping o : W — X
such that

f(o(s)) =g(o(s),s), foranyseW. (1.3)

An existence theorem of solutions for the above parameterized coincidence point problems was
proved in [1, Theorem 3.1], which is called Arutyunov Mordukhovich Zhukovskiy Parame-
terized Coincidence Point Theorem. In this paper, the Arutyunov Mordukhovich Zhukovskiy
Parameterized Coincidence Point Theorem play an important and is simply named as AMZ the-
orem. The results of this theorem have been widely applied to set-valued analysis and set-valued
optimization.

In the AMZ Thereon, the concept of the covering constants for the considered set-valued
mappings in Banach spaces plays a crucial important role. This is considered as one of the most
important applications of the Mordukhovich derivatives to set-valued and variational analysis.
In [16], the covering constants were precisely calculated for the standard metric projection
operator and some linear and continuous mappings in Banach spaces. Meanwhile, (1.3) is
used for studying the existence of solutions for some stochastic fixed-point problems. In [17],
the AMZ Theorem is applied to prove the existence of solutions for some stochastic integral
equations.

In this paper, we have more applications of the AMZ Theorem (1.2) and the special case (1.3)
to some stochastic systems of linear equations. This paper is organized as follows. We overview
for Frechet and Mordukhovich differentiability of mappings in Banach spaces and overview for
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some concepts of covering constants for mappings in Banach spaces and the AMZ theorem. For
the considered linear and continuous mapping f, we denote || f||op for the operator norm of the
mapping f : R” — R". In Section 3, we concentrate on the calculation of the operator norms
|| f|lop of this linear and continuous mapping f in R”. In particular, for n = 2, we find the exact
points on the unit sphere of R?, at which || f |lop Will reach. In Section 4, by the results obtained
in Section 3, we use the AMZ theorem to prove the existence of solutions to some stochastic
systems of linear equations in R”. Finally, in Section 5, in addition to the summaries of the
results obtained in this paper, we propose a problem for interested readers to consider.

2. PRELIMINARY

2.1. An overview for differentiability of mappings in Banach spaces. In this subsection, for
easy reference, we first review the concepts of Gateaux directional differentiability, Freéchet dif-
ferentiability, and strict Frechet differentiability for single-valued mappings in Banach spaces.
Then, we quickly review the concepts of Mordukhovich differentiability for set-valued map-
pings in Banach spaces.

Let (X, ||x) and (Y, || - ||y) be real Banach spaces with topological dual spaces (X*,|| - ||x*)
and (Y*,|| - ||y+), respectively. Let (-,-)x denote the real canonical pairing between X* and X
and(-,-)y the real canonical pairing between Y* and Y. Let Ox and Oy denote the origins in X
and Y, respectively. Let f : X — Y be a single-valued mapping and let ¥ € X.

I. (Fréchet differentiability) If there exists a linear and continuous mapping V(%) : X — Y

such that

i L) SO VIOG—D)

X—X ||x —X || X
then f is said to be Frechet differentiable and V f(X) is called the Fréchet derivative of
f at x.

II. (Strict Frechet differentiability) If there exists a linear and continuous mapping V£ (%) :
X — Y such that

LSO V@) )= f(0) = V@ =)

(1,v)—(%.5) |lu—v||x TS S l|lu—v|x

:0Y7

then f is said to be strictly Fréchet differentiable at x.

Next, we review the concepts of the Mordukhovich derivative for set-valued mappings in
Banach spaces. Let A be a nonempty subset of X and let F' : A = Y be a set-valued mapping.
The graph of F is defined by the following subset in A x Y: gphF = {(x,y) € AxY :y € F(x)}.
For (x,y) € gphF, that is, x € A and y € F(x), the Mordukhovich derivative (which is also
called Mordukhovich coderivative, or coderivative) of F at point (x,y) is a set-valued mapping
D*F(x,y) : Y* = X*. For any y* € Y*, it is defined by (see [19, Definitions 1.13 and 1.32])

D F(x,y)(y") = {z* ex*:  lmsyp  CoMTNX=OLv—yy go}. 2.1)
(u,v)—(x,y),(u,v) EgphF HM_XHX + ”V_YHY

If (x,y) ¢ gphF, then we define, for all y* € Y*, D*F(x,y)(y*) = 0. By definition (2.1),
D*F(x,y) : Y* = X* is a set-valued mapping, which is called the Mordukhovich coderivative (or
the Mordukhovich cocoderivative) of F at (x,y). In particular, let f : A — Y be a single-valued
mapping. By (1.1), the Mordukhovich derivative of f at point (x, f(x)) is a set-valued mapping
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D*f(x, f(x)) : Y* = X*. For any y* € Y*, we denote D* f(x, f(x))(y*) by D* f(x)(y*), which is
defined by
D" f(x, f(x)(y") = D" f(x) (")
_ {Z*Gx*l limsup <Z ,M—X>X—<y 7f(u)_f(x)>Y O}
(. f )= (e f()yuea  Nu—xllx +[1f(u) = f(x)|ly
Furthermore, if f: A — Y is a single-valued continuous mapping, then, by the above definition,
the Mordukhovich derivative of f at point (x, f(x)) is a set-valued mapping D* f (x, f(x)) : Y* —
X* such that, for any y* € Y*,
D" f(x, f(2)(y") = D" f(x)(y")
u—rxuea  |lu—=xllx +[1f () = F&)[y

The following theorem shows the connection between Frechet derivatives and Mordukhovich
derivatives for single-valued mappings. The results of the following theorem provide a power-
ful tool to calculate the Mordukhovich derivatives by the Frechet derivatives of single-valued
mappings.

Theorem 2.1. [21, Theorem 1.38] Let X be a Banach space with dual space X*, and let f : X —

Y be a single-valued mapping. Let f be Frechet differentiable at x € X with y = f(x). Then, the
Mordukhovich derivative of f at x satisfies D* f(x)(y*) = {(Vf(x))*(y*)}, for all y* € Y*.

Theorem 2.2. [21, Theorem 1.39 ] (Coderivatives of linear and continuous operators A). Let
the conditions in [21, Theorem 1.38] be fulfilled. Then, D*A(x)(y*) = {A*(y*)}, for all y* € Y*.

2.2. An overview for Arutyunov Mordukhovich Zhukovskiy parameterized coincidence
point theorem. To state the AMZ theorem, we need recall some concepts of Asplund Ba-
nach spaces, covering constants and Lipschitz-like modulus for set-valued mappings in Banach
spaces; see, e.g., [5, 6,7, 8,9, 10, 18, 23, 24, 25] and the references therein. A Banach space Z
is Asplund if every convex continuous function defined on an open convex set O in Z is Frechet
differentiable on a dense subset of O. The class of Asplund Banach spaces is very large includ-
ing all reflexive Banach spaces. This implies that every uniformly convex and uniformly smooth
Banach space is Asplund. Let X and ¥ be Banach spaces and let U and V be nonempty subsets in
X and Y, respectively. Let @ : X == ¥ be a multifunction (a set-valued mapping). The graph of ®
is denoted by gph®, which is a subset of X x Y defined by gph® := {(x,y) € X xY : y € ®(x)}.
We say that ® enjoys the covering property with modulus ¢« > 0O (or it has the ¢-covering
property) on U relative to V' if (see [1, (2.1)])

®(x) NV + aBy C ®(x+rBx),whenever x+rBx C U, asr >0, (2.2)

where By and By are the closed unit balls in X and Y, respectively. The supremum of all such
moduli {y} in (2.2) is called the exact covering bound of & around (¥, ), which is denoted by

cov®(x,y) = sup{ & : o satisfies (2.2) for some U C X,V C Y}.

The multifunction ® : X = Y between X and Y is called Lipschitz-like on U relative to V with
some modulus 8 > 0 if we have the inclusion (see [2, (2.3)])

d(x)NV C P(y)+ B|lx—y|Bx, forall x,y € U.
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This is a natural extension of the Lipschitz condition from single-valued mappings to set-valued
mappings. In particular, let f: X — Y be a single-valued mapping. f is said to satisfy the
Lipschitz condition on U relative to V with respect to some modulus 3 > 0 if

1F() = fOD)ly < Bllx = yllx, forall x,y € U with f(x) € V.

Note that, in [1], the covering property of set-valued mappings is defined in normed spaces. The
covering property for set-valued mappings is a very important concept, which has been widely
applied to game theory, optimization theory, equilibrium theory, and variational analysis, with
respect to set-valued mapping; see, e.g., [1, 2, 3, 4, 19, 20, 21, 22] for more details. One of
the important applications of Mordukhovich derivatives of set-valued mappings is to define the
covering constants for set-valued mappings. The covering constant for ® : X == ¥ at point
(x,¥) € gph® is defined by (see [1, (2.6)])

(P, x,7)
= supinf {[|z"[|x- : 2" € D*®(x,y)(W"),x € Bx(%,1),y € (x) N By (7,n), [w"[ly- = 1}.
n>0
(2.3)
Here, || - ||x+ and || - ||y+ denote the norms in X* and Y*, respectively, Bx (%, ) is the closed ball

in X centered at ¥ with radius 6, and By (¥,1) is the closed ball in Y centered at y with radius 1.
In particular, let f : X — Y be a single-valued mapping. For any %,y € X with y = f(%), (2.2)
becomes

o(f.%5) = su%inf{HZ*HX* 12 e D f(x,y)(w*),x € B(X,n),y € B(F,n), [[w*|ly- =1}
n>

(2.4)
The following theorem proves the covering criterion for set-valued mappings (see [1, 21]).

Theorem 2.3. [1, Theorem 2.1] (the covering criterion) Let @ : X =Y be a set-valued mapping
between normed spaces, let (X,y) € gph®, and let &.(®,x,y) be taken from (2.3). Then
(i) The o-covering property of ® around (X,¥) implies that a < &(®P, X, ).
(ii) Assume that X and Y are Asplund spaces. If 0 < o0 < (P, x,y), then O has the o-
covering property around (X,y) provided that its graph is closed around this point.

The following theorem precisely provides some more details about the connections between
the local covering property and the covering constants for mappings around a given point.

Theorem 2.4. [20, Theorem 4.1] (neighborhood characterization of local covering) Let F :
X ==Y be a set-valued mapping between Asplund spaces. Assume that F is closed-graph around
(x,¥) € gphF. Then the following are equivalent:

(a) F enjoys the local covering property around (X,¥) (that is, covF (x,y) > 0).

(b) &(F,x,y) > 0.
Moreover; the exact covering bound of F around (X,y) is computed by covF (x,y) = &(F,X,5).

In particular, the exact covering bounds of Frechet differentiable single-valued mappings
have been studied in [21]. For example, we have the following results from [21], which can be
used in Sections 3 and 4.

Corollary 2.1. [21, Corollary 1.58] (Covering for Linear Operators) A linear and continuous
operator A : X — Y has the covering property around point X € X with y = A(X) if and only if A
is surjective and covA(x,y) = inf{||A*y*|| : |[y*|| = 1}, forall x € X.
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Let F : X =2 Y be a set-valued mapping. Let ¥ € X and y € Y with y € F(X). The multifunction
F is said to be closed around (%,y) if there exist neighborhoods U of X and V of y such that
(gph F)N (clU x clV) is closed in X x Y, where “cl” indicates the closure operation.

Now we state the AZM theorem ([ 1, Theorem 3.1]).

Theorem 2.5. Let the Banach spaces X and 'Y be Asplund and let P be a topological space. Let
F:X =Y and G(-,-) : X X P 3 Y be set-valued mappings. Let X € X and y € Y with y € F(X).
Suppose that the following conditions are satisfied:

(Al) The multifunction F : X =Y is closed around (X,5).
(A2) There exist neighborhoods U C X of X, V CY of y, and O of p € P as well as a number
B > 0 such that the multifunction G(-,p) : X =Y is Lipschitz-like on U relative to V
for each p € O with the uniform modulus 3, while the multifunction p — G(X,p) is
lower/inner semicontinuous at p.
(A3) The Lipschitzian modulus B of G(-,p) is chosen as B < O/(F,X,y), where O.(F,X,y) is
the covering constant of F around (X,y) taken from (2.3).
Then for each o > 0 with B < o0 < Q(F,X,5), there exist a neighborhood W C P of p and a
single-valued mapping ¢ : W — X such that, whenever p € W,

F(o(p))NG(o(p),p) # 0, (2.5)

and
dist(y,G(X,p))
a—f
In actual applications of the AMZ theorem, if at least one of the considered mappings F
and G is a single-valued mapping, then we can obtain some different versions of the AMZ
theorem. In these special cases, (2.5) and (2.6) in the AMZ theorem will be represented by
some special formulas. [17] provides some immediate consequences (different versions) of the
AMYZ theorem for such special cases, which are listed as corollaries of the AMZ theorem. We
recall these corollaries below for easy refer.

lo(p) —xllx < (2.6)

Corollary 2.2. [17, Corollary 2.1] Let the Banach spaces X and Y be Asplund and let P be a
topological space. Let f : X — Y be a single-valued mapping and let G(-,-) : X x P =Y be a
set-valued mapping. Let X € X and y € Y with y = f(X). Suppose that the following conditions
are satisfied:

(Al) the mapping f : X — Y is continuous around (X,¥);

(A2) there exist neighborhoods U C X of X, V CY of y, and O of p € P as well as a number
B > 0 such that the multifunction G(-,p) : X = Y is Lipschitz-like on U relative to V
for each p € O with the uniform modulus B, while the multifunction p — G(X,p) is
lower/inner semicontinuous at p;

(A3) the Lipschitzian modulus B of G(-, p) is chosen as B < &(f,x,y), where &(f,X,y) is the
covering constant of f around (X,y) taken from (2.4).

Then, for each a > 0 with B < o0 < &(f,X,5), there exist a neighborhood W C P of p and a
single-valued mapping o : W — X such that, whenever p € W, f(o(p)) € G(o(p),p), and
s I6(xp) =3y
(0] — < —
lo(p)—al < 19
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3. LINEAR AND CONTINUOUS MAPPINGS IN R”

3.1. Mordukhovich derivatives and covering constants for linear and continuous map-
pings. Let n be a positive integer. Let (R",]|-||,) denote the n-d Euclidean space normed by
the (/;)-norm || - ||,, with inner product (-,-) and with origin 6,. Let S, = {x e R" : ||x||, = 1}
denote the unit sphere in R". Let A = (ai j)?j:l be a real n X n matrix that defines a linear and
continuous mapping on R”. If it is not conf{lsed, this mapping induced by the matrix A is also
denoted by A, such that

n
n
A(x) = (x1,x2,..., %) A = (Z aijxi> , forany x = (x1,x2,...,%,) € R", (3.1)
i=1 i
J=1

where x = (x,x2,...,X,) and

n n n
Ax) = (Z aj1Xi, Z A2 Xiy -+ Z ainxi>
i=1 i=1 i=1

are also considered as 1 X n matrices. In (3.1), for the mapping A : R" — R” induced by matrix
A, A(x) is the value of the mapping A at the point x = (x1,x7,...,%,) € R". The value is defined
by (x1,x2,...,X,)A as the product of a 1 x n matrix and an n X n matrix. Let det(A) denote
the n x n determinant |a,~ j|tr'l7j:1' It is known that the adjoint operator A* of A is its conjugate

transpose A . Let l|A]|op denote the operator norm of the mapping A : R” — R”, which satisfies
1A]lop = max {[|A(x)[n : x € Sy} .

Let ||A||min denote the minimum value of ||A(+)||, on S,, which is defined by
1A lmin = min {{A(x)[ : x € Sp} .

For any x = (x1,x2,...,x,) € R", by Cauchy—Schwarz inequality, we have

2
A2 =Y (;ai_,-x,) < ; (

J=1

S v 2 S o2
Z%in = Z agl|x[|5-
=1 = i=1

This provides an estimation for ||A|[qp:

n
HMwS(Zag

Lj=1

D=

1
n 2
and  [JAT|op < (Z al-2j> .

i,j=1
Moreover, in [9, 10, 17, 22],

Allop and ||A||min were solved:

AT [lop = ||Allop = \/the largest eigenvalue of the matrix ATA (3.2)

and

IAT [|min = ||A|min = 1/the smallest eigenvalue of the matrix ATA. (3.3)
In this subsection, we investigate the Fréchet and Mordukhovich derivatives of linear and
continuous mappings on R”, which are induced by real n x n matrices.
Proposition 3.1. Let n be a positive integer. Let A = (ai j) ?j:l be a real n X n matrix that defines
a linear and continuous mapping A : R" — R" by (3.1). Then

(i) A is Fréchet differentiable at every point in R" such that V(A)(x) = A, for any x € R";
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(ii) the Mordukhovich derivative of A satisfies that D*(A)(x,A(x)) = AT, for any x € R™.

Proof. Proof of (i). Since the mapping A : R" — R" defined by (3.1) is a linear and continuous
single-valued mapping, we have

=0, forany givenx e R".

Thus this proves (i). By [15, Theorem 1.38 ] and (3.2), part (i) induces part (ii). [

The following results can be proved by [21, Corollary 1.58]. However, we provide a direct
proof here with some more details.

Corollary 3.1. Let n be a positive integer. Let A = (ai J')?jzl be a real n X n matrix that defines
a linear and continuous mapping A : R" — R" by (3.1). If ||Al|op < 1, then, for any x € R,

&(A,x,A(x)) = min {[|AT(w)[|n 2 [Wlln =1} = A" lmin
= [|A|min = min {|A(w) ]l - [wlln =1}

In particular,

(a) det(A) =0 < a(A,x,A(x)) =0, for any x € R";
(b) if det(A) # O, then the covering constant for A is constant in R" satisfying

n

3
0 < (A,x,Ax)) < |Allop < ( Z a%) <1, foranyxeR"
i,j=1

Proof. Since A is a single-valued mapping. Note that ||A]|op < 1. For any x € X, let y = A(x).
For any u € R", we have

ucB(x,n) = A(u) € B(A(x),n), foranyn >0.
For any x € R", by Proposition 3.1, we have
(A, x,A(x)) = supinf{Han 12 € D*A(u,A(u))(w),u € B(x,n),A(u) € B(A(x),n),|wll, =1}
_ supmf{HAT ol =1}

n>0
= min { A" (w)[ln : W], =1}

= ||AT||min = ||A||min
= min{||[AW) | : W], = 1}.

Proof of (a). We provide two ways to prove (a).
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Way 1. By the compactness of S, and the continuity of ||A(-)||,
0(A,x,A(x)) =0
& ||Allmin =0

, we have

2
& There is z = (21,22, -+ ,21) € Sy such that [|A(z)||* = Z (Za,jz,> =
j=

n

& Zaijzi:O, for j=1,2,....n
i=1

& det(A) =0

Way 2. We directly prove part (a) by using the definition of &(A,x,A(x)) with similar ideas
as follows.
=" Suppose that det(A) = 0. Then there exists z € R” with ||z||, = 1 such that AT (z) =
7AT = 6,. By definition, we calculate the covering constant for A at an arbitrarily given point
x e R

(A, x,A(x)) = Tslli%inf{IIWHn 1w € D*(A) (u,A() (), u € B(x,1),A(u) € B(A(x), M), Iyl = 1}

= Suplnf{llAT Min s {AT (1)} = D*(A) (w,A(w)) (v),u € B(x,m), A(u) € B(A(x),n), [lylla = 1}
< sup (1A @)lln : {A" (2)} = D*(A) (u, A()) (2),u € B(x,1), A(u) € B(A(x),m) }

= f]li%{IIGan :{6n} =D"(A)(u,Au))(2), u € B(x,n),A(u) € B(A(x), 1) }

=sup0
n>0

=0.

“«<" Suppose that &(A,x,A(x)) = 0, for some x € R". The condition &(A,x,A(x)) =0 im-
plies that 0 = &(A,x,A(x)) = min { ||AT (w)]|» : ||w||» = 1}. Since the set {y € R": ||y||, = 1} is
a compact subset in R” and ||A” (y)||,, is a continuous function of y € R”, this implies that there
exists z = (21,22, - -,2,) € R" with ||z||, = 1 such that ||AT ()|, = 0. From (3.1), we have

AT (z) = 24T = <Z a;yz,-) ,
J=1 i=1

n
||AT(Z)||n =0& Z ajjzj=0,fori=1,2,...,n
j=1
Hence, ||A7(z)||, = 0 implies A7 (z) = zAT = 6,,. By ||z||» = 1, we obtain det(AT) = 0. That is,
det(A) =0.
Proof of (b). Suppose that det(A) # 0. By part (a), we have &(A,x,A(x)) > 0, for all x € R".
By (3.2) and (3.3), we obtain

which implies that

0 < 0(A,x,A(x)) = AT [|lmin < AT [|op < Z az;) 1<
i,j=1
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0

In Corollary 3.1, for a given linear and continuous mapping A in R”, the covering constant for
A is characterized by the nonzero property of det(A). However, in the cases of Hilbert spaces
with infinite dimension, this is impossible to do. Hence, for the purpose of extension of the
results Corollary 3.1 from R” to /,,, which will be studied in the follow-up articles., we rewrite
parts (a, b) of Corollary 3.1 as follows (the partial of the results can be directly obtained by [21,
Corollary 1.58].

Corollary 3.2. Let n be a positive integer. Let A = (a;;)" =1 be a real n X n matrix that defines
a linear and continuous mapping A : R" — R" by (3.1). Then, The system of linear equations
zA = 6, only has zero solution 6, < 6(A,x,A(x)) > 0, for any x € R".

Proof. Note that the system of linear equations zA = 6, only has zero solution 6, if and only if
det(A) #0. O

In particular, if A = (a;;)} j—1 1s areal n X n diagonal matrix satisfying a;; = 0, for any i # j,
then the linear and continuous mapping A becomes a pointwise multiplication operator on R",
which satisfies

A(x) = (x1,x2,...,%,)A = (a11Xx1,a2x2, ... ,appXy), forany x = (x1,x2,...,x,) € R". (3.4)
By Proposition 3.1 and Corollary 3.1, we have the following results.

Corollary 3.3. Let n be a positive integer. Let A = (a; J)f‘ =1 be a real n x n diagonal matrix
that defines a linear and continuous pointwise multiplication operator A : R" — R" by (3.4). If
A satisfies max{|a;;| 1 i =1,2,...,n} <1, then

@ [TL,a4i=0 <& «&(Ax,A(x)) =0, forany x € R";

(b) if [T, aii # O, then the covering constant for A is positive constant in R" satisfying
0 <min{|a;| :i=1,2,...,n} = &(A,x,A(x)) < ||Allop = max{|a;| :i=1,2,...,n},
for any x € R™.

Proof. For the diagonal matrix A, we have AT = A and det(A) = det(AT) = [T, a;;. Then this
corollary follows from Corollary 3.1 immediately. 0

3.2. Operator norms and covering constants of linear and continuous mappings in R2.
For a linear and continuous mapping A : R” — R induced by a real n x n matrix, (3.2) and (3.3)
give the solutions for ||A||op and ||A||min. We consider the following two topics

(1) Find the largest and smallest eigenvalues of A”A that solve ||A]|op and ||A]|min;
(2) Find the points on S,, at which ||A||op and ||A||min respectively reach their values.

In Corollary 3.3, we consider some pointwise multiplication operators, which are considered
as special cases of linear and continuous mappings in R". From this corollary, we can find
the covering constants and operator norms of any pointwise multiplication operators. However,
in general, we understand that it is not simple to precisely find these values. In rest of this
subsection, we concentrate to R? and we use the method of Lagrange Multiplier to solve the
following two problems

(a) The formulas to precisely calculate the operator norms and covering constants ||A||op
and ||A||min for linear and continuous mappings in R,
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(b) The exact points on Sy, at which ||A||op and [|A||min respectively reach their values.
Meanwhile, we see that the topic (b) is a complicated optimization problem, and the solutions
are complex, in general. Let A = (a, 1)21 be a real 2 x 2 matrix. We write some notations that
depend on A

2 2 2 2
a=ajy +aj,, b=ajnay +apnaxn and c=a5 +a3,

—(a+c)+(=1)%/(a—c)*+4b?

)Lk: 2 )

fork=1,2. 3.5)
Then, for any x = (x1,x,) € R?,
IA()I5 = XA = (af; +aTo)xi +2(ar1a21 +anan)xixy + (a5 +a3,)x

= ax% +2bx1x2 + cx%.

Lemma 3.1. Let A = (ai j)izjzl be a real 2 x 2 matrix that defines a linear and continuous
operator A : R* — R? by (3.1).

(1) If b= 0, then
(@) ||Allop is attained at (£1,0) or (0,£1) such that

1A]lop = [|A(£1,0)[[2 (or [|A(0,£1)||2) = max{V/a,/c}.

(b) ||Al|min s attained at (F1,0) or (0,F1) such that
1A]lmin = [[A(F1,0) ]2 (or [[A(0,F1)[|2) = min{\/a, \/c}.

(i) Ifb # 0, then
n b? :Fa—i-ll b2
(@a+M)>+b2 b\ (a+2y)*+b2
b? Cl—|—ll
(a+ A1) +b2 a—l—?Ll 24 p2

_\/ +(a+c)y/(a—c)?+4b*+4b?

with

1A]lop =

24/ (a—c)*+4b?

Z%\/a+c+\/(a—c)2+4b2

1 \/
= —\/a+c+/a?+c?+2b* —2(det(A))?
7 V (det(4))

(b) ||Al|min s attained at two points

I b? :Fa—f—lz b?
(a+ 1) 462 b\ (a+1)*+ b2
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b? Cl—|—)y2
(a+ 1) +b2 a+),2 24 p2

_\/ +(a+c)y/(a—c)?+4b*—4b?

2+/(a—c)*+4b?

= %\/a—l—c—\/(a—c)z—i—ﬂaz

_ \%\/Hc— V@ + ¢ 252~ 2(det(A))?

Furthermore, in addition to b # 0, if det(A) # O, then ||A||min is positive. That is,

_ _ )2 _ )2 2 2
det(A) #0 —> ”A“min:\/ (a=cfFlate)yla—c) +4b° 40" (3.6)

2y/(a—c)?+4b?

with

||A||min -

(iii) In particular, if b # 0 and a = ¢, then Ay = —a+ (—l)k = 1,2, such that
(a) ||A||op is attained at (£, i\%) (with Ay = —a — |b|) satisfying

V2
=+/a+|b|.

1 1
Allop = [IA [ £—, +—
()|

L) (with 2o = —a+ |b|) satisfying

(b) ||A||rnin is attained at(j:%, :F%
=/a—b|.

- (<55

Proof. Proof of (i). If b = 0, then ||A(x)||3 = ax? + cx3, for all x = (x1,x2) € R2. Then the proof
of (i) is similar to the proof of Corollary 3.2 and the proof of part (iii) in Proposition 3.1 and it
is omitted here.

Proof of (ii). For any x = (x1,x,) € R?, with ||x||> = 1, we have

IA(x)]13 = |Ix¥A|13 = (af; +a1p)xt +2(ariaz; + arpaz)x1x2 + (a3; +a3,)x;

By ||A|lap = max{||A(x)||2 : x € S}, to prove (ii), we need to solve the following constrained
optimization problem under the condition that b = ay1az; + ajpaz; # 0:

optimize with x;,x2 || (x1,x2)A|3 = axl +2bx1x2 + x5
subject to g(x1,x) i =x7+x5—1=0

We write the corresponding Lagrange multiplier by 2 (x;,x2,A) = || (x1,x2)A|3 + Ag(x1,x2).
Then, we solve the following system of equations:
(a+A)x1+bxy=0
bx;+(c+A)x,=0 (3.7
x1 —l—xz 1
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The third equation of the above system implies that this system has nonzero solution(s). Under
the condition that b # 0, the following inequalities and equality must be satisfied:

a+A#0, c+A1#0, and b*>—(a+2A)(c+A)=0 (3.8)

This equation is converted to A2 + (a +¢)A +ac — b*> = 0. Solving for A from the above equa-
tion, we obtain

1 - —(a+c)Ey/(a+c)?—dac+4b>  —(a+c)£+/(a—c)?+4b? (3.9)
N 2 N 2 ' '

We write for these two solutions by

— — —_ )2 2 _ —_ )2 2
= (a+c) (a—c)>+4b and Ay — (a+c)++/(a—c)>+4b

2 2 ’

which implies that

a—c++/(a—c)?+4b? and C+/,L:—(a—c)j: (a—c)2—|—4b2.

A=
a—+ 5 5

Notice that condition b # 0 implies that @ > 0 and ¢ > 0. Once again, we obtain thata+A # 0

and ¢+ A # 0. From the first equation in (3.7), we have x, = —“;Axl. By the subject condition

that x2 + x5 = 1, this implies
A 2
((w}z ) +1>x%:1.

at+A

Solving for x; from the above equation, by (3.8) and by x, = —%;*x;, we get the solutions of
(3.7):
b2
xX1=+,/—%—
Hyk‘”k)z“’; fork=1,2. (3.10)
X2 =+ (a+ 2 )2 +D2

Then, function ||A(-)|)3 is attained at its extrema values at the following points

b? a+ A b?
+4/ \/ fork=1,2
( @+ m2+62 7 b \arrr+m2 ) Y
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where Ay is given in (3.9). For k = 1,2, the extrema values are

b? a+),k
a—i—?Lk +b2 a—l—/lk +b2

a—f—lk b <a+7tk) bz
(a+7Lk) w2 b (at )b b (a+M)* + b2

_ b? B a—+ A
PR (a 2(a+/1k)+c( p ))

2

_ b—z (a—2(a—|—7tk)+ca+lk)
(a+A) + b2 c+ A&

. c+ A

—m(a 2(a+7tk)+c
a(c—i—?tk)—sz—i—c(a—i—?Lk)

a+M+c+ A
. (_ —(a—c)+(—1)’; (a—c‘)2—|—4b2) Y ((a—c)+(—l)k2 (a—c)2+4b2>
(=1 y/(a—c)?+4b>
a(—(a—c)+(—1)k (a—c)2+4b2)—4b2+c<(a—c)+(—1)k (a—c)2+4b2)

=da

a+ A
c+ A

2(—1)k (a—c)>+4b?

—(a—c)?+(a+c)(=Dk/(a—c)> +4b> —4b?

2(—1)k ( — ) +4b2

This implies that, at points

b? a—f—ll
(a+ A1) +b2 a+/11 24 p2

the maximum value of [|A(-)||3 on S, is

b? a—i—)tl
a+7Ll +b2 a+/11 24 p2

+(a+c)y/(a—c) +4b2+4b2

2¢/(a—c)*+4b?

Hence, the operator norm of A is attained at two points

I b? :Fa—i—ll b?
(a+0)> 462 b\ (a+1)*+p2
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b? a—i—?Ll
|Allop = > ;
a—l—?Ll +b a-i—/ll +b

B \/ +(ato)y/la—c +407 +45>

2v/(a—c)?+4b?
To complete the proof of (a) in part (ii), we have

\/(a—c)2+(a+c)\/m+4b2

2¢/(a—c)*+4b?

with

= a-+c+/a?+c?+2b* —2(det(A))?.

\/_
(a—c)*+ (a+c)y/(a—c)?+4b2 +4b? _(ato)+(a—c)+4p

2/ (a—c)*+4b? 2

we only need to calculate (a — ¢)? +4b>

Since

Y

(a—c)>+4b* =a’+ ¢ +2b* 2 ((a%l +at;) (a3 +a3,) — (anaz + alzazz)z)
=a® + 4 2b* —2(det(A))>.

On Sy, ||A(+)]|2 is attained at its minimum value at two points

(i b2 _ath [ )
(a+0)*+b2" b\ (a+X)*+b2 )’
and the minimum value is
( b? a+)»2 )
(a+ 1) +b2 \/ a+),2 242

_\/ +(a+c)y/(a—c)?+4b* —4b?

B 2(—)+4b2

||A||min

a+c—y/a?+c?+2b%—2(det(A))2.
= \erey

In addition, suppose that det(A) # 0. Then the equation xA = 6, has no nonzero solution. Since
the norm function ||A(+)||, on the compact subset S; is continuous, it yields that the minimum
value of ||A(-)||2 on S, must be positive. However, we give a direct proof of (3.6)

—(a—c)*+(a+c)y/(a—c)2+4b2—4b* >0
if and only if (a+c)+/(a—c)? +4b% > (a —c)? +4b>. That is,

a+c>/(a—c)2+4b2 & (a+c)* > (a—c)* +4b* & ac > b°.
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The last inequality is by det(A) # 0, which implies that the vectors (aj;,a12) and (az1,a;) are
not linearly independent. Hence b” = (ajjaz) +anan)’ < (a}, +a},) (a3, +a3,) = ac.
Proof of (iii). If b # 0 and a = ¢, by part (ii), we have
—(a+c)Ey/(a—c)>+4b>
5 -
such that ||A||op is attained at two points

b? a+A b? _ 1 1
(i\/ @i+ b | (a+xl)2+b2>_<iﬁ’iﬁ)

(with A} = —a — |b|) satistying

A = —a+(=1)¥b|, fork=1,2,

P

||A||min is attained at two points

b? a+2~2 b2 1 |
(im’jF b m>=<iﬁ,¢ﬁ)

(with A = —a+|b|) such that

1 1
Allmin = 14 | £—=, F—
Wi = 4 (75775

Cl—C2 a C a—C2 2 2
2:\/( Prlaroyla— o+ A o

+1b
2y/(a—c)?+4b? |

—(a—c)?+(a+c)\/(a—c)? 2 4p?
22\/( Ptlate)yla— P a4t s

2y/(a—c)?+4b?

O

Let A = (g j)ijzl be a real 2 x 2 matrix with adjoint operator A”. We study the connections
of the extremes between A and A restricted on S;. From Lemma 3.1, we see that A defined
in (3.5) is the multiplier value in the processes to precisely find the operator norms and cover-
ing constants for linear and continuous mapping A in R?, which uses the method of Lagrange

Multiplier. Regarding to A7, we also write the corresponding notations, which depend on A
a = a%l —l—a%l, b =ayapn +anayp, and = a%z -l-a%z,

(@' + )+ (=D V(@ =) +4(p)
7 )

1XAT |13 = (a3, + a3, )x3 + 2(ar1a12 + azyaz ) x1x2 + (a3 + a3 )x3 = a'x} +2b'x1x2 + ¢'x3.

M =— fork=1,2, (3.11)

For a givenreal 2 X 2 matrix A = (ai j) l.zjzl , we provide some properties of the values a,b,c,A,d’, b, ¢’
and A/, which will be used for study the connections of the extremes between A and A” restricted
on S,.
2
Lemma 3.2. Let A = (q; j)i7j:1
uous operators on R? by (3.1). Then,
1) atc=d +;
(i) (a—c)?>+4b* = (d' — ') +4(b)%
(i) A = A}, fork=1,2.

be a real 2 x 2 matrix. Both A and AT define linear and contin-
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Proof. Proof of (i). a+c =d +c = a2, + a3, +a}, +a3,. Next, we prove (i) by calculating

(@) +4(6)’

= (ah+a3) "+ (ah+a3) " —2 (] +a3)) (ahy + a35) +4 (@nnara + azaz)’

= aiy + a3 +2a1,a3, +aty + a3, + 2ai,a3, — 2ai,ai, — 2ai,a5, — 2a1,45) — 243,05,
+ 4a11a12 +8aianariaxn + 4a21a%2

= (a}) +2ai1aiy +aiy) + (431 + 203,02 + a3,) —2ai,a3, — 2ai,a3; — 2a7,a5; — 241,43,
+ 4a%1a%1 + 4a%2a%2 +8ajapariaxn

= (a—c)* +4b%.

Proof of (iii). By the definitions (3.5), (3.11) and parts (i) and (ii), we obtain

s ot (T T,

O

From Lemma 3.2, we find that when we use the method of Lagrange Multiplier to precisely
find the operator norms and covering constants for linear and continuous mapping A in R?
restricted on S, the multiplier values A, and A/, for k = 1,2, are exact same.

Proposition 3.2. Let A = (a, ]) , be a real 2 x 2 matrix. Both A and AT define linear and

continuous operators on R? by ( 3. ) ). Then,
@) [[AT]|qp = ATlop-
(a) Ifb’ 0, then ||ATHOp is attained at (+1,0) or (0,%1) such that
7] = A7 (L), (or A7 0. £1)]) = max { Va7, &}

(b) If b’ #0, then ||A" || is artained at

()’ d'+ 2] ()’

+ F
(@+A)+ B2 PN\ (@ + A+ ()

with

T a+c++/(a—c)>+4b?
14" o = > -
(c) If b # 0, then ||A||op is attained at

b? a+ll
(a+ 1) +b2 a-l—?Ll 242

a+c++/(a—c)>+4b?
||A||0p: )

with
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(ii) HAT ||m1n |A||m1n
@) Ifb' =0, ||[AT|| . is artained at (£1,0) or (0,=£1) such that

A7 o = A7 (=L O] (or [|A7 (0.£1)][,) = min { V. V&'

(b) Ifb' # 0, then ||AT || . is attained at

(0)? a+2 (b')?

AT a+c—+/(a—c)?+4b2
H Hmm 2 ’
(¢) If b # 0, then ||A||min is attained at

I b? a+A b?
(a+/12)2+192’jF b (a+2A2)% + b?

with

with
a+c—+/(a—c)*+4b?
1Al min = 7 :
Proof. We prove the facts HATH = ||Al|op and ||ATHInln ||A||min, Which is divided into the

following 5 cases. Rest proof of th1s proposition follows from Lemma 3.1.

Case 1. A is symmetric. This case is clear.

Case 2. A is not symmetric, b = 0 and b’ = 0. Since A is not symmetric, then at least one of
the two elements a1, and ay; is not zero. Assume ajp # 0. Conditions b = 0 and b’ = 0 imply

that ay1az; +ajpaz =0 and ajyajz +aziaz; = 0. This implies that
a a
ajy) = —ﬂa“ and ai = —Aazz (3.12)
an aln

Subcase 2.1. Suppose az; = 0. Note ar; =0 < aj; = 0. In this case, we have

(0 ap r (0 ax
A= (azl 0 ) and A" = a0
Then, op ||A||0p = max{|a12|, |6121|} and HAT“min - ||A||min = min{|a12|, |a21|}.

Subcase 2.2. Suppose ay; # 0. Note that a; # 0 < a1 # 0. By (3.12), we have ay =

Z?; Zﬁ a» and aj; = Zi Zﬁa 11- In this case, by the assumption that A is not symmetric, we have

ar1 = —aps. By (3.12), a1 = axn, A = ( an. —al ) and AT = ( an ) This implies

a a —az ai
thata =d’, b =b' = 0 and ¢ = (. Then, this Proposition is proved by (i) in Lemma 3.1.
Case 3. b =0 and b’ # 0. Since b =0, by (i) in Lemma 3.1 to A, we have that [|Al|op is
attained at points (£1,0) or (0,£1) such that

1A]lop = max{v/a,/c}. (3.13)
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. . b2 i /)2
By b # 0, ||[AT]|op is attained at (+ (a’+/l(l’)2)+(b’)2’:|:a;;’ 1 (a’+zi’b)2)+(b’)2)' By Lemma 3.2
and b =0,
b')? a—+A (b')?
AT — a7 [+ ( I
H HOP ( \/(a/+11/)2+(b/)2’:|: b (Cl,-i-)uz) b/

1
= —\/d++ a —c)2+4(b)?

_ Jatc+la—c|
= ”f
= max{v/a,/c} = [|A] op- (3.14)

Case 3 is proved by (3.13) and (3.14).
Cased. b #0and b’ = 0. By (AT)T = A, this case is same with case 3.
Case 5. b # 0 and b’ # 0. By part (ii) in Lemma 3.1 for A and AT, respectively, we have that

. . 2 a+c—|—\/ (a—c) —0—4b2
|A|op is attained at (£ b 5, F “Ml \/ aM 2+b2 ) with [|A||op = \/

(a+A1)2+
- T ie mepas (b’) _a +/1
Meanwhile, by Lemma 3.2, ||[AT||op is attained at (+ @ T L /(d+ A2+ ()?)
with
. d+c +\/ )2 4+2 () —2(det (AT))?
47, - :

= HAHOP-

_ \/a—l—c—i— (a—c)>+4b?
B 2

In Proposition 3.2, we proved ||A|op = ||ATH : ||A||Op and HATHop respectively reach at (+

2
Al v .
“”“' ) and ( 5, F a+, ! ( 2) 2). Since
a+/ll +b2 a+/ll +b2 awv b’ a +A’

b’ and b may be different and @’ and a may be dlfferent hence these two pomts may be
different. Similarly, we proved [|A|min = ||AT|| . - |Allmin and ||AT|| . respectively reach

min

2 2
t a+7Ll d ( ) d+M (b/)
y \/ a+/11 +b2 \/ ( a+/11 +b2 ) an \/ (a4 ) +(v) SR (a+2) i (») ?);

which may be different. Let /;,l, be line segments in R%. If /; and [, are perpendicular to
each other, then we denote /; L [,. The following corollary shows the perpendicular property
of the two lines passing through the extrema of linear and continuous mappings in R?. This
perpendicular property of linear and continuous mappings in R? was raised by Professor Robert
Mendris.

Corollary 34. Let A = (a, ])ZJ be a real 2 x 2 matrix. Both A and AT define linear and
continuous operators on R? by (3.1). Let lop be the vector passing through the two points, at
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which ||Al|op is attained at its value and let Iy be the vector passing through the two points, at
which ||A||min is attained at its value. Then, lop L Ipin.

Proof. 1f b = 0, by Proposition 3.2, then this corollary clearly holds. Let b # 0. Recall that

(a—c)—+/(a—c)*+4b? and a+/'Lz:(a_C)+ (a—c)?+4b?
2 2
Then by Proposition 3.2, we have

[ —9 b? _a—{—ll b?
> (@a+M)2+b2" b\ (a+2)*+p2
b2 )

at+A =

and

We calculate

b? a—HLl

(a+ A1) 2 p?’ a+/11 24 p2
b? a+),2

(a+ 1) 2y p2’ a+7Lz + b2

a+ll a+7L2))

1+

:\/a+/11 +b2\/a+/12 2(
—p?
_ (1+ )
a+)q 242 a+12 242

=0.
O
Now, we apply the results of Propositions 3.1 and 3.2 to the calculations of the covering
constants for linear and continuous operators on R>.
Proposition 3.3. Let A = (a,- f)z‘z,jzl be a real 2 x 2 matrix. Both A and AT define linear and

continuous operators on R? by (3.1). Then
(@) If b’ =0, then &(A,x,A(x)) is attained at (+1,0) or (0,%1) such that &(A,x,A(x)) =
mm{\/_,\/_} ,for all x € R?;
(b) Ifb' #0, then &(A,x,A(x)) is attained at

(b/)z a+ A (b/)z
(i\/<a’+lé)2+(b’)2’$ v 2\/(a’+lﬁ)2+(b/)2)

— —c)24+4p2
d(A,x,A(x)):\/a+c (6; o)+ . forall x € R?

with
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Proof. By definition and Proposition 3.1, we have &(A,x,A(x)) = ||AT|| ., for all x € R
Then, this proposition follows from Proposition 3.2 1mmedlately

Next, we provide some examples to demonstrate the results of Propositlons 3.1 and 3.2. From
the following examples, we see that, for any real 2 x 2 matrix A = (a; ])l ips IAllop = [|AT H

and [|A|min = [|AT ]|

min ’

.. However, they may reach at different points in S,. D
min

3 2
4 6

sition 3.2, ||Allop = [|A(0,%1)]]2 = max{y/a,/c} = v/c = V52 and ||A|min = [|[A(£1,0)]]2 =

min{+/a,/c} = v/a = /13. Meanwhile, by AT = <—32 2) , we have @’ =25, ¢/ =40 and

b’ = —6+24 =18 # 0. We calculate A; by

—65+ (—1)*V/1521  —65+(—1)*39
2 B 2

This implies | = =% = —52 and 1) = =%5% = —13. By

tained at points

(b')? a+ Al (b')2 B 18 27
(i\/(a’+7t{)2+(b’)2’$ b \/(a’+/1{)2+(b’)2)_<i\/1053’i\/1053)'

This implies that

AT Jop = \/(a'—c'>2+< '+cw< (P A + 4

Example 3.1. Let A = < ) Thena =944 =13, c =52 and b = 0. By part (i) in Propo-

A= , fork=1,2.

||0p iS at'

2\/ )2+4(b')?
d++/(d =P +4W)? _ [25+40+ /(25 -40)% +4(18)°
= = ||A||0p-
2 2
Note that [|A7 [|op = H I Sy ( ) H = /52. Thus [|A7 [|op = ||A]|op. but they
reach at different points in S%. @(A,x,A(x)) = ||AT ||mm is attained at

(v') 4 +12 18 12
(Zl:\/(a/—i—lzl)2 (b')? \/a "+ 25)? )2) ( \/KH:\/K)

For any x € R2, we have

a(A,x,A(x)) = ‘

o 18 12
(e e
(@ =P+ (@) (@ =P A=)
2\/(d = &) + 4

—(25—40)2 + (25 +40)+/(25 — 40)2 + 4(18%) — 4(182)
24/(25—40)2 +4(182)

V13,
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We may directly check that, for any x € R?,

H( i) (&2 o),

=13,

which implies that & (A, x,A(x HAT Hmm = ||A||min = V/13, for all x € R?. Note that ||AT Hmin
) . 3 4 3 -2 25 18
and ||A || min reach at different points in S;. One can check that (_ ) 6) ( i 6 ) = (18 4())

has two eigenvalues 52 and 13.

Example 3.2. Let A = <(?; g) . We have a =9+ 16 =25, ¢ = 0 and b = 0. By Propositions
3.1 and 3.2,

1A]lop = [A(£1,0)[]2 = max{v/a,/c} = Va =S5,
and

1A llnin = [A(0,%1) 2 = min{+/a, v/} = v/e = 0.

Meanwhile, by AT = (i 8) ,wehaved’ =9, ¢ =16 and b’ = 12 # 0. We calculate A{:

2 2

2 — —(d+) = (@ =) +4()?  —(9+16) —/(9—16)2+4(122)
! =

Then, op is attained at points
122 925 122 s 4
+ (3.4
(ot fomrem) - (449)
2 ) 5 )
4], = Jar (£33 = [ R N R R
op 57 5 ) |

2/(@ =) +4 ()
We may directly check that

=5

. 4\ (3 0
Wik =|(523) (G o)l

This implies that [|A||op = HAT”Op = 5. But HAT”OP and ||A||op reach at different points in S,.
Then, we calculate A}

@) @ =P A (94 16)+ /O T6P 41D
A= 2 B 2

We calculate the corresponding critical points

(v)? d + 45 (v) _ (.44
. @2+ 07V N\ (@) + ) <i ol >

=0.

55
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By Proposition 3.2, &(A,x,A(x HATH is attained in S, at points (j:%,$%). For any

x € R2, we have
j:12 9
15’ 15 )

@)l P W) 4w

2/(@ &) +4(p)?

We may directly check that, for any x € R?,

o (.4 3\/3 0
ata.e) =0 L = | (£575) (3 0],

Hence, &(A,x,A(x)) = ||AT|| . =[|A]|min- But ||AT]]
S». One can check that

a(A,x,Ax)) = ||AT]]

min ‘

=0.

in and [|A|min reach at different points in

(G 0) (0 0)=(2 16)

) . This is a symmetric matrix with A” = A. We have a = ¢ =

has two eigenvalues 25 and 0.

3
4 3
a = ¢ =25and b =b' = 24. By Proposition 3.2, we have

(D) ||A]|op is attained at two points (i%, i\%) (with A} = —a — |b|) satisfying

-5

(IT) ||A(-)]|2 is attained at its minimum value on S at two points

Example 3.3. Let A = (

=\a+|b|=v25+24="1.

i%,x\%) (with Ay =

—a+|b|) and the minimum value coincides with &(A,x,A(x)), that is,

84,2, A ) = [Allnin = HA (£75%75) = Va=lHl=1.

We may directly check that
H ( ) (3 4)
V2 V2 2

o= |(72:72) @ 3)],
and
-6 Yol 9
GYEY-CG )

=1,

= 1.

One can check that

has two eigenvalues 49 and 1.



178 J. LI, A. PETRUSEL, C.F. WEN, J.C. YAO

Example 3.4. LetA = <?) ;_L) . We have a = ¢ = 25 and b = 20. Meanwhile, by AT = (i 2) ,

we have @’ =9, ¢/ =41 and b’ = 12 # 0. We calculate A; = A;:

V) _1)k T V2402 —50+ (—1)k40
PO Y i Ul L el );/(" )N _ +(2 S0 k=12
This implies A; = A{ = —45 and A, = A, = —5. By Proposition 3.2, ||A||op is attained at the

following points

b? a+h b? (.1
(i\/ (a+zl)2+b2’¢ b\ (a+xl)2+b2)_(iﬂ’iﬂ>'

By (iii) in Lemma 3.1, we have

| (2

We may directly check that

1 1 3 4
o= (+5+75) (5 )
HATHOP is attained

(b')? a—+A (b')* B 1
+ 1 3\2 /2’q: b ;a2 ~2 | T+ )
(@ +A])"+ () (@ +A{)"+ ()

which implies that

2

\/a+c+mzm

a4+ +/(d—c)+4p)
=\ \/ . = V45 = || A op-
2

A7y =

1 3
AT [ +— +—
( V10 \/10)
We may directly check that HAT”Op = v45. We have HAT”Op = ||Allop- But they reach at
different points in S;. We may check

1 1
T p— . pE—
A7 i = WA e = HA (iﬁyiﬁ) 2
One can check that
34\ (9 12
0 5) \12 41

) . Then [[Al|op = [|A" |, = 0.5 and [[AT |

\/W_W:ﬁ

~ W
W O

has two eigenvalues 45 and 5.

02 0
Example 3.5. LetA = ( 0 05

Meanwhile, det(A) = 0.1.

= ||Al|min = 0.2.

min

Remark 3.1. To compare ||A||op, [|A||min and det(A), by summarizing the above examples, in
general, we have

(i) Neither [|A||op < |det(A)|, nor ||Al|op > |det(A)], for any real 2 x 2 matrix A;
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(ii) Neither ||Al|min < |det(A)]|, nor ||A||min > | det(A)], for any real 2 x 2 matrix A.

4. SOLVABILITY OF STOCHASTIC SYSTEMS OF LINEAR EQUATIONS IN R"

In this section, we introduce the concepts of locally or globally stochastic system of linear
equations in R". Then, we use the results from the previous sections about the operator norms
and covering constants for linear and continuous mappings in R"” and by applying the Aru-
tyunov Mordukhovich Zhukovskiy Parameterized Coincidence Theorem to prove the existence
of solutions to some locally or globally stochastic systems of linear equations in R". As stated
in Section 1, let (S, 7, ) be a topological probability space, in which S is the sample space, the
topology 7 on S coincides with the o-field of all events in S, and u is the probability measure
in S defined on 7. Let n be a positive integer. Let @ : S — R” be a T-measurable single-valued
mapping (that is considered as a noise). Let § € S. If there exist a neighborhood (an event)
W C S of § and a single-valued mapping o : W — R”" (o is not required to be T-measurable)
such that A(o(s)) = B(o(s)) + @(s), for all s € W, then we say that this single-valued mapping
o : W — R"is a local solution to the stochastic system of linear equations on W around the
possible outcome §, with respect to the matrices A, B and the noise @. In particular, in the above
inclusion property, if the neighborhood W of § is the whole space S; that is, if

A(o(s)) =B(o(s))+w(s), foranyseS, 4.1)

then o is called a global solution to the stochastic system of linear equations on § around the
possible outcome § and with respect to the matrices A, B and the noise ®.

Now, we use the AMZ theorem and the results in the previous subsection to prove the exis-
tence of solutions to the locally stochastic system of linear equations on a topological probability
space S around any given possible outcome § and with respect to matrices A, B and a noise .

Theorem 4.1. Let n be a positive integer and let (S,7,) be a topological probability space.
LetA = (aij)?,jzl and B = (bij)zr'tjzl be real n X n matrices. Let ® : S — R" be a t-measurable
single-valued mapping. Let § € S. Suppose that A, B and @ satisfy the following conditions
(al) 0 < [|Bllop < (A, x,A(x)) < ||Allop < 1, for every x € R";
(a2) The function s — @(s) is lower semicontinuous at §.
Then, for any A, o with &(A,x,A(x)) > A > a > ||B||op, there exist a neighborhood Wy, C S
of § and a single-valued mapping ©).q : W), — R" such that A(0),4(s)) = B(0)4(s)) + ©(s),
for every s € W), and
[(B(x) + &(s)) —A(x)]ln
o — ||Bllop

|02 (s) — x| < , foranys e W, forevery x € R". 4.2)
Proof. By part (iii) of Proposition 3.1, the condition in (al), for every x € R", &(A,x,A(x)) >0
implies that det(A) # 0. In this case, by (b) in part (iii) of Proposition 3.1, the covering constant
for A is constant in R” satisfying &(A,x,A(x)) = min {||[AT (y)||, : y € R",|[y|l, =1} and

1
n

2
0<(A,x,Ax)) < ||Allop < (Zla’gj) <1, forallxeR"
hj=
In particular, in AMZ theorem, we take both of the Banach spaces X and Y to be R”. That
is, let X =Y = R". Since R” is reflexive; we have that R" is Asplund. Let F = A and define
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G(x,s) = B(x) + o(s) for all (x,5) € R" x S. Then, we check that F' and G satisfy all conditions
(A1), (A2) and (A3) in the AMZ theorem. Since F = A is a linear and continuous single-valued
mapping from R” to R”, then F : R" — R”" is closed around point (x,A(x)) € R" x R", for any
point x € R". Hence, the condition (A1) in AMZ theorem is satisfied with respect to every point
x € R™. In the condition (A2) in AMZ theorem, take all neighborhoods U C R" of x, V C R" of
A(x) to be R". That is, let U =V = R" in AMZ theorem. For any fixed s € S, by the continuity
of B, we have

1G(u,5) = G(v,5)[ln = || (B(u) + @(s)) = (B(v) + &(s))[ln < |[Bllopllee = V|, for all u,v € R".

This implies that, for any s € S, the function G(-,s) : R" — R” is Lipschitz-like on U = R”
relative to V = R” with the uniform modulus ||B||op. From the condition (al) in this theorem,
it satisfies 0 < ||B|lop < @(A,x,A(x)) < 1, for all x € R"”. From condition (a2), we see that
s — @(s) is lower/inner semicontinuous at §. This implies that, for any given x € R", G(x,s) =
B(x) + o(s) : S — R" is lower semicontinuous at §. Hence, the condition (A2) in AMZ theorem
is satisfied. Using condition (a2) again, we see that the Lipschitzian modulus ||B||op of G(-,s)
satisfies 0 < ||B||op < O¢(F,X,F(¥)). This implies that the condition (A3) in AMZ theorem is
satisfied. Hence, for any A, o with &(A,x,A(x)) > A > a > ||B||op, there exist a neighborhood
Wi C S of § and a single-valued mapping 0y, : Wy o — R” such that, for any x € R",

A(034(5)) N (B(0a(s)) + o(s)) #£0, forevery s € Wyq 4.3)
and

dist(A(x),B(x) + @(s))

, for any s € W), and for any x € R".
o — |[Bllop ’

102.a(s) — x|, <

Since mappings A, B and @ are single-valued, then (4.3) becomes
A(Oaq(s)) =B(03q(s)) +@(s), foreveryse Wy,
and
dist(A(x),B(x) + o(s)) = ||(B(x) + @(s)) —A(x)]| ,
which proves (4.2). O

Remark 4.1. In Theorem 4.1, two matrices A = (a;;); ;_, and B = (b;;); ;_, are supposed to
satisfy condition (al): 0 < ||B|lop < &(A,x,A(x)) < ||Allop < 1, for every x € R”. From this
condition, that &(A,x,A(x)) > 0, we must have

(a) det(A) # 0,
(b) det(B) is not required to be nonzero.

Corollary 4.1. Let n be a positive integer and let (S,7,L) be a topological probability space.
Let A = (aij)};_, and B = (b;j)} ;_, be real n x n diagonal matrices. Let ® : S — R" be a
T-measurable single-valued mapping. Let § € S. Suppose that A, B and ® satisfy the following
conditions.
(al) 0 <max{|by|:i=1,2,...,n} =||Bllop < min{|a;| :i=1,2,...,n} <||AT||lop < 1;
(a2) The function s — @(s) is lower semicontinuous at §.
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Then, for any A, o withmin{|a;|:i=1,2,...,n} > A > a >max{|b;|:i=1,2,...,n} = ||B||op,
there exist a neighborhood W), C S of § and a single-valued mapping 6, o : Wy, — R" such
that A(6),4(s)) = B(0(s )) ( )for all s € Wy o and

s —AW,
- HBHop ’

Proof. From Corollary 3.1, we have min{|a;| : i =1,2,...,n} = &(A,x,A(x)) < ||[AT]|op for all
x € R" and max{|b;| : i =1,2,...,n} = ||Bl|op. Then, this corollary follows from Theorem 4.1
immediately. 0

llona(s) for any s € Wy, and for any x € R".

Example 4.1. Let (S, 7, u) be a topological probability space. Let @ : S — R? be a single-valued
mapping defined by @(s) = (@ (s), wa(s)), which is lower semicontinuous, for any s € S. Let

03 —04 02 —-03
A= (0.4 0.3 ) and B = (0.3 0.2 ) '
Then A(x) : R> — R? and B(x) + o(s) : R? x § — R? are single-valued mappings. By part
(i) in Proposition 3.2,8(A,x,A(x)) = |[|A||min = V0.25 = 0.5, for any x € R? and the uniform
modulus f3 of the mapping B(x) + @(s) is B = ||B||op = V/0.13. The mappings A, B and @
satisfy all conditions in Theorem 4.1. At first, this implies that the globally stochastic systems

of linear equations with respect to A, B and @ has a global solution, which is written as o(s) =
(01(s),02(s)) satisfying (4.1). This solution is calculated as follows

-1
o(s) = (o1(s),02(s)) = (@1 (s), W (s)) (8:} _o(.)il) . forall s € S.

This is equivalent to 6 (s)(A — B) = w(s) for all s € S, which implies
o(s)=o(s)BA" '+ w(s)A™!, foralls € S. (4.4)
Next, we show that this solution satisfies the inequality (4.2) in Theorem 4.1. Note that
Al — ( 1.2 1'6) . By part (i) in Proposition 3.2, [|[A~!||op = 2. Then, for x = (x1,x) € R?,

—-1.6 1.2
for any a with v0.13 < a < 0.5 = &(A,x,A(x)), we have by (4.4) that
lo(s) =x[l2 = [|(a(s)B+o(s) —xA)A™!|,
<2||lo(s)B+ o(s) — xAHz

< 1B(o(s)) — BWll2 + [A(x) — (B(x) + @(s))[l2

0.5
< VO.13][o(s) —x[|2 + [|A(x) = (B(x) + @(s))[l2
< 0.5 ’

This implies that

|o(s)—x|2 <1_ V8'513> < !|A(X)—(B(()).c5)+w(s))||2.

We obtain that, for any a with v/0.13 < a0 < 0.5 = &(A,x,A(x)),

1A(x) = (B(x) +@(s))[l2 _ [A(x) = (B(x) +@(s))]l2
—/0.13 - o —+/0.13

[o(s) —x[|2 < , foralls € S.
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This shows that the solution ¢ of the globally stochastic systems of linear equations with respect
to A, B and o satisfies the inequality (4.2) in Theorem 4.1.

For given A,B and @ as in Theorem 4.1, we see that the conditions (a2) in Theorem 4.1
are sufficient conditions for the existence of solutions for the locally or globally stochastic
systems of linear equations with respect to A, B and w. They may not be necessary conditions.
However, we give an example below to show that if A, B and @ do not satisfy the conditions (a2)
in Theorem 4.1, then the considered locally or globally stochastic systems of linear equations
with respect to A, B and ® does not have a solution. We just modify Example 4.1 to get the
following example.

Example 4.2. Let (S,

T /.L) be a topological probability space with S = [0, 1]. Let @ : § — R?
be defined by @(s) = (s,s

) for any s € S, which is a continuous single-valued mapping. Let

03 04 02 03

A= <0.4 0.3) and B = (0.3 0.2) |
Then A(x) : R? = R? and B(x) + @(s) : R? x § — R? are single-valued mappings. By part (i)
in Proposition 3.2, we have &(A,x,A(x)) = ||A|lmin = v/0.25 —0.24 = 0.1, for all x € R?. The
uniform modulus 8 of the mapping B(x) + @(s) is B = ||B|lop = 1/0.09+0.04 +2(0.12) =
+/0.37, which implies that the condition B < &(A, x,A(x)) does not hold. Then, for any mapping
o : S — R?, which is written as 6 (s) = (01(s), 62(s)), we have 6(s)A = o(s)B + (s) for some
s € S if and only if

(s)(A—B) = o(s) (81 8}) 4 (s,5%), forsomes €S, 4.5)

For any o, equation (4.5) only has two possible solutions in S = [0, 1], which are 0 and 1. For
any point § € S, there is no neighborhood W of § such that (4.5) holds for every s € W. Hence,
the locally stochastic system of linear equations with respect to A,B and @ does not have a
solution.

Example 4.3. Let n be a positive integer. Let A = (ajj)7;_, and B = (b;;);_, be real n x n
diagonal matrices. Let (S,7,u1) be a topological probability space with S = [0,1]. Let o :
S — R” be a single-valued mapping defined by w(s) = (@;(s), @2 (s),...,w,(s)), forany s € S,
which is a continuous single-valued mapping. Suppose that A and B satisfy

0 <max{|b;|:i=1,2,...,n} <min{|a;|:i=1,2,...,n} <max{|a;|:i=1,2,...,n} < 1.

That is,
0 <||Bllop < €(A,x,A(x)) = ||Al|min < |Allop <1, forallx € R",

which implies that A, B and o satisfy all the conditions of Theorem 4.1. Hence, the globally
stochastic system of linear equations with respect to A, B and @ has a global solution written
as o(s) = (o1(s),02(s)) that satisfies (4.1), o(s)A = o(s)B+ @(s), forany s € S. Next, with
|B||op being the uniform modulus B of the mapping B(x) + @(s), we show that the solution
o of the globally stochastic system of linear equations with respect to A, B and @ satisfies the
inequality (4.2) in Theorem 4.1. Since A is a diagonal matrix, then A~! is also a diagonal matrix,

which satisfies | |
- = , forallxeR" 4.6
14~ oy = T ~ @maGyy oral (+0)
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Then, for any x € R" and o with ||B||op < & < 0.5 = &(A,x,A(x)), we obtain by (4.6) that
lo(s) = xll2 = [|(a(s)B + (s) —xA)A~ [,
|o(s)B + o(s) —xAll2
- 0 (A,x,A(x))
< llo(s)B—xB|l> + [|A(x) — (B(x) + @(s)) |2
- (A, x,A(x))
< [Bllopllo(s) —x[[2 + [|A(x) — (B(x) + @(s)) |2
- 0 (A, x,A(x)) '

By 0 < ||Bl|op < &(A,x,A(x)), one has
B Ax)— (Bx)+ o(s))]||2
HG(S)_XHZ 1_}\ H ||0P SH ( )_ ( () ())H
&(A,xAW)) (A% A())
For any a with ||Bl|op < & < &(A,x,A(x)), one sees that
1A(x) = (B(x) +o(s))[2 _ [|A(x) = (B(x) +@(s))]l2
(A, x,A(x)) = [[Bllop — 0t —[|Bllop ’
This shows that the solution ¢ of the globally stochastic system of linear equations with respect
to A, B and o satisfies the inequality (4.2) in Theorem 4.1.

lo(s) —x|]2 < forallse S

Next, by the properties of covering constants and operator norms of linear and continuous
mappings, without applying the AMZ theorem, we directly prove the existence of solutions to
some globally stochastic system of linear equations (4.1) in R". However, it is not guaranteed
for the solution to satisfy inequality (4.2) in Theorem 4.1.

Proposition 4.1. Let n be a positive integer and let (S,T,lL) be a probability space. Let
A= (aij)?,j:l and B = (bij)lr'l,j:l be real n x n matrices. Let ® : S — R" be a single-valued
mapping. Let § € S. Suppose that A and B satisfy ||B|lop < @(A,x,A(x)), for all x € R". Then,
the globally stochastic systems of linear equations with respect to A,B and ® has a global
solution ¢ satisfying (4.1).

Proof. For every x € R", by Proposition 3.1, we calculate
min {[|(A — B)(u)|[n - [|ulln = 1} = &(A,x,A(x)) — || Bllop > 0,
which implies that det(A — B) # 0. Letting o(s) = @(s)(A — B)~! for all s € S, we obtain that
A(o(s)) =B(o(s))+ w(s), forall s € S. O
Similarly, to Example 4.3, we provide a counterexample.
Example 4.4. Let n be a positive integer. Let A = (a;;)7;_; and B = (b;j)};_; be real n x n
diagonal matrices. Let (S, 7, ) be a topological probability space with S = [0,1]. Let 0 : S —

R" be a single-valued mapping defined by 0(s) = (@i (s), @2 (s), ..., wu(s)), for all s € S, which
is a continuous single-valued mapping. Suppose that A and B satisfy

0 < min{|a;|:i=1,2,...,n} <max{|a;|:i=1,2,...,n}
< min{|b;|:i=1,2,....n} <min{|b;|:i=1,2,....n} < 1.

Thatis, 0 < &(A,x,A(x)) < ||Allop < ||Bllmin < ||Bllop < 1, which implies that A, B do not satisfy
all of the conditions in Theorem 4.1. However, A — B is also an n X n diagonal matrix with all
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elements a;; — b;; # 0, for i = 1,2,...,n. Hence the linear and continuous mapping A — B is
a pointwise multiplication operator on R". For @(s) = (@i (s), @2(s), ..., ®,(s)), we obtain a
global solution & (s) = (01 (s), 0a(s), ..., 0n(s)) such that
1
oi(s) = w;(s), foralli=1,2,....,n,s€S.
aii — bi;

Thatis, o(s) = (A—B)~o(s), for every s € S, which implies A(c (s)) = B(c(s)) + @(s) for all
s € S. Hence, o is a solution to the globally stochastic systems of linear equations with respect
to A,B and w. Next, with ||B||op being the uniform modulus S of the mapping B(x) + w(s),
we show that the solution o does not satisfy the inequality (4.2) in Theorem 4.1. Similarly, to
Example 4.3, for any x € R", by &(A,x,A(x)) < ||B||op, we have

lo(s) —xll2 < [A"]|,, lo(5)B+ o(s) —xAl)2

_lo(s)B+o(s) —xAll> _, [[A(x) — (B(x) + @(s))ll2
d(A,X,A()C)) &(Avva(x))_HBHOP ’

forall s € S.

5. CONCLUSIONS AND REMARKS

In this paper, we used the AMZ theorem to prove the existence of some locally or globally
stochastic systems of linear equations with respect to some linear and continuous mappings in
R"™ and some noise @ : § — R". The considered linear and continuous mappings are induced by
some n X n matrices. In general, we find that when we apply the AMZ theorem to some Asplund
Banach spaces, it is difficult to calculate the covering constant of the considered mapping F and
the uniform modulus B for the considered mapping G. However, in particular, in the special
space R", if both A and B are linear and continuous mappings, then we proved that the covering
constant of the mapping A is &(A,x,A(x)) = ||A||min = /the smallest eigenvalue of AT A for all
x € R". Meanwhile, the uniform modulus 8 for the mapping B+ @ is

B = ||Blop = V/the largest eigenvalue of BT B.

Based on the method of Lagrange Multiplier, we obtained

(a) The formulas to precisely calculate ||Aop and [|A||min in R?.
(b) The exact points on Sy, at which ||A||op and [|A||min respectively reach their values.

In R”, it is very difficult to calculate the eigenvalues of AT A for n x n matrix A. In comparing
the case R?, we have the following questions for interested authors to consider.

Question Q1. Let n be a positive integer. Let A = (ai j) :ljzl be a real n x n matrix that defines
a linear and continuous operator A : R” — R" by (3.1). Find

(a) The formulas to precisely calculate ||Al|op and ||A||min in R”.
(b) The exact points on S,, at which ||A||op and [|A||min respectively reach their values.

This is indeed an optimization problem in R” for linear and continuous mappings. We believe
that these formulas are useful in optimization theory.

Question Q2. For any linear and continuous mapping A in R?, from Proposition 3.2, the two
points on the unit sphere in R? at which ||A]|op reaches are symmetric to the origin. It is also
true for ||Al|min. Does this property hold in R”, in general?

Question Q3. Does the perpendicular property of linear and continuous mappings, which
was proved in Corollary 3.4, hold in R”, in general?
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